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Sulforaphane protects against oxidative stress‑induced
apoptosis via activating SIRT1 in mouse osteoarthritis
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Abstract. Osteoarthritis (OA), the most common form of
human joint disease, is characterized by progressive degen‑
eration of the articular cartilage, synovitis and subchondral
osteoporosis. Chondrocyte apoptosis is the primary patho‑
genic mechanism of OA and is considered to be a potential
therapeutic target. Sulforaphane (SFN), a dietary isothiocya‑
nate obtained from cruciferous vegetables, has been reported
to exert an anti‑apoptotic effect by activating sirtuin 1 (SIRT1).
To the best of our knowledge, however, the effects of SFN
on apoptotic responses in OA have not been reported. In the
present study, SFN was shown to significantly inhibit chon‑
drocyte apoptosis while enhancing expression levels of SIRT1
in a H 2O2 ‑induced OA mouse model. The anti‑apoptotic
effect of SFN was reversed by SIRT1 small interfering RNA,
implying that SIRT1 exerted a protective role against the effect
of SFN on chondrocytes. The expression levels of C/EBP
homologous protein, 78‑kDa glucose regulated protein, Bax,
Bcl‑2 and cleaved caspase 3 were found to be downregulated
in SFN‑treated mice. Furthermore, SFN ameliorated cartilage
degradation in the OA mouse model. These findings indicate
that SFN exerted an anti‑apoptotic effect on chondrocytes
and ameliorated OA in vivo by activating the SIRT1 signaling
pathway.
Introduction
Osteoarthritis (OA), a degenerative disease of joints, is the most
common cause of musculoskeletal disability (1,2). Various
factors, such as age, genetics, adiposis and sex, are involved
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in the development of osteoarthritis (3). Destroyed cartilage
structure and loss of function are the central hallmarks of
OA (4). Although studies have revealed potential mechanisms
involved in the progression of OA, its pathological etiology is
unknown. Moreover, there are no effective therapeutic options
that can prevent disease progression (5,6). OA is associated
with degradation of matrix cartilage and chondrocytes, which
are the only type of cell in articular cartilage (7). Extracellular
matrix (ECM) molecules are involved in maintaining the
structure and function of regular cartilage, whose components
include proteoglycans and collagen, produced by chondro‑
cytes (8). Articular cartilage degradation is initiated by several
inflammatory cytokines (IL‑6, TNF‑α, prostaglandin 2) and
reactive oxygen species (ROS) that induce oxidative stress (9).
Excessive chondrocyte apoptosis and senescence occur due
to ROS accumulation (10). Therefore, inhibiting chondrocyte
apoptosis and senescence is a potential strategy for preventing
articular cartilage degradation in OA.
Endoplasmic reticulum (ER), which is the first site in
the secretory pathway, synthesize and fold proteins (11).
ER regulate the balance between pathological and physi‑
ological conditions (12‑14). The ER stress (ERS) response
enhances cell survival by decreasing the load of unfolded
proteins. However, cells undergo apoptosis when ERS is
overwhelming (15). ERS‑associated apoptosis is an important
signaling pathway during apoptosis (16). It has been demon‑
strated that ERS signaling in this pathway promotes repair
of the unfolded protein response (UPR) of the ER (17). UPR
serves a critical role in cell growth regulation, differentiation
and apoptosis (18). ERS has been shown to stimulate the
C/EBP‑homologous protein (CHOP) pathway while activating
glucose‑regulated protein 78 (GRP78) (19). The Bcl‑2 protein
family acts against apoptosis by inhibiting apoptotic mediators,
such as Bax and Cytochrome c (20). Studies have reported that
ER and mitochondrial pathways regulate apoptosis during rat
intervertebral disc degeneration (21,22). These findings show
the importance of ER and mitochondria in chondrocytes.
There are seven known members of mammalian Sirtuins
(SIRTs). Among them, SIRT1 regulates multiple functions
in metabolic syndrome, oxidative stress, inflammation and
aging (23‑25). Li et al (26) reported that sulforaphane (SFN)
can downregulate ER‑induced apoptosis protein expres‑
sion levels in a rat model of hypoxia/reoxygenation injury
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by activating SIRT1. Activated SIRT1 inhibits oxidative
damage and inflammation (26) and is therefore a therapeutic
target for OA via regulating mitochondrial biogenesis (27).
Feng et al (28) reported that curcumin exerts a protective
effect against OA by activating SIRT1.
SFN (a type of dietary isothiocyanate) is primarily found
in cruciferous vegetables (29). It exhibits various pharmaco‑
logical properties, including anti‑cancer, anti‑inflammatory
and anti‑oxidative stress (30). SFN exerts a protective effect
during post‑ischemic cardiac injury (31). Moreover, it exerts
cardioprotective effects by activating SIRT1 and suppressing
ER stress (32). Davidson et al (33) reported that SFN inhibits
inflammation via the NF‑κ B signaling pathway in OA mice.
Moreover, they found that SFN suppresses IL‑1/NF‑κ B and
Wnt3a/T cell factor/lymphoid enhancer factor signaling
while enhancing TGFβ/SMAD2/3 and bone morphogenetic
protein 6/SMAD1/5/8 signaling in IL‑1/oncostatin M‑induced
chondrocytes (34). However, its anti‑apoptotic effects during
OA have not been established. The aim of the present study
was to elucidate the role of SFN in apoptosis, including its
specific mechanisms of action, in H2O2‑treated chondrocytes.
The effect of SFN on cartilage degeneration was investigated
in a mouse model of OA.
Materials and methods
Reagents and antibodies. SFN (purity ≥98%), Safranin O and
toluidine blue stain were obtained from Beyotime Institute
of Biotechnology; collagenase type II, H 2O2 and DMSO
were bought from Sigma‑Aldrich (Merck KGaA). BCA
protein assay kit was obtained from Beyotime Institute of
Biotechnology; primary antibodies against GRP78, CHOP and
GAPDH were obtained from Wuhan Sanying Biotechnology;
primary antibodies against Bax, Bcl‑2, Cleaved caspase‑3 and
SIRT1 were purchased from Cell Signaling Technology, Inc.;
In Situ Cell Death Detection kit was obtained from Roche
Diagnostics; secondary antibodies (cat. no. SA00001‑14;
Wuhan Sanying Biotechnology), including Goat Anti‑Rabbit
IgG (cat. no. B900210; Wuhan Sanying Biotechnology) and
Alexa Fluor® 488‑labeled goat anti‑rabbit IgG (H+L) secondary
antibody (cat. no. SA00009‑3; Wuhan Sanying Biotechnology),
were obtained from Jackson ImmunoResearch Laboratories,
Inc.; Cell‑Counting Kit‑8 (CCK‑8) was purchased from
Dojindo Molecular Technologies, Inc. DMEM‑F12 was
purchased from Gibco (Thermo Fisher Scientific, Inc.).
Primary chondrocyte isolation and culture. A total of
10 C57BL/6 mice (5 males and 5 females; age, 10 days;
weight, 4 g; the Animal Center of the Chinese Academy of
Sciences) were euthanized by 100 mg/kg sodium pentobar‑
bital. All animal procedures were performed in accordance
with the Guidelines for Care and Use of Laboratory Animals
of Wenzhou Medical University (35) and experiments were
approved by the Animal Ethics Committee of Wenzhou
Medical University. The knee cartilage of mice were collected
carefully under aseptic conditions using a dissecting micro‑
scope, and tissue was treated with 2 mg/ml (0.1%) collagenase II
for 4 h at 37˚C. The digested tissue was centrifuged (800 x g)
for 5 min at 37˚C. Then, chondrocytes (5x104 cells/cm2) were
seeded into culture flasks. Cells were cultured in DMEM/F12

supplemented with 10% fetal bovine serum and 1% antibiotics
(penicillin/streptomycin) and incubated in an atmosphere of
5% CO2 at 37˚C. The culture medium was replaced every
2‑3 days. When 80‑90% confluency was attained, cells were
fused and 0.25% trypsin‑EDTA solution was used to subcul‑
ture the chondrocytes. In order to avoid phenotypic loss,
chondrocytes from the first and second channels were used.
Cell viability assay. CCK‑8 assay was used to evaluate
chondrocyte viability according to the manufacturer's
instructions. First, chondrocytes were incubated in 96‑well
plates (8,000 cells/well) for 24 h. Then, they were treated
with a concentration gradient (0.0, 12.5, 25.0, 50.0, 100.0
and 200.0 µM) of SFN for 24 h and 48 h. Finally, 10 mol/l
CCK‑8 solution was added to each well for 2 h at 37˚C, after
which optical density was spectrophotometrically measured
at 450 nm (Thermo Fisherr Scientific, Inc.).
Intracellular ROS production assay. Intracellular ROS levels
were detected using the HDCFDA Probe Assay kit (Beyotime
Institute of Biotechnology), according to the manufacturer's
instructions. Intracellular ROS generation was measured
at 485 nm (excitation) and 535 nm (emission) using a micro‑
plate reader (Bio‑Rad Laboratories, Inc.).
Western blot analysis. In order to obtain total proteins
from chondrocytes, RIPA lysis buffer (Beyotime Institute
of Biotechnology) was added to 1 mM PMSF and kept on
ice for 10 min, after which the mixture was centrifuged
at 1,000 x g for 15 min at 4˚C. BCA protein detection kit was
used to estimate protein concentration. Then, 40 ng protein
was separated by SDS‑PAGE (10%) and transferred to poly‑
vinylidene fluoride membrane. Membranes were blocked
using 5% skimmed milk for 2 h at 37˚C and detected over‑
night at 4˚C with the following antibodies: CHOP (1:1,000;
cat. no. 15204‑1‑AP; Wuhan Sanying Biotechnology), GRP78
(1:1,000; cat. no. 11587‑1‑AP; Wuhan Sanying Biotechnology),
Bcl‑2 (1:1,000; cat. no. 15071; Cell Signaling Technology,
Inc.), Bax (1:1,000; cat. no. 5023; Cell Signaling Technology,
Inc.), Cleaved caspase‑3 (1:1,000; cat. no. 9661; Cell Signaling
Technology, Inc.), SIRT1 (1:500; cat. no. 2493; Cell Signaling
Technology, Inc.) and GAPDH (1:1,000; cat. no. 10494‑1‑AP;
Wuhan Sanying Biotechnology).
The membrane was washed using TBS‑Tween‑20
(TBST; 5% Tween‑20) and incubated with the corresponding
secondary antibodies (1:1,000; cat. no. SA00001‑14; Wuhan
Sanying Biotechnology) for 2 h at room temperature. After
being washed three times using TBST, the blots were visual‑
ized using electrochemiluminescence plus reagent (Invitrogen;
Thermo Fisherr Scientific, Inc.). Image Lab 3.0 software
(Bio‑Rad Laboratories, Inc.) was used to measure the intensity
of each band.
TUNEL assay. Apoptotic chondrocytes were measured by
TUNEL staining using an In Situ Cell Death Detection kit,
according to the manufacturer's instructions. The chon‑
drocytes (1x105) were seeded in a 6‑well plate and treated
with SFN (50 µM) or H2O2 (50 µM) for 24 h at 37˚C, fixed
in 4% paraformaldehyde for 45 min at 37˚C, incubated with
0.5% Triton X‑100 for 15 min at 37˚C and washed using PBS
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for 5 min. Finally, cells were stained using the In Situ Cell
Death Detection kit for 60 min at 65˚C, after which the nuclei
were stained with DAPI for 1 min at 37˚C (Beijing Solarbio
Science & Technology Co., Ltd.). In total, 25 fields of each
slide were randomly selected and images were observed using
a ﬂuorescence microscope (magnification, x100; scale bar,
50 µm; Olympus Corporation).
Small interfering (si)RNA transfection for 24 h. Double‑stranded
siRNA for mouse SIRT1 gene silencing was purchased from
Abcam. The SIRT1 siRNA sequence was as follows: 5'‑UUG
GGAUUCACGCAUAGGAGCACUG‑3'. Cells (1x105) were
seeded into a 6‑well plate, incubated for 24 h at 37˚C and
transfected with negative control [non‑specific non‑targeting
siRNA (scramble); Abcam] or SIRT1 siRNA duplexes for
36 h at 50 nM using Lipofectamine® 2000 siRNA transfec‑
tion reagent (Thermo Fisherr Scientific, Inc.), according
to the manufacturer's instructions. The chondrocytes were
serum‑starved overnight followed by incubation at 37˚C with
SFN (50 µM) for 24 h. After 24 h, the interference efficiency of
the siRNA was evaluated by reverse transcription‑quantitative
PCR (RT‑qPCR).
RT‑qPCR. Total RNA was extracted from cells using
TRIzol® reagent (Invitrogen; Thermo Fisherr Scientific,
Inc.). The concentration and purity of RNA was evaluated
by spectrometry at 260 and 280 nm. The synthesis of cDNA
was performed using the PrimeScript™ RT reagent kit
[cat. no. 2312, Hangzhou Multisciences (Lianke) Biotech Co.,
Ltd.]. qPCR was performed using SYBR Green Real‑Time
PCR Master mix (Thermo Fisherr Scientific, Inc.) according
to the manufacturer's protocol. The amplification conditions
were as follows: SIRT1, 45 sec at 94˚C followed by 30 cycles
of 30 sec at 94˚C, 30 sec at 52˚C and 60 sec at 72˚C; GAPDH,
45 sec at 94˚C followed by 30 cycles of 30 sec at 94˚C, 30 sec
at 58˚C and 60 sec at 72˚C. Primers sequences, designed by
Primer‑Express V3.0 (Thermo Fisherr Scientific, Inc.), were
as follows: SIRT1 forward, 5'‑CTCTGAAAGTGAGACCAG
TAGC‑3' and reverse, 5'‑TGTAGATGAGGCAAAGGTTCC‑3'
(product, 213 bp); and GAPDH forward, 5'‑TCTTGCTCA
GTGTCCTTGC‑3' and reverse, 5'‑CTT TGTCAAGCTCAT
TTCCTGG‑3' (product, 457 bp). Relative gene expression was
analyzed using the 2‑ΔΔCq method (36).
Immunofluorescence. Cells were rinsed using PBS and fixed
in 4% paraformaldehyde for 15 min at 37˚C after which
they were washed three times using PBS. Then, they were
treated with 0.1% Triton X‑100 diluted in PBS for 15 min at
room temperature. Next, chondrocytes were blocked using
10% goat serum (cat. no. SL038; Beijing Solarbio Science &
Technology Co., Ltd.; dissolved in PBS) for 4 h at 37˚C and
incubated at 4˚C overnight in the presence of primary anti‑
bodies against collagen II (1:300; cat. no. 28459‑1‑AP; Wuhan
Sanying Biotechnology). Following incubation, cells were
exposed to Alexa Fluor ® 594‑labelled conjugated secondary
antibodies (1:400; cat. no. IC1051T; R&D Systems, Inc.) for
1.5 h. Finally, they were exposed to DAPI (10 µg/ml; 37˚C)
(Beyotime Institute of Biotechnology) for 1 min and observed
using a fluorescence microscope (magnification, x200; scale
bar, 20 µm; Olympus Corporation). Fluorescence intensity
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was assessed using ImageJ software 6.0 (National Institutes
of Health).
Immunohistochemical assay. The paraffin‑embedded sections
(6 µm) were deparaffinized in xylene for 15 min at 37˚C and
rehydrated by incubation in series of graded ethanol (100, 95,
85, 75 and 0%) for 5 min at 37˚C and endogenous peroxidase.
Then, sections were treated with 3% (v/v) hydrogen peroxide
for 10 min at 37˚C. Antigen retrieval of the sections was
performed using 0.4% pepsin (Sangon Biotech Co., Ltd.) in
5 mM HCl at 37˚C for 20 min. Then, sections were incu‑
bated in the presence of 10% BSA (cat. no. ST025; Beyotime
Institute of Biotechnology) for 45 min at room temperature,
after which they were treated with primary antibodies against
SIRT1 (1:500; cat. no. 2493; Cell Signaling Technology,
Inc.) overnight at 4˚C. Finally, they were treated with horse‑
radish peroxidase‑conjugated secondary antibodies (1:1,000;
cat. no. SA00001‑14; Wuhan Sanying Biotechnology) for 3 h
at 4˚C. Following incubation at room temperature for 1 h,
the slices were rinsed (5 min, 37˚C), stained using a Metal
Enhanced DAB Substrate kit (2 min, 37˚C; cat. no. DA1015;
Beijing Solarbio Science & Technology Co., Ltd.), dehydrated
(5 min, 37˚C), mounted and examined under a micro‑
scope (magnification, x40; CX41; Olympus Corporation).
Quantitative analysis was performed using Image‑Pro Plus 6.0
software (Media Cybernetics, Inc.).
Animals. A total of 45 C57BL/6 male wild‑type mice (age,
10 weeks; weight, 40 g) were obtained from the Animal Center
of the Chinese Academy of Sciences (Shanghai, China). The
protocol for animal care and use conformed to The Guide
for the Care and Use of Laboratory Animals of the National
Institutes of Health published by the National Institutes of
Health (NIH Publication No. 85‑23, revised 1996) (37) and
was approved by the Animal Care and Use Committee of
Wenzhou Medical University. Experimental OA mice were
established by destabilization of the medial meniscus (DMM)
as previously described (38). Mice were housed under 12‑h
light/dark cycles and constant temperature (21‑23˚C) and
humidity (50‑60%). Water and food were provided ad libitum.
Anesthesia was performed via intraperitoneal injection of
2% (w/v) pentobarbital (40 mg/kg). Faint breathing, myas‑
thenia, lack of independent reaction, cyanosis or coma were
considered to indicate that mice were close to death; mice
were euthanized by cervical dislocation. The joint capsule
was carved followed by transection of the medial menisco‑
tibial ligament of the right knee using microsurgical scissors.
During surgery, the lateral meniscotibial ligament was always
protected. As a control, the medial meniscotibial ligament was
not transected while arthrotomy was performed in the left knee.
Mice were randomly separated into three groups (n=15/group):
Control (sham‑operated), DMM and DMM + SFN [mice were
intraperitoneally administered with SFN at 20 mg/kg body
weight (39,40)]. Parameters indicating the condition of mice
were observed daily, including fur brightness, food and water
intake, defecation and behavior. Furthermore, body weight
was measured each week.
Histopathologic analysis. The extent of cartilage degen‑
eration and synovitis in stained sections was assessed
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Figure 1. Effect of SFN on viability of chondrocytes. (A) Safranin O, (B) toluidine blue and (C) collagen II immunofluorescence (red) staining of mouse
primary chondrocytes. (D) Chemical structure of SFN. Cell viability was determined via Cell Counting Kit‑8 assay at (E) 24 and (F) 48 h. Data are presented
as the mean ± SD (n=3). *P<0.05, **P<0.01 vs. 0 µM SFN. SFN, sulforaphane.

using light microscopy with the Osteoarthritis Research
Society International (OARSI) scoring system, as previously
described (41).
Statistical analysis. The data are presented as mean ± SD (n≥3).
Statistical analysis was performed using GraphPad Prism
version 5.0 software (GraphPad Software, Inc.). Comparisons
between groups were performed using one‑way ANOVA
followed by Tukey's post hoc test. P<0.05 was considered to
indicate a statistically significant difference.
Results
Identification of mouse chondrocytes. Safranin O and toluidine
blue staining were used to characterize mouse chondrocytes.
Chondrocytes were stained red by Safranin O and the cyto‑
plasm was stained purple by toluidine blue (Fig. 1A and B). In
addition, collagen II in chondrocyte cytoplasm was stained red
by immunofluorescence with no positive staining observed in
the nucleus (Fig. 1C). These results imply that the cells isolated
from mouse articular cartilage were chondrocytes.
Cytotoxicity of SFN on mouse chondrocytes. The chemical
structure of SFN is shown in Fig. 1D. In order to determine
the cytotoxic effects of SFN, CCK‑8 assay was performed.
Cells were incubated with increasing concentrations (0.0, 12.5,
25.0, 50.0, 100.0 and 200.0 µM) of SFN for 24 and 48 h. SFN
exhibited cytotoxic effects at ≥100 µM after 24 or 48 h but not
<100 µM (Fig. 1E and F). Therefore, 50 µM was selected for
use in subsequent experiments.
Effects of SFN on apoptosis in H2O2‑treated chondrocytes.
In order to determine the anti‑apoptotic effect of SFN on
H 2O2‑induced chondrocytes, the expression levels of Bax,
Cleaved caspase‑3 and Bcl‑2 were evaluated by western blot
analysis. H2O2 elevated levels of Bax and Cleaved caspase‑3,
whereas Bcl‑2 levels were downregulated (Fig. 2A‑D). SFN

downregulated levels of Bax and Cleaved caspase‑3. Moreover,
SFN significantly activated SIRT1 (Fig. 2A and E). These data
indicate that SFN exerted an anti‑apoptotic effect in mouse
chondrocytes.
SFN alleviates ERS and apoptosis of H2O2‑treated chondro‑
cytes. In order to determine whether ERS in chondrocytes was
associated with the cytoprotective effects of SFN on cartilage,
cells were treated with H2O2, a typical ERS inducer. Expression
levels of ERS‑associated factors GRP78 and CHOP were
measured. Western blotting assay exhibited increased expres‑
sion levels of these proteins in response to H2O2; these effects
were stopped by SFN (Fig. 3A‑C). Moreover, apoptosis of cells
in the H2O2 group was high compared with the control group.
SFN treatment decreased cell apoptosis (Fig. 3D and E).
Furthermore, H 2O2 induced ROS production, which was
inhibited by SFN (Fig. 3F).
SFN pretreatment enhances SIRT1 activity in H2O2‑treated
chondrocytes. In order to confirm the aforementioned results,
SIRT1 siRNA was used to detect the potential mechanism of
SFN on H2O2‑stimulated chondrocytes. The mRNA expression
levels of SIRT1 were significantly lower in SIRT1‑silenced
cells than in control cells (Fig. 4F). SIRT1 levels were elevated
in the H2O2 + SFN group but suppressed in the SIRT1 siRNA
transfection group (Fig. 4A and E). Moreover, Bcl‑2 levels were
suppressed in the SIRT1 siRNA transfection group whereas
the expression levels of Bax and Cleaved caspase‑3 increased
significantly (Fig. 4A‑D). These results demonstrated the
anti‑apoptotic effect of SFN, which was mediated by activa‑
tion of SIRT1.
SFN ameliorates OA development in a DMM mouse model.
The chondroprotective effect of SFN on OA was investigated
in vivo. A DMM mouse model was established, followed
by intraperitoneal injection of 20 mg/kg SFN dissolved in
DMSO every 2 days for 8 weeks. Safranin O staining was
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Figure 2. Effect of SFN on H 2O2‑induced apoptosis in mouse chondrocytes. (A) Western blot analysis assessed expression levels of (B) Bcl‑2, (C) Bax,
(D) Cleaved caspase‑3 and (E) SIRT1. Data are presented as the mean ± SD (n=3). ##P<0.01 vs. control. *P<0.05, **P<0.01 vs. H2O2‑alone. SFN, sulforaphane;
SIRT1, sirtuin 1.

used to evaluate the effect of SFN on the development of OA.
Compared with the sham group, the surface of the cartilage
was notably destroyed in the DMM group (Fig. 5A). The
degradation level of the cartilage matrix in the SFN group was
lower than the OA but higher than the sham group. The OARSI
scores in the SFN group were lower than those of the DMM
group (Fig. 5B). Moreover, synovitis score in the DMM group
was higher than in the sham group; SFN reversed this effect
(Fig. 5A and C). In order to investigate the effect of SFN on
SIRT1 expression in vivo, immunohistochemical staining for
SIRT1 was performed (Fig. 5D and E). Compared with the
DMM group, significantly more SIRT1‑positive chondrocytes
were detected in the DMM + SFN group. These results imply
that SFN exhibited chondrocyte‑protective effects during the
progression of OA.
Discussion
OA is a chronic joint degradation disease that is characterized
by long‑term pain and joint limitation (42). Oral or topical
non‑steroidal anti‑inflammatory drugs (such as ibuprofen
and diclofenac sodium) are the primary therapeutic options

for OA but only relieve clinical symptoms (3). These drugs
are also associated with side effects, such as heart attack
and stroke (43). Nonsteroidal anti‑inflammatory drugs can
only delay the progression of OA and surgery is the recom‑
mended option (44). Therefore, an agent that prevents OA
progression, accompanied by fewer side effects, would
be a potential therapeutic option for OA. Previous studies
aimed to evaluate the efficacy of anti‑apoptotic compounds,
which exhibit few side effects (45,46). Biochemical and
biomechanical factors (such as ROS) induce chondrocyte
apoptosis, as well as an imbalance between catabolism and
anabolism of the ECM (47). Pharmacological administration
of compounds (such as vitamin C and Glutathione) with the
ability to regulate genetic mechanisms involved in apoptosis
exhibit beneficial effects against OA development in vitro
and in vivo (48). Therefore, the mechanism involved in
chondrocyte apoptosis may be a potential therapeutic target
for OA.
SFN, an isothiocyanate found in cruciferous vegetables,
has been shown to exhibit anti‑anxiety, sedative‑hypnotic and
anti‑depression effects (49,50). It is effective against oxida‑
tive‑induced cardiomyocyte damage (51). Moreover, SFN has
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Figure 3. Effect of SFN on H2O2‑induced endoplasmic reticulum stress and subsequent apoptosis in mouse chondrocytes. Chondrocytes were pretreated with
50 µM SFN for 24 h and incubated for 24 h in the presence or absence of H2O2 (50 µM). (A) Western blot analysis of levels of (B) CHOP and (C) GRP78 were
assessed by western blotting. (D and E) Chondrocyte apoptosis was evaluated by In Situ Cell Death Detection kit (scale bar, 50 µm). (F) Quantification of
ROS levels. Data are presented as the mean ± SD (n=3). ##P<0.01 vs. control. **P<0.01 vs. H2O2‑alone. SFN, sulforaphane; CHOP, C/EBP‑homologous protein;
GRP78, glucose‑regulated protein 78; ROS, reactive oxygen species.

been shown to be effective against ERS in different models of
cell injury, including chick yolk sac membrane and chorioal‑
lantoic membrane models (52). It inhibits ERS by suppressing
the apoptosis of cells in type 1 diabetes mellitus (53). The
anti‑apoptotic effect of SFN was also found to be present in
human hepatocytes (54). Wang et al (52) reported that SFN
ameliorates ethanol‑suppressed embryonic angiogenesis by
alleviating excessive ROS production and ERS. Moreover,
Li et al (26) documented that SFN suppresses expression
levels of ERS‑associated apoptosis proteins by activating
SIRT1. The present study determined whether SFN amelio‑
rates chondrocyte apoptosis and delays OA progression. H2O2,
a key pro‑apoptosis factor, was used to induce mitochondrial

dysfunction, and upregulated the expression levels of caspase
family proteins (55). The effect of SFN on ERS was evaluated
in OA mouse chondrocytes. ER are found in the cytoplasm of
all eukaryotic cells (56). ERS is involved in the development
of OA (57). In the present study, the levels of ERS‑associated
apoptosis proteins (GRP78 and CHOP), Bax and Cleaved
caspase‑3 were elevated in chondrocytes following H 2O2
treatment. However, pretreatment with SFN downregulated
GRP78, CHOP, Bax and Cleaved caspase‑3 levels and elevated
Bcl‑2 levels compared with the H2O2 group. These findings
imply that SFN exerted chondroprotective effects against
H 2 O 2 ‑induced apoptosis by decreasing ERS‑dependent
apoptosis.

Molecular Medicine REPORTS 24: 612, 2021

7

Figure 4. Protective effects of SFN in H2O2‑induced chondrocytes are blocked by SIRT1‑siRNA. (A) Following SIRT1 knockdown, western blot analysis was
performed to detect expression levels of (B) Bcl‑2, (C) Bax, (D) Cleaved caspase‑3 and (E) SIRT1. (F) mRNA expression levels of SIRT1 were significantly
inhibited in SIRT1‑silenced cells. Data are presented as the mean ± SD (n=3). ##P<0.01, ###P<0.001 vs. Con; **P<0.01 vs. H2O2 treatment. SFN, sulforaphane;
SIRT1, sirtuin 1; si, small interfering; Con, control.

SIRT1 exerts anti‑apoptotic effects in OA (58). Certain
drugs, such as melatonin, curcumin and sildenafil, have
been shown to exhibit chondroprotective effects in OA by
modulating the SIRT1 signaling pathway (59,60). The present
study evaluated the effect of SIRT1 pathway signaling
in SFN‑induced chondroprotection. Compared with the
H2O2 group, SIRT1 levels were significantly elevated in the
SFN‑pretreatment group.
SIRT1 siRNA was used to detect the potential mechanisms
of SFN in H2O2‑stimulated apoptotic chondrocytes. Consistent
with previous studies, RNA interference against SIRT1
suppressed SFN‑mediated inhibition of the anti‑apoptosis
effect (61,62). Expression levels of SIRT1 were suppressed

whereas levels of Cleaved caspase‑3 were significantly
elevated in the SIRT1 siRNA transfection group. These find‑
ings suggested that SIRT1 activation and ERS are associated
with H 2O2‑induced apoptosis. A DMM mouse model was
used to investigate the chondroprotective effects of SFN
in vivo. Histological staining showed that SFN significantly
alleviated disease progression in mice. This study has certain
limitations; for example, flow cytometry analysis revealed the
anti‑apoptosis effect of SFN on OA, which needs to be further
studied in future.
SFN protected chondrocytes against H2O2‑induced apop‑
tosis via the SIRT1 signaling pathway. Furthermore, SFN was
shown to significantly relieve disease progression in a DMM
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Figure 5. SFN inhibits OA development in a DMM mouse model. (A) Safranin O staining was used to evaluate histomorphometric differences between the
sham, DMM and DMM + SFN groups. Magnification, x20 and x40. (B) OARSI and (C) synovitis scores for each cartilage sample. (D) Immunohistochemistry
of SIRT1 in a DMM mouse model. (E) Quantification of SIRT1‑positive cells in cartilage samples. Data are presented as the mean ± SD (n=15). ##P<0.01
vs. sham, **P<0.01 vs. DMM group. SFN, sulforaphane; OA, osteoarthritis; DMM, destabilization of the medial meniscus; OARSI, Osteoarthritis Research
Society International; SIRT1, sirtuin 1.
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mouse model. Therefore, SFN has a potential value in the
prevention and treatment of OA.
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