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A B S T R A C T

Background: Osteoarthritis (OA) is a chronic disease that may cause articular cartilage degeneration, and synovial
inflammation, resulting in considerable pain, poor quality of life, and functional limitations. Previous research has
shown that ECM degradation and inflammation are involved in the progression of OA. Stevioside (STE), a
naturally diterpenoid glycoside, is isolated from the Stevia rebaudiana (Bertoni), which has been exerted a variety
of pharmacological activities, involving anti-inflammatory, anti-oxidative, and neuroprotective effects. However,
STE's effects on OA and its mechanism still need further research.
Methods: In the present study, we examined the anti-inflammatory effects of STE (STE) in both mouse chon-
drocytes and OA model induced by destabilization of the medial meniscus (DMM). In vitro, the mouse chon-
drocytes were treated with STE (0, 10, 20, 40 M, 24 h) after stimulated with IL-1β (10 ng/mL, 24 h). The
expression of ant-inflammation-relative mediators iNOS and Cox-2 were detected by Western blot and RT-PCR.
The catabolic factors (MMP-13, ADAMTS-4) and cartilage matrix constituent (Aggrecan, Collagen II) were
measured by Western blot and Immunofluorescence staining. The Nrf2/HO-1/NF-κB signaling molecules were
detected by Western blot. In vivo, histological analysis was used to evaluate the severity of mouse OA models.
Results: STE remarkably inhibited the IL-1β-induced expression of iNOS and Cox-2, generation of MMP-13,
ADAMTS-4 and degradation of Aggrecan and Collagen II. Furthermore, we found that the chondroprotective
effect of STE via Nrf2/HO-1/NF-κB signaling pathway. In vivo, the cartilage treated with STE displayed attenu-
ated degeneration, low OARIS scores compared with DMM group. In conclusion, we considered that STE might be
a promising therapeutic agent for the treatment of OA in future.
Conclusions: Our findings indicated that STE can ameliorate the development of OA via inhibiting the inflam-
mation. The underlying mechanism may be related to the Nrf2/HO-1/NF-κB signaling pathway. Moreover, the
treatment of STE significantly relieves the progression in the mouse DMM model. All of the results demonstrated
the therapeutic of STE in OA treatment.
The translational potential of this article: This study demonstrates a more efficient and safe application of STE in
treating osteoarthritis, provide a new concept for the cartilage targeted application of natural compounds.
1. Introduction

Osteoarthritis (OA) is a chronic disease that may cause articular
cartilage degeneration, subchondral bone thickening, and synovial
inflammation, resulting in considerable pain, poor quality of life, and
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functional limitations [1,2]. So far, its clear cause is still unclear; how-
ever, Current research has identified inflammation as a key factor in the
pathogenesis of OA [3,4]. A typical feature of OA is the increase in
pro-inflammatory cytokines produced by articular cartilage cells, such as
tumor necrosis factor (TNF-α) and interleukin-1β (IL-1 killing factor),
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which may lead to cartilage destruction [5]. IL-1β protein is produced
highly in stimulated chondrocytes and activated synoviocytes in OA [6].
IL-1β involves in motivating enzymes related to cartilage degradation,
then reduced the synthesis of primary cartilage components [7,8]. Be-
sides IL-1β triggers the production of other destructive and inflammatory
mediators of OA including prostaglandin-E2 and nitric oxide (NO) [9].
Therefore, inhibiting the IL-1β inhibitor-induced inflammatory response
is a promising therapeutic goal for treating OA.

The NF-kB pathway has been uncovered to participate in osteoar-
thritis and exert a decisive effect [10,11]. The NF-kB signal pathway
plays a significant role in regulating the inflammatory and immune sys-
tems to ameliorate injury. Stimulated via IL-1β, IKK (IκB kinase) was
activated by a series of membrane-proximal events. Then, phosphory-
lated IκBs triggers NF-κB releases which led to activating gene tran-
scription and nuclear translocation, finally resulting in a series of
inflammatory responses [12]. Nrf2 can regulate the expression of meta-
bolic and cytoprotective genes via inducing its downstream target genes
[13]. Previous research has been demonstrated that Nrf2 could inhibit
inflammation by attenuating the expression of the NF-κB pathway
[14–16]. Therefore, Targeting Nrf2/NF-kB may have an effective thera-
peutic effect in OA.

Stevioside (STE), a major constituent of the herb Stevia rebaudiana,
possesses a variety of pharmacological activities, involving anti-
oxidative, anti-inflammatory anti-cancer, and neuroprotective effects
[16–18]. It has been demonstrated that STE exerts the neuroprotective
effect in CoCl2-induced hypoxianeutal cells via inhibiting MAPK and
NF-kB pathways [19]. Some scholars have found that STE protects
against lipopolysaccharide-induced intestinal mucosal damage through
the NF-κB pathway in broiler chickens [20]. Besides, STE can alleviate
mouse myocardial fibrosis induced by isoproterenol via the myocardial
NF-κB/TGF-β1/Smad axis [21]. But whether STE has an
anti-inflammatory effect on OA still needs further research. In our study,
we designed in vivo and in vitro experiments to clarify its potential mode
of action in the progress of OA.

2. Materials and methods

2.1. Experimental animals and ethics statement

The operating steps involving animal care procedures were per-
formed strictly following the guidelines for Animal Care and Use outlined
by the Committee of Wenzhou Medical University.

2.2. Chemicals and reagents

Stevioside (STE) (purity�98%) was obtained fromMedChemExpress
(Shanghai, China). Recombinant mouse IL-1β was acquired from Novo-
protein (China). Safranin-O/Fast Green and collagenase-II were procured
from Solarbio (Beijing, China). Antibodies of collagen II, aggrecan, Nrf2,
ADAMTS-4, and Lamin B1 were purchased from Abcam (Cambridge,
UK). GAPDH, p65, HO-1, IkBα, and iNOS were purchased from Boster
Biological Technology (Wuhan, China). MMP-13 and COX-2 were ob-
tained from Cell Signaling Technology (Danvers, MA, USA). Fetal bovine
serum (FBS), Dulbecco's modified Eagles' medium (DMEM)/F12, and
0.25% trypsin-ethylenediaminetetraacetic acid (trypsin–EDTA) were
acquired from Gibco (Grand Island, NY, USA). Bovine serum albumin
(BSA) was procured from Beyotime Biotechnology (Shanghai, China).
The second antibodies of Goat Anti-Mouse IgG, Goat Anti-Rabbit IgG,
Alexa Fluor®594 and Alexa Fluor®488 labeled were purchased from
Bioworld (OH, USA).

2.3. The isolation and cultivation of primary mouse chondrocyte

First, took the knee joint from the articular cartilage and femoral head
of mice were rinsed with PBS more than 3 times. Next, digested the tis-
sues and then centrifuged the digested chondrocytes at 37 �C. The
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chondrocytes were cultured in a 100 mm culture bottle. When the
chondrocyte confluence rate reached 85%–90%, the chondrocytes were
treated with STE and IL-1β, and then the cells were obtained with 0.25%
trypsin–EDTA (Djibouti, Invitrogen). The medium was replaced every
2–3 days. When the confluence reached 85–90%, the chondrocytes were
subcultured with 0.25% trypsin–EDTA solution.
2.4. Experimental design

In vitro studies, to determine the effect of concentration on the pro-
tective effect of STE on cartilage, we incubated mouse chondrocytes with
diverse doses (0, 5, 10, 20, 40, 80,160 μM) of STE for 24 h. Then we
stimulated the cells with IL-1β (10 ng mL�1) or with nothing. We only
exchanged the medium in the control group. We cultured the cells for 24
h and then collected the cells. As for in vivo experiments, both the OA
group and the STE group used surgery to change the stability of DMM of
the right joint, while the left joint was the sham operation group. Then
the experimental group was orally administered STE (50 mg kg�1 day�1)
twice a day for 8 weeks. Mice in the vehicle group were given the same
amount of saline. All the animals were reared under standard feeding and
environmental conditions (temperature: 20 � 2 �C, humidity: 50% �
10%, day and night cycle for 12 h), and were given normal food and
water. Eight weeks after the operation, the mouse was executed, and
preserved joint tissue was for further analysis.
2.5. siRNA transfection

We obtained the Nrf2 small interfering RNA (siRNA) from Invitrogen
(Carlsbad, California, USA). We seeded cells in 6-well plates and 24 h
later were transfected with Nrf2-siRNA duplexes or negative controls
using 50 nM Lipofectamine 2000 siRNA transfection reagent (Thermo
Fisher, UT, USA) for 36 h. The sequence of the Nrf2-siRNA was: sense, 50-
UUGGGAUUCACGCAUAGGAGCACUG-30; antisense, 50-CAGUGCUC-
CUAUGCGUGAAUCCCAA-30.
2.6. Immunofluorescence staining of chondrocytes

For staining of MMP-13 and type II collagen, we inoculated chon-
drocytes (5 � 104 cells per well), incubate them for 24 h with or without
STE (40 μM), then add IL-1β protein (10 ng mL�1) for 2 h or add nothing.
We incubated IL-1β (10 ng mL�1) For Nrf2 and p65 staining and the time
was performed for 2 h. Then, we used PBS three times before fixing 4 %
paraformaldehyde. Next, we washed the cells more than three times in
PBS and 0.25%Triton X-100was used at 25 �C for 10min. Finally, bovine
serum albumin was used to seal the cells and then we incubated the cells
with primary antibodies against MMP-13 (1:100), collagen II (1:100),
Nrf2(1:100), and p65 (1:100) overnight at 4 �C. After that, we incubated
the cells for 1 h with a FITC-conjugated secondary antibody (1:400) after
washing three times. Finally, we used DAPI to stain the cell nuclei.
Eventually, we chose five random visual fields to observe the result.
2.7. Animal models

Forty-five C57BL/6 male mice, which were wild-type (WT) and in the
age of 10 weeks, were sourced from the Shanghai Animal Center of the
Chinese Academy of Sciences. The experimental steps were followed the
Laboratory Animal Use and Care Guidelines of the National Institutes of
Health. We destabilized the medial meniscus (DMM) to make OA models
[22]. The dose of 2% pentobarbital (40 mg kg�1) intraperitoneal injec-
tion was used to anesthetize the mice. We obtained the joint capsule and
cut the tibial ligament of the medial meniscus in the right joint. Sham
surgeries were applied on another side. Finally, we divided all the ani-
mals evenly into three groups (15 in each group): control group (sham
operation), OA group (OA), and STE-treated OA group (STE).



Figure 1. Effect of STE on the cell viability of chondrocytes. Primary chondrocytes were stained by toluidine blue staining (A) and S–O staining (B) (scale bar: 100
μm). Chemical structure of STE (C). We incubated the cells with various concentrations of STE (0, 5, 10, 20, 40, 80, or 160 μM) for 24 (D) and 48 h (E). We calculated
cell viability via a CCK-8 assay. Data were expressed as mean � SD. *P < 0.05, **P < 0.01 (vs. con group, n ¼ 3).
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2.8. Cell viability assay

The CCK-8 kit was used to evaluate the viability of chondrocytes.
First, the passage 3 chondrocytes were seeded into a 96-well plate (4000
cells/well) and incubated for 24 h. We incubated cells for 24 h and 48 h
under the concentration gradient of STE (5,10, 20, 40, 80 160 μM) when
the cells reached 90%–95% confluence. Then, we incubated half of the
cells in IL-1β (10 ng/mL) for 24 h. Finally, we added 10 mol/l CCK-8
solutions to each well and observed the optical density at 450 nm with
a spectrophotometer (Thermo Fisher Scientific) 2 h later.

2.9. ELISA

We used the ELISA kits (R&D Systems, Minneapolis, MN USA) to
evaluate the concentration of PGE2, TNF-a, IL-6 according to the
manufacturer s instructions. And we used the Griess reaction to deter-
mine the expression of NO. All assays were repeated three times.

2.10. Real-time PCR

We exposed cells to diverse doses of STE and IL-1β (10 ng/mL), then
we isolated total mouse chondrocyte RNA from cells in a 6 cm culture
plate. cDNA was acquired from a total RNA 1000 ng (MBI Fermantas,
Germany). Real-time quantitative PCR (qPCR) was performed via the
CFX96 Real-Time PCR System (Bio-Rad Laboratories, California, USA).
10 μl of reaction volume was conducted in the qPCR in the conditions like
10 min 95 �C, followed by 40 cycles of 15 s 95 �C and 1 min 60 �C. We
normalized the target mRNA level to the GAPDH level and matched it
with the control group. We used NCBI Primer-Blast ToolPrimers to design
the primers of iNOS, IL-6, COX-2, TNF-α, MMP-13, ADAMTS-4, Aggre-
can, and Collagen II, and the sequences are listed below: iNOS (F) 50-
GACGAGACGGATAGGCAGAG-30 (R) 50-CACATGCAAGGAAGGGAACT-
3'; COX-2 (F) 50–TCCTCACATCCCTGAGAACC-30 (R) 50-
192
GTCGCACACTCTGTTGTGCT-30; IL-6 (F) 50-CCGGAGAGGAGACTTCA-
CAG-30(R)50-TCCACGATTTCCCAGAGAAC-30; TNF-α(F)50-ACGGCATG-
GATCTCAAAGAC-30 (R) 50-GTGGGTGAGGAG CACGTAGT-30; MMP13
(F) 50-CCA GAACTTCCCAACCAT-30 (R) 50-ACCCTCCATAATGTCATACC-
30; Aggrecan (F) 50-AAGTGCTATGCTGG CTGGTT-30 (R) 50-
GGTCTGGTTGGGGTAGAGGT-30; Collagen II (F) 50-CTCAAGTCGCT-
GAACAACCA-30 (R) 50-GTCTCCGCTCTTC CACTCTG-30.

2.11. Western blotting

Total protein was obtained by lysing chondrocytes and centrifuged at
12 000 rpm for 15 min at 4 �C. We used a BCA protein detection kit to
evaluate protein concentration. Then, SDS PAGE was used to electro-
phoresis the added 40 ng of protein and transfer the separated protein to
a PVDF membrane. Then we blocked the membrane with 5% skim milk,
and detected overnight at 4 �C with the following antibody: aggrecan (1:
2000), Nrf2(1: 2000), collagen II (1: 2000), HO-1 (1: 2000), iNOS (1:
2000), COX-2 (1: 2000), ADAMTS-4 (1: 2000), GAPDH (1: 3000), MMP-
13 (1: 2000), Lamin B1 (1: 2000), IκBα (1: 2000) and p65 (1: 2000)
overnight at 4 �C.

Then, we washed the membrane and then incubated it with the cor-
responding secondary antibody for 4 h at room temperature. We use an
ECL plus reagent (Invitrogen) to visualize the blots. Image Lab 3.0 soft-
ware (Bio-Rad, Hercules, CA, USA) was used to evaluate the intensity of
proteins.

2.12. Histological analysis

In a short, the knee joints of each group were soaked in 4% para-
formaldehyde for 24 h at 4 �C and decalcified in 10% EDTA solution for 4
weeks. The anterior part of the entire joint was sliced serially (6 μm
thick), and Safranin-O-Fast green staining (S–O) was used to assess
cartilage destruction. We used light microscopy to estimate the extent of



Figure 2. Anti-inflammation effects of STE in mouse chondrocytes. The effects of STE on PGE2, NO, IL-6, and TNF-α in mouse chondrocytes induced by IL-1β were
determined using Griess reaction or ELISA (A, B). The mRNA level of iNOS, IL-6, TNF-α, and COX-2 was determined via RT-qPCR (C, D). The expressing level of iNOS
and COX-2 (E, F). Data were evaluated as mean � SD. ##P < 0.01 compared to the control group; **P < 0.01, compared to the IL-1β alone stimulation group, n ¼ 3.
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cartilage degeneration in stained sections according to Osteoarthritis
Research Society International (OARSI) scoring system, and synovitis
scored, as mentioned before. For immunohistochemistry, we deparaffi-
nized the sections (6 μm) with xylene and rehydrated the sections in a
graded ethanol series. We washed the sections and then blocked them
with 3% (v/v) H2O2 for 10 min. Then, we treated them with 0.4% pepsin
(Sangon Biotech, Shanghai, China) in 5 mMHCl at 37 �C for 20 min, then
blocked with 10% (w/v) bovine serum albumin phosphate-buffered sa-
line at 37 �C for 30 min. Finally, we incubated the sections overnight at 4
�C with the antibody against Nrf2 and MMP-13. Next, sections were
incubated with an HRP-conjugated secondary antibody. We calculated
the obtained images via Image-Pro Plus software, version 6.0 (Media
Cybernetics, Rockville, MD, USA).
2.13. Statistical analysis

All of the data were analyzed via SPSS statistical software program
18.0. The data were shown as mean � SD. Differences among the groups
were compared by t-test or one-way analysis of variance (ANOVA). P <

0.05 was considered significance.

3. Results

3.1. Potential cytotoxicity of STE on mouse chondrocytes

We made isolated mouse chondrocytes easy to visualize by toluidine
blue staining and safranin O staining. Safranin O staining can stain
chondrocytes red (Fig. 1A), and toluidine blue staining can stain
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proteoglycan in the chondrocyte cytoplasm purple, indicating that mouse
primary chondrocytes are spindle-shaped (Fig. 1B). The structure of STE
is indicated in Fig. 1C. To explore the cytotoxic effects of STE on chon-
drocytes, we conducted a CCK-8 assay. The chondrocytes were cultivated
with different concentrations of STE (0, 5, 10, 20, 40, 80,160 μM) for 24
and 48 h. The result indicated that STE did not show an obvious cytotoxic
effect on mouse chondrocytes at a concentration of 0–40 μM, while the
cytotoxic effect was shown at 80 μM and higher concentration (Fig. 1D).
As shown in Fig. 1E, the results of treatment for 48 h exhibited a similar
phenomenon. Consequently, STE concentrations of 0–40 μM were used
for the following research.
3.2. Effect of STE on the expressing level of PGE2, TNF-a, IL-6, NO,
iNOS, and COX-2 in mouse OA chondrocytes

Next, we studied the effects of STE on the production of TNF-α, PGE2,
IL-6, and NO in chondrocytes induced by IL-1β protein by western blotting
analysis, RT-PCR, and ELISA kits. As pictured in Fig. 2A–B, IL-1β-induction
up-regulated the expression of TNF-α, PGE2, IL-6, and NO compared with
the sham group. However, STE down-regulated the level of IL-6, TNF-α,
PGE2, and NO in a dose-dependent manner. Similarly, the results from RT-
PCR exhibited that the mRNA level of IL-6 and TNF-αwere consistent with
these results (Fig. 2C–D). Furthermore, we investigated the effects of STE
on the production of iNOS and COX-2 in chondrocytes induced by IL-1β
protein by western blotting analysis and RT-PCR. Fig. 2E–F shows the
results of western blotting and RT-PCR which indicated that STE signifi-
cantly decrease the expression of iNOS and COX-2 in a dose-dependent
manner compared to stimulation with IL-1β.



Figure 2. (continued).

J. Wu et al. Journal of Orthopaedic Translation 38 (2023) 190–202
3.3. STE influenced ECM metabolism in mouse chondrocytes

Western blotting analyses were performed to examine the expression
of aggrecan, collagen type II, ADAMTS-4, and MMP-13 proteins in mouse
cells. In Fig. 3A–E, the results of western blotting showed that IL-1β-
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induction decreased the expression of Aggrecan and Collagen II
compared with the sham group. Instead, STE reversed the decreased
expressions of Aggrecan and Collagen II which were associated with
dose. IL-1β-induction boosted the expressing level of ADAMTS-4 and
MMP-13 compared to the sham group. Instead, STE reversed the



Figure 3. Influence of STE on the synthesis of ECM. The protein expression of collagen II, aggrecan, ADAMTS-4, and MMP-13 in the chondrocytes was detected by
western blot analysis (A–E). Immunofluorescence for the assessment of Type II collagen (Col II) in mouse chondrocytes (F-G). Data were expressed as mean � SD. ##P
< 0.01 compared to the control group; **P < 0.01 compared to the IL-1β alone stimulation group, n ¼ 3.
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Figure 4. Effects of STE on NF-κB pathway. The expression level of IκBα in the cytoplasm and p65 in the nuclei was determined via western blot analysis (A–C).
Immunofluorescence and DAPI staining of nuclei to assess nuclear translocation of p65 (scale bar: 10 μm) (D). Data were expressed as mean � SD. Significant dif-
ferences between different groups are shown as ##P < 0.01, vs control group; **P < 0.01, vs IL-1β alone stimulation group, n ¼ 3.
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Figure 5. Effects of STE on the Nrf2/HO-1 signal pathway. The expressing level of Nrf2 and HO-1 (A–C). We used immunofluorescence staining to evaluate the
nuclear translocation of Nrf2 (scale bar: 10 μm) (D). Data were expressed as mean � SD. ##P < 0.01 compared to the control group; **P < 0.01 compared to the IL-1β
alone stimulation group, n ¼ 3.
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increased expressions of ADAMTS-4 and MMP-13 which were associated
with dose. Similarly, the immunofluorescence result demonstrated that
the level of collagen type II was similar to western blotting analysis
(Fig. 3F–G).
3.4. STE restrained activating NF-κB in mouse chondrocytes

The western blotting analysis was applied to investigate the influence
of STE on the NF-kB signaling pathway. In Fig. 4A–C, compared to the
sham group, the expressing level of IkBa protein in the IL-1β-induced
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group was decreased. However, STE reversed this phenomenon in an
associated with dose. Besides, IL-1β stimulated p65 to translocate the
nucleus compared with the sham group, which can be inhibited and
associated with concentration by STE.

Moreover, we used immunofluorescence images to evaluate p65. In
the control group, most of the p65 protein was localized in the cytoplasm
of chondrocytes, but in the IL-1β-stimulated group, most of the p65
protein was localized in the nucleus of chondrocytes. However, STE
reversed the translocation of p65 (Fig. 4D).



Figure 6. Nrf2-siRNA blocked the protective effect of STE. The expressing levels of p65, Nrf2, and HO-1 were evaluated by western blotting (A) and quantified in (B)
after Nrf2 knockdown. The expressing levels of MMP-13 and ADAMTS-4 (C, D). The expression level of NO, PGE2, IL-6, and TNF-α was determined via ELISA (E and F).
Data were shown as mean � SD. ##P < 0.01 compared to the control group; **P < 0.01 compared to the IL-1β alone stimulation group, n ¼ 3.
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Figure 6. (continued).
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3.5. STE promoted Nrf2/HO-1 pathway

Researchers found that STE can promote the Nrf2/HO-1 pathway, but
its Nrf2 activation in OA needs further study. The western blotting result
was depicted in Fig. 5A–C. The expressing level of Nrf2 and HO-1 were
not remarkably changed in the IL-1β treatment group compared to the
control group. However, the expression level of HO-1 and Nrf2 in the STE
group was remarkably enhanced compared with IL-1β-induced.
Furthermore, the Nrf2 immunofluorescence results showed no difference
between the IL-1β treatment group control group. After the use of sSTE,
an increase in the intensity of Nrf2 in the nucleus could be observed
(Fig. 5D). According to the result, we could suggest that STE could
activate the Nrf2/HO-1 signal pathway in chondrocytes (see Fig. 6).
3.6. STE exerted its anti-inflammatory effect in chondrocytes through Nrf2

We demonstrate by Nrf2 siRNA that STE restrains the NF-kB pathway
by activating Nrf2. After Nrf2 siRNA knockdown, we found that the
protein expression of P65 was increased in the Nrf2 siRNA group
compared with the IL-1βþ STE group. The expression of HO-1 and IκBα
were dramatically decreased in the Nrf2 siRNA group (Fig. 5A–B). The
result shows that Nrf2 can induce the activation of the NF-κB signal
pathway. Furthermore, we used ELISA and western blot to examine the
effect of STE on the expressing level of PGE2, NO, TNF-α, IL-6, MMP-13,
and ADAMTS-4 in IL-1β-induced chondrocytes (Fig. 5C–D). Unsurpris-
ingly, STE can significantly down-regulate the expressing level of PGE2,
NO, TNF-α, IL-6, MMP-13, ADAMTS-4, and Nrf2 siRNA can abolish the
anti-inflammatory ability of STE (Fig. 5E–F). Taken together, we found
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that STE can inhibit ECM degradation while can be reversed by the Nrf2
siRNA treatment.
3.7. STE enhanced OA development in the DMM mouse model

We investigated the chondroprotective influence of STE on OA via
establishing a DMM mouse model. The results of X-ray showed that the
joint space was severely narrowed and cartilage was obviously ossified in
DMM mice, while the joint space narrowing and cartilage solidification
were improved after STE treatment (Fig. 7A). The S–O staining result
exhibited that compared with the sham operation group, the cartilage
surface of the OA group had a more significant degree of damage and an
obvious decrease of properly. The degradation of cartilage matrix in the
STE group was decreased compared with the OA group and increased
compared with the control group, which was effective in increasing the
thickness of articular cartilage and restoring damaged cartilage (Fig. 7B).
OARSI scores (Fig. 7C) were in keeping with the above-mentioned re-
sults. According to the result, the STE treatment group was remarkably
different from the OA group, and the OARSI score of the OA group was
elevated than that of the STE group. ALL in all, the above results showed
that STE can exert the protective effect of osteoarthritis. To verify the
effect of STE on Nrf2, we used immunohistochemical staining on Nrf2.
The results showed that the expressing level between the two groups was
similar, while the expressing level of Nrf2 was remarkably enhanced in
the STE treatment group (Fig. 7B, E). Moreover, we used immunohisto-
chemical staining on MMP-13, which is a major collagen lytic enzyme
influenced by OA. In the DMM group, MMP-13 was significantly positive
in the extracellular matrix and around chondrocytes. On the contrary,



Figure 7. STE inhibits the OA process (A) The digital X-ray images of mouse knee joints (B) The Safranin O staining of cartilage shows STE alleviated the cartilage
erosion and depletion of proteoglycans in mouse OA model at 8 weeks post-surgery (scale bar: 50 μm) (C) OARSI scores. The immunohistochemistry of Nrf2, MMP-13
and quantification of Nrf2-positive cells (B, D, E) (scale bar: 50 μm). Data were expressed as mean � SD. ##P < 0.01, compared to the sham group; **P < 0.01
compared to the DMM group, n ¼ 15.
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STE significantly reduced the expression of MMP-13 (Fig. 7B, D). These
data indicated that STE may restrain the development of OA in mice.

4. Discussion

Osteoarthritis is a common chronic disease among older adults and a
predisposing disease among working-ages, characterized by synovitis,
cartilage degeneration, and osteophyte formation [22,23]. Current
treatments for OA include the use of nonsteroidal anti-inflammatory
drugs (NSAIDs), physical therapy, intra-articular corticosteroids,
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walkers, and supportive insoles [24]. However, these only relieve joint
pain and swelling, but can not cure the disease completely, and overuse
can even lead to serious side effects. Artificial joint replacement is
currently the only way to treat end-stage OA [25]. Consequently, we need
an effective and safe drug that can alleviate OA. Recently, fruit-derived
compounds attract researchers' attention for treating OA due to the
lack of harmful side effects.

Stevioside (STE), a diterpene glycoside component of Stevia rebaudi-
ana, possesses an anti-inflammation effect in LPS-induced acute lung
injury through down-regulating the NF-κB pathway [19,26]. A previous
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study demonstrated that STE reduces inflammatory response, apoptosis,
and oxidative stress in lipopolysaccharide-induced intestinal mucosal
damage via restraining the activation of NF-κB signal pathways [20,27].
Researchers demonstrated that STE possesses the neuroprotective effect
in hypoxia-induced mouse neuroblastoma N2a cells via inhibiting MAPK
and NF-κB pathways [19]. Our research further proved that STE exerts a
protective effect via Nrf2/NF-κB regulation in OA chondrocytes. In
addition, our study proved STE OA progression in a DMMmodel of mice.

In OA, pro-inflammatory cytokines, IL-1β were produced through
activated synoviocytes and articular chondrocytes produce, which pro-
motes chondrocyte apoptosis and activates NF-κB pathways to trigger
catabolism [28]. The IL-1β induces PGE2 and iNOS production in syno-
vial fibroblasts, which is involved in osteoarthritis [29]. NO has long
been thought to exert anti-anabolic and pro-catabolic effects on extra-
cellular matrix homeostasis in cartilage, including inhibition of proteo-
glycan and collagen synthesis [30]. Matrix metalloproteinases (MMPs)
family, induced by IL-1β in chondrocytes, are major extracellular pro-
teolytic enzymes that lead to cartilage collagenolysis [31]. Matrix met-
alloproteinase 13 (MMP-13) is one of the major proteases that induce
degrading extracellular cartilage matrix [32]. ADAMTS-4 has long been
known to drive cleavage of aggrecan, playing a decisive role in cartilage
degradation [33]. In our research, we proved that STE inhibited the
overproduction of PGE2, NO, TNF-α, and IL-6 and the upregulation of
iNOS and COX-2 by IL-1β at the protein and mRNA levels. Moreover, the
result showed that in mouse OA chondrocytes, STE significantly inhibited
the expressing level of MMP-13 and ADAMTS-4 induced via IL-1β protein
at the protein and mRNA levels.

The NF-κB pathway is involved in the occurrence of osteoarthritis and
exerts an important effect [34]. When IL-1β was used to induce the cells,
phosphorylation of IKK (IκB kinase) is initiated, triggering NF-κB re-
leases, and further regulating gene expression depends on NF-κB, then
inducing the translocation of p65 [35]. In addition, NF-κB inhibitors
reduced joint swelling in mice induced by collagen [36,37]. In our
research, we proved that STE down-regulated IL-1β-induced NF-κB
activation, nuclear translocation of p65, and IκBα degradation in chon-
drocytes. Studies have confirmed that the activation of Nrf2 has an
anti-inflammatory effect [38–40]. The Nrf2 and NF-κB pathways are
involved in regulating the transcription of downstream target proteins
[41,42]. Sael et al. referred that STE can prevent liver damage via
upregulating Nrf2 and immunomodulatory activity by blocking NF-κB
signaling [43]. Therefore, we predicted that STE may inhibit the NF-κB
pathway in OA via promoting the Nrf2/HO-1 axis. Our research proved
that STE could significantly up-regulate Nrf2/HO-1 and down-regulated
NF-κB in cells incubated with IL-1β. This confirms that Nrf2/HO-1 pro-
tects joints in STE-mediated OA.

OA is a highly prevalent, degenerative, progressive joint disorder
characterized by osteophyte formation, cartilage degradation, and sy-
novial membrane inflammation, subchondral bone sclerosis [44]. In vivo
studies, the DMM mouse model is reliable, which has been widely
accepted. Therefore, a mouse DMMmodel was established to explore the
anti-inflammatory effects of STE in this experiment. Histological staining
indicated that STE remarkably inhibited the progression of the disease.
Besides, STE treatment down-regulated OARSI score. Moreover, the re-
sults of Immunohistochemistry for MMP13 indicated that STE relieved
the ECM degradation. All in all, our study proved the value of STE in
treating OA.

5. Conclusion

The result proved that STE suppresses the inflammatory which trig-
gered via IL-1β stimulation, which inhibited the expressing level of MMP-
13, iNOS, COX-2, and ADAMTS-4 through the Nrf2/NF-κB signaling
pathway in mouse OA chondrocytes. Moreover, the treatment of STE
significantly relieves the progression in the mouse DMMmodel. All of the
results demonstrated the therapeutic of STE in OA treatment.
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