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Abstract: In this study, we aimed to determine the anti-inflammatory and antinociceptive ac-
tivities of Schisandra chinensis leaf extracts (SCLE) in lipopolysaccharide (LPS)-stimulated RAW
264.7 macrophages, an acetic acid-induced mouse model of writhing, and a monosodium iodoacetate
(MIA)-induced rat model of osteoarthritis (OA). In LPS-stimulated RAW264.7 cells, a 100 pg/mL dose
of SCLE significantly reduced the production of nitric oxide (NO), interleukin-1f (IL-1f), tumour
necrosis factor-alpha (TNF-«), interleukin-6 (IL-6), and prostaglandin E2 (PGE2). Acetic acid-induced
writhing responses in mice that quantitatively determine pain were significantly inhibited by SCLE
treatment. In addition, SCLE significantly decreased the MIA-induced elevation in OA symptoms,
the expression levels of pro-inflammatory mediators/cytokines and matrix metalloproteinases, and
cartilage damage in the serum and joint tissues. Our data demonstrated that SCLE exerts anti-
osteoarthritic effects by regulating inflammation and pain and can be a useful therapeutic candidate
against OA.
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1. Introduction

Osteoarthritis (OA) is a progressive and degenerative disease characterised by the
degradation of articular cartilage, changes in the subchondral bone, osteophyte formation,
muscle weakness, and inflammation of the synovial membrane; it remains the leading cause
of pain and disability in the ageing population [1,2]. Although OA has often been referred
to as a non-inflammatory “wear and tear” disease, recent studies have demonstrated that
inflammatory mechanisms play an important role in OA pathogenesis [3]. For instance,
several studies have shown that the levels of pro-inflammatory mediators increase in the
serum and synovial fluid of OA patients, and the pro-inflammatory cytokine stimulation of
cartilage tissue induces several structural changes associated with OA [3,4]. Furthermore,
patients with OA are characterised by the potential loss of joint cartilage and disruption of
bone structure, which can cause pain in the joints [5]. Therefore, inflammation and pain in
OA could serve as therapeutic targets for discovering new drugs.

Osteoarthritis treatment aims to improve quality of life by reducing pain, minimising
cartilage damage, improving or maintaining functional status, delaying disease progres-
sion, and relieving disease [6]. The recommended treatments for OA include aerobic
exercise and medication that includes acetaminophen, corticosteroids, or non-steroidal
anti-inflammatory drugs to reduce inflammation and pain as well as control the disease.
However, these drugs cannot prevent progressive cartilage degradation or repair the dam-
aged cartilage in patients with OA. Moreover, such interventions cannot be used long-term
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because of their limited efficacy and side effects, including diarrhoea, vomiting, gastroin-
testinal disturbances, renal toxicity, nausea, and cardiovascular risks [7-9]. Despite these
challenges, they are widely used to treat OA because of a lack of availability of effective
medications. Therefore, the demand for an effective and safe alternative to treat OA has
increased significantly. Recent studies have investigated numerous traditional medicinal
herbs to develop complementary and alternative approaches, including nutraceuticals, di-
etary supplements, and healthy functional foods to manage OA, delay disease progression,
and reduce pain [9,10].

The fruits of Schisandra chinensis (Turcz.) Baill. contain large quantities of dibenzocy-
clooctadiene lignans, including schizandrol A, schizandrin B, schizandrin C, schizantherin
A, schizantherin B, schizandrin A, schisanthenol, and gomisins A and G [11]. S. chinensis
fruits have been used as medicine for night sweats, dry cough, insomnia, asthma, involun-
tary ejaculation, urinary disorders, poor memory, chronic diarrhoea, hyperacidity, diabetes,
and hepatitis in several countries, including Korea, Russia, and China [12]. Several studies
have reported neuroprotective [13], hepatoprotective [14], anti-inflammatory [15], antiox-
idative [16], and anti-atherosclerotic [17] effects. Additionally, Choi et al. reported that the
fruit of S. chinensis decreased the production of pro-inflammatory mediators and cytokines
and protected articular cartilage degradation in monosodium iodoacetate (MIA)-induced
OA of the knee joint in rats [18]. However, most phytochemical and efficacy studies have
focused on fruit extracts, particularly lignans. Recently, Liu et al. isolated the lignans
terpenoids from S. chinensis leaves and demonstrated their potential cytotoxicity effects
against MGC-803, Caco-2, and Ishikawa cell lines [19]. However, to the best of our knowl-
edge, the anti-inflammatory and protective effects of S. chinensis leaf (SCL) extracts (SCLEs)
against OA remain unknown.

In the present study, we investigated the anti-inflammatory and antinociceptive activi-
ties of SCLE in vitro against lipopolysaccharide (LPS)-stimulated RAW 264.7, and in vivo
using an acetic acid-induced mouse model of writhing and MIA-induced OA in rats.

2. Materials and Methods
2.1. Preparation of SCLE

Schisandra chinensis leaves (100 g) were extracted with 1.5 L of 70% aqueous ethanol for
3 h in a reflux extractor (MS-DM607; M-TOPS, Seoul, Korea). The extracted solution was
filtered using a filter paper (Whatman No. 1) and concentrated under reduced pressure in
a rotary evaporator (N-1200 A; Eyela, Tokyo, Japan) at 50 °C. After removal of ethanol, the
extract was frozen at —80 °C for 2 h and freeze-dried (FDU-2100; Eyela, Tokyo, Japan) for
72 h to obtain a powder (SCLE; yield 22.3%). The extraction process was carried out at a low
temperature to minimise oxidisation and degradation of the targeted phenolic compounds.

2.2. Chemical Profiling of SCLE

A Waters Acquity Ultra-Performance Liquid Chromatography system equipped with
a quaternary pump, auto-sampler, and photodiode array detector (Waters, MA, USA).
The chromatographic separation was performed using an Acquity UPLC® BEH C18
(100 x 2.1 mm, 1.7 um). Each standard stock solution was prepared by dissolving ac-
curately weighed amount of compound in methanol. Quercetin, kaempferol, schizandrol
A, gomisin ], schizantherin A, schizandrin A, schizandrin B, and schizandrin C were used
after purchasing reference materials (Chromadex, Los Angeles, CA, USA) [19]. An aliquot
amount of each stock solution was mixed, and the standard mixture was diluted to a series
of appropriate concentrations for the construction of calibration curves. The concentration
range (ng/mL) for each calibration curve was as follows: quercetin, 100~500; kaempferol,
100~500; schizandrol A, 10~50; gomisin J, 10~50; schizantherin A, 10~100; schizandrin A,
10~50; schizandrin B, 10~100; schizandrin C, 10~50. An elution with solvent A (water) and
solvent B (acetonitrile) in a gradient elution at a flow rate of 0.4 mL/min was carried out as
follows: 0—2 min, 20-20% B; 2—-6 min, 20-30% B; 6~8 min, 30-35% B; 8-18 min, 35-80% B;
18-20 min, 80-100% B; 20-22 min, 100-20% B; 22-24 min, 20-20% B. The detection wave-
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length was set to 250 nm. The column temperature was maintained at 40 °C, and the
injection volume was 2 pL.

2.3. Cell Culture

The murine macrophage cell line RAW264.7 (ATCC, Manassas, VA, USA) was cultured
in a complete medium containing Dulbecco’s Modified Eagle Medium (DMEM), 10% heat-
inactivated fetal bovine serum, penicillin (100 U/mL), and streptomycin (100 ug/mL)
(Gibco Inc., Grand Island, NY, USA) and incubated in 5% CO, at 37 °C. RAW 264.7 cells
were seeded on a 96-well plate at a density of 1 x 10° cells/well. The medium was replaced
with serum-free DMEM, and 0.5 pg/mL LPS (Sigma-Aldrich Chemical Co., St. Louis, MO,
USA) with or without SCLE (50, 100, and 200 ng/mL) was added for 24 h [20].

2.4. Cytotoxicity Assay

Cell viability assays were performed to determine the cytotoxicity of SCLE using 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (Sigma-Aldrich Chemical
Co.). MTT was dissolved in serum-free DMEM at 0.5 mg/mL concentration. Then, 100 pL
of this solution was added to the cells for 4 h in 96-well culture plates. Cell viability was
determined by measuring the absorbance of the coloured MTT formazan crystals formed in
each well at a wavelength of 570 nm using a microplate reader and was calculated relative
to vehicle controls.

2.5. Determination of Nitric Oxide (NO), Prostaglandin E2 (PGE2), and Inflammatory Cytokines
Production in the Cells

NO production was analysed as the accumulation of nitrite in culture supernatants us-
ing the Griess Reagent System (Promega, Madison, WI, USA). The supernatant was mixed
with the same volume of Griess reagent and incubated at room temperature for 5 min. To
ensure accurate NO quantification, reference curves were prepared using nitrite standards.
The concentration of nitrite was determined by measuring the absorbance using a mi-
croplate reader and compared to the nitrite standards reference curve. The serum levels of
the pro-inflammatory cytokines, including interleukin-1 beta (IL-13, MLB0OC), interleukin-
6 (IL-6, M6000B), tumour necrosis factor-alpha (TNF-o,, MTAOOB), and prostaglandin E2
(PGE2, KGE004B), were measured using ELISA kits (R&D Systems, Minneapolis, MN,
USA), according to the manufacturer’s protocol.

2.6. Acetic Acid-Induced Writhing Response in Mice

Institute of Cancer Research (ICR) mice (7 weeks old, 25-30 g body weight) were
purchased from Orient Bio (Seongnam, Korea). After acclimation for 1 week, the male ICR
mice were randomly assigned to four groups (1 =5, each): (1) acetic acid-treated group,
(2) SCLE-treated group (150 mg/kg body weight), and (3) SCLE-treated group (300 mg/kg
body weight) with acetic acid injection, and (4) ibuprofen (IBU)-treated group (200 mg/kg
body weight) with acetic acid injection. After fasting for 14 h, mice were orally administered
SCLE (150 and 300 mg/kg body weight) or ibuprofen (IBU, 200 mg/kg body weight).
Subsequently, after 1h, acetic acid (0.75%, 10 pL/g) was injected intraperitoneally [21].
Immediately before use, all samples were dissolved in 0.5% carboxymethyl cellulose (CMC).
Five minutes after the acetic acid injection, the number of writhes was recorded for 10 min.
The responses included stretching, tension on one side, and the extension of the hind legs.
The animal study was approved by the Institutional Animal Care and Use Committee of
the Korea Institute of Oriental Medicine (approval number: 20-016).

2.7. Development of MIA-Induced OA Rat Model

Seven-week-old male Sprague-Dawley rats were purchased from Orient Bio (Seong-
nam, Korea). The rats were housed separately in cages for acclimation and familiarised
with the testing procedures for 1 week. Afterwards, the rats (8 weeks old) were randomly
divided into five groups of seven animals each: (1) control group, (2) MIA group with
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MIA (3 mg/50 pL 0.9% saline) injection, (3) SCLE-treated group (150 mg/kg body weight),
(4) SCLE-treated group (300 mg/kg body weight) with MIA injection, and (5) indomethacin
(IM)-treated group (1 mg/kg body weight) with MIA injection. The rats were anaesthetised
using a mixture of ketamine (25 mg/0.5 mL) and xylazine (20 mg/0.2 mL). MIA solution
was injected into the intra-articular space of the right knee [20,22]. Two millilitres SCLE or
IM was dissolved in 0.5% CMC and administered orally for 3 days before MIA injection and
then for 21 days. The serum markers of liver damage, serum aspartate aminotransferase
(AST) and alanine aminotransferase (ALT), were measured to evaluate the potential toxicity
of SCLE. All experiments involving animals were approved by the Institutional Animal
Care and Use Committee of Daejeon University and all experiments were performed in
accordance with the committee guidelines (Approval No. DJUARB2020-014).

2.8. Hind Paw Weight-Bearing Distribution Measurements (Joint Pain Assessment)

The weight-bearing distributions between the OA-induced hind paw and normal hind
paw were measured on 0, 7, 14, and 21 days after OA induction using an incapacitance
meter (Bioseb Co.; Pinellas Park, FL, USA) [23]. The rats were comfortably placed in a
container with their hind paws on two separate sensor plates. When the rat was standing,
the weight distribution of both hind paws was naturally adjusted according to the degree
of joint pain. The weight distribution ratio was calculated using the following equation:
(right weight/[right weight + left weight]) x 100.

2.9. Serum Analysis

Blood samples were collected 22 days after OA induction, and then the serum was
obtained by centrifugation (3000 g for 10 min at 4 °C) and stored at —70 °C until further
assays. The levels of IL-1f3 (Catalogue No. RLB00), IL-6 (R6000B), TNF-« (RTA00), matrix
metalloproteinase (MMP)-2 (MMP200), MMP-9 (RMP900), osteocalcin (MBS728975), and
deoxypyridinoline (DPD; MBS731799) were measured using ELISA kits (R&D Systems) or
MyBioSource (San Diego, CA, USA) according to the manufacturer’s protocol.

2.10. Real-Time PCR Analysis

Total RNA was extracted from the articular cartilage tissue using the RNeasy Mini
Kit (Qiagen, Hilden, Germany). Total RNA (1 ug) was reverse-transcribed into cDNA
using an iScript cDNA synthesis kit (Bio-Rad) according to the manufacturer’s protocol.
After cDNA synthesis, quantitative real-time polymerase chain reaction (QRT-PCR) was
performed using iQ SYBR Green Supermix (Bio-Rad) and an ABI StepOnePlus™ Real-Time
PCR System (Applied Biosystems, Foster City, CA, USA). The sequences of the primers
used in this study are shown in Table 1. The samples were denatured at 95 °C for 30 s
and then subjected to 40 cycles at 95 °C for 15 s and 60 °C for 60 s. Data were calculated
using the AACt method and expressed as rates of relative abundance of the target genes to
GAPDH [24].

2.11. Histopathology Analysis

The knee joints were fixed in 10% formalin, decalcified using 20% formic acid, embed-
ded in paraffin. Each specimen was cut into 5 um thick sections and stained with H&E or
Safranin-O-fast green (Sigma-Aldrich Chemical Co.). Histological changes were examined
using a light microscope (BX51; Olympus, Tokyo, Japan) and imaged (DP70; Olympus).

2.12. Statistical Analysis

All data were presented as the mean =+ standard error of the mean. The significant
differences were statistically analysed by one-way analysis of variance followed Dunnett’s
tests. All analyses were performed using GraphPad Prism 7.0 (GraphPad Software, San
Diego, CA, USA). p-values less than 0.05 were considered statistically significant.



Nutrients 2022, 14, 1356 50f 13

Table 1. Sequences of the primers used for the real-time PCR.

Gene Primer Sequence
IL-1p Forward 5-ACAAGGCTGCCCCGACTA T-3/
Reverse 5-CTCCTGGTATGAAGTGGCAAATC-3
L6 Forward 5-GCC CTT CAG GAA CAG CTA TGA-3'
a Reverse 5-TGTCAACAACATCAGTCCCAAGA-3’
COX-2 Forward 5-CCTCGTCCAGATGCTATCTTTG-3’
: Reverse 5-GAAGGTCGTAGGTTTCCAGTATT-3/
NOS Forward 5-CTTTACGCCACTAACAGTGGCA-3’
! Reverse 5-AGTCATGCTTCCCATCGCTC-3'
MMP-2 Forward 5-CACCAAGAACTTCCGACTATCC-3/
- Reverse 5-TCCAGTACCAGTGTCAGTATCA-3’
MMP-9 Forward 5-CCCAACCTTTACCAGCTACTC-3’
B Reverse 5-GTCAGAACCGACCCTACAAAG-3/
GAPDH Forward 5-TGGCCTCCAAGGAGTAAGAAAC-3'
Reverse 5-CAG CAA CTG AGG GCC TCT CT-3/
3. Results

3.1. Chemical Profiling Analysis of SCLE

Based on the absorption profile and retention time, SCLE was found to contain
70.35 £ 2.617 mg/g quercetin, 96.92 £ 0.612 mg/g kaempferol, 2.76 £ 0.150 mg/g schizan-
drol A, 0.92 £ 0.055 mg/g gomisin J, 5.98 & 0.087 mg/g schizantherin A, 5.91 4+ 0.441 mg/g
schizandrin A, 8.73 £ 0.261 mg/g schizandrin B, and 1.64 & 0.190 mg/g schizandrin C
(Figure 1).
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Figure 1. Representative Ultra-Performance Liquid Chromatography chromatogram of S. chinensis
leaf extracts (SCLE). Mixed standards solution (A) and 70% ethanol extract of SCLE (B). Quercetin (1),
kaempferol (2), schizandrol A (3), gomisin ] (4), schizantherin A (5), schizandrin A (6), schizandrin B
(7), schizandrin C (8).

3.2. Effect of SCLE on LPS-Induced NO, IL-18, TNF-w, IL-6, and PGE2 Production In Vitro

To evaluate whether SCLE influences pro-inflammatory cytokine production, LPS-
induced RAW264.7 cells were treated with SCLE. SCLE did not affect cell viability (Figure 2A).
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NO production was measured as the amount of nitrite in LPS-stimulated RAW?264.7 super-
natant. SCLE remarkably downregulated NO production at doses of 50 (55.7%), 100 (94.8%),
and 200 (99.3%) ng/mL (Figure 2B). We also determined the inhibitory effect of SCLE on
IL-1$3, TNF-«, IL-6, and PGE2 production in LPS-stimulated RAW264.7 cells. LPS remarkably
elevated the IL-13, TNF-«, IL-6, and PGE2 levels, while SCLE significantly reduced the LPS-
induced IL-1f (32.1%, 51.0%), TNF-« (23.2%, 31.0%), IL-6 (65.1%, 95.3%), and PGE2 (96.6%,
96.7%) production at 100 and 200 pg/mL, respectively (Figure 2C-F). Positive controls for
NO and PGE2 inhibition were NG-methyl-l-arginine (L-NMMA) and indomethacin (IM),
respectively.
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Figure 2. Effect of SCLE on (A) cell viability and production of (B) NO, (C) IL-13, (D) TNF-«, (E) IL-6,
and (F) PGE2 in LPS-treated RAW264.7 cells. NG-methyl-l-arginine (L-NMMA) and indomethacin
(IM) were used as positive controls for NO and PGE2 inhibition, respectively. The values are expressed
as the mean 4 SD (n = 3). # p < 0.01, ## p < 0.0001 vs. vehicle control cells. * p < 0.05; ** p < 0.01;
*** p < 0.001; **** p < 0.0001 vs. LPS-treated cells.

3.3. Anti-Analgesic Effect of SCLE on the Acetic Acid-Induced Writhing Response in Mice

As shown in Figure 3, SCLE at 150 and 300 mg/kg showed 28.8 and 47.0% inhibition
of writhing, respectively, as a percentage of the control group 10 min after acetic acid
injection. Positive control, ibuprofen (IBU, 200 mg/kg), reduced writhing response by
66.6%. These data indicated that SCLE has an antinociceptive effect on acetic acid-induced
writhing response.
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Figure 3. Effect of SCLE on writhing response in acetic acid-induced mice. The writhing number
was measured after 0.75% acetic acid injection for 10 min. n = 5 per group. * p < 0.05, ** p < 0.01 and
*#% p < 0.0001 vs. control.

3.4. Effect of SCLE on Joint Pain in MIA-Induced Osteoarthritis in Rats

For joint pain, weight distribution was measured in the sensitised and contralateral
hind paws to assess OA progression. The weight-bearing distribution of the MIA group
decreased rapidly. It became significantly different from that of the control group on day 7
post-MIA injection, and this difference was maintained for at least 21 days. These values
were increased slightly in the SCLE- and IM-treated groups on day 7 compared with that in
the MIA group. However, these groups restored and balanced between both hind legs after
14 days. SCLE at 150 and 300 mg/kg and IM groups reduced maximum pain values of 36.7,
49.3, and 62.7% at 21 days after MIA induction, respectively. These results demonstrated
the significant recovery of hind paw weight-bearing in the SCLE-treated groups (Figure 4).
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Figure 4. Effects of SCLE on changes in the hind paw weight-bearing distribution in monosodium
iodoacetate (MIA)-induced osteoarthritis (OA) rats. The treatment effects of SCLE were compared
with that of the MIA-induced OA group. n =7 per group. it p < 0.0001 vs. control; ** p < 0.01,
*** p < 0.001, and **** p < 0.0001 vs. MIA-treated rats.

3.5. Effect of SCLE on Inflammatory Mediators and Cytokines in MIA-Induced Rats

Because inflammation is a critical factor associated with OA pathogenesis [25], we
evaluated the effect of SCLE on the production of pro-inflammatory cytokines and inflam-
matory mediators in MIA-induced rats. The MIA group elevated serum levels of IL-6, IL-15,
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and TNF-o compared with those in the control group (p < 0.01). In contrast, the serum levels
of IL-6 and IL-15 were remarkably lower in OA rats treated with IM (p < 0.01, p < 0.01)
and 300 mg/kg of SCLE (p < 0.05, p < 0.05) than in MIA-induced OA rats. Additionally,
serum TNF-« levels decreased following SCLE treatment; however, this difference was not
significant (Figure 5A—C). We next determined the effect of SCLE on the mRNA expression
levels of the inflammatory mediators TNF-«, IL-6, iNOS, and COX-2, in the knee joint
tissues of MIA-induced OA rats. The mRNA expression of TNF-«, IL-6, iNOS, and COX-2
increased significantly in the MIA group compared to the control group (Figure 5D-G).
However, the expression levels of these genes were significantly suppressed in the IM and
300 mg/kg SCLE groups. These data suggested that SCLE inhibits inflammatory responses
by reducing inflammatory mediators and cytokines in MIA-induced OA rats.
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Figure 5. Effects of SCLE on the inflammatory cytokines and mediators in serum and joint tissue
of monosodium iodoacetate (MIA)-induced osteoarthritis (OA) rats. (A) Serum IL-6, (B) IL-1p3,
and (C) TNF-« levels. (D) IL-6, (E) TNF-«, (F) iNOS, and (G) COX-2 expression. n = 7 per group.
# p <0.01, ittt p <0.001 vs. control; * p < 0.05; ** p < 0.01 vs. MIA-treated rats.

3.6. Effect of SCLE on Matrix Degradation and Bone Metabolism in MIA-Induced Rats

MMPs are secreted by cells and promoted by inflammatory mediators during the
inflammatory process [26]. We determined the effect of SCLE on matrix degrading enzymes,
MMP-2 and MMP-9 using ELISA in serum and mRNA expression in knee joint tissues
from MIA-induced OA rats. MMP-2 and MMP-9 levels were significantly elevated in
the MIA group compared with those in the control group in both serum and knee joint
tissues (Figure 6A-D). However, these levels were remarkably suppressed in the IM
and 300 mg/kg SCLE-treated groups. To further investigate the effects of SCLE on bone
metabolism, we measured the levels of DPD, a marker of bone resorption, and osteocalcin,
a biochemical marker of bone formation. As shown in Figure 6E,F, our results indicated
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a significant increase in osteocalcin and DPD levels in MIA-treated rats, which indicated
an imbalance in bone metabolism [18]. In contrast, SCLE significantly decreased the
MIA-induced increase in marker levels. Considered together, these results suggested
that SCLE may have inhibitory effects on cartilage degradation and bone metabolism in
MIA-induced rats.
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Figure 6. Effects of SCLE on cartilage degradation and bone metabolism in monosodium iodoacetate
(MIA)-induced rats. The levels of (A) MMP-2, (B) MMP-9 in serum and the mRNA expression levels
of (C) MMP-2 and (D) MMP-9 in knee joint tissues. The levels of (E) osteocalcin, and (F) DPD in
serum. n =7 per group. * p < 0.05, # p < 0.01, ### p < 0.0001 vs. control; * p < 0.05; ** p < 0.01,
#** p < 0.0001 vs. MIA-treated rats.

3.7. Effect of SCLE on Articular Cartilage Damage in MIA-Induced Rats

Histopathological analysis using H&E staining revealed that the MIA group showed
cartilage degeneration, an irregular articular cartilage surface, and a greater increase in
inflammatory cell infiltration in the synovial membrane and cartilage of the MIA-treated
joint than that in the control joint. In contrast, histological damage and cartilage degenera-
tion in the SCLE- and IM-treated groups had reduced, the articular cartilage surface was
less irregular, and inflammatory cell infiltration was prominent (Figure 7A). In addition,
we stained the proteoglycan layer and cartilage cells with Safranin-O to evaluate cartilage
degradation. The red-stained control cartilage was destroyed by MIA, and the proteoglycan
layer disappeared in the MIA-treated group. However, these histomorphological changes
were decreased in the SCLE- and IM-treated rats (Figure 7B).
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Figure 7. Histopathological features of knee joint tissues in monosodium iodoacetate (MIA)-induced
osteoarthritis (OA) rats. Knee joint tissues histopathological changes with (A) H&E and (B) Safranin-
O/Fast Green (magnification, 100x).

4. Discussion

The fruit of Schisandra chinensis (Turcz.) Baill. (SC) is a well-known traditional medicine
used to treat spontaneous sweating, chronic cough, asthma, and palpitations. Recent stud-
ies reported that SC attenuates the inflammatory response in macrophage and chondro-
cytes [15,27]. Additionally, SC decreased the production of pro-inflammatory cytokines
and protected cartilage from degradation in an MIA-induced OA rat model [18]. How-
ever, no study has investigated the effectiveness of SCLE in relieving inflammation and
OA. This study demonstrated that SCLE had anti-inflammatory effects in LPS-induced
RAW 264.7 cells and the MIA-induced OA rat model. We investigated the antinociceptive
effects on weight-bearing distribution in MIA-induced OA rats and writhing in acetic
acid-induced mice.

OA is characterised by cartilage degradation, synovitis, osteophyte formation, and
subchondral bone changes, the most prevalent of which is pain associated with inflamma-
tion [28]. Inflammation is a key factor associated with cartilage matrix degradation, and the
presence of inflammatory cytokines may cause the loss of articular cartilage homeostasis via
metabolic changes and markedly accelerate joint damage. High levels of pro-inflammatory
cytokines such as IL-1§3, IL-6, IL-10, and TNF-« have been found in several experimental
animal models of cartilage degradation and the synovial fluid of OA patients. Among
these cytokines, IL-6, IL-1f3, and TNF-« are important in OA pathogenesis and disease
severity [29]. IL-6, whose production is stimulated in response to TNF-a and IL-1§3 in
diseased joint tissues, is considered a major cytokine that causes changes in the subchondral
bone layer. IL-6 promotes osteoclasts formation and thus bone resorption while exhibiting
a synergistic effect with TNF-o and IL-1§3. Furthermore, TNF-« blocks the chondrocyte
synthesis of proteoglycans and type II collagen. IL-1§3 activates transcription factors via the
MAPK and NF-«B signalling pathways to regulate inflammatory responses, resulting in
the production of inflammatory mediators such as NO, PGE2, COX-2, and other catabolic
factors that may accelerate cartilage degeneration [30-32]. Moreover, cytokines upregulate
the gene expression of MMPs, which promotes the degradation of articular cartilage by
breaking down proteoglycan, the main component of the ECM [33,34]. MMP-2 and MMP-9
are gelatinases that degrade a broad range of collagen and proteoglycans. Therefore, in-
hibition of IL-6, IL-13, and TNF-o upregulation might prevent the degradation of joint
cartilage during the pathogenesis of OA.
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Lipopolysaccharide (LPS)-treated RAW 264.7, the most commonly used model for
in vitro studies on inflammatory responses, releases various inflammatory mediators,
cytokines, and chemokines, among others, via the activation of inflammatory pathways [35].
In addition, MIA disrupts glycolytic energy metabolism in chondrocytes and causes cell
death, leading to inflammation and cartilage damage [22]. Our findings showed that
SCLE induced the downregulation of IL-6, IL-13, and TNF-« production not only in
RAW 264.7 but also in MIA-induced OA rat serum and knee joint tissues. In addition,
SCLE significantly suppressed the mRNA expression levels of matrix-degrading enzymes,
MMP-2 and MMP-9, and inflammatory mediators, iNOS and COX-2, in the knee joint
tissue. The histopathological analysis showed that SCLE and IM treatment improved
cartilage thickness and conditions compared with those in MIA-induced rats, which led
to reduced cartilage destruction. Increased levels of DPD, an indicator of increased bone
resorption, and osteocalcin, a biochemical indicator of bone formation in MIA-induced rats,
were significantly inhibited with SCLE administration. Collectively, these observations
suggested that SCLE alleviates inflammation and cartilage damage modulated via the
regulation of the production of pro-inflammatory cytokines and mediators, MMP activity,
and histopathological changes.

The incapacitance test, which measures hind paw weight-bearing capacity, is a rep-
resentative behavioural test useful and relevant in joint pain studies, including the MIA-
induced OA model [36]. The weight-bearing capacity of SCLE-treated rats, was superior to
that of the MIA group rats and was significantly higher than that of the positive control
IM-treated group. The improved weight-bearing capacity of hind paws induced by SCLE
in rats may provide pain relief in OA of the knee, which is currently the main goal of OA
treatment. These results suggested that SCLE has analgesic effects against OA.

Clinical evidence has suggested that OA pain is driven predominantly by peripheral
inputs, as joint treatment or replacement with peripheral analgesics can relieve the OA
pain in most cases [37]. The acetic acid-induced writhing test was performed to assess
the analgesic effects of SCLE on peripheral pain. Reportedly, acetic acid injection into
the peritoneal cavity induces pain by releasing pain mediators, which leads to a writhing
response in animals [38]. In this study, SCLE showed high efficacy in suppressing peripheral
pain by inhibiting the acetic acid-induced writhing response in mice in a dose-dependent
manner. Taken together, these results suggested that the peripheral analgesic effect of SCLE
contributes to pain relief in MIA-induced OA.

Kaempferol and quercetin, the main ingredients in SCLE, and other minor ingre-
dients, such as dibenzocyclooctadiene lignans, including schizandrin A, B, and C, are
known to have anti-inflammatory effects in articular chondrocytes and chondroprotective
effects [39-43]. In addition, numerous other compounds are found in SCLE. Considering
these reports of representative compounds, it can be inferred that the therapeutic effects of
SCLE against OA could be due to the synergistic anti-inflammatory and chondroprotective
effects of these compounds. In this study, we observed the anti-inflammatory and pain-
relieving effects of SCLE in LPS-stimulated RAW264.7, MIA-induced OA rats, and acetic
acid-induced writhing in mice.

5. Conclusions

The present study demonstrated that SCLE can relieve pain and reverse cartilage
degeneration by inhibiting the inflammatory responses. The findings suggested that SCLE
is a potential candidate for relieving inflammation and pain in OA patients. Further study is
needed to evaluate the active ingredients of SCLE responsible for the therapeutic activities
and elucidate their mechanisms of action and the signalling pathways involved.

Author Contributions: Conceptualization, YM.L. and D.-S.K.; methodology, YM.L. and S.-H.K;
formal analysis, Y.M.L.; validation, YM.L.; investigation, YM.L., E.S. and S.-H.K.; data curation,
Y.M.L.; writing—original draft preparation, YM.L. and E.S.; writing—review and editing, YM.L.;
visualization, YM.L., S.-HK. and E.S.; supervision, D.-5.K.; project administration, D.-S.K.; funding
acquisition, D.-S.K. All authors have read and agreed to the published version of the manuscript.



Nutrients 2022, 14, 1356 12 of 13

Funding: This work was supported by grants from the Korea Institute of Oriental Medicine (KSN2022310).

Institutional Review Board Statement: The animal study protocol was approved by the Institutional
Animal Care and Use Committee of Daejeon University (protocol code DJUARB2020-014) and the
Institutional Animal Care and Use Committee of the KIOM (approval number: 20-016).

Informed Consent Statement: Not applicable.
Data Availability Statement: The data presented in this study are available in this article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Robinson, W.H.; Lepus, C.M.; Wang, Q.; Raghu, H.; Mao, R.; Lindstrom, T.M.; Sokolove, J. Low-grade inflammation as a key
mediator of the pathogenesis of osteoarthritis. Nat. Rev. Rheumatol. 2016, 12, 580-592. [PubMed]

2. Grynpas, M.D.; Alpert, B.; Katz, I.; Lieberman, I.; Pritzker, K.P. Subchondral bone in osteoarthritis. Calcif. Tissue Int. 1991, 49,
20-26. [PubMed]

3. Philp, AM,; Davis, E.T.; Jones, S.W. Developing anti-inflammatory therapeutics for patients with osteoarthritis. Rheumatology
2017, 56, 869-881. [PubMed]

4. Kapoor, M.; Martel-Pelletier, J.; Lajeunesse, D.; Pelletier, ].P.; Fahmi, H. Role of proinflammatory cytokines in the pathophysiology
of osteoarthritis. Nat. Rev. Rheumatol. 2011, 7, 33-42. [PubMed]

5. Buckwalter, J.A.; Brown, T.D. Joint injury, repair, and remodeling: Roles in post-traumatic osteoarthritis. Clin. Orthop. Relat. Res.
2004, 423, 7-16.

6. Hunter, D.]. Pharmacologic therapy for osteoarthritis—The era of disease modification. Nat. Rev. Rheumatol. 2011, 7, 13-22.
[PubMed]

7. Che Ahmad Tantowi, N.A ; Lau, S.F.; Mohamed, S. Ficus deltoidea Prevented Bone Loss in Preclinical Osteoporosis/Osteoarthritis
Model by Suppressing Inflammation. Calcif. Tissue Int. 2018, 103, 388-399. [PubMed]

8.  Sharma, V.K,; Mamontov, E.; Tyagi, M. Effects of NSAIDs on the nanoscopic dynamics of lipid membrane. Biochim. Biophys. Acta
Biomembr. 2020, 1862, 183100. [PubMed]

9. Kang, YH,; Lee, HJ.; Lee, C]J.; Park, J.S. Natural Products as Sources of Novel Drug Candidates for the Pharmacological
Management of Osteoarthritis: A Narrative Review. Biomol. Ther. 2019, 27, 503-513.

10. Castrogiovanni, P; Trovato, EM.; Loreto, C.; Nsir, H.; Szychlinska, M.A.; Musumeci, G. Nutraceutical Supplements in the
Management and Prevention of Osteoarthritis. Int. J. Mol. Sci. 2016, 17, 2042.

11.  Szopa, A.; Ekiert, R.; Ekiert, H. Current knowledge of Schisandra chinensis (Turcz.) Baill. (Chinese magnolia vine) as a medicinal
plant species: A review on the bioactive components, pharmacological properties, analytical and biotechnological studies.
Phytochem. Rev. 2017, 16, 195-218. [PubMed]

12.  Choi, H.; Seo, E.; Yeon, M.; Kim, M.S.; Hur, H.].; Oh, B.C.; Jun, H.S. Anti-Aging Effects of Schisandrae chinensis Fructus Extract:
Improvement of Insulin Sensitivity and Muscle Function in Aged Mice. Evid.-Based Complement. Altern. Med. 2019, 2019, 5642149.

13. Lee, T.H.; Jung, C.H.; Lee, D.H. Neuroprotective effects of Schisandrin B against transient focal cerebral ischemia in Sprague-
Dawley rats. Food Chem. Toxicol. 2012, 50, 4239-4245.

14. Wat, E,; Ng, C.E; Wong, E.C.; Koon, C.M,; Lau, C.P,; Cheung, D.W.; Fung, K.P,; Lau, C.B.; Leung, P.C. The hepatoprotective
effect of the combination use of Fructus Schisandrae with statin—A preclinical evaluation. J. Ethnopharmacol. 2016, 178, 104-114.
[PubMed]

15. Kang, Y.S; Han, M.H.; Hong, S.H.; Park, C.; Hwang, H.J.; Kim, B.W,; Kyoung, K.H.; Choi, Y.W.; Kim, C.M.; Choi, Y.H.
Anti-inflammatory Effects of Schisandra chinensis (Turcz.) Baill. Fruit Through the Inactivation of Nuclear Factor-«B and Mitogen-
activated Protein Kinases Signaling Pathways in Lipopolysaccharide-stimulated Murine Macrophages. J. Cancer Prev. 2014, 19,
279-287.

16. Kang, ]J.S.; Han, M.H,; Kim, G.Y; Kim, C.M.; Kim, B.W.; Hwang, H.].; Hyun, Y. Nrf2-mediated HO-1 induction contributes to
antioxidant capacity of a Schisandrae Fructus ethanol extract in C2C12 myoblasts. Nutrients 2014, 6, 5667-5678. [PubMed]

17.  Jeong, ]W.; Kim, J.W,; Ku, SK.; Kim, S.G.; Kim, K.Y.;; Kim, G.Y.; Hwang, H.J.; Kim, BW.; Chung, H.Y.; Kim, C.M.; et al.
Essential oils purified from Schisandrae semen inhibits tumor necrosis factor-x-induced matrix metalloproteinase-9 activation
and migration of human aortic smooth muscle cells. BMC Complement. Altern. Med. 2015, 15, 7.

18. Jeong, J.W.; Kim, J.; Choi, E.O.; Kwon, D.H.; Kong, G.M.; Choi, LW.; Kim, B.H.; Kim, G.Y.; Lee, KW.,; Kim, K.Y,; et al. Schisandrae
Fructus ethanol extract ameliorates inflammatory responses and articular cartilage damage in monosodium iodoacetate-induced
osteoarthritis in rats. EXCLI J. 2017, 16, 265-277. [PubMed]

19. Liu, G.Z; Liu, Y,; Sun, Y.P; Li, XM.,; Xu, Z.P; Jiang, P; Rong, X.H.; Yang, B.Y.; Kuang, H.X. Lignans and Terpenoids from the
Leaves of Schisandra chinensis. Chem. Biodivers. 2020, 17, €2000035. [PubMed]

20. Lee, YM.; Son, E.; Kim, S.H.; Kim, D.S. Effect of Alpinia oxyphylla extract in vitro and in a monosodium iodoacetate-induced
osteoarthritis rat model. Phytomedicine 2019, 65, 153095.

21. Whittle, B.A. The Use of Changes in Capillary Permeability in Mice to Distinguish between Narcotic and Nonnarcotic Alalgesics.

Br. . Pharmacol. Chemother. 1964, 22, 246-253.


http://www.ncbi.nlm.nih.gov/pubmed/27539668
http://www.ncbi.nlm.nih.gov/pubmed/1893292
http://www.ncbi.nlm.nih.gov/pubmed/27498352
http://www.ncbi.nlm.nih.gov/pubmed/21119608
http://www.ncbi.nlm.nih.gov/pubmed/21079644
http://www.ncbi.nlm.nih.gov/pubmed/29808374
http://www.ncbi.nlm.nih.gov/pubmed/31672547
http://www.ncbi.nlm.nih.gov/pubmed/28424569
http://www.ncbi.nlm.nih.gov/pubmed/26666731
http://www.ncbi.nlm.nih.gov/pubmed/25493944
http://www.ncbi.nlm.nih.gov/pubmed/28507472
http://www.ncbi.nlm.nih.gov/pubmed/32141193

Nutrients 2022, 14, 1356 13 of 13

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Guzman, R.E,; Evans, M.G.; Bove, S.; Morenko, B.; Kilgore, K. Mono-iodoacetate-induced histologic changes in subchondral bone
and articular cartilage of rat femorotibial joints: An animal model of osteoarthritis. Toxicol. Pathol. 2003, 31, 619-624. [PubMed]
McDougall, J.J.; Watkins, L.; Li, Z. Vasoactive intestinal peptide (VIP) is a modulator of joint pain in a rat model of osteoarthritis.
Pain 2006, 123, 98-105. [PubMed]

Lee, YM,; Son, E.; Kim, S.H.; Kim, O.S; Kim, D.S. Anti-inflammatory and anti-osteoarthritis effect of Mollugo pentaphylla extract.
Pharm. Biol. 2019, 57, 74-81.

Chen, D.; Shen, J.; Zhao, W.; Wang, T.; Han, L.; Hamilton, J.L.; Im, H.]. Osteoarthritis: Toward a comprehensive understanding of
pathological mechanism. Bone Res. 2017, 5, 16044. [PubMed]

Manicone, A.M.; McGuire, ].K. Matrix metalloproteinases as modulators of inflammation. Semin. Cell Dev. Biol. 2008, 19, 34—41.
[PubMed]

Jeong, JW.; Lee, H.H.; Choi, E.O.; Lee, KW,; Kim, K.Y,; Kim, S.G.; Hong, S.H.; Kim, G.Y.; Park, C.; Kim, HK; et al. Schisan-
drae Fructus Inhibits IL-13-Induced Matrix Metalloproteinases and Inflammatory Mediators Production in SW1353 Human
Chondrocytes by Suppressing NF-«kB and MAPK Activation. Drug Dev. Res. 2015, 76, 474-483. [PubMed]

Ashraf, S.; Radhi, M.; Gowler, P,; Burston, ].J.; Gandhi, R.D.; Thorn, G.J.; Piccinini, A.M.; Walsh, D.A.; Chapman, V.; de Moor, C.H.
The polyadenylation inhibitor cordycepin reduces pain, inflammation and joint pathology in rodent models of osteoarthritis. Sci.
Rep. 2019, 9, 4696. [PubMed]

Fernandes, ].C.; Martel-Pelletier, ].; Pelletier, ].P. The role of cytokines in osteoarthritis pathophysiology. Biorheology 2002, 39,
237-246. [PubMed]

Kumavat, R.; Kumar, V.; Malhotra, R.; Pandit, H.; Jones, E.; Ponchel, F,; Biswas, S. Biomarkers of Joint Damage in Osteoarthritis:
Current Status and Future Directions. Mediat. Inflamm. 2021, 2021, 5574582.

Liu, S.; Deng, Z.; Chen, K,; Jian, S.; Zhou, F; Yang, Y.; Fu, Z.; Xie, H.; Xiong, J.; Zhu, W. Cartilage tissue engineering: From
proinflammatory and antiinflammatory cytokines to osteoarthritis treatments (Review). Mol. Med. Rep. 2022, 25, 99. [PubMed]
Wojdasiewicz, P.; Poniatowski, L.A.; Szukiewicz, D. The role of inflammatory and anti-inflammatory cytokines in the pathogenesis
of osteoarthritis. Mediat. Inflamm. 2014, 2014, 561459.

Shin, M.R; Lee, J.A.; Kim, M.].; Park, H.]J.; Park, B.W.; Seo, S.B.; Roh, S.S. Protective Effects of Phellinus linteus Mycelium on the
Development of Osteoarthritis after Monosodium Iodoacetate Injection. Evid.-Based Complement. Altern. Med. 2020, 2020, 7240858.
Mixon, A.; Savage, A.; Bahar-Moni, A.S.; Adouni, M.; Faisal, T. An in vitro investigation to understand the synergistic role of
MMPs-1 and 9 on articular cartilage biomechanical properties. Sci. Rep. 2021, 11, 14409. [PubMed]

Han, S.; Gao, H.; Chen, S.; Wang, Q.; Li, X,; Du, LJ; Li, J.; Luo, Y.Y.; Li, ].X.; Zhao, L.C.; et al. Procyanidin Al Alleviates
Inflammatory Response induced by LPS through NF-«B, MAPK, and Nrf2/HO-1 Pathways in RAW264.7 cells. Sci. Rep. 2019, 9,
15087. [PubMed]

Pitcher, T.; Sousa-Valente, J.; Malcangio, M. The Monoiodoacetate Model of Osteoarthritis Pain in the Mouse. J. Vis. Exp. 2016,
111, 53746.

Syx, D.; Tran, P.B.; Miller, R.E.; Malfait, A.M. Peripheral Mechanisms Contributing to Osteoarthritis Pain. Curr. Rheumatol. Rep.
2018, 20, 9.

Lee, D.; Ju, M.K.; Kim, H. Commiphora Extract Mixture Ameliorates Monosodium Iodoacetate-Induced Osteoarthritis. Nutrients
2020, 12, 1477.

Zhuang, Z.; Ye, G.; Huang, B. Kaempferol Alleviates the Interleukin-1p-Induced Inflammation in Rat Osteoarthritis Chondrocytes
via Suppression of NF-«B. Med. Sci. Monit. 2017, 23, 3925-3931. [PubMed]

Hu, Y; Gui, Z,; Zhou, Y.; Xia, L.; Lin, K.; Xu, Y. Quercetin alleviates rat osteoarthritis by inhibiting inflammation and apoptosis of
chondrocytes, modulating synovial macrophages polarization to M2 macrophages. Free Radic. Biol. Med. 2019, 145, 146-160.

Tu, C.; Huang, X.; Xiao, Y.; Song, M.; Ma, Y.; Yan, J.; You, H.; Wu, H. Schisandrin A Inhibits the IL-1p3-Induced Inflammation and
Cartilage Degradation via Suppression of MAPK and NF-«B Signal Pathways in Rat Chondrocytes. Front. Pharmacol. 2019, 10, 41.
Ran, J.; Ma, C,; Xu, K,; Xu, L.; He, Y.; Mogbel, S.A.A.; Hu, P; Jiang, L.; Chen, W.; Bao, J.; et al. Schisandrin B ameliorated
chondrocytes inflammation and osteoarthritis via suppression of NF-kB and MAPK signal pathways. Drug Des. Dev. Ther. 2018,
12,1195-1204.

Liao, S.; Zhou, K,; Li, D.; Xie, X.; Jun, F; Wang, J. Schisantherin A suppresses interleukin-13-induced inflammation in human
chondrocytes via inhibition of NF-kB and MAPKSs activation. Eur. J. Pharmacol. 2016, 780, 65-70. [PubMed]


http://www.ncbi.nlm.nih.gov/pubmed/14585729
http://www.ncbi.nlm.nih.gov/pubmed/16564620
http://www.ncbi.nlm.nih.gov/pubmed/28149655
http://www.ncbi.nlm.nih.gov/pubmed/17707664
http://www.ncbi.nlm.nih.gov/pubmed/26443270
http://www.ncbi.nlm.nih.gov/pubmed/30886197
http://www.ncbi.nlm.nih.gov/pubmed/12082286
http://www.ncbi.nlm.nih.gov/pubmed/35088882
http://www.ncbi.nlm.nih.gov/pubmed/34257325
http://www.ncbi.nlm.nih.gov/pubmed/31636354
http://www.ncbi.nlm.nih.gov/pubmed/28806392
http://www.ncbi.nlm.nih.gov/pubmed/26997368

	Introduction 
	Materials and Methods 
	Preparation of SCLE 
	Chemical Profiling of SCLE 
	Cell Culture 
	Cytotoxicity Assay 
	Determination of Nitric Oxide (NO), Prostaglandin E2 (PGE2), and Inflammatory Cytokines Production in the Cells 
	Acetic Acid-Induced Writhing Response in Mice 
	Development of MIA-Induced OA Rat Model 
	Hind Paw Weight-Bearing Distribution Measurements (Joint Pain Assessment) 
	Serum Analysis 
	Real-Time PCR Analysis 
	Histopathology Analysis 
	Statistical Analysis 

	Results 
	Chemical Profiling Analysis of SCLE 
	Effect of SCLE on LPS-Induced NO, IL-1, TNF-, IL-6, and PGE2 Production In Vitro 
	Anti-Analgesic Effect of SCLE on the Acetic Acid-Induced Writhing Response in Mice 
	Effect of SCLE on Joint Pain in MIA-Induced Osteoarthritis in Rats 
	Effect of SCLE on Inflammatory Mediators and Cytokines in MIA-Induced Rats 
	Effect of SCLE on Matrix Degradation and Bone Metabolism in MIA-Induced Rats 
	Effect of SCLE on Articular Cartilage Damage in MIA-Induced Rats 

	Discussion 
	Conclusions 
	References

