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Abstract

Objective: To study the therapeutic effect and mechanism of action of quercetin in a rat model
of osteoarthritis (OA).

Methods: The OA rat model was established by intra-articular injection of papain. Changes in
knee diameter, toe volume and histopathology were measured. Levels of interleukin (IL)-f and
tumor necrosis factor (TNF)-a were assessed by ELISA. Relative expression of Toll-like receptor
(TLR)-4 and nuclear factor kappa-light-chain-enhancer of activated B cells (NF-xB) was evaluated
by western blotting.

Results: Compared with rats treated with papain alone, changes in knee diameter, toe volume
and Makin’ s score were less apparent in OA rats treated with quercetin. Levels of serum IL-1f
and TNF-o were also reduced in quercetin-treated OA rats. Expression of TLR-4 and NF-xB was
significantly suppressed in a dose-dependent manner in quercetin-treated OA rats.
Conclusion: Quercetin exhibited a therapeutic effect in OA rats, which may be related to
inhibition of IL-1 and TNF-a production via the TLR-4/NF-xB pathway.
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Eventually, lesions and inflammatory reac-
tions develop at the joint surface and
in synovial and surrounding tissues.'
Currently available therapies such as non-
steroidal anti-inflammatory drugs have seri-
ous side effects including gastrointestinal
toxicity, nephrotoxicity, and gastrointesti-
nal bleeding.? Therefore, development of
effective and non-toxic OA drugs derived
from natural products is an urgent goal.
Quercetins, polyphenols present in a variety
of fruits and vegetables such as apples, onions
and broccoli, have anti-inflammatory, antiox-
idant and pro-apoptotic activities which can
be beneficial for human health.®> Previous
studies demonstrated that quercetin had
anti-inflammatory effects on chronic adju-
vant arthritis in rats, and could significantly
reduce the levels of interleukin (IL)-1f and
tumor necrosis factor (TNF)-a produced by
peritoneal macrophages.* Toll-like receptor
(TLR)-4/nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-kB) signal-
ing is a critical pathway in the development of
inflammation.>”’

However, the efficacy and mechanism of
action of quercetin in OA remain unclear.
In the present study, we developed a rat
model of OA by intra-articular injection
of papain. We evaluated the efficacy of
quercetin in OA by assessing knee diameter,
toe volume, histopathology of bone joints,
and Makin’s scores. Last, we measured rel-
ative TLR-4 and NF-xB protein expression
by western blotting to understand querce-
tin’s mechanism of action in OA.

Materials and methods

Materials and reagents

Quercetin was purchased from Nanjing Jing
Bamboo Biological Science and Technology
Co., Ltd. (Nanjing, China). Aspirin was
purchased from Hunan Xinhui
Pharmaceutical, Ltd. (Changsha, China).
A 4% papain solution was purchased

from Shanghai Blue Season Biological
Co., Ltd. (Shanghai, China). An ELISA
kit was purchased from Tianjin Annuo
Ruikang Co., Ltd. (Tianjing, China).
Anti-glyceraldehyde 3-phosphate dehydro-
genase (GAPDH), anti-TLR-4 and anti-
NF-kB antibodies were purchased from
Abcam (Cambridge, MA, USA).

Experimental animals

Specific pathogen-free Sprague-Dawley rats
with body weights of 200 to 250 g were pur-
chased from Nanjing Medical University.
Follow-up experiments were carried out
1 week after adaptive feeding. The study
protocol was approved by the animal ethics
committee of Kunming Medical University.

OA model and treatment groups

Rats were randomly assigned to one of five
groups: (i) the “Normal Control” (NC)
group, (ii) the “Model” group injected
with saline, (iii) the “Low-Dose” group
injected daily with 1 mg/kg quercetin, (iv)
the “Middle-Dose” group injected daily
with 5mg/kg quercetin, and (v) the “High-
Dose” group injected daily with 10 mg/kg
quercetin. Rat in the NC group received
no further treatment, while rats in the
Model, Low-Dose, Middle-Dose and
High-Dose groups were injected with
0.3mL of 4% papain in the knee joint
cavity 1, 4 and 7 days post-quercetin treat-
ment. After 2 weeks, NC and Model group
rats were gavaged with normal saline. High-
Dose, Middle-Dose and Low-Dose group
rats were gavaged with relative quercetin
for 14 days.

Joint diameter and toe volume
measurements

Prior to and 2 weeks following papain treat-
ment, joint diameters and toe volumes were
measured. After gavaging with querceptin,
relative data were collected every 4 days.
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ELISA

After administration of querceptin for
14 days, the rats were anesthetized by injec-
tion of 10% chloral hydrate (0.33 mL/100 g)
then sacrificed by decapitation. Blood sam-
ples were collected from the secondary
aorta, centrifuged for 30 minutes at 8000
RPM, and the supernatants were stored at
—20°C. Levels of IL-1p and TNF-o were
measured using ELISA Kits.

Histopathology

Rat joints were collected and fixed in 10%
formalin solution for 24 hours. The tissues
were dehydrated, embedded, sliced, dew-
axed and rehydrated. After hematoxylin
and eosin (H&E) staining, dehydration
and mounting, pathological changes were
observed using an optical microscope.

Western blotting

Joint tissues were collected and total
protein was extracted using 1% radioimmu-
noprecipitation assay buffer (Thermo
Fisher Scientific, Inc., Waltham, MA,
USA). Protein concentrations were mea-
sured using a bicinchoninic acid assay kit
(Beijing Solarbio Science & Technology
Co., Ltd., Beijing, China). Fifty micro-
grams of each sample were prepared on
ice, then separated by SDS-PAGE and
transferred to polyvinylidene difluoride
membranes. After blocking with 5% (w/v)
skim milk for 2 hours and washing with
Tris-buffered saline containing 0.1%
Tween-20, anti-GAPDH (diluted 1:1000,
ab181602), anti-TLR-4 (diluted 1:500,
ab8378) and anti-NF-xB (p65) (diluted
1:500, abl16502) antibodies were added
and incubated overnight at 4°C. The mem-
branes were washed again, then incubated
with secondary antibody for 1 hour. After a
final wash, blots were developed using
chemiluminescence in a dark room and

imaged using a gel imaging system (Bio-
Rad, Hercules, CA, USA).

Statistical analysis

Data were analyzed using SPSS 20.0 soft-
ware (IBM Corp., Armonk, NY, USA).
Results were presented as means =+ standard
deviations. Differences between groups were
assessed using one-way analysis of variance
with Fisher’s least significant difference
post hoc test. Values of P < 0.05 were consid-
ered statistically significant.

Results

Changes in joint diameter

Rats (n=45) were randomly assigned to
one of five treatment groups. After drug
administration for § days, rat joint diame-
ters in the Middle- and High-Dose groups
were significantly smaller compared with
the Model group (P=0.043 and P <0.01,
respectively). After administering drug for
12 days, rat joint diameters in the Low-,
Middle- and High-Dose groups were signif-
icantly smaller compared with the Model
group (P=0.023 and P=0.006, respective-
ly). There were significant differences
among the Low-, Middle- and High-Dose
groups (P <0.05). The relative data are
shown in Table 1. These results showed
that low, middle and high doses of querce-
tin could improve OA symptoms in a dose-
dependent manner.

Changes in toe volume

Compared with the Model group, toe vol-
umes in the Middle- and High-Dose groups
were significantly lower after 4 days of drug
administration (P <0.05, respectively).
However, toe volumes in Low-Dose group
rats were not significantly different from
those of Model group rats. The toe volumes
of the Low-, Middle- and High-Dose
groups were significantly lower compared
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Table I. Changes in knee diameters of osteoarthritis rats (means 4 standard deviations, n = 8) expressed

in D/mm.
Quercetin administration
Dose Pre-papain  Post-papain
Group (mg/kg) injection injection 4 days 8 days 12 days
NC - 6.59+030 6.61+035 6.63+0.08 6.65 +0.08 6.64+0.08
Model - 6334027 7394033  7.41+0.09% 7.41 +0.06%* 7.46 +0.10%*
Quercetin
Low-Dose 10 641+£029 7.39+020% 7.38+0.08 7.27+£0.04 7.10£0.07*
Middle-Dose 20 6494035 7364028 73] +0.07* 7.21 +0.07%#% 6.89 + 0.06#*
High-Dose 50 6.67£029 7.30+£025% 7.26-+0.08"# % 700+ 0,058 ¢824 0,078 xS

**: P < 0.0l compared with NC group.

# P <0.05 : P <0.01; #* P <0.001 compared with M
* P <0.05; *: P<0.0l compared with Low-Dose group.
% P<0.05 compared with Middle-Dose group.

odel group.

Table 2. Changes in toe volumes of osteoarthritis rats (mean = standard deviations, n = 8) expressed in ml.

Quercetin administration

Dose Pre-papain  Post-papain
Group (mg/kg) injection injection 4 days 8 days 12 days
NC - 1.31£0.07 1.29+0.05 1.33+£0.07 1.29 £0.06 1.31 £0.06
Model - 1.30£0.07 1.61 +£0.06% 1.654+0.03%* 1.65 £ 0.03%* 1.65 £ 0.04**
Quercetin
Low-Dose 10 1.32+0.06 1.624+0.05% 1.6240.02% 1.58 +0.02% 1.52 +0.02%
Middle-Dose 20 1.31+£0.07 1.64+0.05% |.55+0.03% 1.52 + 0.0 1% .47 +0.01 5%
High-Dose 50 1.30+£0.06  1.55-£0.04% |50+ 00355 | 474 0.017#6$ | 43 40,0 xS

*: P <0.0l compared with NC group.

# P <0.05 #: P<0.0l; #* P <0.00] compared with M
* P <0.05; *: P<0.0] compared with Low-Dose group.
%. P <0.05 compared with Middle-Dose group.

with the Model group after 8 and 12 days of
drug administration (P < 0.05). The relative
data are shown in Table 2. These results
showed that low, middle and high doses of
quercetin  had anti-inflammatory effects
after 8 days of treatment.

Quercetin affected serum IL-13 and
TNF-o levels

Compared with the NC group, serum
IL-1p and TNF-o concentrations in the
Model group were significantly elevated
(P=0.032. However, serum IL-18 and
TNF-o concentrations in the Low-,
Middle- and High-Dose groups were

odel group.

significantly lower compared with those of
the Model group (all P <0.05). The relative
data are shown in Figure 1.

Histopathological assessment of quercetin
treatment

After H&E staining, the cartilage surface in
rats of the NC group was smooth, without
cracks or defects. The chondrocytes were
neatly arranged, and four structural layers
were clearly discernible. The tidal line was
clear and intact, and the cartilage matrix
was evenly stained pink. In rats of the
Model group, the cartilage surface was
not flat and showed defects. The cartilage
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Figure I. IL-1/ and TNF-a concentrations in different treatment groups.

NC: rats were untreated; Model: rats were injected with 0.3 mL of 4% papain into the knee joint cavity on
days |, 4 and 7 to induce OA; Low-Dose: papain-treated rats were injected daily with | mg/kg quercetin;
Middle-Dose: papain-treated rats were injected daily with 5 mg/kg quercetin; High-Dose: papain-treated rats
were injected daily with 10 mg/kg quercetin.

# P < 0.05 compared with NC group.

* P <0.05 compared with Model group.

*#: P < 0.05 compared with Low-Dose group.

%. P<0.05 compared with Middle-Dose group.

NC

Low Middle High

Figure 2. Histopathology in different treatment groups observed by hematoxylin and eosin staining (200 x)
NC: rats were untreated; Model: rats were injected with 0.3 mL of 4% papain into the knee joint cavity on
days |, 4 and 7 to induce osteoarthritis; Low-Dose: papain-treated rats were injected daily with | mg/kg
quercetin; Middle-Dose: papain-treated rats were injected daily with 5 mg/kg quercetin; High-Dose: papain-
treated rats were injected daily with 10 mg/kg quercetin.

cells were disordered and showed a The number of cartilage cells and deep
radiation layer and a calcified layer with  cells were severely reduced, and a large
severe defects. Structures were unclear and ~ number of empty cells appeared reflecting
showed evidence of tidal line destruction. severe cartilage lacunae. The matrix was
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Figure 3. Relative protein expression in different treatment groups.

NC: rats were untreated; Model: rats were injected with 0.3 mL of 4% papain into the knee joint cavity on
days |, 4 and 7 to induce osteoarthritis; Low-Dose: papain-treated rats were injected daily with | mg/kg
quercetin; Middle-Dose: papain-treated rats were injected daily with 5 mg/kg quercetin; High-Dose: papain-
treated rats were injected daily with 10 mg/kg quercetin.

# P <0.05 compared with NC group.

* P < 0.05 compared with Model group.

*#*: P < 0.05 compared with Low-Dose group.
%: P < 0.05 compared with Middle-Dose group.

fractured and cells formed clusters, with
some sections showing mounded edges
and uplifted bone with long, uneven stain-
ing. In rats of the Low-Dose group, the car-
tilage surface was relatively smooth,
although the cartilage cells were relatively
disordered. Calcified layer defects, tidal
line damage, and decreases in cartilage cell
numbers were evident. Moreover, a large
number of empty matrix cells were observed
reflecting cartilage lacunae, and cracks and
uneven staining were present. In rats of the

Middle-Dose group, the cartilage surface
was smooth, with relatively clear structures
and a complete tidal line. A small number
of empty cartilage lacunae and cell matrix
cracks were observed, but staining was
uniform. In rats of the High-Dose group,
the cartilage surface was smooth and the
chondrocytes were arranged relatively
neatly. The structures of the four layers
were clear, the tidal line was nearly com-
plete and staining was uniform. These
data are shown in Figure 2.
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Quercetin affected relative TLR-4 and
NF-xB protein expression

Compared with the NC group, TLR-4 and
NF-xB expression in the Model group was
significantly enhanced (P =0.025. However,
TLR-4 and NF-xB expression in the quer-
cetin treatment groups (Low-, Middle- and
High-Dose) was significantly downregu-
lated compared with the Model group
(all P<0.05). There were significant differ-
ences in expression among the Low-,
Middle- and High-Dose groups (P <0.05).
The relative data are shown in Figure 3.

Discussion

Six methods have been used to develop rat
models of OA.® In our study, we used
papain injection into the articular cavity
to induce OA. This model is simple, conve-
nient, reproducible and suitable for animal
experiments. Joint diameters and toe vol-
umes in rats of the Model group were sig-
nificantly different compared with those of
NC group rats. Thus, our model successful-
ly recapitulated many of the features of OA.
OA symptoms (joint diameters and toes
volume) were improved upon quercetin
treatment, while levels of inflammatory
mediators (IL-1, TNF-o) were diminished.

IL-1p contributes to tissue damage and
is one of the most important inflammatory
factors in the pathology of OA.”'! IL-1p
can inhibit synthesis of extracellular
matrix and accelerate its degradation,
resulting in chondrocyte apoptosis.'>!?
This cytokine also stimulates the expression
of matrix metalloproteinase family pro-
teins,'*!> promotes cartilage degeneration,
and inhibits its repair, thereby accelerating
OA."®'7 TNF-« is mainly derived from
macrophages in the peripheral blood and
synovium, which are involved in the
immune responses that mediate inflammato-
ry responses.'® TNF-o is also an important
cytokine in the pathogenesis of OA.'%*°

TNF-o can activate many types of cells,
stimulate high expression of metalloprotei-
nases, promote production of prostaglandin
E2 in synovial cells, and promote the
destruction of bone and cartilage. The
results of our experiments showed that all
doses of quercetin tested could reduce the
levels of IL-1f and TNF-z in OA rats to
some degree. Thus, the mechanism of
action of quercetin in the treatment of OA
may involve regulation of IL-18 and TNF-«
production.

TLR4 is a PRR and a major transmitter
of inflammatory signals. TLR4 activity
plays a key role in inflammation initiation
and development.>’ > TLR4 activation
triggers downstream NF-«B signaling, lead-
ing to NF-xB translocation from the cyto-
plasm to the nucleus, upregulation of IL-1/
and TNF-a expression, and OA inflamma-
tion.** Our results showed that the TLR-4/
NF-xB pathway was stimulated in rats of
the Model group. However, in quercetin-
treated rats, TLR-4/NF-kB signaling was
suppressed; this could provide one explana-
tion for inhibition of IL-1f and TNF-«
secretion in these animals.

In conclusion, quercetin improved OA
via dose-dependent effects on the TLR-4/
NF-xB pathway in vivo.
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