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Abstract

Osteoarthritis (OA) is the most common degenerative joint disease, and causes major pain and disability in adults. It has
been reported that muscle weakness and inflammation contribute to osteoarthritis development and progression. Oxidative
stress plays important roles in muscle dysfunction and inflammation in osteomyelitis. Baicalin, the major active constituent
of the isolated root of Scutellarialateriflora Georgi, has been shown to have anti-oxidative and anti-inflammatory effects.
In this study, we evaluated the potential effects of baicalin on osteoarthritis. We established experimental osteoarthritis rat
model, applied baicalin to the rats, and then explored the potential protective effect of baicalin on osteoarthritis severity,
muscle dysfunction, and oxidative stress. Baicalin alleviated severity of OA in rats. Baicalin application attenuated muscle
dysfunction in OA rats by increasing citrate synthase activity, myosin heavy chain Ila expression, and decreasing interleukin
6 production. Baicalin decreased muscular reactive oxygen species generation in OA rats. Baicalin inhibited nuclear fac-
tor erythroid-derived 2-like 2 expression in OA rats. Baicalin attenuated osteoarthritis in rat by inhibiting oxidative stress.
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Introduction

Osteoarthritis (OA) is a progressive and dynamic process
in joint tissues including muscle, cartilage, and synovium,
which affects more than 25% the population over 18 years
old (Chen et al. 2017). It has been predicted that around
67 million people in the US will be diagnosed with OA
(Hootman and Helmick 2006). Therefore, OA is consid-
ered as one of the major public health problems worldwide
(Velasquez and Katz 2010).

Various factors are associated with pathogenesis of OA.
It has been described that oxidative stress participates in
quadriceps muscle dysfunction during the initiation of OA
in rats model (Hsu et al. 2015). Tonge et al. (2013) reported
that the initiation of OA in the guinea pig was associated
with changes in quadriceps skeletal muscles and improving
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quadriceps weakness was a strategy for preventing OA
development. With more studies in depth, some mechanisms
involved in OA-associated quadriceps muscle weakness
have been elucidated. Myosin heavy chain (MHC) altera-
tion played a dominant role in muscle strength and decreased
MHC ITa mRNA and protein expressions had been reported
to be associated with muscle weakness in OA patients (Cal-
lahan et al. 2014). Cytokines and citrate synthase have been
also reported to be involved in the muscle mass and strength
loss.

Ocxidative stress is also reported to be involved in OA
development and progression (Hsu et al. 2016) and is one of
inflammation mediators responsible for muscle dysfunction
in OA (Hsu et al. 2015) and other diseases (Pereira et al.
2015; Spassov et al. 2011). Increased oxidant generation and
decreased antioxidant protection are the results once oxida-
tive stress is imposed on cells. Under the oxidative stress,
reactive oxygen species (ROS) including speroxide anion
and peroxynitrite are produced and both of which are impor-
tant mediators of lipid peroxidation (LPO). During oxidative
stress, nuclear factor erythroid-derived 2-like 2 (Nrf2), a
redox-sensitive transcriptional factor, was upregulated (Ma
2013), while the potent-free radical scavenger glutathione
(GSH) which was synthesized by glutathione peroxidase
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(GPx) played important roles in attenuating oxidative stress
(Kaplowitz et al. 1985). Thus, LPO, Nrf2, GSH, and GPx are
all critical biomarkers of oxidative stress (Lei et al. 2017).

Baicalin is the predominant flavonoid isolated from the
roots of Scutellarialateriflora Georgi (Huang Qin) and is
well known for its anti-oxidative (Gao et al. 2001), anti-
inflammation (Shen et al. 2003), anti-tumor (Ikezoe et al.
2001), and anti-virus (Xu et al. 2010) activities. The protec-
tive effects of baicalin in OA had been already described
(Xing et al. 2017). However, the underlying mechanisms are
not fully elucidated. In this study, we tested the potential role
of baicalin on muscle dysfunction and oxidative stress in OA
rats. We reported that baicalin attenuated muscle dysfunc-
tion in OA rats by increasing citrate synthase activity, MHC
IIa expression, and decreasing interleukin (IL)-6 production.
Baicalin decreased muscular ROS generation and inhibited
Nrf2 expression in OA rats. Thus, we proposed a new molec-
ular mechanism underlying baicalin therapy of OA.

Materials and Methods
Animals

The use of rats conformed to the Guiding Principles in the
Care and Use of Animals approved by the Council of the
American Physiology Society. Male Sprague—Dawley rats
weighing 200-210 g were used (n=180). Animals were
housed 5 per cage, provided with distilled water and food
ad libitum, and kept under a 12-h light/dark cycle at constant
temperature (22.5 °C) and humidity (55%). The protocol was
approved by the Committee on the Ethics of Animal Experi-
ments of Tianjin Hospital (#TJHO563R).

Induction of Osteoarthritis

Meniscectomy (MNX) was used to induce osteoarthritis as
described before (Lei et al. 2017). The rats were inhalational
anesthetized under 3.5% isoflurane (Sigma, MO, USA). OA
was induced in rats of the right knee and the left knee was
not treated. Then, a small incision was made longitudinally
down the medial side of the knee and a cauterizer was used
to work through both the connective tissue and the muscle
layers until the medial collateral ligament, anchoring the
medial meniscus to the tibial plateau, was identified. The
ligament was grasped at the tibial end and cut until fully
transected. The ligament was then transected again at the
femoral end to remove the portion overlying the menis-
cus. The meniscus was freed from the fine connective tis-
sue, allowing a full-thickness MNX. The connective tissue
layer and skin were closed with coated Vicryl 8-0 and 4-0
sutures, respectively. Rats were received cephalexin (Cepo-
rex oral drops, Sigma, USA) 1 h before and 12, 24, and 36 h

@ Springer

after surgery (30-uL/100-g body weight) as described previ-
ously (Lei et al. 2017). The rats were carefully monitored for
infections and other complications for 14 days after surgery.
All surgical sites were observed daily for signs of abnor-
mal healing including, but not limited to swelling, redness,
drainage, bleeding, and dehiscence. OA pathology and pain
behavior were allowed to develop for a period of 14 days
after model induction (Mapp et al. 2013).

Experimental Design

Rats were randomly divided into five groups, the sham
(n=9), osteoarthritis without treatment (OA + vehicle;
n=10), osteoarthritis (OA) with 50-mg/kg baicalin treat-
ment (n=9), osteoarthritis with 100-mg/kg baicalin treat-
ment (n=9), and osteoarthritis with 200-mg/kg baicalin
treatment (n=11). These baicalin doses were used in other
rat models as previously described (Wang et al. 2014). Sham
animals underwent the same surgical procedure with the
omission of MNX. For baicalin-treated groups, rats were
injected with different amount of baicalin daily for 14 days
right after MNX. Fresh phosphate-buffered saline was used
as vehicle.

Secondary Mechanical Allodynia

The secondary mechanical allodynia was assessed with von
Frey Filaments (North Coast Medical, Inc. Morgan Hill, CA,
USA) as described previously (Wen et al. 2016). The fila-
ment diameters corresponded to a logarithmic scale of the
force exerted, and thus, the perceived intensity was meas-
ured on linear and interval scales. The withdrawal threshold
was determined by Chaplan’s up—down method involving the
use of alternate large and small fibers to determine the 50%
withdrawal threshold. Each von Frey filament was applied
to the plantar surface of the paw for 5 s. Briefly, when the
rat lifted its paw in response to pressure, the filament size
was recorded, and a weaker filament was then tested. The
von Frey filament was applied to each paw for five trials at
approximately 3-min intervals.

Weight-Bearing Distribution T Test

The change in hind paw weight distribution was used as an
index of joint discomfort and was determined as described
previously (Wen et al. 2016). The effect of joint damage
on weight distribution through knees was measured using a
dual channel weight averager (Singa Technology Corpora-
tion, Taipei, Taiwan), which measures weight bearing by
each hind paw independently. Briefly, rats were placed in
an angled plexiglass chamber positioned, so that each hind
paw rested on a separate force plate. The force exerted by
each hind limb (measured in grams) was averaged over a
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5-s period. Each data point is the mean of three 5-s read-
ings. The hind paw weight distribution is expressed as the
difference in weight bearing between the contralateral and
ipsilateral limbs.

Muscle Harvest

Muscle harvest was performed at 14 days after the assess-
ment of nociception as described before (Lei et al. 2017).
Whole bilateral quadricep muscle samples, inclusive of the
rectus femoris, were dissected, weighed, and immediately
snap frozen in isopentane cooled with liquid nitrogen. Care
was taken to avoid inclusion of any adipose tissue or addi-
tional muscle, most importantly the tensor fasciae latae and
sartorius that are located within the dissected area. Then, the
muscles from each mouse were divided into several parts for
RT-PCR, ELISA, and other experiments.

RT-PCR

The total RNA from muscular tissue was isolated using
an RNeasy Mini kit (Qiagen, CA, USA) according to the
manufacturer’s instructions with an additional DNase I
(Fermentas)-treatment step to eliminate residual genomic
DNA. Reverse transcription was performed using a reverse
transcription kit (Applied Biosystem, Waltham, MA, USA).
Real-time quantitative PCR reactions were set up in tripli-
cate with SYBR® Green Master Mix (Bio-Rad, CA, USA)
and run on a LightCycler 480 (Roche, Penzberg, Upper
Bavaria, Germany). The following primers were used in the
current study: MHC Ila forward: MHC Ila forward: 5-AGA
CCTGGATCGTCTCGTG-3', MHC Ila reverse: 5-AGT
GCATGATTTGAGCGTCTC-3'. GPx forward: 5'-CCA
CCGTGTATGCCTTCTCC-3', GPx reverse: 5'-AGAGAG
ACGCGAC ATTCTCAAT-3'. GAPDH forward: 5'-TGG
CCTTCCGTGTTCCTAC-3', GAPDH reverse: 5'-GAGTTG
CTGTTGAAGTCGCA-3'. The amount of MHC II mRNA
expression was normalized with GAPDH mRNA value.

ELISA

Serum and muscular level of LPO, and muscular production
of IL-6 were detected using commercial ELISA kits from
R&D systems (Minneapolis, USA), following the manufac-
turer’s instructions. The tissue homogenate protein concen-
trations were determined using protein assay dye (Bio-Rad
Laboratory, USA).

Citrate Synthase Activity Assay
The muscular citrate synthase activity was detected using

Citrate Synthase Assay Kit purchased from Sigma (St.
Louis, USA), following the manufacture’s instructions.

ROS-Level Detection

The detection of ROS was performed as described before
(Lei et al. 2017). Superoxide and peroxynitrite were meas-
ured using a high-performance chemiluminescence (CL)
analyzer (CLA-2100; Tohoku Electronic Industrial Co.,
Japan). Briefly, 400 pL of tissue homogenate was mixed
with 200 pL of phosphate buffer solution in a stainless
dish, and then, the background CL count was read for
60 s. 100 pL of lucigenin orindoxyl b-p-glucuronide was
injected into the machine, and the CL was counted. The
data were analyzed using Chemiluminescence Analyzer
Data Acquisition Software (Tohoku Electronic Industrial
Co., Japan).

Glutathione-Level Detection

Muscular tissues were homogenized and the glutathione
level was measured using Glutathione Colorimetric Detec-
tion Kit (Thermo Fisher, MA, USA), following the manu-
facturer’s protocol.

Western Blotting

Muscular proteins were extracted using Total Protein
Extraction Kit (MilliporeSigma, MA, USA) following
the manufacturer’s protocol. 20 pg protein was loaded on
SDS-PAGE, and then transferred to polyvinylidene fluo-
ride membrane (Bio-Rad, CA, USA). After blocking, the
blots were incubated with Nrf2 or actin antibody (dilution
1:1000) in 5% non-fat skim milk. The membranes were
washed and probed with appropriate horseradish peroxi-
dase conjugated secondary antibody. Chemiluminescent
substrate (Thermo Fisher Scientific, Waltham, MA) was
used to detect the bands. All antibodies were purchased
from Abcam (Cambridge, MA, USA), including anti-Nrf2
antibody (ab62352) and anti-p-actin antibody (ab8227).
The western blot results were quantitated and analyzed
using GS-900™ Calibrated Densitometer and software
Image Lab (Bio-Rad, USA) following the manufacturer’s
instructions.

Statistical Analysis

One-way ANOVA analysis, followed by a Tukey’s post
hoc test, was used to determine the related protein levels.
Statistical difference was considered as significant only
if p<0.05.
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Results

Baicalin Alleviated Secondary Mechanical Allodynia
in OA Nociception Pain Mode

First, we explored the effects of baicalin on secondary
mechanical allodynia in OA rats. As shown in Fig. 1, paw
withdrawal latency decreased in OA rats. In contrast, rats
treated with baicalin displayed increased paw withdrawal
latency, which started from 4-day post-OA induction and in
a dose-dependent manner when compared to OA rats. The
highest dose (200 mg/kg) baicalin treatment showed best
anti-allodynic effect. Thus, our data indicated that baicalin
alleviated secondary mechanical allodynia in OA rats.

Baicalin Attenuated Joint Pain in OA Rats

In experimental OA model, weight-bearing asymmetry was
supposed to be due to the pain induced by destruction of car-
tilage (Mihara et al. 2007). So next, we assessed the weight
distribution of the OA and contralateral hind paws. As

shown in Fig. 2, OA rats showed weight-bearing asymme-
try. In contrast, the weight-distribution differential between
the OA and contralateral hind paws in baicalin (50 mg/kg)
treated OA rats was lower than that of OA rats at 4—14 days
after surgery. We observed the same trend in higher dose
baicalin-treated rats (100 and 200 mg/kg), indicating that
baicalin decreased the weight-distribution differential. Thus,
our data suggested that baicalin attenuates joint pain in OA
rats.

Baicalin Relieved Quadriceps Muscle Dysfunction
in OA Rats

It had been reported that IL-6, MHC II, and citrate synthase
activity were indicators of quadriceps muscle dysfunction in
rat model of OA (Lei et al. 2017). Thus, we further assessed
the effects of baicalin on muscle dysfunction by monitor-
ing muscular IL-6 production, citrate synthase activity,
and MHC Ila mRNA level, which is shown in Fig. 3. Mus-
cular IL-6 production was significantly higher in OA rats
when compared to rats in sham group (sham: 100 +8.79;
OA: 188.8+7.89; OA +50 mg/kg baicalin: 167.5 +6.46;
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Baicalin (mg/kg)

Fig. 3 Baicalin attenuates muscle dysfunction in MNx-induced OA
rats. ELISA of muscular IL-6 production (a), citrate synthase (CS)
activity (b), and qPCR of MHC Ila mRNA expression (c) levels
were tested on 14 days after OA induction. Data are the mean + SEM

OA + 100 mg/kg baicalin: 148.3 +7.14; OA +200 mg/kg
baicalin: 122.5 +6.45). Baicalin significantly decreased
muscular IL-6 production in a dose-dependent manner
(Fig. 3a). As shown in Fig. 3b, OA caused decreased cit-
rate synthase activity, while the activity deficiency was
rescued by baicalin treatment (sham: 0.124 +0.003; OA:
0.047 +0.006; OA +50 mg/kg baicalin: 0.068 +0.006;
OA + 100 mg/kg baicalin: 0.085 +0.005; OA + 200 mg/kg
baicalin: 0.102 +0.005). Similarly, OA also induced decreas-
ing of MHC IIa mRNA levels and baicalin recovered MHC
ITa expression in OA rats (Fig. 3¢). Thus, our data indicated
that baicalin relieved muscle dysfunction in OA.

Baicalin Reduced Muscular LPO Level in OA Rats

Oxidative stress were involved in the development and
progress of OA (Hsu et al. 2016). Therefore, we continued

Fig. 4 Effects of baicalin on
serum and muscular LPO
levels in MNx-induced OA
rats. Serum (a) and muscular
(b) LPO levels were assessed
14 days after OA-induced. Data
are the mean + SEM of each
group. *p < 0.05, **p < 0.01
and ***p < 0.001 compared
to sham group; #p < 0.05,
##p < 0.01 compared to OA
group
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to explore the effect of baicalin on serum and muscular
LPO levels in OA rats. OA did not affect LPO level in
serum and baicalin treatments did not affect serum level
of LPO neither (Fig. 4a), as there was no difference among
OA group and groups treated with different amount of bai-
calin (sham: 19.75+2.22; OA: 19.25 +2.63; OA + 50 mg/
kg baicalin: 19.22 +1.26; OA + 100 mg/kg baicalin:
19.77 +2.21; OA + 200 mg/kg baicalin: 18.25+1.89). In
contrast, OA rats showed significantly increased muscular
LPO level and the increased LPO level was alleviated by
baicalin treatment in a dose-dependent manner (Fig. 4b)
(sham: 23.75+4.79; OA: 53.77 £5.80; OA + 50 mg/
kg baicalin: 45.50+7.77; OA + 100 mg/kg baicalin:
42.25+3.94; OA +200 mg/kg baicalin: 34.33 +7.06).
Thus, our data indicated that baicalin reduced muscular
LPO level and inhibited muscular oxidative stress.
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Baicalin Reduced Muscular ROS Generation
and Increased Muscular Antioxidant Level in OA
Rats

We continued to monitor the effect of baicalin on oxida-
tive stress-related products. As shown in Fig. 5, OA signifi-
cantly increased muscular level of superoxide anion (sham:
385.2+23.18; OA: 723.8 +£27.21; OA + 50 mg/kg baicalin:
663.8 +25.14; OA + 100 mg/kg baicalin: 551.3 +24.24;
OA +200 mg/kg baicalin: 474.9 +28.32) (Fig. 5a), and
peroxynitrite (sham: 235.8 +32.21; OA: 481.3 +28.98;
OA + 50 mg/kg baicalin: 446.3 +23.64; OA+ 100 mg/
kg baicalin: 367.3 +28.77; OA +200 mg/kg baicalin:
306.2 +30.71) (Fig. 5b). In contrast, baicalin treatment sig-
nificantly decreased both muscular superoxide anion and
peroxynitrite levels in OA rat in a dose-dependent manner.
We detected decreased muscular level of antioxidants GSH
(sham: 26.5+1.29; OA: 15.2+2.26; OA + 50 mg/kg bai-
calin: 18.1+1.83; OA 4100 mg/kg baicalin: 19.5 +1.57;
OA +200 mg/kg baicalin: 21.6 +1.71) (Fig. 5¢) and GPx
(sham: 99.5+2.66; OA: 34.7+4.21; OA + 50 mg/kg bai-
calin: 50.8 +5.13; OA + 100 mg/kg baicalin: 54.9+6.19;
OA +200 mg/kg baicalin: 64.7 +£6.02) (Fig. 5d) in OA
mice, while baicalin treatment rescued the GSH and GPx
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expression. Thus, our data further suggested that baicalin
attenuated oxidative stress in OA rats.

Baicalin Inhibited OA-Induced Nrf2 Expression

It has been reported that Nrf2 played a critical role in oxi-
dative stress (Hsu et al. 2015). Consistent to the previous
report, we confirmed that muscular expression of Nrf2 was
increased in OA rats (Fig. 6a). Baicalin treatment signifi-
cantly inhibited OA-induced Nrf2 expression in a dose-
dependent manner (Fig. 6a, b). Thus, our data indicated the
baicalin prevented oxidative stress in OA.

Discussion

Osteoarthritis, a common form of arthritis, is an age-related
degenerative disease characterized by the chronic joint pain,
inflammation, and the damage of joint cartilage which would
affect more than 25% of adult population. Currently, there is
no effective therapeutic treatment for OA, it is necessary to
develop drugs to treat OA and elucidate underlying molecu-
lar mechanisms.
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Fig. 6 Baicalin attenuates joint pain and muscle dysfunction by inhib-
iting the expression of muscular Nrf2 level in MNx-induced osteoar-
thritis rats. Western blotting was used to assay the protein expression,
B-actin was used as a loading control (a) and relative expressions
from the western blotting (b). Data are presented as mean+SEM.
*p < 0.05 and ***p < 0.001 compared to sham group. #p < 0.05,
##p < 0.01 compared to OA group

In the current study, we found that baicalin, which is the
predominant flavonoid isolated from the roots of Scutellari-
alateriflora Georgi (Huang Qin) and has anti-inflammatory
and anti-oxidative effect, attenuated joint pain and muscle
dysfunction, and played a protective role in OA. Actually,
the protective role of baicalin on OA has been described
before. Xing et al. (2017) reported that baicalin inhibited the
inflammatory response to IL-1p on human chondrocytes and
reduced synovitis scores and IL-6, TNF, CXCL1, CXCLI10,
and MMP3 gene expression in OA mice. Their studies
described the essential role of inflammation in OA develop-
ment and the protective role of baicalin in OA by inhibiting
inflammation. As anti-inflammatory effects of baicalin has
been described in several disease model (Dong et al. 2015;
Liu et al. 2016; Lixuan et al. 2010; Yang et al. 2013), it is not
surprised that baicalin may also play role in inflammatory
response in OA model.

Besides anti-inflammatory effect, the anti-oxidative
effects of baicalin have been also reported. Gong and Zhu
(2018) described that baicalin alleviates the oxidative
stress damage in trabecular meshwork cell by decreasing
iROS production. Lin et al. (2014) reported that baicalin

ameliorates H,0,-induced cytotoxicity in HK-2 cells by
inhibiting oxidative stress and Nrf2 signaling.

In this study, we investigated the therapeutic effects
of baicalin on OA and confirmed the protective effect of
baicalin on OA in the rat model. As oxidative stress and
muscle dysfunction have been implicated in contributing to
OA development (Hsu et al. 2016), we further investigated
the effects of baicalin on muscle dysfunction and oxidative
stress. We demonstrated that baicalin potently attenuated
the joint pain in OA rats and oxidative stress by decreasing
muscular LPO, muscular superoxide anion and peroxyni-
trite generations, and decreasing Nrf2 expression, increas-
ing GSH, and GPx expression. Thus, we elucidated another
mechanism of baicalin to treat OA by attenuating muscular
oxidative stress in rats.

The activity of baicalin in attenuating pain has been
described previously. Cherng et al. (2014) reported that bai-
calin ameliorated neuropathic pain in rat model by suppress-
ing histone deacetylase expression and following inflamma-
tory cytokines expression. Thus, both our and their results
suggested the pain relief activity of baicalin. During OA,
the increased oxidative stress and ROS resulted in upregula-
tion of NF-kB and activation of MEK/ERK pathway, which
induced production of proinflammatory cytokines includ-
ing IL-8, IL-1p, and TNF-a (Lepetsos and Papavassiliou
2016). On the other hand, inflammatory cytokine can also
stimulate the production of ROS and promote the generation
of peroxides and hydroxylated radicals (Wojdasiewicz et al.
2014). The anti-inflammation and anti-oxidative activities of
baicalin contributed to the protective effect on OA.

Muscle dysfunction was detected in the early stage of OA.
Decreased MHC ITa mRNA expression was found in OA and
decreased MHC Ila fiber was associated with muscle weak-
ness in the quadriceps in OA patients (Hsu et al. 2015). Our
data demonstrated that baicalin increased mRNA level of
MHC IIa in OA rats, which could be one of the mechanisms
to attenuate muscle dysfunction. Protein oxidation could also
play an important role in muscle dysfunction as oxidative
stress modified the structure and function of proteins. It had
been suggested that oxidation resulted in a structure pertur-
bation in myosin, which caused impaired myosin function
(Yamada et al. 2006). The anti-oxidative effect of baicalin
could protect myosin normal function.

Nrf2 is a redox-sensitive transcriptional factor and the
major emerging function of Nrf2 is the role in resistance to
oxidative stress. Consistent to the previous finding (Lei et al.
2017), we found that Nrf2 is upregulated in OA rats, indicat-
ing that these rats suffered from oxidative stress. Baicalin
treatment resulted in decreased Nrf2 level in OA rats, indi-
cating downregulated oxidative stress. As baicalin prevented
oxidative stress and ROS production, it is not surprised that
baicalin-treated OA rats got less Nrf2 expression.
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The correlation between muscular dysfunction and OA
pathogenesis had been established. For example, at the early
stage of OA, the muscle weakness in patients was detected.
More and more evidences have shown that muscle dysfunc-
tion participated in pathogenesis and development of OA
(Ikeda et al. 2005). In contrast, strengthening of quadriceps
muscles during the initial stages of OA had an important
physiotherapeutic effect against OA (O’Reilly et al. 1999).
Thus, improving quadriceps muscle dysfunction could be a
therapeutic target in preventing OA. As baicalin attenuated
the oxidative stress and muscle dysfunction, it would be a
reliable therapeutic agent to treat OA. However, more stud-
ies need to be done to identify the efficient delivery method
and elucidate other underlying mechanisms.

In conclusion, we demonstrated that baicalin alleviated
joint pain and muscle dysfunction in OA by inhibiting mus-
cular oxidative stress.
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