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Shikonin inhibits inflammation and chondrocyte apoptosis
by regulation of the PI3K/AKkt signaling pathway
in a rat model of osteoarthritis
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Abstract. Shikonin has previously been shown to have
antitumor, anti-inflammatory, antiviral and extensive pharma-
cological effects. The aim of the present study was to explore
whether the protective effect of shikonin is mediated via the
inhibition of inflammation and chondrocyte apoptosis, and to
elucidate the potential molecular mechanisms in a rat model
of osteoarthritis. A model of osteoarthritis was established in
healthy male Sprague-Dawley rats and 10 mg/kg/day shikonin
was administered intraperitoneally for 4 days. It was found that
shikonin treatment significantly inhibited inflammatory reac-
tions in the rats with osteoarthritis. Osteoarthritis was found
to significantly increase interleukin (IL)-1f, tumor necrosis
factor (TNF)-a and inducible nitric oxide synthase (iNOS)
levels compared with those in the sham group. However,
shikonin treatment significantly inhibited the increases in
IL-1p, TNF-a and iNOS levels in the rats with osteoarthritis.
Furthermore, caspase-3 activity and cyclooxygenase (COX)-2
protein expression were significantly increased and phos-
phorylated Akt protein expression was greatly suppressed in
rats with osteoarthritis when compared with the sham group.
Shikonin administration attenuated the changes in caspase-3
activity and COX-2 expression and Akt phosphorylation in
rats with osteoarthritis. These results indicate that shikonin
inhibits inflammation and chondrocyte apoptosis by regulating
the phosphoinositide 3-kinase/Akt signaling pathway in a rat
model of osteoarthritis.

Introduction
Osteoarthritis is one of the most common joint disorders

affecting human health, with no evident racial and regional
differences (1). Osteoarthritis is a cause of long-term disability
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second only to cardiovascular disease in China (2). On the
basis of a review, osteoarthritis giving rise to damage affects
2-6% of the population (3). Osteoarthritis has a greater influ-
ence on elderly patients than other diseases, affecting, for
example, the ability to go up and down the stairs and other
lower limb functions (4). Therefore, osteoarthritis is one of the
major diseases leading to functional disability in people aged
>50 years, causing loss to the economy and affecting social
development (5).

Osteoarthritis is characterized by bone regeneration, and
involves the degeneration and loss of articular cartilage with
chronic arthritis of the joint edge and subchondral bone (6). The
initial site of the disease is in the cartilage. The etiology and
pathogenesis of osteoarthritis have not been fully elucidated;
however, it is generally considered that systemic factors are
involved, such as age, gender and family susceptibility, as well
as local biomechanics, cartilage cell apoptosis, cell factors and
the effects of degradative enzymes; it is a disease involving
multiple linked factors (7). According to the literature, carti-
lage cell apoptosis may be important in the pathogenesis of
osteoarthritis (8). At present, the signaling pathways involved
in the induction of cartilage cell apoptosis, the regulation of
signaling factors in such apoptosis, and indicators of chon-
drocyte apoptosis signal stimulation are topics of particular
interest for experimental study. Numerous studies have
confirmed that the pathogenic mechanism of osteoarthritis
involves interleukin-1 (IL)-1, tumor necrosis factor (TNF)-a.
and matrix metalloproteinases (9). Through the determination
of these indicators, the evolution process of osteoarthritis can
be directly understood, particularly the association between
osteoarthritis pathogenesis and cartilage cell apoptosis, which
may be useful in the evaluation of targets and mechanisms for
osteoarthritis intervention measures (10).

Lithospermum is the dry root of the borage perennial
herbaceous plant Arnebia euchroma (Royle) Johnst. or Arnebia
guttata Bunge (11). In China, it has a long medical history,
and has been used clinically as a traditional Chinese medicine
mainly for the treatment of wet macula, purpura, hematuria,
dehydration, heat, constipation, burns, eczema and erysipelas,
and for the promotion of circulation and removal of stasis (12).
Shikonin is a naphthalene dione compound; studies have
shown that shikonin plays an important role in the pharma-
cological effects of lithospermum, having anti-inflammatory
and antibacterial effects, and inhibiting tumor proliferation
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and angiogenesis, thereby limiting tumor development (13).
In the present study, whether shikonin exhibits a protective
effect by inhibiting inflammation and chondrocyte apoptosis
in a rat model of osteoarthritis was explored. In addition,
the molecular mechanism of shikonin on osteoarthritis was
investigated by researching changes in the phosphoinositide
3-kinase (PI3K)/Akt and mitochondrial signaling pathways.

Materials and methods

Materials. Shikonin was obtained from Sigma-Aldrich
(St. Louis, MO, USA). IL-1p, TNF-a and inducible nitric
oxide synthase (iNOS) enzyme-linked immunosorbent assay
(ELISA) kits were obtained from Beijing 4A Biotech Co.,
Ltd.(Beijing, China). This study was approved by the ethics
committee of Anhui Provincial Hospital (Hefei, China).

Osteoarthritis animal model. Healthy male Sprague-Dawley
rats (n=30; 8-10-weeks old, 250-300 g), obtained from the
Animal Science Laboratory of Anhui Provincial Hospital
were anesthetized with 50 mg/kg pentobarbital intraperitone-
ally (i.p.) and shaved in a sterile state. Under sterile conditions,
the right knee joint of the anesthetized rat was exposed
through a medial parapatellar approach. Following anterior
cruciate ligament transection and medial meniscus resection
using micro-scissors, the patella was dislocated laterally and
the knee was placed in full flexion. The rats were maintained
under a 12-h light/dark cycle at 22+2°C with 55+5% humidity,
and were allowed free access to food and water.

Experimental groups and treatment. The rats were randomly
assigned to three groups: Sham-operated group (n=10),
osteoarthritis model group (n=10) and shikonin-treated group
(n=10). In the sham-operated group, the right knee joint of the
anesthetized rat was only exposed under sterile conditions,
and the rats were treated with 0.1 m1/100 g physiological saline
(i.p.). In the osteoarthritis model group, osteoarthritis model
rats were treated with 0.1 ml/100 g physiological saline (i.p.).
In the shikonin-treated group, osteoarthritis model rats were
treated with 10 mg/kg shikonin (i.p.) once daily for 4 days
after osteoarthritis modeling (14,15).

ELISA analysis. Following treatment with 10 mg/kg shikonin,
peripheral blood was collected from the abdominal aorta
of rats in each group (n=10). The blood was centrifuged at
12,000 x g for 10 min at 4°C and the supernatant was analyzed
for IL-1B, TNF-a and iNOS using ELISA assay kits according
to the manufacturer's protocol (Beijing 4A Biotech Co., Ltd.).

Western blot analysis. Following the treatment with 10 mg/kg
shikonin, rats were anesthetized with 50 mg/kg pentobarbital
intraperitoneally (i.p.), sacrificed by decapitation, and samples
of arthrotic tissue were collected (n=10 per group). The samples
were homogenized with radioimmunoprecipitation assay (RIPA)
lysis buffer (Beijing 4A Biotech Co., Ltd.). The homogenate was
centrifuged at 12,000 x g for 10 min at 4°C and analyzed using
a bicinchoninic acid (BCA) assay kit (Beijing 4A Biotech Co.,
Ltd.). Approximately 50 pg protein was separated by electropho-
resis on a 12% sodium dodecyl sulfate (SDS)-polyacrylamide
gel and then transferred onto a nitrocellulose filter membrane.
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Figure 1. Chemical structure of shikonin.

Proteins were detected using mouse anti-nuclear factor (NF)-xB
p65 (sc-29311; 1:500), anti-cyclooxygenase (COX)-2 (sc-23984;
1:300), anti-Akt (sc-8312; 1:500) and anti-phosphorylated-Akt
(anti-p-Akt; sc-135650; 1:1,000), all from Santa Cruz Biotech-
nology, Inc. (Dallas, TX, USA) and anti-pB-actin (BB-2101-1;
1:5,000; BestBio Inc., Shanghai, China) followed by horseradish
peroxidase-conjugated goat antimouse antibody (sc-2777;
1:5,000; Santa Cruz Biotechnology, Inc.). The relative quanti-
ties of protein expression were measured using AlphaEase FC
(FluorChem FC2) software (ProteinSimple, Inc., San Jose, CA,
USA).

Caspase-3 activity analysis. Following the 4-day treatment
with 10 mg/kg shikonin, rats were sacrificed and osteoarthritis
samples were collected. The samples were homogenized
with RIPA lysis buffer. The homogenate was centrifuged
at 12,000 x g for 10 min at 4°C and analyzed using a BCA
assay kit. Protein (20 pg) was mixed with the substrate
Ac-DEVD-pNA (BB-4106-1; BestBio Inc.) in reaction buffer,
and incubated at 37°C for 2 h in the dark. The absorption was
then detected at a wavelength of 405 nm.

Statistical analysis. All data are expressed as the mean =+ stan-
dard deviation. Data from each group were statistically
analyzed by one-way analysis of variance followed by Tukey's
tests. P<0.05 was considered to indicate a statistically signifi-
cant difference.

Results

Effect of shikonin on inflammation in the rat model of
osteoarthritis. The chemical structure of shikonin is displayed
in Fig. 1. To evaluate the anti-inflammatory effect of shikonin
in a rat model of osteoarthritis, IL-13 and TNF-a levels were
measured. As shown in Fig. 2, the expression levels of IL-1
and TNF-a were significantly increased in the rat model of
osteoarthritis, compared with those in the sham group (P<0.01;
Fig. 2). However, shikonin significantly inhibited the increase
in IL-1p and TNF-a expression levels in the rat model of
osteoarthritis, compared with those in the osteoarthritis group
(P<0.01; Fig. 2).

Effect of shikonin on NF-xB in the rat model of osteoarthritis.
To appraise the anti-inflammatory mechanisms of shikonin in
the rat model of osteoarthritis, the protein expression levels of
NF-«kB were examined using western blot analysis. There was
a significant increase of the NF-«kB protein expression level in
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Figure 2. Effects of shikonin on inflammation in a rat model of osteoarthritis. (A) IL-1p and (B) TNF-a expression levels showing the effects of shikonin in a
rat model of osteoarthritis. “P<0.01 vs. the sham group; “P<0.01 vs. the OA group. Sham, sham group; OA, osteoarthritis group; SK, shikonin group; IL-1f,

interleukin-13; TNF-a, tumor necrosis factor-a.

the rat model of osteoarthritis, compared with that in the sham
group (P<0.01; Fig. 3). However, the NF-«xB protein expression
level was significantly suppressed by shikonin in the rat model
of osteoarthritis, compared with that in the osteoarthritis
group (P<0.01; Fig. 3).

Effect of shikonin on iNOS level in the rat model of
osteoarthritis. The effects of shikonin on the iNOS level in the
rat model of osteoarthritis were investigated. The iNOS level
in the rat model of osteoarthritis was significantly increased
compared with that of the sham group (P<0.01; Fig. 4). The
induction of the iNOS level was suppressed by treatment with
shikonin in the rat model of osteoarthritis, compared with that
in the osteoarthritis group (P<0.01; Fig. 4).

Effect of shikonin on COX-2 expression in the rat model
of osteoarthritis. To investigate the effects of shikonin on
COX-2 in the rat model of osteoarthritis, COX-2 protein
expression levels were measured by western blot analysis.
The results showed that the protein expression level of COX-2
was markedly promoted in the rat model of osteoarthritis,
as compared with that in the sham group (P<0.01; Fig. 5).
Notably, the administration of shikonin markedly weakened
the upregulation of COX-2 protein expression in the rat model
of osteoarthritis, as compared with that in the osteoarthritis
group (P<0.01; Fig. 5).

Effect of shikonin on caspase-3 activity in the rat model of
osteoarthritis. In order to investigate the anti-apoptotic effect
of shikonin on osteoarthritis, caspase-3 activity was measured.
There was a significant increase in caspase-3 activity in the
rat model of osteoarthritis, as compared with the caspase-3
activity in the sham group (P<0.01; Fig. 6). However, the
elevation of caspase-3 activity was significantly reduced by
shikonin treatment in the rat model of osteoarthritis, compared
with that in the osteoarthritis group (P<0.01; Fig. 6).

Effect of shikonin on the phosphorylation of Akt in the rat
model of osteoarthritis. The effects of shikonin on the phos-
phorylation of Akt in the rat model of osteoarthritis were
examined; p-Akt expression levels were determined using
western blot analysis. Notably, p-Akt protein expression of the
osteoarthritic model group was lower than that of the sham
group (P<0.01; Fig. 7). The downregulation of Akt phosphory-
lation was significantly recovered by treatment with shikonin
in the rat model of osteoarthritis, compared with that in the
osteoarthritis group (P<0.01; Fig. 7).
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Figure 3. Effect of shikonin on NF-xB in a rat model of osteoarthritis.
(A) Western blotting assay results and (B) statistical analysis of NF-kB pro-
tein expression levels showing the effect of shikonin on NF-kB protein in
a rat model of osteoarthritis. “P<0.01 vs. the sham group; “P<0.01 vs. the
OA group. Sham, sham group; OA, osteoarthritis group; SK, shikonin group;
NF-«B, nuclear factor-kB.
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Figure 4. Effects of shikonin on iNOS activity in a rat model of osteoarthritis.
“P<0.01 vs. the sham group; */P<0.01 vs. the OA group. Sham, sham group;
OA, osteoarthritis group; SK, shikonin group; iNOS, inducible nitric oxide
synthase.

Discussion

Osteoarthritis is the most common chronic joint degenera-
tive disease, and is also known as degenerative joint disease,
hypertrophic arthritis and senile osteoarthropathy (16). The
main pathological feature of osteoarthritis is degeneration
of the articular cartilage, which results in articular cartilage
injury, damage, joint edge and subchondral bone reactive
hyperplasia and osteophyte formation (17). The incidence
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Figure 5. Effect of shikonin on COX-2 in a rat model of osteoarthritis.
(A) Western blotting assay results and (B) statistical analysis of COX-2
protein expression levels showing the effect of shikonin in a rat model of
osteoarthritis. “P<0.01 vs. the sham group; #P<0.01 vs. the OA group. Sham,
sham group; OA, osteoarthritis group; SK, shikonin group; COX-2, cyclo-
oxygenase 2.
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Figure 6. Effect of shikonin on caspase-3 activity in a rat model of osteoar-
thritis. “P<0.01 vs. the sham group; “P<0.01 vs. the OA group. Sham, sham
group; OA, osteoarthritis group; SK, shikonin group.

of osteoarthritis is 3.0-8.3% in China, and in people aged
55-64 years is ~40% (18). However, the specific pathogenesis
of osteoarthritis is unclear, and no reliable method to cure
osteoarthritis clinically is available (19). The results of the
present study revealed that shikonin treatment effectively
inhibited the expression of IL-13 and TNF-a in a rat model
of osteoarthritis. Furthermore, a previous study has indicated
that shikonin exerts an anti-inflammatory effect via protea-
some inhibition (14). Anddjar et al (20) reported that shikonin
exerts anti-inflammatory effects by inhibiting the activa-
tion of NF-kB. These findings suggest that shikonin has an
anti-inflammatory effect in rats with osteoarthritis.

NF-«B is a nuclear transcription factor, widely present in
eukaryotes, which plays a role in the central control of cell
processes including inflammation, immune response, differ-
entiation, proliferation, apoptosis and tumorigenesis (21). In
the synthesis of various cytokines in the body, NF-xB has a
regulatory role in transcription. Under normal circumstances
NF-«xB and inhibitor of kB (Ixkb) combine and exist in the
cytoplasm in an inactive form. When an activating signal is
received, kb is phosphorylated, which releases NF-kB; at this
point NF-«B is in an activated state (22). Following activation,
NF-«B translocates to the nucleus and induces target gene
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Figure 7. Effects of shikonin on p-Akt levels in a rat model of osteoarthritis.
(A) Western blotting results and (B) statistical analysis of p-Akt protein
expression levels showing the effect of shikonin in a rat model of osteoar-
thritis. “P<0.01 vs. the sham group; “/P<0.01 vs. the OA group. Sham, sham
group; OA, osteoarthritis group; SK, shikonin group; p-Akt, phosphorylated
Akt.

transcription, so as to regulate the synthesis of cytokines and
other inflammatory factors (23). Studies have confirmed that
NF-kB has extensive biological effects, plays a significant
role in the regulation of inflammation, and is a key link in
the complex network of inflammatory cytokines (24,25).
Moreover, it modulates the occurrence and development of
inflammation. For instance, NF-xB is able to increase the
transcription levels of TNF-a and IL-1, causing the secretion
of these two cytokines to increase (26). Animal experiments
have shown that in arthritis development, the activation of the
NF-«B precedes the clinical manifestations of arthritis (27).
In the present study, the anti-inflammatory action of shikonin
suppressed NF-kB protein expression in a rat model of osteo-
arthritis. Yang et al (28) reported that shikonin inhibited
inflammation in RAW?264.7 cells through NF-xB signaling
pathways. Anddjar ef al (20) reported that shikonin exerted
anti-inflammatory effects by inhibiting NF-xB activation.
These results indicate that the anti-inflammatory activity of
shikonin may be mediated via the downregulation of NF-xB
signaling pathways in rats with osteoarthritis.

Apoptosis is a genetically regulated process of
programmed cell death occurring in multicellular organ-
isms; the regulatory mechanism of cell apoptosis-related
gene expression is complex (29). The removal of cells
by apoptosis is necessary for multicellular organisms to
sustain life. There are numerous studies in which tumor cell
proliferation is inhibited through apoptosis induction, or
cell apoptosis is inhibited to repress chronic inflammation
and potentially achieve anti-aging effects (30). In normal
circumstances, the proliferation and apoptosis of articular
cartilage cells are in dynamic equilibrium, which keeps the
cell number, morphology and function of the articular carti-
lage generally stable; excessive apoptosis is pathological and
harmful (31). Chondrocyte apoptosis has been confirmed to
occur in articular cartilage affected by osteoarthritis (32).
In addition, the excessive apoptosis of cartilage cells is
considered to be one of the pathological factors in the
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degenerative changes of articular cartilage; thus cartilage
cell apoptosis may be an important factor in the pathogenesis
of osteoarthritis (33). Therefore, when considering how to
reduce the excessive apoptosis of cartilage cells in order to
prevent and treat osteoarthritis, maintaining a balance of
cartilage cell proliferation and apoptosis is key (34). The
present study showed that shikonin treatment significantly
suppressed iNOS level elevation, COX-2 protein expression
upregulation and increased caspase-3 activity in a rat model
of osteoarthritis. Prasad et al (35) indicated that in lipo-
polysaccharide-stimulated BV2 microglial cells, shikonin
downregulated the gene expression of proinflammatory NOS
and COX-2. Yang et al (28) reported that shikonin protects
against interleukin-1f-induced apoptosis in chondrocytes
via the inhibition of caspase-3 activity. Thus, the aforemen-
tioned results suggest that iNOS, COX-2 and caspase-3 are
important molecular targets of shikonin in the treatment of
osteoarthritis.

The mechanism of cartilage cell apoptosis is complex and
has not been fully elucidated. However, it may be associated
with various signal transduction pathways, among which the
PI3K/Akt signal transduction pathway is regarded as an impor-
tant pathway of cartilage cell apoptosis (36). As a membrane
protein, PI3K receives incoming signals from tyrosine kinase
receptors, cytokine receptors, CD19, B-cell receptors and
G-protein-coupled receptors, which directly or indirectly
activates Akt and downstream factors (37). Akt has func-
tions in protein synthesis, cell apoptosis, cell cycle regulation,
glucose metabolism and nerve degeneration (38). The current
study demonstrates that treatment with shikonin significantly
activated the downregulation of Akt activation in a rat model
of osteoarthritis. Huang et al (39) found that shikonin inhibited
oxidized low-density lipoprotein-induced monocyte adhesion
through the upregulation of PI3K/Akt and the suppression of
NF-«B activation. Kamei et al (40) suggested that in 3T3-L1
adipocytes, shikonin stimulated glucose uptake via a mecha-
nism involving Akt phosphorylation. The results of the present
study indicate that shikonin has anti-inflammatory effects in
rats with osteoarthritis and one of the underlying mechanisms
may be the upregulation of PI3K/Akt signaling pathways.

In conclusion, the results of the present study confirmed
that shikonin inhibits inflammation and chondrocyte apop-
tosis by regulating the PI3K/Akt signaling pathway in a rat
model of osteoarthritis. These findings suggest that shikonin
has therapeutic potential for osteoarthritis.
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