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Abstract Objective To investigate the anti-inflammatory
or immunomodulatory effect of shikonin on early stage and
established murine collagen-induced arthritis (CIA).
Methods Mouse were injected intraperitoneally with
shikonin (5 mg/kg) for 10 days along before or after the
onset of CIA. The arthritis response was monitored visually
by macroscopic scoring. Reverse transcription-polymerase
chain reaction and western blotting were employed to
determine the mRNA and protein expression of cytokine in
patella with adjacent synovium in CIA mouse. Histology of
knee was used to assess the occurrence of cartilage
destruction and bone erosion. Results Shikonin (5 mg/kg)
treatment along had no effect on macroscopic score and
incidence of arthritis on early stage of CIA. However, a
pronounced amelioration of macroscopic score and carti-
lage destruction was found in mouse treated with shikonin
on established CIA for 10 days. Moreover, The mRNA
levels of Thl cytokines [tumor necrosis factor-o and inter-
leukin (IL)-12] was significantly inhibited both in the
synovial tissue and in the articular cartilage in treated
groups compared with those in control groups, whereas the
mRNA and protein levels of Th2 cytokines (IL-10 and IL-4)
remained elevated throughout the treatment period. More-
over, the inflammatory cytokine, the mRNA and protein
levels of IL-6 was down-regulated in mice with established
CIA after treatment with shikonin. T-box expressed in T
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cells (T-bet) mRNA levels were decreased in shikonin
compared with control group, and GATA-3 mRNA levels
were higher than that in control group. Conclusion Shikonin
treatment on established CIA can inhibit Thl cytokines
expression and induce Th2 cytokines expression in mice
with established CIA. The inhibited effect of shikonin on
Thl cytokines expression may be mediated not only by
inhibiting Th1 responses through T-bet mechanism, but also
by inducing anti-inflammatory mediators such as IL-10 and
IL-4 through a GATA-3 dependent mechanism.

Keywords Shikonin - Thl - Th2

Introduction

Rheumatoid arthritis (RA) is an autoimmune disease char-
acterized by synovial inflammation that leads to the
destruction of cartilage and bone. In the last decade,
numerous studies have demonstrated that pro- and anti-
inflammatory cytokines, derived predominantely from cells
of macrophage lineage, play a major role in the initiation and
perpetuation of the chronic inflammatory process in the RA
synovial membrane. The involvement of pro-inflammatory
cytokines, particularly interleukin (IL)-1 and tumor necrosis
factor (TNF)-o, in the pathogenesis of RA is well accepted. It
has become clear in the last few years that T cell-derived
cytokines expressed preferentially by Th1 cells contribute to
joint destruction and inflammation response in RA, whereas
Th2 cell-associated cytokines may be protective [1].

The Thl subset has been defined by the specific pro-
duction of IFN-y, IL-1, IL-12, IL-17, and IL-18, and by the
stimulation of cell-mediated immunity, whereas the Th2
subset specifically produces IL-4, IL-10 and stimulates
humoral immunity [2].
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Due to the inhibitory role on the synthesis of IL-1,
TNF-o, IL-6, IL-8, IL-12, and IL-17 in macrophages and
monocytes, IL-4 was found to be able to effectively
antagonize the inflammatory and destructive mediators in
RA [3]. Cytokines are considered to be the main deter-
mining factors in the initial differentiation of precursor T
cells into these distinct subsets. A wealth of studies have
shown that, IL-12 is capable to drives Thl cells differen-
tiation, whereas IL-4 plays a very important role in the
promotion of the Th2 cells differentiation [2]. IL-10 is also
known as a potent anti-inflammatory cytokine which acts
by inhibiting the synthesis of pro-inflammatory cytokines
such as IL-1, TNF-«, IL-6 by macrophages and monocytes
[4-6]. The GATA-3 and T-box expressed in T cells (T-bet)
are both important transcription factors [7]. GATA-3 is
expressed during Th2 differentiation via pathways that
probably involve the IL-4-dependent activation of the
signal transducer and the expression of GATA-3 is critical
for Th2 development [8, 9]. By contrast, T-bet is expressed
exclusively in Thl cells. Retroviral expression of T-bet in
developing and developed Th2 cells not only induces the
production of but also suppresses the production of IL-4
and IL-5 [9]. Thus, a balance between GATA-3 and T-bet
is believed to control Th2/Thl polarization.

Collagen-induced arthritis (CIA) is a widely used
experimental model of poly-arthritis. It can be induced in
susceptible strains of mice and rats by immunization with
type II collagen, the major component of articular cartilage,
and has histopathologic features in common with RA [10].

Zicao (purple gromwell), the dried root of Lithospermum
erythrorhizon Sieb, et Zucc, Arnebia euchroma (Royle)
Johnst, or Arnebia guttata Bunge, is a commonly used
herbal medicine in China and other countries. Shikonin is a
major active chemical component isolated from zicao with
a molecular weight of 288. Like its genitor plant, shikonin
possesses numerous pharmacological properties, including
anti-inflammatory and anti-tumor properties and the ability
to mediate cellular and humoral immunity [11, 12].

Recent datas have demonstrated that pretreatment with
arnebinone (a component from shikonin derivatives) sig-
nificantly inhibited the carrageenan-induced paw edema and
also suppressed the development of chronic arthritis induced
by Freund’s complete adjuvant (FCA) [13], but little is
known of the effect of shikonin in CIA. The pharmacological
profile of zicao led us to study the potential effect of shikonin
on RA. Hence, in this paper, we investigated the role of
shikonin in the pathogenesis of inflammatory joint disease by
determining the effect of administering shikonin on mice
with type II CIA either before the onset of clinical symptoms
or after the establishment of full-blown disease. The analysis
included histopathology of the joints, with a special
emphasis on cartilage destruction, measurement of mRNA
levels for cytokines and inhibitors in synovial tissue and
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cartilage by reverse transcription-polymerase chain reaction
(RT-PCR) technology, and protein levels for cytokines in
synovial tissue and cartilage by western blot analysis.

Materials and methods
Animals

Male DBA/1 Lac/] mice were originally purchased from
Slac Laboratories (Shanghai, China). Mice were housed in
cages, and water and food were provided ad libitum. DBA/1
mice were immunized at the age of 8—10 weeks.

Materials

LPS (Escherichia coli 01 11:84), bovine type II collagen,
and FCA were purchased from Sigma (St Louis, MO,
USA). RNA PCR Kit (AMV, Version 3.0) was obtained
from TaKaRa Biotechnology Co., Ltd (Dalian, China).
TRIzol reagent was purchased from Invitrogen Corporation
(CA, USA). Marker DNA ladder was obtained from
Solarbio Science & Technology Co., Ltd. Agarose was
obtained from Life Technologies (Beijing, China), and
primers were purchased from Invitrogen Corporation
(Beijing, China). Shikonin was purchased from National
Institute for the Control Pharmaceutical and Biological
Products (Beijing, China). Antibodies against IL-6, IL-10,
TNF-a, IL-12, and IL-4 were purchased from Santa Cruz
Biotechnology (CA, USA).Goat anti-rat IgG and rabbit
anti-goat IgG were purchased from Golden Bridge Bio-
technology Co., Ltd (Beijing, China).

Induction of CIA

Bovine type II collagen was diluted with 0.05 M acetic
acid to a concentration of 2 mg/ml and thereafter was
emulsified in an equal volume of FCA (2 mg/ml of
MTH37Ra). The mice were immunized intradermally at
the base of the tail with 100 pl of emulsion (100 pg of
collagen). On day 21, the animals were given booster
injections intraperitoneally with 100 pg of bovine type II
collagen dissolved in phosphate buffered saline (PBS).
This resulted in the onset of arthritis around day 28 in 20—
40% of the mice. Mice without arthritis at this time point
were selected to be used in studies of “classic” CIA [10].

Acceleration of CIA

Mice without any macroscopic signs of arthritis on day 28
were used for LPS-accelerated CIA. Arthritis onset was
initiated by a single intraperitoneal injection of 40 ng of
LPS. Thus, cytokine treatments were performed in two CIA
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models: classic and accelerated. As described previously,
administration of 40 pg of LPS to non-immunized DBA/1
mice did not result in any macroscopic or histologic
abnormalities [14].

Assessment of CIA

Mice were examined visually for the appearance of arthritis
in the peripheral joints, and scores for arthritis severity
were given (macroscopic score) as previously described
[15, 16]. Mice were considered to have arthritis when
significant changes in redness and or swelling were noted
in the digits or in other parts of at least two paws. At later
time points, ankylosis was also included in the macroscopic
scoring. Cumulative scoring depending on redness, swell-
ing and in later stadium ankylosis was as follows; 0—no
changes; 0.25-1 to 2 toes red or swollen; 0.5-3 to 5 toes
red or swollen; 0.5—swollen ankle; 0.5—swollen footpad;
0.5—severe swelling and ankylosis. The macroscopic score
was assessed by two independent, blinded observers [17].

Histology

Mice were sacrificed by ether anesthesia; ankle and knee
joints were removed and fixed for 4 days in 4% formalin.
After decalcification in 5% formic acid, the specimens were
processed for paraffin embedding. Tissue sections (7 pan)
were stained with hematoxylin and eosin. Histopathologic
changes were scored according to the following parameters.
Infiltration of cells was scored on a scale of 0-3, depending
on the amount of inflammatory cells in the synovial cavity
and synovial tissues. A characteristic parameter in CIA is the
progressive loss of articular cartilage. This destruction was
separately graded on a scale of 0-3, ranging from the
appearance of dead chondrocytes (empty lacunae) to a
complete loss of articular cartilage. Histopathologic changes
in the knee joints were scored in the patellofemoral region on
five semi-serial sections of the joint. For the ankle joint, we
scored the calcaneous region. Scoring was done in a blinded
manner by two observers, as described earlier [15, 16].

Treatment protocol of shikonin in CIA arthritis

To investigate the effect of shikonin on the murine CIA
arthritis. DBA/1 Lac/J mice without signs of arthritis on
day 28 were injected intraperitoneally with shikonin (5 mg/
kg) for 10 days, and with PBS as a control. DBA/1 Lac/J
mice with established CIA on day 35 were selected and
divided into two groups of at least ten mice with similar
arthritis scores. Thereafter, mice were injected intraperi-
toneally daily with shikonin (5 mg/kg), starting on day 35
up to day 44. Mice were scored every other day for ery-
thema and swelling by two independent observers.

RNA isolation

Mice were killed by cervical dislocation, immediately
followed by dissection of the patella with adjacent syno-
vium [15, 16]. The synovium samples were immediately
frozen in liquid nitrogen. Five separate synovium samples
were ground into powder using a grinder. Total RNA was
extracted in 1 ml TRIzol reagent in a procedure similar to
that used for cartilage samples [15, 16].

Polymerase chain reaction amplification

One microgram of synovial RNA and cartilage RNA were
used for RT-PCR. Messenger RNA was reverse-transcribed
to complementary DNA (cDNA) using oligo-dT primers
and 3 pl cDNA was used in each PCR amplification. PCR
was performed at a final concentration of 0.15 pl of each
primer, and 0.25 pl of Ex Taq HS polymerase (TaKaRa
Biotechnology Co., Ltd) in standard PCR buffer. Primers
for IL-12, IL-4, IL-6, IL-10, T-bet, GATA-3, and TNF-«
genes were designed using PRIMER 5.0, and synthesized
by Invitrogen Corporation. Primers sequences and PCR
condition are shown in Table 1.

Western blot analysis

Total proteins were isolated from the dissected synovium.
Protein concentration was measured by the Lowry method.
Twenty micrograms of protein was mixed with 4x gel
loading buffer [4x = 250 mmol/l Tris—HCl, pH6.8, 8%
sodium dodecyl sulfate (SDS), 20% glycerol, 0.2% bro-
mophenol blue, and 5% f-mercaptoethanol], separated on
12% SDS-polyacrylamide gel under reducing conditions,
and transferred onto Nitroplus-2000 membrane (Micron
Separations Inc., Westborough, MA, USA). Nonspecific
antibody binding was blocked by pre-incubation of the
membranes in 1 x Tris-buffered-saline (TBS) containing
5% skim milk for 1 h at room temperature. Membranes
were then incubated overnight at 4°C with appropriated
antibodies at different dilutions in 1 x TBS containing 2%
skim milk. After washing, they were incubated with goat
anti-rat IgG and rabbit anti-goat IgG at 1:1,000 dilutions
for 1 h at room temperature. Bands were visualized by
employing the enhanced chemiluminescence kit per the
manufacturer’s instruction [18-20].

Statistical analysis

Differences between experimental groups were analyzed
using the Wilcoxon rank test, unless stated otherwise.
Differences with P-values below 0.05 were judged to be
significant.
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Table 1 Primers, condition of

polymerase chain reaction and Gene Primers Temperature (°C) Size (bp)
sequence p-Actin
Sense 5'tgg aat cct gtg gea tec atct aaa ¢ 3 56 348
Antisense 5'taa aac gca get cag taa cag tcc g 3
IL-12
Sense 5'gac cct gee cat tga act gge 3 50 415
Antisense 5'caa cgt tgc ate cta gga tcg 3’
IL-10
Sense 5'gaa gac cct cag gat gcg 3 50 289
Antisense 5'cca agg agt tgt ttc cgt ta 3’
TNF-«a
Sense 5'ctg tga agg gaa tgg gtg tt 3’ 57 384
Antisense 5'cag gga aga gtc tgg aaa ggt 3’
IL-4
Sense 5" atg ggt ctc aac ccc cag gta 3’ 50 421
Antisense 5'cga gta atc cat ttg cat gat 3’
IL-6
Sense 5'gtg aca acc acg gece ttc cct act t 3’ 45 382
Antisense 5'atg gt ttg gte ctt age cag tec t 3’
T-bet
Sense 5'tca cta agc aag gac gge gaat 3/ 52 369
Antisense 5'gece tet gge tet cca tea tte a 3
GATA-3
Sense 5'cct tat caa gee caa geg aa 3’ 53 403
Antisense 5'gge tet gee tet cta ace ca 3
Results Macroscopic score W Disease incidence
Role of shikonin during the onset of CIA sl S
DBA-1 Lac/J mice developed gradual onset of CIA after '8' £ 4
immunization with C II in CFA, early expression of CIA 2 < 3
can be enhanced with a single i.p. injection of 40 pg of T 5
LPS at the time of onset on day 28. To investigate the ‘{= 155 § 4
effect of shikonin in early stage CIA, mice without signs of E =~ (ool % " ~=Conttl
CIA were selected on day 28 and challenged with LPS. § <=Stikomm & = Shikonin
Daily treatment with shikonin (5 mg/kg) was given from i L

day 28 to day 37. Macroscopic score and disease incidence
were found no difference compared with the control group
(Fig. 1). Histology revealed that no effect was found on the
influx of inflammatory cells, cartilage destruction, and
bone erosion in joint tissues of shikonin-treated animals
when compared with the vehicle-treated animals (Table 2),
and mRNA levels of IL-12, TNF-«, IL-10, IL-6, IL-4 were
slightly changed compared with the control group (Fig. 2).

Role of shikonin in established CIA
To investigate the effect of shikonin in established arthritis,

treatment with shikonin (5 mg/kg) was started on day 35
and ended on day 44. A pronounced amelioration of

@ Springer

0L
2083143 EHMUMAK5254565%0
Days post CII immunization

(4
26183032 3430384042 4446485052456 5860
Days post C Il immunization

Fig. 1 Mean arthritis macroscopic score and incidence over time in
mice treated with shikonin after immunization against CII in the CIA
model. Immunized DBA/1 Lac/J mice without signs of CIA were
selected and divided into two separate groups (n = 10/group). Mice
were treated with either 5 mg/kg of shikonin or 0.1 ml PBS for ten
consecutive days. Clinical arthritis score and incidence were moni-
tored throughout the experiment. The data represent macroscopic
score and mean incidence of arthritis in shikonin-treated or control

group

macroscopic score was found when compared with the
vehicle-treated animals (Fig. 3). The influx of inflamma-
tory cells, cartilage destruction, and bone erosion revealed
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Table 2 Histology of knee joints after shikonin treatment

Treatment Start of* Infiltrate Cartilage Bone
treatment destruction erosion
Vehicle Day 28 12 +£04 1.0 £ 04 1.9+£09
Shikonin Day 28 1.1 £0.6 09 +£03 2.0+ 0.6
Vehicle Day 35 1.1 £0.6 12+04 22+03
Shikonin Day 35 1.0 + 0.4 0.2 £ 04° 0.8 £ 0.6°

 Start of treatment represents the number of days after intraperitoneal immunization of DBA/1 mice with bovine type II collagen. Synovial
infiltrates, cartilage damage, and bone erosion were scored on a scale of 0-3. The control group was treated with PBS. Values are the mean £+ SD

of two experiments with at least ten mice per group

" Indicates P < 0.05 between treated and control groups
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Fig. 2 Effect of shikonin on murine collagen-induced arthritis. Mice
with accelerated CIA were treated i.p. with 5 mg/kg of shikonin or
0.1 ml PBS for 10 days, starting on day 28. Synovium biopsies of six
mice per experimental group were pooled on day 60. Total RNA was
extracted as described in Sect. “Materials and methods”. The
expression of IL-4, IL-6, IL-10, IL-12, and TNF-a were determined
by using RT-PCR analysis. fi-Actin was used for loading control. The
lower part displays the density histogram data from three-separated
RT-PCR analysis (mean + SE), which represents the relative
expression of TNF-a, IL-12, IL-6, IL-10, and IL-4, respectively. M
marker, / PBS control, 2 shikonin treatment

amelioration when compared with the control group
(Table 2) (Fig. 4).

Cytokine expression in the arthritic joint

In a repeat experiment, groups of mice were treated with
shikonin (5 mg/kg) after the onset of arthritis, and mRNA
and protein were extracted from the synovial tissue and
patellar cartilage on day 60. As shown in Fig. 5a and b,
there was a marked decrease in TNF-a, IL-12, and IL-6
mRNA and protein levels in inflamed synovium and
patellar cartilage after treatment with shikonin compared
with control group, whereas the mRNA and protein levels
of IL-10 and IL-4 was significantly increased. To deter-
mine the role of T-bet and GATA-3 in the differentiation of

0.5 r Macroscopic score

T

—a— Control
1 1

—4— Shikonin
0 1 1 1 1 1 1 J
33353739414345474951535557596163

Days post C Il immunization

Mean arthritis score
—J
o]
N

Fig. 3 Amelioration of CIA after shikonin treatment. DBA/1 mice
with established CIA were selected on day 35 and divided into two
separate groups of at least ten mice per group with roughly the same
mean arthritis score. Mice were injected i.p. daily with shikonin
(5 mg/kg) or 0.1 ml PBS for 10 days. The macroscopic score for
arthritis severity were determined every second day. Arthritis was
considered present when 1 or more digits was inflamed. The
macroscopic score (mean £ SD) was expressed as the cumulative
scores in all paws (from two experiments). Asterisk indicates
P < 0.05 between treated and control groups

Thl and Th2 cells in CIA mice, we analyzed T-bet and
GATA-3 mRNA levels in synovium and patellar cartilage.
T-bet mRNA levels were decreased in shikonin-treated
group compared with control group, and GATA-3 mRNA
levels were higher than that in control group, which meant
the inhibited effect of shikonin on Thl cytokines expres-
sion may be mediated through the inhibition of T-bet
expression and acceleration of GATA-3 expression.

Discussion

It has become clear in the last few years that T cell-derived
cytokines expressed preferentially by Thl cells contribute
to joint destruction and inflammation in RA. However,
products from Th2 cells may be protective [1].

This is the first report that demonstrated shikonin
treatment on established CIA can inhibit Thl cytokines
expression and reduce the damage of arthritis. In the
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Fig. 4 Representative histological findings in mice with established
CIA treated with shikonin. Sections of the knee were collected on day
60 and stained with hematoxylin and eosin. (a) Paws with 0
macroscopic score—no changes; (b) Paws with 0.25 macroscopic
score-1 to 2 toes red or swollen (shikonin treatment group); (c¢) Paws
with 0.5 macroscopic score—swollen ankle after PBS treatment on
established CIA. (d) PBS-treated mice with collagen II induced
arthritis, showing severe cartilage surface disruption, and bone erosion
(arrows). (e) Mice with established CIA treated with 5 mg/kg
shikonin, showing marked improvements with intact cartilage surface.
C cartilage (original magnification, 40x)

present study we first investigate the effect of shikonin in
accelerated arthritis before the onset, shikonin (5 mg/kg)
was given daily from day 28 to day 37.

Our present data clearly demonstrated that shikonin
treatment alone was not effective in early arthritis at a dose
of 5 mg/kg. However, treatment with shikonin in estab-
lished arthritis resulted in pronounced amelioration of
arthritis, which was confirmed with histology. Recent
studies have revealed that shikonin possess anti-inflam-
matory activities and inhibit the transcriptional activation
of human TNF-« in vivo [13, 21-23]. Administration of
shikonin has been reported to inhibit ear edema induced by
croton oil in mice and paw swelling induced by yeast in
rats, and shikonins has been demonstrated to inhibit the
transcriptional activation of the human TNF-o promoter
through interference with the basal transcription machinery
[21]. In inflamed synovium and patellar cartilage of
shikonin-treated group on established CIA, there was a
marked decrease in TNF-o, IL-12, and IL-6 expression
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Fig. 5 Effect of shikonin on murine established collagen-induced
arthritis. Mice with established CIA were treated i.p. with 5 mg/kg of
shikonin or 0.1 ml PBS for 10 days, starting on day 35. Synovium
biopsies of six mice per experimental group were pooled on day 60.
(a) Total RNA was extracted as described in Sect. “Materials and
methods”. The expression of IL-4, TNF-«, IL-12, IL-6, T-bet, IL-10,
and GATA-3 were determined by using RT-PCR analysis. f-Actin
was used for loading control. The lower part displays the density
histogram data from three-separated RT-PCR analysis (mean £ SE),
which represents the relative expression of IL-4, TNF-o, IL-12, IL-6,
T-bet, IL-10, and GATA-3, respectively. (b) Expression of IL-10,
TNF-o, IL-12, IL-6, and IL-4 were analyzed by western blot as
described in Sect. “Materials and methods”. f-Actin was used for
loading control. The lower part displays the density histogram data
from three-separated western blot analysis (mean & SE), which
represents the relative expression of IL-10, IL-4, IL-6, TNF-u, and IL-
12. Asterisk indicates P < 0.05 between treated and control groups. M
marker, / PBS control group, 2 shikonin treatment group

compared with control groups, and enhancement of mRNA
and protein levels for IL-10 and IL-4 was observed, which
showed shikonin exerted the anti-inflammatory effects
through the inhibition of Thl cytokines and induce Th2
cytokines. CIA is an experimental autoimmune model of
human RA that is widely used for studying disease pro-
cesses as well as for evaluating possible therapeutic agents.
Treatment with anti-TNF-o, anti-IL-12, and anti-IL-6 has
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been reported to be effective in suppressing CIA. Endog-
enous IL-10 and IL-4 have been shown to partly suppress
the production of TNF-z, IL-1, and IL-8 by synovial
macrophages and synoviocytes in an animal model of CIA
and were confirmed to have beneficial effects in this model
[24, 25]. The transcription factors GATA-3 and T-bet have
been described as “master switches” in the development of
Thl and Th2 cells, expression of T-bet or GATA-3 deter-
mines not only Th differentiation, but can actually override
the influence of exogenous polarizing stimuli or previous
polarization [26-28]. A significant increase in GATA-3
expression was demonstrated in shikonin-treated group
compared with that in control group. The increase in
GATA-3 expression in the shikonin-treated group corre-
lated significantly with Th2 cytokines expression.
However, T-bet mRNA levels were decreased in shikonin-
treated group compared with control group.

In summary, shikonin treatment alone was not effective
in early arthritis at a dose of 5 mg/kg. Shikonin treatment
elevated IL-10 and IL-4 expression, whereas reduced IL-
12, IL-6, and TNF-a expression in mice with established
CIA, the effects of shikonin in this experimental model of
arthritis may be mediated not only by inhibiting Thl
responses through T-bet mechanism, but also by inducing
anti-inflammatory mediators such as IL-10 and IL-4
through a GATA-3-dependent mechanism. The elucidation
of the underlying mechanisms may result in new insights
into the late phase of CIA. Moreover, further elucidation of
the roles of shikonin in inflammatory synovitis would be
helpful for the understanding of the immunopathology of
CIA as a model of RA.
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