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Shikonin reduces oedema induced by phorbol ester
by interfering with IkBa degradation thus inhibiting
translocation of NF-kB to the nucleusbph_696 376..388

I Andújar, MC Recio, T Bacelli, RM Giner and JL Ríos

Departament de Farmacologia, Facultat de Farmàcia, Universitat de València, Burjassot, Spain

Background and purpose: In the present paper we studied the effect of shikonin on ear oedema induced by 12-O-
tetradecanoylphorbol-13-acetate (TPA), and determined the mechanisms through which shikonin might exert its topical
anti-inflammatory action.
Experimental approach: Acute ear oedema was induced in mice by topical application of TPA. The in vitro assays used
macrophages RAW 264.7 cells stimulated with lipopolysaccharide. Cyclooxygenase-2, inducible nitric oxide synthase, protein
kinase Ca, extracellular signal-regulated protein kinase (ERK), phosphorylated ERK (pERK), c-Jun N-terminal kinase (JNK), pJNK,
p38, p-p38, p65, p-p65, inhibitor protein of nuclear factor-kB (NF-kB) (IkBa) and pIkBa were measured by Western blotting,
activation and binding of NF-kB to DNA was detected by reporter gene and electrophoretic mobility shift assay, respectively,
and NF-kB p65 localization was detected by immunocytochemistry.
Key results: Shikonin reduced the oedema (inhibitory dose 50 = 1.0 mg per ear), the expression of cyclooxygenase-2 (70%)
and of inducible nitric oxide synthase (100%) in vivo. It significantly decreased TPA-induced translocation of protein kinase Ca,
the phosphorylation and activation of ERK, the nuclear translocation of NF-kB and the TPA-induced NF-kB-DNA-binding
activity in mouse skin. Moreover, in RAW 264.7 cells, shikonin significantly inhibited the binding of NF-kB to DNA in a
dose-dependent manner and the nuclear translocation of p65.
Conclusions and implications: Shikonin exerted its topical anti-inflammatory action by interfering with the degradation of
IkBa, thus inhibiting the activation of NF-kB.
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bromide; NF-kB, nuclear factor-kB; PARP, poly (ADP-ribose) polymerase; TNF-a, tumour necrosis factor-a; TPA,
12-O-tetradecanoylphorbol-13-acetate

Introduction

The inflammatory process is a non-specific response against
external insults that takes place in vascular tissues and
involves a cascade of physiological and immunological reac-
tions in response to harmful stimuli, such as pathogens,
damaged cells or irritants (Staniforth et al., 2004). The over-
expression and activity of pro-inflammatory enzymes such as
inducible nitric oxide synthase and cyclooxygenase-2 is asso-

ciated with autoimmune diseases such as rheumatoid
arthritis, inflammatory bowel disease, multiple sclerosis,
Alzheimer’s disease and septic shock (Park et al., 2007; Kim
et al., 2008). A growing body of evidence indicates that the
principal signalling pathway involved in the initiation and
amplification of the inflammatory response is the activation
of the nuclear factor-kB (NF-kB) (Handel and Girgis, 2001;
Surh et al., 2001; Lappas et al., 2002), a ubiquitous and well-
characterised protein responsible for the regulation of the
transcription of a large number of genes, particularly those
involved in immune, inflammatory and anti-apoptotic
responses (Ghosh et al., 1998). In most cell types, dimeric
NF-kB is trapped in the cytoplasm of unstimulated cells, exist-
ing mainly as a heterodimer made up of subunits of the Rel
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family p50 and p65. The inhibitor proteins of NF-kB (IkB)
retain NF-kB in the cytoplasm by masking its nuclear local-
ization sequence, which is contained in the Rel homology
domain (Baeuerle, 1998; Lee et al., 2006). A great number of
cellular stimuli, including lipopolysaccharide, tumour necro-
sis factor-a (TNF-a), reactive oxygen species and ultraviolet
light, are able to activate the IkB kinase (IKK) complex, thus
triggering site-specific phosphorylation of IkBa at two critical
serine residues (Ser32, Ser36) (Didonato et al., 1996; Park
et al., 2007). These are then ubiquitinated and subsequently
cleaved by the 26S proteosome. The resulting free NF-kB is
translocated to the nucleus, where it binds specifically to kB
enhancer elements of DNA and induces the transcription of
pro-inflammatory mediators (Baeuerle and Baltimore, 1996;
Bell et al., 2003). Inappropriate regulation of NF-kB is directly
involved in a wide range of human diseases, including a
variety of cancers, neurodegenerative diseases, ataxiatelang-
iectasia, arthritis, asthma, inflammatory bowel disease and
numerous other inflammatory conditions (Bremner and Hei-
nrich, 2002; Celec, 2004; Uwe, 2008). The development of
strategies for modulating and/or inhibiting NF-kB activity has
thus generated a great deal of interest.

The protein kinase C family of enzymes comprises critical
components of cellular signal transduction cascades. Various
signals that stimulate members of G-protein coupled recep-
tors, tyrosine kinase receptors, or non-receptor tyrosine
kinases can, in turn, induce diacylglycerol production, which
is the endogenous activator of protein kinase C (Newton,
1995). Because different external agents such as 12-O-
tetradecanoylphorbol 13-acetate (TPA) and other phorbol
esters, which are not readily metabolised, can mimic the role
of diacylglycerol in human cells, the treatment of tissues or
cells with these esters can bring about a lasting activation of
protein kinase C (Castagna et al., 1982). The isoforms of
protein kinase C have been classified into three subfamilies of
enzymes on the basis of structural similarities and cofactor
requirements. Among these, the protein kinase Ca is present
in mouse skin, having a high functional relevance as it is
implicated in keratinocyte differentiation, epidermal tumour
promotion and cutaneous inflammation (Szaefer et al., 2007).
Earlier reports suggest that topical application of TPA results
in increased expression of cyclooxygenase-2 that catalyses
the rate-limiting step in prostaglandin biosynthesis and
inflammation in mouse skin (Afaq et al., 2004). TPA-induced
cyclooxygenase-2 expression, in turn, is regulated by tran-
scription factors such as NF-kB and upstream kinases includ-
ing inhibitory-kB kinase (IkB) and mitogen-activated protein
kinases (MAPKs) (Lee et al., 2006). Both protein kinase C and
MAPKs are critical components of cellular signal transduction
cascades. Accumulating evidence indicates that these kinases
are implicated in the up-regulation of cyclooxygenase-2
expression by TPA, through a mechanism dependent on
NF-kB activation. Dhawan and Richmond (2002) revealed a
close association between the extracellular signal-regulated
protein kinase (ERK) activity and phosphorylation and deg-
radation of IkB, which leads to the traslocation of p65 to the
nucleus and the activation of the transcription of pro-
inflammatory mediators.

The red naphthoquinone pigment shikonin (Figure 1) is a
major component of the root of Lithospermum erythrorhyzon

Sieb. et Zucc. (Boraginaceae), which is used in traditional
Chinese medicine for treating macular eruptions, measles,
sore throat, carbuncles and burns (Papageorgiou et al.,
1999). This compound has been reported to possess different
medicinal properties such as antibacterial, wound healing,
anti-inflammatory, antithrombotic and antitumour effects
(Wu et al., 2004). Several studies suggest that the anti-
inflammatory effects of shikonin and its derivatives can be
explained by invoking different mechanisms of action,
including the inhibition of leukotriene B4 biosynthesis (Wang
et al., 1994), suppression of mast cell degranulation (Wang
et al., 1995), inhibition of neutrophil respiratory burst
(Kawakami et al., 1996), impaired phosphatidylinositol sig-
nalling (Wang and Kuo, 1997), blocking of chemokine
binding to the chemokine receptor 1 (Baggiolini, 1998), and
inhibition of TPA-induced cyclooxygenase-2 expression (Sub-
baramaiah et al., 2001). Recently, Cheng et al. (2008) demon-
strated that shikonin inhibits inducible nitric oxide synthase
expression by down-regulating NF-kB activation in RAW
264.7 cells stimulated with lipopolysaccharide.

The aim of this work is to study the effect in vivo of shikonin
in TPA-induced acute inflammation, and to determine, with
the aid of both functional and molecular procedures, some of
the mechanisms through which shikonin exerts its topical
anti-inflammatory action on TPA-induced skin inflammation
in mice to provide insight into its possible mechanisms of
action. This is the first time that the effect in vivo of shikonin
on NF-kB activation is reported.

Methods

Animals
All animal care and experimental protocols were approved by
the Institutional Ethics Committee of the University of
Valencia, Spain. Female Swiss mice weighing 25–30 g (Harlan
Interfauna Iberica, Barcelona, Spain) were used for in vivo
experiments. All animals were fed a standard diet ad libitum
and housed under a 12-h light/dark cycle at 22°C and 60%
humidity.

TPA-induced acute ear oedema
Skin inflammation was induced in the right ears of the mice
through topical application of TPA (2.5 mg per ear; Sigma-
Aldrich, St. Louis, MO, USA) dissolved in 20 mL of acetone
(Panreac, Barcelona, Spain). Control animals received the
same volume of acetone applied to the right ear. Shikonin
(0.3, 0.6, 1.0 and 2.0 mg per ear) was dissolved in 20 mL of
acetone and applied topically in conjunction with TPA.
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Figure 1 Chemical structure of shikonin.
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Indomethacin (Sigma-Aldrich) was used as a reference drug
(0.5 mg per ear). Control animals were given the same volume
of vehicle. Animals were killed by cervical dislocation 1, 2 or
4 h after TPA treatment. Right and left ear punches 7 mm in
diameter were taken from each mouse. Oedema was expressed
as the difference between the weight of the right ear punch
and that of the left. The increase in oedema was directly
proportional to the degree of inflammation. Tissues were
frozen and stored at -80°C until use.

Preparation of cytosolic and nuclear fractions from ear punches
Protein extraction from the skin was performed as described
previously by Lai et al. (2007). In brief, tissues were homo-
genised for 1 min with a polytron tissue homogeniser
(Kinematica AG, Lucerne, Switzerland) in 1.5 mL of ice
cold buffer A [10 mM N-(2-hydroxyethyl)piperazine-N′-(2-
ethanesulphonic acid) (HEPES) pH 7.8, 10 mM KCl, 2 mM
MgCl2, 1 mM dithiothreitol, 0.1 mM EDTA and 0.1 mM phe-
nylmethylsulphonyl fluoride]. The homogenates were chilled
on ice with gentle shaking for 15 min. The membrane frac-
tion was precipitated by means of centrifugation at 106¥ g for
5 min. The supernatant containing the cytosolic fraction was
stored at -80°C until use. The pellet was resuspended with
vortex in 50 mL of buffer A with 10% Nonidet P-40 (Sigma-
Aldrich). After centrifugation at 20 800¥ g for 2 min, the
supernatant was discarded and the pellet was resuspended in
200 mL of buffer B (50 mM HEPES pH 7.8, 50 mM KCl,
300 mM NaCl, 1 mM dithiothreitol, 0.1 mM EDTA, 0.1 mM
phenylmethylsulphonyl fluoride, and 10% glycerol) and kept
on ice for 30 min. After additional centrifugation at 20 800¥ g
for 5 min, the supernatant containing the nuclear fraction
was removed and stored at -80°C until use. Cell lysates (30 mg
protein) were boiled in sodium dodecyl sulfate sample buffer
for 5 min before undergoing electrophoresis (see Western blot
assay). The nuclear extracts were made into aliquots and equal
amounts of protein (5 mg) were added to the reaction mixture
to facilitate the electrophoretic mobility shift assay (EMSA), in
accordance with the manufacturer’s instructions.

Preparation of cytosolic and membrane fractions to determine
protein kinase Ca levels
To measure the expression of protein kinase Ca in mouse skin,
cytosolic and membrane fractions were prepared as described
by Medeiros et al. (2007). Briefly, tissues were homogenised in
ice cold buffer A (10 mM HEPES pH 7.4, 1.5 mM MgCl2, 10 mM
KCl, 1 mM phenylmethylsulphonyl fluoride, 1 mg mL-1

leupeptin, 1 mg mL-1 pepstatin A, 1 mg mL-1 aprotinin, 1 mM
sodium orthovanadate, 10 mM b-glycerophosphate, 50 mM
sodium fluoride and 0.5 mM dithiothreitol). The homogenates
were chilled on ice vigorously shaken for 15 min. The mem-
brane fraction was precipitated by centrifugation at 14 000¥ g
for 60 min. The supernatant containing the cytosolic fraction
was stored at -80°C until use. The membrane pellet was resus-
pended in 50 mL of buffer A containing 1% Triton X-100
(Sigma-Aldrich) and incubated under continuous shaking at
4°C for 30 min. The membrane fraction was finally precipi-
tated by centrifugation at 14 000¥ g and the supernatant as
stored at -80°C until use.

Cell cultures
For all experiments in vitro, we used the murine macrophage
cell line RAW 264.7 (ECACC, Salisbury, UK). The cells were
maintained in Dulbecco’s Modified Eagle’s Medium supple-
mented with 10% fetal bovine serum, penicillin (100 U mL-1)
and streptomycin sulfate (100 mg mL-1) in a humidified 5%
CO2 atmosphere.

Cell viability assay
The effect of shikonin on cell viability was evaluated with
the 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-tetrazolium
bromide (MTT) assay. Thus, murine RAW 264.7 macrophages
were exposed to shikonin at a range of concentrations
(100–0.1 mM) in a 96-well microplate at various assay times
for the different experiments, after which 100 mL per well
of a 0.5 mg mL-1 solution of MTT (Sigma-Aldrich) was
added.

The resulting solution was incubated at 37°C until blue
deposits were visible and then this coloured metabolite was
dissolved in dimethyl sulfoxide. Absorbance was measured at
490 nm with a Labsystems Multiskan EX plate reader (Hels-
inki, Finland). The results were expressed in absolute absor-
bance readings; a decrease in absorbance indicated a
reduction in cell viability.

Preparation of total protein extract from cells
RAW 264.7 macrophages at a density of 1 ¥ 106 cells per well
were placed in a 6-well cell culture plate along with 2 mL of
culture medium and then incubated for 24 h. The cells were
pre-treated with shikonin for 1 h and subsequently stimu-
lated with lipopolysaccharide (1 mg mL-1) for the specified
periods. Cell lysates were obtained with lysis buffer [1%
Triton X-100, 1% deoxycholic acid, 20 mM NaCl, and
25 mM Tris, pH 7.4 (all from Sigma-Aldrich), and a complete
mini EDTA-free protease inhibitor cocktail]. After centrifuga-
tion (10 000¥ g, Eppendorf centrifuge 5810R), proteins were
determined in the supernatant by the Bradford method with
bovine serum albumin as the standard (Slomiany and Slomi-
any, 2002).

Transient transfection and NF-kB-dependent reporter gene
expression assay
To examine the effect of shikonin on the transcriptional activ-
ity of NF-kB, RAW 264.7 cells (5 ¥ 105 cells per well) were
placed in 24-well plates and transiently transfected with pNF-
kB-Luc expression plasmid (0.8 mg) and the control plasmid
TK-Renilla (0.2 mg), both kindly donated by Dr. Lidija Klampfer
(Albert Einstein Cancer Center, New York, USA). Transfections
were performed with Lipofectamine™ 2000, following the
instructions of the manufacturer (Invitrogen, Carlsbad, CA,
USA). Twenty-four hours after transfection, the cells were
treated with shikonin (1 mM) for 24 h. The luciferase assay was
performed with the Dual-Luciferase Assay System, following
the instructions of the manufacturer (Promega, Madison, WI,
USA). Luciferase activity was normalised to TK-Renilla activity
to control for transfection efficiency.
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Western Blot analysis for cyclooxygenase-2, inducible nitric oxide
synthase, protein kinase Ca, p65, phosphorylated-p65 (p-p65),
IkBa, p-IkBa, ERK, phosphorylated ERK (pERK), c-Jun
N-terminal kinase (JNK), p-JNK, p38 and p-p38
After extraction, the presence of proteins in the supernatants
was determined by the Bradford method with bovine serum
albumin as the standard (Slomiany and Slomiany, 2002).
Equal amounts of protein (30 mg) were then loaded onto 10%
sodium dodecyl sulfate polyacrylamide electrophoresis gel
and were transferred onto polyvinylidene difluoride mem-
branes at 125 mA for 90 min. The membranes were then
blocked in phosphate-buffered saline-Tween 20 containing
3% w/v defatted milk. For ERK, the membranes were incu-
bated with anti-ERK1 antibody (SC-93) (1/500 dilution); for
pERK1/2, the membranes were incubated with anti-pERK1/2
(SC-101760) (1/500); for JNK2, the membranes were incu-
bated with anti-JNK2 (SC-46013) (1/500); for pJNK, the mem-
branes were incubated with anti-pJNK (SC-12882) (1/500); for
p38, the membranes were incubated with anti-p38 (SC-7972)
(1/500); for p-p38, the membranes were incubated with anti-
p-p38 (SC-101759) (1/500); for inducible nitric oxide syn-
thase, the membranes were incubated with anti-inducible
nitric oxide synthase polyclonal antibody (1/1000) while
for cyclooxygenase-2, they were incubated with anti-
cyclooxygenase-2 polyclonal antibody (1/1000) (both anti-
bodies were obtained from Cayman, Ann Arbor, MI, USA). For
p65, the membranes were incubated with anti-p65 polyclonal
antibody (1/500) (SC-7151); for p-p65, the membranes were
incubated with anti-p-p65 polyclonal antibody (1/500) (SC-
33020-R); for IkB, the membranes were incubated with anti-
IkB polyclonal antibody (1/500) (SC-1643); for p-IkB, they
were incubated with anti-p-IkB polyclonal antibody (1/500)
(SC-8404), for protein kinase Ca, they were incubated with
anti-protein kinase Ca polyclonal antibody (1/500) (SC-
8393); and for poly (ADP-ribose) polymerase (PARP), the
membranes were incubated with anti-PARP polyclonal anti-
body (1/400) (SC-1562). These antibodies were obtained from
Santa Cruz Biotechnologies (Santa Cruz, CA, USA). Finally, for
b-actin, the membranes were incubated with anti-b-actin
polyclonal antibody (1/12000) (Sigma-Aldrich). The blots
were washed and incubated with peroxidase-conjugate anti-
rabbit, anti-mouse or anti-goat immunoglobulin G (1/20000
dilution; Cayman). The immunoreactive bands were visual-
ised with the aid of an enhanced chemiluminiscence system
(GE Healthcare, Fairfield, CT, USA).

EMSA
RAW 264.7 macrophages at 1 ¥ 106 cells mL-1 were
co-incubated in a petri dish (5 mL) with shikonin (0.1 and
1 mM) at 37°C. After 1 h, 1 mg mL-1 of lipopolysaccharide was
added and incubated at 37°C for an additional 1 h. The cells
were washed with cold phosphate-buffered saline and resus-
pended in 1.5 mL of ice cold buffer A (10 mM HEPES pH 7.6,
0.1 mM EDTA pH 8.0, 15 mM KCl, and 2 mM MgCl2).

The cellular lysate was incubated for 10 min on ice and
then centrifuged at 2150¥ g for 5 min at 4°C. The pellet was
resuspended in 200 mL of ice cold buffer B (buffer A + 0.2%
Nonidet-P40), incubated for 10 min on ice, and centrifuged at
2150¥ g for 5 min at 4°C. Finally, the pellet was incubated in

50 mL of ice cold buffer C (255 mM HEPES pH 7.6, 0.1 mM
EDTA pH 8.0, 50 mM KCl, 10% glycerol, 1 mM dithiothreitol,
5 ppm phenylmethylsulphonyl fluoride, 0.01 mg L-1 aproti-
nin, and complete mini EDTA-free protease inhibitor cocktail
from Roche, Mannheim, Germany) for 5 min on ice. Five
microlitre of NaCl 5 M was added, after which the cell lysate
was incubated for 30 min under continuous shaking. After
centrifugation (20 800¥ g, 15 min, 4°C), the presence of pro-
teins in the supernatants was determined by means of the
Bradford method. Equal amounts of protein (5 mg) were then
added to the reaction mixture in accordance with the instruc-
tions of the manufacturer (Roche). The specificity of the
binding reaction was also examined through competition
with the unlabeled consensus oligonucleotide. Electrophore-
sis was performed in a non-denaturant polyacrylamide gel
(6%) in Tris–borate–EDTA buffer at pH 8.0. The immunoreac-
tive bands were visualised with the aid of an enhanced chemi-
luminiscence system (GE Healthcare).

Immunocytochemistry for NF-kB p65 localization
The effect of shikonin on the nuclear translocation of p65 was
examined by means of immunocytochemistry techniques.
Cells were grown on chamber slides at a concentration of 1 ¥
105 cells mL-1 and were either left untreated or were treated
with shikonin (0.5 and 1 mM). The cells were then fixed in a
solution of methanol : acetic acid (95:5) for 20 min at -20°C.
After being washed in phosphate-buffered saline, the cells were
permeabilised with 0.3% Triton X-100 at 4°C overnight and
then blocked with 5% bovine serum albumin for 15 min. The
slides were then incubated with rabbit polyclonal anti-p65 in a
1:500 dilution. After 2 h of incubation in a humectation
chamber at 37°C, the slides were washed with phosphate-
buffered saline and incubated at 37°C for 40 min with a sec-
ondary goat anti-rabbit antibody conjugated to Alexa Fluor®

488 (Invitrogen). The samples were examined under a fluores-
cent microscope and images were taken with a camera (Nikon
Microscope Eclipse E800, Badhoevedorp, the Netherlands).

Software
Images for all Western blot and EMSA experiments were
acquired with the image analysis system LAS-3000 mini (Fuji-
film, Tokyo, Japan). Digital images were processed and band
density measurements were made with the aid of a Multi
Gauge V3.0 software package (Fujifilm).

Data analysis
The results are presented as the mean � standard error of the
mean statistically significant differences between the groups
were assessed by means of a one-way analysis of variance
(ANOVA) and Dunnett’s test.

Materials
Shikonin was purchased from TCI Europe (Zwijndrecht,
Antwerp, Belgium). A 10 mM stock solution in dimethyl sul-
phoxide was prepared and stored at -20°C. All chemical and
biochemical reagents were purchased from Fluka Chemika–
Biochemika (Buchs, Switzerland) and Baker (Deventer,
Holland).
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Results

Effect of shikonin on TPA-induced ear oedema
Application of a single dose of TPA induces an acute inflam-
matory reaction in mouse ears which reaches its peak at 6 h.
In earlier studies (Payá et al., 1993), we found that the oedema
observed 4 h after TPA was similar to that observed after 6 h;
but the maximum effect of a standard anti-inflammatory drug
applied simultaneously with TPA was observed at 4 h after
TPA. In the present experiments, simultaneous treatment
with shikonin was found to significantly reduce the oedema
(Figure 2A) in a dose-dependent fashion. The inhibitory dose
50 calculated by means of linear regression in this experimen-
tal model was 1.0 mg per ear (dose range: 0.25–2.0 mg per ear,
r2 = 0.9645, P = 0.0179, significant).

Shikonin decreases expression of cyclooxygenase-2 and
inducible nitric oxide synthase protein in TPA-induced ear
oedema.

To gain further insight into the anti-inflammatory mecha-
nisms involved in the inhibitory effects of shikonin on TPA-
induced inflammation in mouse ears, we evaluated the
possible influence of this compound on cyclooxygenase-2
and inducible nitric oxide synthase expression, comparing
the effects with those in animals treated with acetone only.
Topical application of TPA is known to induce expression
of these enzymes in mouse skin in vivo (Chun et al., 2003;
Lai et al., 2007). In agreement with these findings, Western
blot analysis revealed that topical application of TPA in the
ears of mice resulted in a significant up-regulation of
cyclooxygenase-2 and inducible nitric oxide synthase in
tissue extracts (Figure 2B). Topical application of shikonin
(1 and 2 mg) caused a dose-dependent reduction of both
enzymes in the mouse ear extracts (Figure 2B). The maximal
inhibition obtained at 2 mg per ear was 70% and 100% for
cyclooxygenase-2 and inducible nitric oxide synthase, respec-
tively (P < 0.01, n = 3).

Figure 2 Inhibitory effects of shikonin (Sh) on 12-O-tetradecanoylphorbol-13-acetate (TPA)-induced mouse ear oedema. Mice topically
treated with shikonin (0.3, 0.6, 1 and 2 mg per ear) were killed 1, 2 or 4 h after TPA application. (A) Oedema was measured after 4 h of TPA
application; values are expressed as the increase in ear weight (DW) � standard error of the mean, n = 6; * P < 0.05, ** P < 0.01. ns, not
significantly different; Dunnett’s test. (B) Effect of shikonin treatment on levels of cyclooxigenase-2 and inducible nitric oxide synthase in ear
tissue. The upper panels show an example of Western blot following probing with the corresponding antibody. The lower histograms represent
the data derived from the Western blots following densitometry analysis. *P < 0.05, **P < 0.01, significantly different from the acetone group;
#P < 0.05, ##P < 0.01, significantly different between the control group and the groups treated with shikonin; Dunnett’s test. n = 3.
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Inhibitory effect of shikonin on TPA-induced activation of NF-kB
in mouse skin
As inducible nitric oxide synthase and cycloxygenase-2
are frequently regulated through activation of the NF-kB
signalling pathway and, as NF-kB activation and nuclear
translocation are preceded by the phosphorylation and pro-
teolytic degradation of IkBa, we decided to examine the
inhibitory activity of shikonin against the activation and
nuclear translocation of p65, the functionally active subunit
of NF-kB in mouse skin. As depicted in Figure 3A, NF-kB
activity was detectable in nuclear proteins obtained from
acetone-treated mouse ears. However, DNA binding activity
was found to increase significantly (P < 0.01, n = 3) in
nuclear extracts 4 h after TPA treatment. After topical appli-
cation of shikonin to the mouse ears, we found that TPA-
induced NF-kB nuclear translocation was inhibited in a
dose-dependent manner, as determined with Western blot
analysis (Figure 3A). The effect of shikonin treatment on
TPA-induced NF-kB-DNA-binding was evaluated with an
EMSA (Figure 3B), in which shikonin was found to suppress
TPA-induced NF-kB-DNA-binding activity in mouse skin
(n = 4).

Shikonin decreases TPA-induced protein kinase Ca translocation
in TPA-induced ear oedema
Protein kinase C isoforms are major regulators of cutaneous
homeostasis that mediate inflammation in response to TPA
(Mueller, 2006). The results, shown in Figure 4A, indicate that
topical treatment of mouse ears with TPA for 4 h was able to
activate the protein kinase Ca isoform, causing it to translo-
cate from the cytosol to the membrane. Topical application
of shikonin (1 mg per ear) significantly decreased the TPA-

induced translocation of protein kinase Ca (Figure 4A). At a
dose of 1 mg per ear, the calculated percentage of inhibition
caused by shikonin was 96% (P < 0.01, n = 3).

Effect of shikonin on MAPK phosphorylation in TPA-induced
ear oedema
MAPKs are involved in the activation of NF-kB in mouse skin
(Chun et al., 2003). To assess the effect of shikonin on the
phosphorylation of these MAPKs, Western blot analysis of
cytosolic extracts from 1 h TPA-treated mice was carried out.
As shown in Figure 4B, shikonin clearly suppressed ERK 1/2
activation (n = 5), without affecting JNK or p38 phosphoryla-
tion (data not shown).

Shikonin interferes with the degradation of IkBa and the DNA
binding activity of NF-kB in RAW 264.7 cells
Several studies disclose a relation between ERK activation and
the degradation due to phosphorylation of IkBa (Briant et al.,
1998; Foehr et al., 2000; Dhawan and Richmond, 2002) which
subsequently leads to the activation and translocation of p65
to the nucleus, initiating the transcription of pro-
inflammatory mediators. When examining the effect of the
treatment with shikonin on the cytosolic levels of IkBa and
pIkBa, we observed that shikonin-treated animals showed a
dose-dependent decrease in the levels of pIkBa, compared
with those which only received treatment with TPA
(Figure 3C) (n = 4).

To confirm these results, we carried out an experiment
in RAW 264.7 macrophages stimulated with lipopolysaccha-
ride to determine if this inhibition also occurred in vitro and
the exact moment at which it was occurring. As seen in
Figure 5B, lipopolysaccharide induces IkBa degradation

Figure 3 (A) Effect of shikonin on protein kinase Ca (PKC-a) enzymes in extracts of ear tissue after 12-O-tetradecanoylphorbol-13-acetate
(TPA). (B) Effect of shikonin treatment on levels of phosphorylated and non-phosphorylated extracellular signal-regulated protein kinase (ERK
1/2) after 1 h of TPA application. The upper panels in Figures 3A,B show an example of Western blot following probing with the corresponding
antibody. The lower histograms represent the data derived from the Western blots following densitometry analysis. *P < 0.05, **P < 0.01,
significantly different from the acetone group; #P < 0.05, ##P < 0.01, significantly different between the control group and the groups treated
with shikonin; Dunnett’s test. n = 3–5.
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within 30 min in control cells. Levels of IkBa start to recover
after 2 h. However, in cells treated with shikonin at 1 mM,
this degradation was prevented. Because IkBa phosphoryla-
tion precedes its degradation (Perkins, 2007), we also studied
the effect of shikonin on the phosphorylation of IkBa. We
observed that phosphorylation and, consequently, subse-
quent degradation of IkBa started 5 min after stimulation
with lipopolysaccharide. When cells were pre-treated with
shikonin, however, almost no phosphorylated IkBa was
produced. These results confirm that shikonin exerts it
inhibitory effect in a step previous to IkBa degradation
(n = 4).

Effect of shikonin on the expression of inducible nitric-oxide
synthase and cyclooxygenase-2 proteins in RAW 264.7 cells
To confirm the results obtained in vivo, the expression of
inducible nitric oxide and cyclooxygenase-2 was analysed
in cytosolic extracts from RAW 264.7 cells by the Western
blot techniques. As shown in Figure 5A, inducible nitric-
oxide synthase and cyclooxygenase-2 were undetectable in
unstimulated cells. However, upon 24 h treatment with
lipopolysaccharide, the expressions of both proteins showed a
marked increase. A clear inhibition of the expression of induc-
ible nitric-oxide synthase and of cyclooxygenase-2 was
observed in the presence of 1 mM shikonin.

Shikonin inhibits p65 translocation into the nucleus and p65
phosphorylation in RAW 264.7 cells
The effect of shikonin on lipopolysaccharide-induced nuclear
translocation of p65 was determined by means of Western
blot techniques. As shown by Cheng et al. (2008), while
lipopolysaccharide induced nuclear translocation of p65 in
RAW 264.7 cells, pre-treating the cells with shikonin (1 mM)
inhibited this translocation (data not shown). To confirm this
inhibitory effect of shikonin, an immunofluorescence assay
was carried out. In non-stimulated cells, p65 was localised in
the cytoplasm (Figure 6A, blank); whereas, in cells treated
with lipopolysaccharide, p65 suffered nuclear translocation
from the cytoplasm to the nucleus (Figure 6A, control).
However, when RAW 264.7 cells were pre-treated with shiko-
nin, this lipopolysaccharide-induced nuclear translocation
did not occur (Figure 6A, shikonin) (n = 4).

When the catalytic subunit of protein kinase A is associated
with complex NF-kB : IkBa, its catalytic activity is inhibited.
Stimulation of NF-kB activity through IkBa degradation can
induce the activation of protein kinase Ac, which leads to the
phosphorylation of p65, thereby increasing the transactivat-
ing activity of the DNA-bound NF-kB (Zhong et al., 1997;
Ghosh et al., 1998). When we studied the effect of shikonin

on the phosphorylation of p65 using Western blot tech-
niques, we found that lipopolysaccharide induced protein
phosphorylation whereas shikonin strongly suppressed it
(Figure 6B) (n = 5).

Effect of shikonin on lipopolysaccharide-mediated NF-kB
transcriptional activity in RAW 264.7 cells
To examine the effect of shikonin on lipopolysaccharide-
induced NF-kB activation, we performed a NF-kB reporter
gene assay in RAW 264.7 cells (Figure 7). First, the cells were
transiently transfected with NF-kB-Luc plasmids. While sub-
sequent treatment of the transfected cells with lipopolysac-
charide for 18 h increased the luciferase activity over the
basal level (Figure 7), pre-treating the cells with shikonin
(1–1.5 mM) was found to inhibit this activity in a dose-
dependent manner. Thus, at 1 mM, shikonin suppressed the
gene expression by 28%; whereas, at 1.5 mM, gene expression
was reduced by 46% (n = 4).

Discussion and conclusions

Although several research groups have investigated the bio-
logical and pharmacological effects of shikonin and its deriva-
tives, the precise mode of action of these compounds remains
undetermined. Among the various biological activities of
shikonin, its pharmacological properties have interested a
number of researchers, who have proposed several possible
mechanisms of action for the compound (Chen et al., 2002).
In this context, and in relation with the compound’s
anti-inflammatory activity, shikonin has been demonstrated
to inhibit the transcriptional activity of human
cyclooxygenase-2 and TNF-a promoters (Subbaramaiah et al.,
2001; Staniforth et al., 2004; Chiu and Yang, 2007). Cheng
et al. (2008) demonstrated that shikonin inhibits nitric oxide
synthase induction in lipopolysaccharide-stimulated RAW
264.7 cells via down-regulation of mitogen-activated protein
kinase/NF-kB signalling. However, little information is avail-
able in the literature about the anti-inflammatory effects
of shikonin in vivo (Papageorgiou et al., 1999). In our study,
we have investigated the anti-inflammatory effect of shik-
onin against TPA-induced acute ear oedema in mice and
analysed its effect on the protein expression of several pro-
inflammatory enzymes such as cyclooxygenase-2, inducible
nitric oxide synthase, protein kinase C and MAPKs, as well as
its effect on the activation of NF-kB.

The protein kinase C family of compounds comprises criti-
cal components of cellular signal transduction cascades.
These are directly involved in different diseases, such as
cancer and inflammation, and they have thus become one of

Figure 4 ( A) Nuclear cell extract prepared from the ears after 4 h of 12-O-tetradecanoylphorbol-13-acetate (TPA) application was analysed
for p65 and P-p65. (B) Effect of shikonin on nuclear factor-kB (NF-kB) binding activity. B, blank (non-treated); C, control (TPA treated); Shikonin
(TPA and shikonin treated). (C) Two hours after TPA application, the effect of shikonin treatment on levels of IkBa and pIkBa was assayed with
the aid of Western blot techniques. The upper panels in Figures 4A,C show an example of Western blot following probing with the
corresponding antibody. The lower histograms represent the data derived from the Western blots following densitometry analysis. *P < 0.05,
**P < 0.01, significantly different from the acetone group; #P < 0.05, ##P < 0.01, significantly different between the control group and the
groups treated with shikonin; Dunnett’s test. n = 3–4.
�
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the most important targets for drug development (Surh et al.,
2001). After application of TPA, protein kinase C translocates
from the cytoplasm to the cell membrane, where it interacts
with diacylglycerol and phosphatidylserine (Szaefer et al.,
2007). Once stimulated, protein kinase C induces a pleiotro-
pic tissue response encompassing a strong inflammatory reac-
tion due to the stimulation of a wide variety of inflammatory
factors (Mueller, 2006). In particular, protein kinase Ca has
been implicated in a wide variety of cellular functions, includ-
ing proliferation, apoptosis, differentiation and inflammation
(Nakashima, 2002).

In our experimental work with mouse skin, we have dem-
onstrated that shikonin at 1 mg per ear decreases the TPA-
induced translocation of protein kinase Ca from cytosol to
the membrane. This effect may prevent the transmembrane
signal transduction and thus lead to the inhibition of TPA-
induced acute inflammation in mice.

Topical application of TPA induces acute ear oedema, pro-
ducing a maximal expression of cyclooxygenase-2, 4 h after
application (Garg et al., 2008). For its part, the maximal
protein expression of nitric oxide synthase occurs 2 h after
TPA application (Lai et al., 2007). We observed that 4 h after
TPA application, the protein levels were still higher than those
in control animals treated with acetone only. For this reason,
we used the same time point to assay both proteins. Our data
show that, for the first time, the topical application of shiko-
nin can inhibit the expression of the cyclooxygenase-2 in vivo
in a dose-dependent fashion. Moreover, topical application of
shikonin together with TPA inhibits nitric oxide synthase
expression in a manner similar to that of cyclooxygenase-2.
These results have been confirmed in lipopolysaccharide-
stimulated RAW 264.7 macrophages, where shikonin inhibits
the expression of both enzymes.

The expression of nitric oxide synthase and
cyclooxygenase-2 is regulated by NF-kB in both cultured cell
lines and skin inflammation after TPA-application (Surh et al.,
2001; Chun et al., 2003). The activation of NF-kB is a multi-
step process which includes IKK complex activation, which
facilitates the movement of the NF-kB heterodimer from the
cytoplasm to the nucleus, where it activates the transcription
of genes encoding pro-inflammatory proteins such as nitric
oxide synthase and cyclooxygenase-2. The degree of activa-
tion by NF-kB is likely to result from a combination of p65
nuclear translocation and post-translational modifications of
p65, such as phosphorylation of serine residues (Jones et al.,
2007). In this paper, we have demonstrated that topical appli-
cation of shikonin in vivo inhibited NF-kB activation in mouse
ears stimulated with TPA. Although maximal activation of
NF-kB occurs 1 h after TPA administration, we have observed
that even 4 h after TPA application, the levels of NF-kB acti-
vation are still considerable as are those of p65 translocated to
the nucleus. The analysis of the protein extracts from ears
treated with shikonin showed a significant reduction in both
the nuclear translocation of p65 and the levels of phospho-
rylated p65. We corroborated these results in vitro, demon-
strating that the suppression of NF-kB activation in RAW
264.7 macrophages is correlated with the inhibition of
lipopolysaccharide-induced IkBa degradation, p65 phospho-
rylation, p65 translocation, and NF-kB-dependent reporter
gene expression. Sandur et al. (2006) studied in vitro a

Figure 5 (A) Effect of shikonin treatment on levels of inducible nitric
oxide synthase and cyclooxygenase-2 in RAW 264.7 macrophages.
The data given are the mean values � standard error of the mean
taken from six independent experiments for each enzyme. *P < 0.05,
**P < 0.01, significantly different from the blank group; #P < 0.05,
##P < 0.01, significant difference between the control group and the
groups treated with shikonin; Dunnett’s test. (B) Shikonin inhibits
lipopolysaccharide (LPS)-dependent IkBa degradation. The data
given are the means � standard error of the mean of values taken
from four independent experiments. A representative experiment is
shown in the upper panel. The lower histograms represent the data
derived from the Western blots following densitometry analysis. In A
and B, levels were normalised against b-actin.

Shikonin inhibits NF-kB translocation
384 I Andújar et al

British Journal of Pharmacology (2010) 160 376–388



structurally-related compound, plumbagin, finding it to be a
potent inhibitor of the NF-kB activation pathway that leads to
the suppression of NF-kB regulated gene products involved in
cell proliferation and anti-apoptosis through inhibition of the
binding of the p65 subunit to DNA and inhibition of IKK
activity.

MAP kinase signalling pathways have been extensively
studied in cultured cell lines, although much less is known
about specificity and the extent to which they are activated
during the inflammation in mouse skin. Topical application
of TPA on the ears of CD1 mice induced a rapid and sus-
tained activation of ERK but not of p38 MAPK (Jaffee et al.,
2000; Liu et al., 2001). We have found that treatment of ears

of female mice with TPA significantly enhanced phosphory-
lation of ERK ½; whereas, topically applied shikonin was
able to inhibit it. Chun et al. (2003) support the idea that
ERK may play an important role in the signalling pathway
of TPA-induced cyclooxygenase-2 expression and NF-kB acti-
vation in mouse skin. Dhawan and Richmond (2002) dem-
onstrated that in HS294T cells, ERK regulation of NF-kB
activation involves increased IkB phosphorylation with con-
comitant elevation in the NF-kB DNA binding activity. Most
inhibitors of NF-kB activation such as curcumin (Chun et al.,
2003) or a-amyrin (Medeiros et al., 2007) exert their anti-
inflammatory effects through suppression of phosphoryla-
tion and degradation of IkBa. We have observed that topical

Figure 5 Continued
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application of shikonin suppressed induced IkBa phospho-
rylation in a dose-dependent manner both in vivo in TPA-
treated mice, as well as in vitro in RAW 264.7 cells stimulated
with lipopolysaccharide. It seems that the ERK signalling
pathway regulates NF-kB activation through inhibition of
IkBa phosphorylation (Chun et al., 2003). These results may

provide the molecular mechanism responsible for the
inhibitory effect of shikonin on NF-kB activation in TPA-
treated mouse skin.

Our findings thus provide additional, useful mechanistic
explanations for the anti-inflammatory effect of shikonin and
highlight its pharmaceutical importance.

Figure 6 (A) Shikonin suppresses p65 translocation to the nucleus in RAW 264.7 macrophages, as shown by an immunocytochemical analysis
of p65 localization. p65 was indicated by the presence of fluorescent green, DNA by fluorescent blue. In non-stimulated cells (blank) and
shikonin-treated RAW 264.7 cells, p65 was localised in the cytoplasm, whereas after treatment with lipopolysaccharide, p65 suffered nuclear
translocation (control). (B) Shikonin inhibits lipopolysaccharide-induced nuclear translocation of p65 in RAW 264.7 macrophages. The upper
panels show a representative Western blot following probing with the corresponding antibody. The bars represent the data derived from the
Western blots following densitometry analysis. Levels were normalised against poly (ADP-ribose) polymerase-antibody. *P < 0.05, **P < 0.01;
significantly different from the blank group; #P < 0.05, ##P < 0.01; significantly different between the control group and the groups treated
with shikonin; Dunnett’s test. n = 5.
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