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Abstract

Shikonin, extracted from medicinal Chinese herb (Lithospermum erythrorhizo), was reported to
exert anti-inflammatory and anti-cancer effects both in vitro and in vivo. We have found that
proteasome was a molecular target of shikonin in tumor cells, but whether shikonin targets
macrophage proteasome needs to be investigated. In the current study, we report that shikonin
inhibited inflammation in mouse models as efficiently as dexamethasone. Shikonin at 4 uM
reduced the Lipopolysaccharides (LPS)-mediated TNFa release in rat primary macrophage
cultures, and blocked the translocation of p65-NF-xB from the cytoplasm to the nucleus,
associated with decreased proteasomal activity. Consistently, shikonin accumulated IxB-a, an
inhibitor of NF-xB, and ubiquitinated proteins in rat primary macrophage cultures, demonstrating
that the proteasome is a target of shikonin under inflammatory conditions. Shikonin also induced
macrophage cell apoptosis and cell death. These results demonstrate for the first time that
proteasome inhibition by shikonin contributes to its anti-inflammatory effect. The novel finding
about macrophage proteasome as a target of shikonin suggests that this medicinal compound has
great potential to be developed into an anti-inflammatory agent.
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1. Introduction

Dating back to ancient times, Zi Cao (purple gromwell) had been used for the treatment of
throat sore, burns, cut and skin diseases such as macular eruption, measles and carbuncles in
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China. It is a commonly used herbal medicine in China and other countries (Chen et al.,
2002, 2003). In recent years, compounds isolated from Zi Cao have been reported to confer
many medicinal properties such as antibacterial, anti-inflammatory, anti-thrombotic and
anti-tumor effects (Tanaka et al., 1986; Wang et al., 1995). Shikonin, one of the main active
components of Zi Cao, has been shown to exert anti-inflammatory and anti-cancer effects
both in vitro and in vivo (Wang et al., 1994; Yang et al., 2009a). Several molecular targets of
shikonin have also been proposed (Wang et al., 1994; Staniforth et al., 2004; Nam et al.,
2008; Su et al., 2008; Takano-Ohmuro et al., 2008; Yang et al., 2009a). We also reported
that the proteasome is one of the important molecular targets of shikonin (Yang et al.,
2009a).

The ubiquitin—proteasome system (UPS) is the major pathway for intracellular protein
degradation (Ciechanover, 1998). Proteasomal degradation removes denatured, misfolded,
or improperly translated proteins from cells and regulates the level of proteins such as
cyclins and transcription factors. A growing body of evidence suggests that targeting the
proteasomal pathway is an attractive approach to treat inflammatory and autoimmune
diseases (Wang and Maldonado, 2006). The most important link between the UPS and
inflammation is related to NF-«xB, which is a master transcription regulator of many
inflammatory cytokine genes (Orlowski and Baldwin, 2002). NF-xB is normally sequestered
in the cytoplasm via association with its endogenous inhibitor 1xB. Once stimulated, 1xB-a
is rapidly phosphorylated by kinase IKK. Phosphorylated 1xB-a. is specifically recognized
by SCFP-TrCP E3 ligase and transferred to the proteasome for degradation while NF-«kB is
allowed to be translocated to the nucleus and mediate transcription of many pro-
inflammatory genes (Biswas and Iglehart, 2006; Solt and May, 2008). Accumulation of the
IxB-a protein via proteasome inhibition therefore prevents the activation of the NF-xB and
inflammation pathways.

NF-kB pathway has been an attractive target for the development of new anti-inflammatory
drugs (Makarov et al., 1997). Even though it is well known that proteasome inhibition leads
to blockage of NF-kB pathway, whether natural proteasome inhibitors extracted from
medicinal Chinese herbs could inhibit macrophage proteasome function has never been
demonstrated. Furthermore, the relationship between shikonin-mediated proteasome
inhibition and its anti-inflammatory effect is unknown. Here we report for the first time that
shikonin targets primary macrophage cellular proteasome which is either responsible for, or
at least contributes to its anti-inflammatory effect.

2. Materials and methods

2.1. Materials

Purified shikonin (>98%) was purchased from the National Institute for the Control
Pharmaceutical and Biological Products (Beijing, China) and was dissolved by DMSO at a
stock concentration of 50 mM to different concentrations. NF-kB-p65 (Ab276) rabbit
antibody was purchased from SAB biotechnology. Mouse monoclonal antibodies against
Ubiquitin (P4D1) and rabbit polyclonal antibody against inhibitor of nuclear factor IxB-a
(C-15) or GAPDH (FL-335) were from Santa Cruz Biotechnology Inc. (Santa Cruz, CA).
Apoptosis detection kit was from Nanjing Keygen Inc. (Nanjing, China). RPMI-1640, fetal
bovine serum (FBS) and other materials required for culturing cells were purchased from
Gibco Technology.

2.2. Rat primary macrophage preparation and culture

Sprague-Dawley (SD) rats were purchased from Sun-Yat Sen University laboratory animal
center and peritoneal macrophages were separated as described previously (Zhang et al.,
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2008). Briefly, peritoneal lavage was harvested from SD rats by i.p. injection of 10 ml sterile
ice cold phosphate-buffered saline (PBS). The cells were washed twice with PBS,
resuspended in RPMI 1640 supplemented with 10% FBS, 2 mM glutamine, 100 unit/ml
penicillin and 100 pg/ml streptomycin, and incubated in a humidified 5% CO» incubator.
Non-adherent cells were flushed out with RPMI 1640 after 3 h and the resulting adherent
peritoneal cells were identified to be >95% as macrophages by morphology and nonspecific
esterase staining.

2.3. Fluorescent immunostaining

Rat primary macrophage culture was performed on 8-well chamber slides (1.5x10%/well)
and macrophage cells were pretreated with different doses of shikonin or DMSO for 1.5 h
prior to stimulation of LPS (1 ug/ml). After stimulation with LPS for 4 h, slides were
washed with PBS, fixed in —20 °C for 5 min, washed again in 0.2% Triton X100/PBS for
3x5 min and permeabilized with 1% TritonX100/PBS for 5 min. Cells were blocked with
5% bovine serum albumin (BSA)/PBS for 1 h and incubated with 1:50 NF-xB-p65 (Ab276)
rabbit antibody overnight at 4 °C in a humid chamber to prevent evaporation of the antibody
solution. Slides were reprobed with 1:150 Rhodamine (TRITC)-Conjugated goat anti-rabbit
IgG (Pierce Biotechnology) for 1 h at room temperature in a dark humid chamber. Cell
nuclei were counterstained with Hoechst33342 for 10 min. Samples were analyzed using a
confocal laser microscope (Zeiss LSM510 Meta). All images were acquired under identical
settings with LSM Image browser software.

2.4. Western blotting

Western blotting was performed as previously reported (Liu et al., 2006). Briefly, rat
macrophages were untreated or treated with indicated concentrations of shikonin for 1.5 h
and/or stimulated with LPS (1 ug/ml) for 6 h in 6-cm dishes. After stimulation with LPS,
cells were collected for Western blotting assay.

2.5. Cell death assay

Rat primary macrophage cells were pretreated with various concentrations of shikonin for
1.5 h, followed by stimulation of LPS (1 pg/ml)for 6 h. Macrophage cell death was
measured by flow cytometry as previously described (Yang et al., 2009a).

2.6. Peptidase assay

Peptidase assay was performed as described previously (Yang et al., 2009a). 10 ug of
protein lysate was incubated with different doses (1-40 uM) of shikonin in a Tris-HCL
reaction system containing the synthetic fluorogenic peptide Suc-LLVY-
aminomethylcoumarin (AMC) for the chymotrypsin-like activity, Z-LLE-AMC for the
caspase-like activity, or Bz-VGR-AMC for the trypsin-like activity (25 uM, Calbiochem).
The reaction mixture was then incubated at 37 °C for 90 min and analyzed for the
fluorescence intensity of the free AMC using a luminescence microplate reader (Varioskan
Flash 3001, Thermo, USA) at Ex360 nm/Em436 mm.

2.7. TNF-a ELISA assay

The TNF-a concentrations in the culture supernatants were measured by enzyme-linked
immunosorbent assay (ELISA). Briefly, rat macrophages were cultured at a density of
1x105/ml in 6-cm dishes and pretreated with of shikonin(1 umol/L and 4 pmol/L)for 1.5 h.
The production of TNF-a was stimulated with 1 ug/ml of LPS(E. coli O111: B4,
Calbiochem)for another 2 h or 4 h and cell-free supernatants were collected for TNF-a
determination by Rat TNF-a ELISA assay kit (Dakewe Biotechnology, Shenzhen, China)
according to the manufacturer’s instructions.
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2.8. In vivo models of inflammation

Kunming and NIH mice were purchased from Guangdong Animal Center and housed in
accordance with protocols approved by the Guangdong Animal Center. Mouse’s auricle
swelling was induced by xylene (Weirich et al., 1977). 60 Kunming mice were randomly
divided into 6 groups (n=10 each group) for treatment of (i) DMSO, (ii) LPS (35 mg/kg),
(iii) LPS (35 mg/kg)+shi (0.5 mg/kg), (iv) LPS (35 mg/kg) shi (1 mg/kg), (v) LPS (35 mg/
kg)+shi (4 mg/kg), and (vi) LPS (35 mg/kg)+dexamethasone (2.5 mg/kg). Mice were
pretreated with shikonin or dexamethasone for 30 min, then 50 pl of xylene was painted
evenly to the same site of one ear for 30 min and a 9 mm ear pad biopsy was collected from
the ear of each mouse with a coring tool and then weighted to determine the severity of
edema. The weight difference of both parallel areas of ears was compared in different
groups.

The model of increased capillary permeability in mice was induced by acetic acid
(Blackham and Woods, 1986). Total 60 NIH mice were randomly divided into 6 groups:
DMSO; LPS (35 mg/kg); LPS+shi (0.5 mg/kg); LPS+shi (1 mg/kg); LPS+shi (4 mg/kg) and
LPS dexamethasone (2.5 mg/kg). NIH mice were pretreated with shikonin as indicated for
90 min. After i.p injection of LPS for 30 min, i.v injection of Evans blue and i.p injection of
acetic acid was performed. 30 min later peritoneal fluid was collected for absorbance assay
of Evans blue at OD5gg nm.

2.9. Lactate dehydrogenase (LDH) activity assay

LDH assay was performed as reported (Huang et al., 2010). Briefly, 100 pl of reaction
reagent was added to each well of a 96-well plate containing 100 pl of optimally titrated
culture medium, and the mixture was incubated for 30 min at room temperature. Absorbance
of the samples at 490 nm was measured on a microplate reader (Sunrise, Tecan, Austria).
The reference wavelength was 620 nm. LDH activity was calculated according to the
standard curve as umol/L. Results from at least four separate experiments are presented.

2.10. Statistical analysis

3. Results

Unpaired t test was used for determining the statistically significant differences between the
values of various experimental groups. Data were expressed as means+S.D. and a P value
<0.05 was considered statistically significant.

3.1. Shikonin potently inhibits inflammation-associated auricle swelling and capillary
permeability increase in mice

Xylene-induced auricle swelling and acetic acid-induced capillary permeability increase
were two classical mouse models widely used in search for drugs with anti-inflammatory
activity (Blackham and Woods, 1986; Weirich et al., 1977). Consistent to previous reports
(Chen et al., 2002, 2003; Tanaka et al., 1986; Wang et al., 1995), shikonin efficiently
inhibited auricle swelling (Fig. 1A) and capillary permeability increase (Fig. 2B) in a dose-
dependent manner (p<0.05) in these mouse models. In fact, shikonin at 4 mg/kg yielded the
same efficacy as dexamethasone at 2.5 mg/kg (Fig. 1).

3.2. Shikonin inhibits TNF-a release in rat primary macrophage cultures

Toward the goal of understanding the molecular mechanism responsible for shikonin’s anti-
inflammatory effect, we next determined the effects of shikonin on rat primary macrophage

cultures. Macrophages are the most important inflammatory cells in the body (Qureshi et al.,
2005). Among the pro-inflammatory cytokines secreted by macrophages, TNF-a plays an
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important role in immune and inflammatory responses. Inappropriate or overexpression of
TNFa is a hallmark of a number of inflammatory and autoimmune diseases (Locksley et al.,
2001). Treatment of rat macrophages with LPS for 2 to 4 h increased the level of released
TNFa by ~3-fold (Fig. 2). However, addition of shikonin at 1 and 4 uM to the rat primary
macrophage cultures pretreated by LPS for 2 h resulted in 46% and 77% inhibition of TNFa
release, respectively (Fig. 2). When added to 4 h-pretreated macrophages by LPS, shikonin
at 1 and 4 uM inhibited 56% and ~100% of TNFa release, respectively (Fig. 2).

3.3. Shikonin inhibits NF-kB translocation from the cytoplasm to the nucleus in rat primary
macrophage cultures

NF-«xB translocation from the cytoplasm to the nucleus plays an important role in activating
the NF-xB pathway. NF-xB signaling is the most important pathway in LPS-mediated
inflammation (Baeuerle and Henkel, 1994). By binding to cell receptors (such as Toll-like
receptors) and acting on the NF-xB pathway, LPS activates macrophages and induces pro-
inflammatory cytokine release. As shown in Fig. 3, LPS treatment of rat primary
macrophase cultures induced NF-kB translocation from the cytoplasm to the nucleus.
However, shikonin at 1 and 4 uM inhibited the levels of nuclear NF-xB by ~50% and
~100%, respectively (Fig. 3), consistent with the dose-dependent inhibition of LPS-induced
TNFo release in these primary macrophase cells (Fig. 2). Therefore, shikonin inhibits LPS-
induced NF-kB activation and consequently inhibits TNFo. release.

3.4. Shikonin treatment inhibits the proteasome activity in rat primary macrophage

cultures

Because NF-«kB activation is regulated by the ubiquitin/proteasome pathway, it is therefore
possible that inhibition of NF-kB translocation in macrophages by shikonin is due to
proteasome inhibition. Consistent with this hypothesis, our computational modeling predicts
that the carbonyl carbons Cq and C4 of shikonin potentially interact with the catalytic site of
5 chymotryptic subunit of the proteasome (Yang et al., 2009a). To provide the direct
evidence for shikonin inhibiting the macrophage proteasome, we performed a peptidase
assay in vitro by using lysates of rat primary macrophage cultures as proteasome donor
instead of purified 20S proteasome. As shown in Fig. 4A, shikonin preferentially inhibited
the chymotrypsin-like activity over trypsin-like and caspase-like activities in the primary
macrophage lysates.

In inactivating cells, NF-xB is bound to 1xB-a which directly controls its translocation and
IxB-a level is regulated by the proteasome pathway (Baeuerle and Henkel, 1994). We then
determined whether inhibition of proteasomal chymotrypsin-like activity by shikonin is
associated with accumulation of 1kB-a. In rat macrophages, consistent to other previous
report (Qureshi et al., 2003), LPS enhanced the degradation of 1xB-a and ubiquitinated
proteins reflecting the activation of the ubiquitin—proteasome system (Fig. 4B and C), which
was significantly inhibited by shikonin co-treatment (Fig. 4B—C). Therefore, inhibition of
the UPS in rat primary macrophage cultures by shikonin leads to inactivation of NF-xB and
TNF-a pathway.

3.5. Shikonin induces cell death in rat primary macrophage cultures

We and others have shown that inhibition of the proteasomal chymotrypsin-like, but not
trypsin-like activity is associated with tumor cell apoptosis and growth arrest (An et al.,
1998). Proteasomal inhibition-induced tumor cell death may be one of the major
mechanisms responsible for the clinically used proteasome inhibitors for cancer therapy
(Orlowski and Kuhn, 2008). We have already shown shikonin could reduce pro-
inflammatory cytokine TNF-a release in vitro and inhibit inflammation in vivo (Figs. 1 and
2). We next determined whether shikonin could also induce rat macrophage apoptosis which
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would be helpful to control inflammation (Marriott et al., 2006). To do so, we treated rat
primary macrophage cultures with shikonin in the absence or presence of LPS and
determined the effects on apoptosis induction and cell death. As shown in Fig. 5A, shikonin
(2 pmol/L) and LPS (1 pg/ml) per se did not affect LDH release at 2 h and 4 h points,
reflecting no marked cell death, while combination of LPS and shikonin dramatically
induced LDH release in the rat primary macrophage cultures. We further compared the dose
effect of shikonin on cell death of the primary macrophage cells. As shown in Fig. 5B and
C, 1 pmol/L of shikonin did not induce cell death up to 6 h but 4 umol/L of shikonin
dramatically affect cell survival. The cell death mode in the primary macrophage cells was
similar to that observed in cancer cell lines (H22 and P388), as reported before (Yang et al.,
2009a). This implies that shikonin induced both apoptotic and necrotic cell death in rat
primary macrophage cultures.

4. Discussion

In the current study we report that shikonin inhibited inflammation in vivo and inhibited
release of inflammatory mediator TNF-a. in rat macrophage cells, as well as blocked LPS-
mediated NF-xB translocation from the cytoplasm to the nucleus and induced cell death by
inhibiting proteasome in macrophage cells.

Proteasome inhibitor bortezomib (Valcade or PS-341) has been approved by the United
States FDA to treat multiple myeloma. Some other proteasome inhibitors are now under
clinical trials for cancer therapy (Yang et al., 2009b). However, proteasome inhibitors have
not been clinically used for inflammation therapy. Therefore, there is a need to search for
novel natural anti-inflammation and anti-proteasome agents from medicinal plants.

Our data suggest that shikonin has the great potential to be developed into an anti-
inflammation agent, as supported by the following lines of evidence. First, in vivo anti-
inflammatory effect of shikonin (4 mg/kg) yielded the same efficacy as dexamethasone (2.5
mg/kg), the most effective anti-inflammation agent. Secondly, shikonin at 1 mg/kg and 4
mg/kg yielded ~45% and 65% inhibition, respectively, in two in vivo animal inflammation
models (Yang et al., 2009a), which implies that it takes much lower dosage of shikonin in
anti-inflammation therapy than in anti-cancer therapy. Thirdly, 4 uM of shikonin completely
inhibited LPS-mediated TNFa release in primary macrophage cultures (Fig. 2). In addition,
shikonin also partially induced apoptosis in macrophages. Induction of apoptosis is
supposed to be a better strategy than induction of necrosis of inflammatory cells in anti-
inflammatory therapy (Marriott et al., 2006; Haslett, 1999). As in tumor cells (Rajkumar et
al., 2005), the ubiquitin—proteasome system is also activated in LPS-mediated inflammatory
cells (Marriott et al., 2006). LPS-activated macrophages were sensitive to proteasome
inhibition induced by shikonin. Shikonin at 1 uM induced several fold increase of
ubiquitinated proteins reflecting the proteasome inhibition (Fig. 4A). LPS induced a
translocation of NF-xB from the cytoplasm to the nucleus in macrophages and shikonin at 4
uM concentration almost completely inhibited this NF-xB translocation (Fig. 3).
Consistently, shikonin accumulated high levels of IxB-a protein, a repressor of NF-kB
translocation. Taken together, shikonin blocked NF-«xB nucleus translocation via inhibition
of proteasome-mediated 1xB-o degradation. The anti-inflammatory effect of shikonin was, if
not completely, at least partially attributable to proteasome inhibition in inflammatory cells.
We also found that shikonin as a proteasome inhibitor induced cell death in a very narrow
dose window and induced both apoptosis and necrotic cell death which is not helpful for
anti-inflammatory therapy.

Several natural proteasome inhibitors extracted from medicinal Chinese herbs have been
reported by our Lab recently. Curcumin is the yellow pigment derived from the rhizome of
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Curcuma longa which has been used in China Southeast Asia and India for centuries as food
coloring and flavoring agent. Many studies have shown that curcumin targets the NF-xB
pathway (Hussain et al., 2008; Shishodia et al., 2005). Celastrol is a quinone methide
triterpene isolated from Lei Gong Teng and from Tripterygium regeli, a substitute of Lei
Gong Teng found in northeast of China. It was also extracted from Nan She Teng which is
widely distributed in China and has been used in the treatment of inflammation and
detumescence (Yang et al., 2006). It was found that Celastrol could inhibit the TNF-induced
activation of IkB-a kinase, 1kB-a phosphorylation and degradation, p65 nuclear
translocation and phosphorylation (Lee et al., 2006). All the novel natural proteasome
inhibitors extracted from medicinal Chinese herbs were reported to suppress NF-xB
activation at least partially via accumulation of 1xB-a only in tumor cells. To our
knowledge, the current report demonstrates, for the first time that macrophage proteasome is
a potent molecular target of shikonin.
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Fig. 1. Shikonin inhibits LPS- and xylene-mediated inflammation in mouse models in vivo

A. Kunming mouse model of auricle swelling: Mice were pretreated with various doses of
shikonin (i.p injection of 0.5, 1, 4 mg/kg, respectively) or dexamethasone (2.5 mg/kg) for 30
min, then 50 ul of xylene was scraped evenly to the same site of one ear, and 30 min later
the weight difference of both ears were compared in different groups. (Means+S.D., n=10).
*P<0.05, compared with DM control group.

B. NIH mouse model of LPS-mediated acute inflammation. NIH mice were pretreated with
shikonin as indicated in A for 90 min. After i.p injection of LPS (35 mg/kg) for 30 min, i.v
injection of Evans blue and i.p injection of acetic acid was performed. 30 min later
peritoneal fluid was collected for absorbance assay of Evans blue. ODsggg nm Was expressed
as means + S.D. (n =10). *P < 0.05, compared with DM control group.
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Fig. 2.

Shikonin inhibits LPS-induced TNFa production in rat primary macrophage cultures. Rat
primary macrophage cultures were pretreated with either solvent DMSO (DM) or indicated
concentrations of shikonin for 1.5 h and then exposed to LPS (1 ug/ml). At 2 and 4 h after
LPS treatment, TNFa level in cultured supernatants was determined by ELISA kit. Values
represent means # S.D. (n=3). *P<0.05, compared with DM group; *P<0.05, compared with
LPS group.
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Fig. 3.

Shikonin inhibits NF-kB translocation from the cytoplasm to the nucleus in rat primary
macrophage cultures. Rat primary macrophage cultures were plated on 8-well chamber
slides and preincubated with vehicle (DM) or 1, 4 umol/L of shikonin for 1.5 h, followed by
stimulation with LPS (1 pug/ml) for 4 h. The cells were immunostained by NF-xBp65
antibody and the nuclear was stained with Hochest33342. Typical fluorescent images by
Confocal microscopy were shown. Red signal stands for NF-kBp65 positive and Blue signal
means nuclear. Shil and Shi4 indicates LPS + shikonin (1 uM) or LPS + shikonin (4 uM),
respectively.
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Fig. 4. Shikonin accumulates IkB-a and ubiquitinated proteins in rat primary macrophage
cultures and specifically inhibits the proteasomal chymotrypsin-like activity

A. Cell lysate (10 pg protein) was incubated with indicated doses of shikonin in a Tris-HCL
reaction system for 90 min, followed by measurement of peptidase assay with specific
fluorescent proteasome substrates. Each column represents Means + S.D. of three repeats.
PSI means MG132 (10 uM). Tryp-like means Trypsin-like, Cas-like means Caspase-like and
CT-like means Chymotrypsin-like activity.

B. Rat macrophage cells were pretreated with 1, 4 umol/L of shikonin for 1.5 h and
subsequently treated with LPS (1 pg/ml) for 6 h. Protein levels of IkB-a and Ub-prs were
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determined by Western blotting. Typical images were shown. GAPDH was used as loading
control.

C. Rat macrophage cells were treated with shikonin (2 umol/L), LPS (1 pg/ml) alone or
combination of the two agents for 2 h and 4 h, ubiquitinated-proteins. and IkxB-a were
detected by Western blotting. Typical images were shown. GAPDH was used as a loading
control.
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Fig. 5. Shikonin induced cell death in rat primary macrophage cultures

A. As in Fig. 4C, the supernatant was collected and LDH release was detected. The average
is from the results of three repeats.

B. As in Fig. 4B, macrophages were collected and labelled with Annexin V and Propidium
idodide (P1) for cell death assay by flow cytometry. Typical flow images were shown.

C. As described in Fig. 4B, the supernatants were collected for LDH assay. Each column
represents Means + S.D. of three repeats.
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