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ABSTRACT

Shikonin is the main active principle in the root of Lithosper-
mum erythrorhizon, widely used in traditional Chinese medi-

cine for its anti-inflammatory and wound healing properties.
Recent research highlights shikonin’s antitumor properties
and capacity to prevent acute ulcerative colitis. The aim of
the present study was to evaluate the ability of shikonin to
prevent, in vivo, the early phases of colorectal cancer develop-

ment, with special focus on its cytotoxic mechanism in vitro.
We employed the azoxymethane/dextran sulfate sodium
model of colitis in Balb/C mice. Body weight and drinking
were monitored throughout the experiment, and length of
colon and lesions of the colon were recorded on termination
of the experiment in all of the experimental groups. Colons

underwent histological evaluation and biochemical analyses
[myeloperoxidase activity assay, measurement of interleukin-
6, evaluation of proinflammatory enzymes (cyclooxygenase-2
and inducible nitric oxide synthase), and nuclear factor-«B ac-
tivation by Western blot]. Caco-2 cells were used to evaluate,

in vitro, the effect of shikonin on proliferation, cytotoxicity,
cell cycle, and apoptosis. Our results reveal that shikonin sig-
nificantly protected the intestinal tissue of our animals by pre-
venting the shortening of the colorectum and ulcer formation
in a dose-dependent manner. Shikonin attenuated the expres-

sion of cyclooxygenase-2 and inducible nitric oxide synthase,
and myeloperoxidase activity, and inhibited the production of
interleukin-6 and activation of nuclear factor-«B. It induced
Bcl-2 and inhibited caspase 3. In conclusion, shikonin acts as
a chemopreventive agent in the azoxymethane/dextran sul-
fate sodium model through inhibition of the proinflammatory

milieu generated during the disease, an important risk factor
in cancer development.
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ABBREVIATIONS

ANOVA  one-way analysis of variance

AOM azoxymethane

COX-2 cyclooxygenase-2

CRC colorectal cancer

DSS dextran sulfate sodium

FITC fluorescein isothiocyanate

GAPDH glyceraldehyde 3-phosphate dehydrogenase
IBD inflammatory bowel disease

IL-6 interleukin-6

iNOS inducible nitric oxide synthase

MPO myeloperoxidase

NF-«B nuclear factor-«B

SEM standard error of the mean

STAT3 signal transducer and activator of transcription-3
TGF-p1 transforming growth factor-$1

uc ulcerative colitis

Introduction

CRC is a major health problem and a leading cause of death in in-
dustrialized countries [1]. It is now well accepted that chronic in-
flammation is a main factor in the development of cancer, since
the continuous presence of proinflammatory cytokines such as
IL-6 or TNF-a contribute to the carcinogenic process by modifying
the normal survival, growth, proliferation, and differentiation of
intestinal stromal cells through the alteration of genes that regu-
late these processes, such as p53 and Bcl2, among others [2-4]. In
addition, the overexpression of proinflammatory enzymes, such
as COX-2 or iNOS, favors this tumorigenic microenvironment by
increasing oxidative stress and inhibiting endogenous mecha-
nisms of DNA repair [5]. NF-kB activation has also been demon-
strated to be essential in tumor growth and progression [6],
which further highlights the importance of inflammation in CRC
development.

IBD, and especially long-time established UC, represents an ex-
ample of a disorder that increases the risk of CRC considerably.
This risk depends on several factors, such as the duration of the
preexisting colitis, its anatomic extension, and the degree of in-
flammation [7]. It is estimated that the risk of CRC development
in a patient with UC can rise as high as 40% after 40 years of dis-
ease, while 50-80% of colonic neoplasms may remain undetected
during a routine colonoscopy [7], which highlights the urgent
need to develop effective chemopreventive drugs.

Traditional medicine based on the use of medicinal plants and
their products has provided first-line drugs for centuries, and has
been an important source of therapeutic agents developed by the
pharmaceutical industry [8]. The dry root of Lithospermum ery-
throrhizon Siebold et Zucc. (Boraginaceae), also known as Zicao,
contains the naphtoquinone shikonin (> Fig. 1) as its principal ac-
tive molecule. Various preparations containing shikonin are still
used today for medicinal and cosmetic purposes in Asia, with
Zicao being a commonly used anticancer herbal medicine in China
[9]. Shikonin has been studied in a mouse model of acute UC [10]
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» Fig. 1 Chemical structure of shikonin.

with promising results: oral administration of this naphthoqui-
none prevented UC development through the downregulation of
Th1 responses together with the blockade of two major IBD tar-
gets, NF-kB and STAT3. Moreover, as previously published, shiko-
nin stimulates the migration of intestinal epithelial cells in vitro
through a TGF-B1-dependent process [11], a mechanism that
probably complements its anti-inflammatory activity demonstrat-
ed in vivo to prevent the development of UC by ulcers in the epi-
thelial monolayer. The number of studies highlighting the poten-
tial anticancer activity of shikonin and shikonin-containing mix-
tures is increasing exponentially, and, although the precise under-
lying mechanism is still undetermined, it seems clear that this
naphthoquinone is capable of inhibiting or modulating several
molecular targets associated with cancer, as well as activating
multiple cell death pathways [12].

In light of these antecedents, the aim of this study was to eval-
uate the ability of shikonin to prevent the early phases of colorec-
tal cancer (before tumors are visible) in vivo, and to explore its
cytotoxic mechanism in vitro.

Results

The weight of the animals during the experimental period was not
significantly affected by any of the treatments administered
(> Fig. 2A, B). The weekly fluctuations observed, with weight loss
during the odd-numbered weeks and weight gain during the
even-numbered weeks, coincided with the cycles of DSS adminis-
tration. Colitis was exacerbated on the days on which DSS was ad-
ministered, while there was a temporal remission of inflamma-
tion, which favored weight gain, on the days on which animals re-
ceived water only.

Nevertheless, both sulfasalazine (positive control) and shikonin
treatment significantly protected the intestinal tissue, preventing
the shortening of the colorectum caused by the development of
the disease, and impeding ulcer formation (» Fig. 2C). Moreover,
histologic analysis showed a marked loss of the structure of the
microvilli, crypt distortion, lamina propria erosion, and erosion of
the mucosal membrane, together with massive infiltration of in-
flammatory cells, in the group of mice treated with AOM/DSS
(> Fig. 3B). In the case of sulfasalazine-treated mice (> Fig.3C),
the crypt structure was, in general, conserved and there was less
inflammatory cell infiltration than in the AOM/DSS group. In addi-
tion, in some areas of the colon we detected crypt elongation,
which is a consequence of regeneration mechanisms working
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» Fig. 2 Experimental protocol and macroscopic results. A Schematic representation of the AOM/DSS experimental protocol. B Evolution of
weight during the experimental protocol. C Effect of shikonin on colon length. Statistical analysis was performed using ANOVA followed by Dun-

nett’s t-test; ** *p<0.001 vs. AOM/DSS group (n=10).

> Fig. 3 Effect of shikonin treatment on histological parameters. Three representative colonic hematoxylin/eosin sections: mice received fresh tap
water (A), AOM/DSS (B), AOM/DSS + sulfasalazine treatment (C), AOM/DSS + shikonin 3.5 mg/kg (D), or AOM/DSS + shikonin 7 mg/kg (E) (n = 10).

faster than the shedding process, which causes cells to accumu-
late in the villi and to become elongated as a result. Shikonin-
treated mice (> Fig. 3D, E) exhibited a clear dose-response. Those
receiving the lower dose displayed more inflammatory cell infiltra-
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tion together with partial loss of the mucosa, and partial loss and
nonfunctional elongation of the crypts. In contrast, mice treated
with the highest dose showed lower cell infiltration and crypts
that were better conserved and functional when undergoing elon-
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to water in 1 min, expressed per gram of wet tissue. B Effect of shikonin on IL-6 production in the colon. *P<0.05, ***p <0.001; significantly
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» Fig. 5 Effect of shikonin treatment on proinflammatory mediators in colonic tissue. A Effect of shikonin on COX-2 expression. B Effect of shi-
konin on iNOS expression. C Effect of shikonin on nuclear translocation of the NF-kB p65 subunit. The histograms at the top represent the data
derived from the Western blots following densitometry analysis (mean of the relative OD + S. E.M); consider the DSS + AOM group as having 100%
expression. Levels were normalized against S-actin or the PARP-1 antibody. **P<0.01, ***p<0.001, ****p <0.0001; significantly different from
the AOM/DSS group, determined by means of ANOVA followed by Dunnett’s t-test (n = 6-8).

gation processes. MPO activity is an indicator of the extent of an
inflammatory process, as it is an indirect determination of neutro-
phil infiltration, and we found that it was significantly decreased
by shikonin and sulfasalazine (> Fig. 4A).

Proinflammatory cytokines play an essential role in the devel-
opment of CRC. The pleiotropic cytokine IL-6 has been linked to
the pathogenesis of sporadic and inflammation-associated CRC,
as demonstrated by several experimental and clinical studies
[13]. Shikonin (7 mg/kg) blocked AOM/DSS-induced IL-6 produc-
tion, with similar levels detected in treated and untreated (sham)
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groups (> Fig. 4B). However, sulfasalazine did not have an effect
on IL-6 production.

According to our results, exposure to AOM/DSS causes a
strong expression of COX-2 and iNOS, which is prevented by shi-
konin and by sulfasalazine (> Fig. 5A, B). NF-«kB plays an essential
role in immune and inflammatory responses, as demonstrated by
the fact that the promoter and enhancing regions of genes coding
for inflammatory mediators have binding sites for this transcrip-
tion factor [14]. In this sense, patients with inflammatory bowel
disease show high NF-kB activation in lamina propria biopsies as
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» Fig. 6 Evaluation of the cytotoxic effect of shikonin in Caco-2 cells. Differences between each group and the control group were determined by
means of ANOVA followed by Dunnett’s t-test. *P<0.05, **p<0.01, ***p <0.001; ns: not significantly different (n = 8).

well as elevated levels of macrophages and epithelial cells [15, 16].
Accordingly, we verified that levels of p65 were markedly higher in
AOM/DSS-treated animals than in the vehicle group, an increase
that was blocked by shikonin treatment (» Fig. 5C).

The MTT cytotoxicity assay revealed a dose-dependent in vitro
cytotoxic effect of shikonin (ICsg=9.84 uM) (> Fig. 6). To investi-
gate whether shikonin was affecting cell cycle requlation, we de-
termined its effect in Caco-2 cells by flow cytometry and com-
pared it to the effect of the known cytotoxic compound actinomy-
cin D. Twenty-four-hour exposure of Caco-2 cells to shikonin re-
sulted in a statistically significant decrease of cell subpopulations
in the preparatory phases of the cycle, Go/G and G,/M, accompa-
nied by an increase in the S phase, in a concentration-dependent
manner. These results reveal that shikonin induces the metabolic
activation of these cells, which is favorable in the treatment of
cancer, as it reduces the percentage of cells that remain quiescent
in the Go/G; phase, increasing their susceptibility to cytotoxic
treatments (> Fig. 7).

Finally, as seen in the cell cycle analysis, shikonin exerted a pro-
apoptotic effect, as demonstrated by the increase of the sub-
population of Caco-2 cells during the SubGqy phase; in other
words, it increased the fragmentation of DNA. Since this increase
could also have been caused by a direct cytotoxic effect like that
which occurs in necrotic processes, we stained cells with propidi-
um iodide and FITC-Annexin V to differentiate apoptotic and ne-
crotic cells. Shikonin significantly and dose-dependently exerted
a proapoptotic effect on Caco-2 cells (> Fig. 8). This is in line with
the known effects of shikonin on other cancer cell lines [17,18].
Moreover, to delve into the mechanism of action by which shiko-
nin induces apoptosis in these cells, we employed Western blot to
analyze the expression of the antiapoptotic protein Bcl-2 and the
proapoptotic caspase 3. As demonstrated in » Fig. 9, treatment
with shikonin inhibited the expression of Bcl-2 and induced the ac-
tivation of caspase 3 is a dose-dependent manner, all of which in-
dicates that shikonin stimulates the apoptotic process by acting
on the proapoptotic machinery of the cells.
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Discussion

It is a proven fact that the risk of developing CRC is higher in pa-
tients with IBD than in the rest of the population [19]. The dis-
comfort associated with a colonoscopy, used indiscriminately as
a population screening method, has favored an increased interest
in the use of chemopreventive strategies that reduce the risk of
cancer, extending their benefits to IBD patients. Since chronic in-
flammation is a clear procarcinogenic factor, it seems logical that
anti-inflammatory agents have potential as chemopreventive
agents. However, to date, no anti-inflammatory drug has demon-
strated this property, with the exception of 5-amino-salicylic acid
(5-ASA) and related immunosuppressive thiopurines [20]. In this
sense, further studies are needed to confirm the chemopreven-
tive effect of other anti-inflammatory drugs in spontaneous colo-
rectal cancer prevention. On this premise, we have studied the
chemopreventive effect of shikonin, a natural product with prov-
en anti-inflammatory [10,21] and wound healing [11] activities,
in a model in which the synergic effects of AOM (the tumor-induc-
ing agent) and DSS (which produces severe colitis due to its toxic-
ity to the epithelial lining of the colon) reproduce the initial acute
inflammatory phase that precedes the carcinogenesis that occurs
in human CRC [1]. We have observed how the said phase was
clearly reproduced, especially in the distal part of the colon (as
occurs in humans), where an inflammatory process could be ob-
served in the mucosa and submucosa, together with damage to
and loss of the majority of the crypts. In line with previous re-
search [22], sulfasalazine administration to mice treated with
AOM|/DSS partially blocked this inflammatory precancerous pro-
cess, as did treatment with shikonin.

The activity of the disease is linked to the influx of neutrophils
in the mucosa and consequently in the intestinal lumen, which
leads to the formation of abscesses in the crypts. As would be ex-
pected in a subchronic process, leukocyte infiltration, largely re-
sponsible for the pathogenesis of UC, was markedly increased in
AOM/DSS-treated mice, evident in the increase of MPO activity in
the colonic tissue of these animals. It is known that, in the progres-
sion of UC-associated CRC, there is a massive infiltration of neutro-
phils into the lamina propria and submucosa [23], and that an ele-
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» Fig. 7 The cell cycle of Caco-2 cells (A) left untreated, (B) treated with actinomycin D-treated, or (C-F) treated with increasing doses of shikonin
was analyzed by flow cytometry. The histogram (G) represents the % of cells in each phase of the cell cycle for each treatment. Significant differ-
ences in each phase of each treated group with respect to the control group were determined by means of a two-way analysis of variance followed

by Dunnett’s t-test, where *p <0.05, **p<0.01, ****p<0.0001 (n = 8).

vated ratio of neutrophil-to-lymphocyte predicts a significantly
higher risk of death in colon cancer [24]. Moreover, it has been
demonstrated that neutrophil depletion decreases the different
parameters of DSS-induced colitis [25] and that administration of
neutrophil-neutralizing antibodies after the last DSS cycle mark-
edly reduces the number and size of tumors and decrease the ex-
pression of chemokines, matrix metalloproteinase-9, and neutro-
phil elastase in an AOM/DSS model [24]. In our experiments, shi-
konin significantly reduced this infiltration to an even greater ex-
tent than sulfasalazine. This depleted number of tumor-associated
neutrophils would result in a reduction in neutrophil-produced tu-
morigenic mediators (such as metalloproteinases), therefore in-
terfering with the progression of chronic colitis to CRC.

As De Robertis M et al. [1] described, key components of can-
cer-promoting inflammation that have been investigated in the
AOM/DSS model include proinflammatory cytokines, such as IL-6
and TNF-a, COX-2, and master transcription factors, such as NF-kB
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and STAT-3. Clinical and experimental data show that IL-6 contrib-
utes considerably to both sporadic and colitis-associated colorec-
tal cancer [13]. In our experimental procedure, sulfasalazine did
not prevent the increase of IL-6 induced by AOM/DSS-treatment;
in contrast, shikonin did significantly inhibit this cytokine. Grow-
ing evidence supports a critical role for IL-6 signaling during CRC
development, and so therapeutics that target this cytokine are
viewed as promising options for the treatment of IBD [13,26].
COX-2 and iNOS were also inhibited by shikonin treatment in
our experiments. The expression of COX-2 is increased in 40% of
colorectal adenomas and in 80% of CRCs [27], mainly in neoplastic
epithelial cells [28], and is associated with tumor development
and progression. iNOS, on the other hand, is activated in large
bowel neoplasms and dysplasia within 20 weeks of the initiation
of AOM/DSS treatment [1]. In our experiment, the expression of
these two enzymes was significantly increased in the colitic group
when compared to the untreated (sham) group, as expected.
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» Fig. 8 Shikonin triggers apoptosis in Caco-2 cells. Normal, apoptotic, and necrotic cells were assessed by flow cytometry using Annexin V and
propidium iodide (PI) staining. Cells in the lower left quadrant (Annexin V-FITC*/PI") are normal, those in the lower right quadrant (Annexin V-FITC
*[PI") are early apoptotic cells, and those in the upper right quadrants (Annexin V-FITC*/PI*) are late apoptotic or necrotic. (A) Left untreated, (B)
treated with actinomycin D-treated, or (C-F) treated with increasing doses of shikonin. The histogram (G) represents the data obtained from eight
independent experiments, expressed as the mean = S. E. M. Differences between each group and the control group were determined by means of a

two-way analysis of variance followed by Dunnett’s t-test; *p <0.05, **p<0.01, ****p<0.0001.

However, shikonin significantly inhibited the increase of these
proinflammatory enzymes to the same extent as the control treat-
ment sulfasalazine. The activation of the transcription factor NF-
kB is probably involved in the overexpression of the aforemen-
tioned proinflammatory enzymes and cytokine (COX-2, iNOS,
and IL-6), as it is implicated in the regulation of inflammatory
and immunomodulatory genes, as well as antiapoptotic genes.
Shikonin, in the same way as sulfasalazine, significantly inhibits
the activation of this transcription factor, the lynchpin of inflam-
mation-associated cancer [29], and consequently leads to a re-
duction in the expression of proinflammatory cytokines, adhesion
molecules, and antiapoptotic genes [7].

Our in vitro results are consistent with this scenario. In vitro shi-
konininduces the proapoptotic Bcl-2 and inhibits the antiapoptotic
caspase 3. Although previous studies carried out by other groups
[17,18] have demonstrated shikonin’s cytotoxic effect in other cell
lines, this is the first time that the cytotoxic effect of shikonin has
been demonstrated in the human epithelial colorectal adenocarci-
noma cell line Caco-2. Our results confirm those of other authors
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who claim that shikonin modifies the cell cycle of cancer cells
through the accumulation of these cells during the Gg phase, which
decreases the subpopulations of Go/G1, S, and G/Min human mel-
anoma cells (A375-52) and murine melanoma (B16F10) [18,30].
The reduction of the population of cells in a quiescent phase (Gg)
increases the susceptibility of these cells to conventional anti-
cancer treatments. In fact, studies in chemoresistant cell lines
(MCF-7/Adr) combining shikonin with other reference antitumor
drugs (such as paclitaxel or vincristine) have demonstrated the
chemosensitizing ability of the former, yielding antitumor activity
values similar to those presented by the drug alone [17]. It is worth
noting that clinical studies in patients with advanced lung cancer
treated with conventional chemotherapy together with shikonin
show a decrease in proliferation and tumor growth, longer survival,
and a general improvement of their immune functionality and
quality of life thanks to a decrease in the general perception of pain,
improvement of appetite, and weight gain [31].

In conclusion, shikonin acts as a chemopreventive agent in the
AOM/DSS model of UC-associated CRC through inhibition of the
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**P<0.01, ***p<0.001, ****p<0.0001; significantly different from the control group, determined by means of ANOVA followed by Dunnett’s

t-test (n=5).

proinflammatory milieu generated during the disease and known
to be an important risk factor in cancer development. Moreover,
previous studies have demonstrated that shikonin has wound
healing properties in vivo [32,33] and in vitro in intestinal epithe-
lial cell lines [11]. We hypothesize that this wound healing ca-
pacity is also at play in the UC model, contributing to the healing
of ulcers and therefore reducing the bacterial influx from the in-
testinal lumen, which in turn diminishes inflammation. Finally,
we propose that shikonin inhibits or modulates cellular targets as-
sociated with cancer and activates multiple cell death pathways
either directly or indirectly [12], and that this cytotoxic effect con-
tributes to the positive results of shikonin in this model. Although
these two last hypotheses need to be confirmed by more in-depth
studies in the model, we consider that the present evidence
points to shikonin as a highly promising therapeutic agent.

Materials and Methods

Chemicals

Shikonin (=98% purity by HPLC) was purchased from TCl Europe.
DSS (molecular weight 36-50 kD; MP Biomedicals LLC), sulfasala-
zine (=98 % purity by HPLC), AOM (= 98 % purity by HPLC), and ac-
tinomycin D (= 95% purity by HPLC) were purchased from Sigma-
Aldrich. All chemical and biochemical reagents used in the buffers
and experimental protocols were purchased from Fluka Chemika-
Biochemika, Baker, Panreac, and Sigma-Aldrich.

Animals

Female Balb/C mice weighing 18-20 g (Janvier) were used for the
in vivo experiments. All animals were fed a standard diet ad libitum
and housed under a 12-h light/dark cycle at 22+3°C and 60%
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humidity. Housing conditions and all in vivo experiments were
approved by the Institutional Ethics Committee of the University
of Valencia, Spain (2015/VSC/PEA/00023; approved January 23,
2015).

Induction of colorectal cancer associated with chronic
ulcerative colitis and treatment with shikonin

We employed the AOM/DSS model of colitis-associated colorectal
carcinogenesis [7,34], as outlined in » Fig. 2A. In brief, after 1-
week acclimatization, female Balb/C mice were injected with
AOM (7.5 mg/kg, i.p.) and randomly assigned to four treatment
groups (10 animals/group): one group was left untreated, a sec-
ond group received the standard drug sulfasalazine (100 mg/kg),
and the two remaining groups were treated with shikonin at two
different doses (3.5 and 7.0 mg/kg). Doses were selected based
on previous experiments [10]. Both sulfasalazine and shikonin
were dissolved in normal drinking water before administration.
Doses were calculated based on the estimation that mice drink
about 6 mL of water/day. DSS treatment began one week after
AOM injection and continued for three cycles. Each cycle con-
sisted of 7 days of 1.5% DSS (w/v) dissolved in fresh tap water ad
libitum followed by 7 days without DSS. During the 14 days that
each cycle lasted, both shikonin and sulfasalazine were adminis-
tered on a continuous basis. A fifth group (six animals; sham
group) was left untreated, injected with saline (instead of AOM),
and drank normal drinking water throughout the experiment.
Since the aim of the present study was to establish the effect of
shikonin on the initial stages of CRC development, the endpoint
of the procedure was established before visible tumors could be
observed, at the stage of subchronic colorectal inflammation.
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Body weight and drinking were monitored throughout the ex-
periment. No significant difference in fluid consumption between
groups was detected.

Upon termination of the experiment, colonic tissues from mid
to distal colon were excised, rinsed with cold PBS, and blotted dry.
Following gross examination, a piece (approximately 1cm) of
each colon was separated for histological evaluation and the rest
was left for biochemical analyses. Those samples set aside for bio-
chemical tests were ground to powder with a mortar and kept at
- 80°C for further analyses.

Histopathological analysis

Small (approximately 1 cm) frozen sections (4 um) of excised co-
lonic tissue were fixed in 10% paraformaldehyde in PBS (pH 7.4)
and stained with hematoxylin and eosin. Histologic assessment
of the degree of inflammation and dysplasia of the colonic muco-
sa was carried out in a blinded fashion by a pathologist.

Myeloperoxidase activity assay

MPO activity was determined as previously described [35]. About
40 mg of powdered tissue was weighed for each sample and ho-
mogenized in 80 MM KH,PO4/Na;HPO,4 buffer (pH 5.4) contain-
ing 0.5% hexadecyltrimethylammonium bromide. After centrifu-
gation (11300g for 20min at 4°C), 100 uL of PBS, 85uL of
22 mM KH,PO4/NayHPO, buffer, and 15 L of H,0, 0.017 % were
added to 30 pL of the supernatant. The enzymatic reaction began
when adding 20 pL of tetramethylbenzidine hydrochloride. After
3 min at 37°C the reaction was stopped. Absorbance was read at
630 nm. MPO activity is expressed as the amount of enzyme re-
quired to convert 1 pmol of H,0, to water in 1 min, expressed
per gram of wet tissue.

Measurement of interleukin-6 in colon tissue

The concentration of IL-6 in the colon was measured using an en-
zyme-linked immunosorbent assay kit (eBioscience) following the
manufacturer’s instructions. About 80 mg of dry powdered tissue
was dissolved (20%, w/v) in ice-cold PBS buffer containing 0.1%
Igepal CA-630, as described in a previous study [36], and a com-
plete mini-EDTA-free protease inhibitor cocktail was added
(Roche). Tissues were sonicated for 10s and shaken on ice for
45 min. The homogenates were centrifuged (20000 g for 10 min
at 4°C) and supernatants were collected and stored at —80°C.
Protein concentration in the supernatants was determined with
the Bradford method.

Preparation of cytosolic and nuclear protein fractions
from colon and analysis by Western blot

Protein extraction from the intestine was performed as described
previously [37]. Powdered tissues were homogenized for 1 min
with a Polytron PT-2000 (Kinematica) tissue homogenizer in
1.5mL of ice-cold buffer A (10 MM HEPES pH 7.9, 10 mM KCl,
1.5 mM MgCls, 0.5 mM dithiothreitol, 0.1 mM EDTA, 0.5 mM phe-
nylmethyl sulphonyl fluoride, 1 ug/mL aprotinin, 1 ug/mL leupep-
tin, and 1 ug/mL pepstatin A]. Igepal CA-630 was added to a final
concentration of 0.5%. The homogenates were chilled on ice with
gentle shaking for 45 min. The membrane fraction was centri-
fuged at 106 x g for 10 min at 4°C. The supernatant containing
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the cytosolic fraction was stored at —80°C until use. The pellet
was resuspended in 500 pL of buffer B (20 mM HEPES pH 7.8,
400 mM Nacl, 1.5mM MgCl,, 0.2mM EDTA, 25% glycerol,
0.5mM phenylmethylsulphonyl fluoride, 0.5mM dithiothreitol,
1 pg/mL aprotinin, 1 pg/mL leupeptin, and 1 pg/mL pepstatin A)
and chilled for 30 min on ice with gentle shaking. After centrifuga-
tion at 20800 x g for 15 min at 4°C, the supernatant containing
the nuclear fraction was removed and stored at — 80 °C until use.

The presence of proteins in the supernatants was determined
by means of the Bradford method, and equal amounts of protein
(30 ug) were used. Membranes were incubated with polyclonal
antibodies against COX-2 (1:1000; Millipore), iNOS (1:2000;
Millipore), p65 (1:500; SC-7151; Santa Cruz Biotechnology), f-ac-
tin (1:10000; Sigma-Aldrich), or PARP (1:500; Sigma-Aldrich). -
Actin was used as a cytosolic or total protein loading control and
PARP was used as a nuclear protein loading control. The blots
were washed and incubated with peroxidase conjugate anti-rab-
bit, anti-mouse, or anti-goat immunoglobulin G (1:12000 dilu-
tion; Sigma-Aldrich). The immunoreactive bands were visualized
with the aid of an enhanced chemiluminiscence system (Milli-
pore).

Cell culture

Human epithelial colorectal adenocarcinoma Caco-2 cells (ATCC;
passages 21-33) were used in all in vitro experiments. Cells were
maintained in DMEM GlutaMAX (Gibco) (1 g/L glucose) supple-
mented with 20% fetal bovine serum, 1% antibiotics (penicillin
(100 U/mL), and streptomycin sulfate (100 mg/mL) in a humidi-
fied 5% CO, atmosphere.

Proliferation and cytotoxicity assay

The effect of shikonin on proliferation and cytotoxicity was eval-
uated with the MTT assay [38]. Caco-2 cells were exposed to shi-
konin (50-1.56 uM) or to actinomycin D (4 uM) in a 96-well micro-
plate and, 24-h post-treatment, 100 uL per well of a 0.5 mg/mL
solution of MTT (Sigma-Aldrich) were added. Absorbance was
measured at 490 nm with a Victor X3 (Perkin Elmer) plate reader.
Untreated cells were arbitrarily assigned 100% viability.

Actinomycin D was used as a reference compound in cell stud-
ies, as it inhibits the growth of tumor cells, thus inducing apopto-
sis through a mechanism that involves the irreversible alteration
of gene replication and protein transcription, together with the in-
hibition of topoisomerase Il and an increase in the production of
reactive oxygen species [39].

Preparation of cell samples and Western blot analysis

Caco-2 cells were plated at a density of 5 x 10° cells per well in a 6-
well cell culture plate along with 2 mL of culture medium and then
incubated for 24 h. The cells were pretreated with shikonin or ac-
tinomycin D and subsequently stimulated with lipopolysaccharide
(1 mg/mL) for the specified periods (16-24 h).

For Western blot, cell lysates were obtained with lysis buffer
[1% Triton X-100, 1% deoxycholic acid, 20 mM NaCl, and 25 mM
Tris, pH 7.4 (Sigma-Aldrich), and a complete mini-EDTA-free pro-
tease inhibitor cocktail]. After centrifugation, proteins were deter-
mined in the supernatant by the Bradford method. Membranes
were incubated with polyclonal antibodies against Bcl-2 (1:500,
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SC-7382), caspase-3 (1:500, SC-22139), or GAPDH (1:1000, SC-
20357), all purchased from Santa Cruz Biotechnologies. GAPDH
was used as a loading control.

Cell cycle and apoptosis studies by flow cytometry

To study the effect of shikonin on the cell cycle by flow cytometry,
a commercial kit was used (BD Cycletest Plus DNA Reagent Kit, BD
Biosciences). Samples were analyzed according to the manufac-
turer’s instructions.

Apoptosis was also studied by flow cytometry with the aid of a
commercial kit (FITC-Annexin V Apoptosis Detection Kit |, BD Bio-
sciences).

Software

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

Statistical analysis

Statistical analysis was performed by means of ANOVA followed
by Dunnett’s t-test. The results are presented as the mean *
SEM. GraphPad Prism 4.0 software (GraphPad Software Inc.) was
used for all calculations.
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