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Abstract. Shikonin has the potential to prevent, or be used in
the treatment of, bladder transitional cell carcinoma induced by
arylamines. We evaluated its effectiveness by measuring the
amount of acetylated 2-aminofluorene (AF), AF-DNA adducts,
changes of NAT mRNA and the amount of NAT enzyme. T24
human bladder cancer cells were incubated with 30 uM AF with
different concentrations of shikonin for various times. T24 cells
treated with shikonin (16 uM) were then harvested and used in 2
experiments: 1). T24 cells were incubated with 22.5 uM AF and
shikonin (0, 16 uM) (co-treatment) for 6, 12, 18, 24 and 48 h. 2).
T24 cells were incubated with various concentrations of AF and
shikonin (0, 16 uM) for 24 h. AF and AAF were measured by
HPLC. Then in the prepared human T24 cell cytosols different
concentrations of AF and shikonin were added to measure the
kinetic constants of NAT. Next, AF-DNA adducts in human T24
cells with or without treatment with shikonin were detected and
measured. The final two steps included measuring the NAT Ag-
Ab complex after treatment with and without shikonin and
evaluating the effect of shikonin on the NAT genes. Higher
concentrations of shikonin induced decreasing AF acetylation. We
found that the longer the culture period, the greater the difference
in AF acetylation in the same shikonin concentrations. It was also
noted that increase in AAF was proportional to incubation time.
In the presence of 16 uM of shikonin, N-acetylation of AF
decreased by up to 72-84%. Shikonin decreased the amount of
AAF production in human T24 cells in all examined AF doses.
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Both Km and Vimax values in the cytosolic NAT decreased after
the addition of shikonin to the cytosol. Finally, shikonin decreased
the amount of AAF production and AF-DNA adducts formation
in human T24 cells in all examined AF doses. The percentage of
cells stained by antibody was significantly different after treatment
with shikonin, especially with the higher shikonin concentrations.
The NAT1 mRNA level and the NAT1/B-actin ratio decreased
significantly with higher concentrations (16-24 uM) of shikonin.
Shikonin affected NAT activity, gene expression (NAT1 mRNA),
AF-DNA adducts formation and formation of NAT Ag-Ab in
human bladder tumor T24 cells. Therefore, shikonin should be
considered as a candidate agent for the prevention or treatment
of transitional cell carcinoma.

Zicao [purple gromwell, the dried root of Lithospermum
Erythrohizon Sieb. et Zucc, Arnebia euchroma (Royle) Johnst,
Arnebia guttata Bunge and others], referred to as “shikon” in
Japan, is a commonly used herbal medicine in China. It is
believed that shikonin possesses detoxification properties and
it has been used for thousands of years to treat macular
eruptions, measles, sore-throat, carbuncles and burns (1).
Based on the long history of its use, shikonin has been
extensively characterized (2). Shikonin and its derivatives are
the primary active components isolated from Zicao plants (3-
6) and their multiple pharmacological actions have been
documented (2). Zicao is a commonly used anticancer herbal
medicine in China (7) and medicinal mixtures containing
purified shikonin are reported to be safe and effective in the
treatment of late stage lung cancer patients (8).

About 347 males per 100,000 of the male population in
Taiwan annually die of bladder transitional cell carcinoma,
perhaps related to high local levels of industrial pollution.
Arylamines are an important component of industrial pollution.
Genetic variations in xenobiotic metabolism affect cancer
occurrence the in human population (9) and different species
have different risk in the bioactivation and detoxification of
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many arylamine drugs and carcinogens (10). Occupational
exposure to aromatic amines explains up to 25 percent of
bladder cancers in some areas of Western countries; possibly
higher estimates apply in limited areas of developing countries.
Aromatic amines as a component of environmental tobacco
smoke contaminate the ambient air (11). The carcinogenic
action of arylamine carcinogens requires N-acetylation
followed by metabolic activation to form electrophiles that can
bind to DNA (12). N-acetylation is an important step in
arylamine metabolism and is performed by arylamine N-
acetyltransferase (NAT) (3), which usually uses acetyl
coenzyme A as an acetyl group donation. The two isoenzymes
of NATSs, NAT1 and NAT2 (13), catalyze the N-acetylation of
arylamine carcinogens (4-aminobiphenyl and 2-aminofluorene)
(14). Individuals can be categorized as having either rapid or
slow acetylator phenotype. The susceptibility to the arylamine
carcinogens may modulate the risk of colorectal and bladder
carcinogenesis (15-17).

Until now, there is no available information to address
the effects of shikonin on NAT activity and gene
expression in a human bladder cancer cell line. We
designed this study to determine whether or not shikonin
affects NAT activity, gene expression and DNA-2-
aminofluorene adduct formation in human T24 bladder
transitional cell carcinoma cells.

Materials and Methods

Chemicals and reagents. Shikonin was obtained from Ichimaru
Pharcos Co.Ltd (GIFU-PREF, Japan). RNeasy® Mini Kit (50) and
QIAamp DNA Mini Kit (50) were obtained from Qiagen Inc.
Ethylene-diamine-tetra-acetic acid (EDTA), 2-aminofluorene (AF),
N-acetyl-2-aminofluorene (AAF), acetylcarnitine, leupeptin, bovine
serum albumin (BSA), phenylmethylsulfonylfluoride (PMSF), Tris-
HCI, dimethyl sulfoxide (DMSO), dithiothreitol (DTT), micrococcal
endonuclease, spleen exonuclease, acetyl-coenzyme A and carnitine
acetyltransferase were obtained from Sigma Chemical Co. (St.
Louis, MO, USA). All of the chemicals used were reagent grade.

Human bladder cancer cell line. The human bladder cancer cell
line (T24: human; female; 81 years old) was obtained from the
Food Industry Research and Development Institute (Hsinchu,
Taiwan, ROC). The cells were cultured for several generations
in our laboratory and their viability was checked periodically.
The cells were placed into 75-cm3 tissue culture flasks and grown
at 37°C under humidified 5% CO, and 95% air in 90% McCoy’s
S5a medium (Sigma Chemical Company, St. Louis, MO, USA)
supplemented with 10% fetal bovine serum (Gibco BRL, Grand
Island, NY, USA) and 2% penicillin (100U/ml penicillin) with
streptomycin (10 mg/ml streptomycin).

AF acetylation by NAT in T24 intact cells under various
concentrations of shikonin and for various time periods. T24 cells
(in 1 ml RPMI 1640 media with glutamine and 10% fetal calf
serum) were incubated with arylamine substrate (AF, 30 uM) at
1x100 cells/ml in individual wells of a 24-well cell culture plate
with different concentrations (0, 1.6, 3.2, 4, 8, 16, 24 uM) of
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shikonin for the time periods (6, 12, 18, 24, 48 h) indicated at
37°C in 95% air and 5% CO,. A shikonin concentration of zero
was used as control. The experiment was divided into 5 groups
according to the timing: A, B, C, D and E. At the end of
incubation, the cells and media were removed and centrifuged.
The supernatant was immediately extracted with ethyl
acetate/methanol (95:5), the solvent evaporated and the residue
redissolved in methanol and assayed for AAF by high
performance liquid chromography (HPLC, Beckman: Detector
module 168, Programmable Solvent module 126) (18).

After 24-h incubation of T24 cells with AF in the presence of
shikonin (16 uM), the media and cells were harvested for 2
experiments: 1). Time course effects of shikonin on NAT activity
T24 cells were incubated with 22.5 uM AF at 1x10° cells/ml in
individual wells of a 24-well cell culture plate with shikonin (0,
16 uM) for 6, 12, 18, 24 and 48 h. A shikonin concentration of
zero was used as control. At the end of incubation, the acetylated
AF (AAF) and non-acetylated AF were determined by HPLC as
described above (18). 2). Shikonin effects on N-acetylation of
various AF concentrations. T24 cells were incubated for 24 h
with various concentrations of AF (15, 30, 60, 90 uM) at 1x100
cells/ml in individual wells of 24-well cell culture plate with
shikonin (0, 16 uM). A shikonin concentration of zero was used
as the control. At the end of incubation, the acetylated AF
(AAF) and non-acetylated AF were determined by HPLC as
described above (18).

Shikonin effects on the kinetic constants of NAT in the T24 cell
cytosols

a. Preparation of human T24 cell cytosol. 5 x 107 cells were placed
in 2 ml of lysis buffer (20 mM Tris-HCI, pH 7.5 (at 4°C), 1 mM
DTT, 1 mM EDTA, 50 uM PMSF and 10 uM leupeptin) as
previously described (18). The suspensions were centrifuged at
9000 g for 1 min in a HERMLE Z200 M/H centrifuge, and the
supernatant fraction was subsequently centrifuged at 10,000 g for
60 min. The supernatant was kept on ice for the NAT activity
and protein determination. For cytosol examinations, the
reaction mixtures consisted of 50 ul of cytosol, 20 ul of recycling
mixture containing AF at selected concentrations (0.087, 0.174,
0.348, 0.696 and 1.392 mM) as substrate, and 10 pl 16 uM
shikonin. The reactions were started by the addition of acetyl
coenzyme A (AcCoA). The control reactions had 20 ul distilled
water in place of Ac-CoA. NAT activity was determined as
previously described (18). All reactive procedures were run in
triplicate.

b. NAT activity determination. The determination of AcCoA-
dependent N-acetylation of AF was performed as previously
described (18).

c. Protein determination. Protein concentration in the human T24
cell cytosols was determined using bovine serum albumin as the
standard as described by Bradford (1976). All of the samples
were assayed in triplicate.

Detection and measurement of DNA adducts in T24 cells.
Detection and measurement of DNA adducts were performed as
described previously (18, 19). About 5x106 cells/well were
incubated with AF (30, 60, 90 uM) and shikonin (0, 16 uM) and
recovered by centrifugation. A shikonin concentration of zero
was used as the control. The DNA was prepared by the
GENOME DNA isolation kit protocol (BIO 101, La Jolla, CA,
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USA), then the AF-DNA adduct was determined and examined
as described previously (18, 19).

Preparations of polyclonal antibodies. We immunized 6-week-old
female BALB/c mice with prepared recombinant proteins
(NAT). Each mouse was initially injected with 0.5 ml of pristane.
About 100 mg of antigen, mixed with an equal volume of
complete Freund’s adjuvant, were applied s.c. for 10-15 days. The
antigen was emulsified with incomplete Freund’s adjuvant and
injected i.p. for 10-20 days and boosted again for another 10-20
days. The serum-free myeloma cells (0.5-1x10%/ml) in PBS were
then injected i.p. into the mouse. The ascites fluids, which
normally accumulated after 1 week, were collected daily for 5-8
days (20).

Detection of NAT enzyme by flow cytometry. The level of
intracellular NAT of the T24 cells was determined by flow
cytometry (Becton Dickinson FACS Calibur), using the
prepared polyclonal antibody mentioned above. Cells were co-
treated with various concentrations (0, 1.6, 3.2, 4, 8, 16, 24 uM)
of shikonin for 24 h to detect the intracellular NAT enzyme. A
shikonin concentration of zero was used as the control. The cells
were washed twice, re-suspended in 100 ul of ice-cold 1%
formaldehyde for 5 min and mixed with 100 ul of ice-cold 99%
methanol for 30 min. Then the cells were washed three times
with 0.1% BSA in PBS and mixed with 100 ul of 0.1% Triton X-
100 in PBS with 0.1% sodium citrate on ice for 45 min. After
being washed three times with the same buffer, the cells were
incubated with polyclonal antibody at 4°C for 2.5 h and then
washed three times with 0.1% BSA in PBS. The cells were then
stained with FITC-labeled secondary antibody (goat anti-mouse
IgG; Jackson ImmunoResearch Laboratories, West Grove, PA,
USA) at 4°C for 35 min. Again the cells were washed three
times, re-suspended in PBS and analyzed by flow cytometry (20).

Electrophoresis and reverse transcriptase polymerase chain reaction
(RT-PCR) for NAT mRNA. The cells were incubated with various
concentrations (0, 3.2, 4, 8, 16, 24 uM) of shikonin for 24 h, then
collected to extract total RNA by using the Qiagen RNeasy Mini
Kit (50) at the indicated time. Total RNA (1.5 pg), 0.5 ug of
oligo-dT primer and DEPC (diethyl pyrocarbonate)-treated
water were combined in a micro-centrifuge tube to a final
volume of 12.5 ul. The entire mixture was heated at 70°C for 10
min and chilled on ice for at least 1 min. The subsequent
procedures for conducting reverse transcription were the same
as those in the instruction manual (First-strand cDNA synthesis
kit, Novagen). The reverse transcription products from total
RNA served as a template for PCR. When the target cDNA was
amplified, components in 50 ul of solution were as follows: 1.5
mM MgCl,, 0.2 mM dNTP mix, 20 pmoles of each primer (B-
MDIEA-NAT1 and VPKHGD-X-NAT1 for NAT1, FP1-NAT2
and RP1-NAT2 for NAT2, Act bl and Act b2 for beta-actin),
cDNA template corresponding to the amount synthesized from
50 ng of total RNA and 2 units of DNAzyme DNA polymerase.
The sequence of primers were as follows: B-MDIEA-NAT]I, 5’-
CACCCGGATCCGGGATCATGGACATTGAAGC-3’, nt 435-
454, GenBank accession number X17059; VPKHGD-X-NAT1,
5’-GGTCCTCGAGTCAATCACCATGTTTGGGCAC-3’, nt
1295-1278, GenBank accession number X17059; FP1-NAT2, 5’-
CTAGTTCCTGGTTGCTGGCC-3°, nt 79-98, GenBank

accession number NM-000015; RP1-NAT2, 5-TAACGTG
AGGGTAGAGA GGA-3’, nt 1073-1054, GenBank accession
number NM-000015; Act bl, 5-GCTCGTCGTCGACAACG
GCTC-3’, nt 94-114, GenBank accession number NM-001101;
Act b2, 5>-CAAACATGATCT GGGTCATCTTCTC-3’, nt 446-
422, GenBank accession number NM-001101 (21, 22). The
extracted RNA was subjected to RT-PCR analysis using specific
primers for NAT1, NAT2 and f-actin, and then PCR-amplified
cDNA derived from mRNA were applied to agarose gel
electrophoresis. The mRNA levels of NAT1, NAT2 and f-actin on
the gel electrophoresis were quantified by densitometric analysis
of the gel photograph and expressed as NAT1/B-actin ratio.

Statistical treatment of data. Statistical analysis of the data was
performed by an unpaired Student’s ¢-test. The kinetic constants
were calculated with the Cleland HYPER Program (1976), which
performs linear regression using a least-squares method (23).

Results

AF acetylation by NAT in the T24 intact cells under various
concentrations of shikonin and for various time periods.
HPLC was used in this assay to examine the levels of
acetylated and non-acetylated AF in T24 intact cells
cotreated with various concentrations of shikonin and
various time periods (Figure 1). The data indicated that
there was a decrease in N-acetylation of AF associated with
an increase in the concentration of shikonin in T24 cells. In
the control group, N-acetylation of AF varied from 8% to
68%, depending on the timing for AF acetylation. In the
presence of 1.6, 3.2, 4.0, 8.0, 16 and 24 uM shikonin, the N-
acetylation of AF was inhibited. Higher concentrations of
shikonin induced less AF acetylation. The longer the
incubation time, the greater the difference in AF
acetylation with the same shikonin concentrations.

Effect of incubation time with shikonin on human T24 cells.
T24 cells incubated with AF produced AAF in the culture
media, whereas cells without AF and AF without cells did
not lead to any detectable AAF in the media at all of the
examined times. Increased time of incubation led to
increasing AAF production. In the presence of 16 uM of
shikonin, the N-acetylation of AF was decreased by about
72-84% (Figure 2).

Effects of AF concentration and shikonin on human T24
cells. The data indicated that increased AF concentrations
led to an increase in the AAF production in examined
cells. Overall, the data indicated that shikonin decreased
the amount of AAF formation in all examined AF doses
(15, 30, 60 and 90 uM) (Figure 3).

Effects of 16 uM shikonin on kinetic constants of NAT in

human T24 cell cytosols. In the presence or absence of
shikonin, specific concentrations of AF (0.087, 0.174, 0.348,
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Figure 1. Experimental data were divided into 5 groups: A, B, C, D and
E according to 5 different time periods (6, 12, 18, 24 and 48 h) with 7
different concentrations (0, 1.6, 3.2, 4, 8, 16, 24 uM) of shikonin. The
shikonin concentration of zero was also defined as the control group. AAF
progressively increased as the timing was longer and the concentration of
shikonin lower. Group E showed the biggest difference between the control
group and 24 uM shikonin; the zero point (control group) revealed over
65% of AF acetylated to AAF while the 24 uM point only showed 2% of
AF acetylated to AAF. Each point represents the mean of triplicate assays.
Values are mean=SD (n=3). *The difference between shikonin (4 and 8
uM) and the control group, p<0.05. **The difference between shikonin
(16 and 24 uM) and the control group, p<0.01.
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Figure 2. AF acetylation in fixed concentrations of AF (22.5 uM) and
shikonin (0, 16 uM) when the T24 cells were incubated for different time
periods (6, 12, 18, 24 and 48 h). The shikonin concentration of zero was
also defined as the control group. The longer incubation time increased
the level of AF acetylation. The percentage of acetylated AF increased in
the control group from 10% (6 h) to 70% (48 h) and in the experimental
group from 2% (6 h) to 14% (48 h). Each point represents the mean of
triplicate assays. Values are mean+SD (n=3). *The difference between
experimental and control group, p<0.05.

0.696 and 1.392 mM for cytosol examination) were added
to the recycling mixtures in order to determine cytosolic
NAT kinetic constants. When 16 uM shikonin was added to
the reaction mixtures, the apparent Km and Vmax values
were decreased by 45% and 52%, respectively (Table I).

Effects of shikonin on DNA-2-AF adducts in T24 cells. In
to determine AF-DNA adducts, cells were
recovered and DNA was prepared, hydrolyzed to

order

nucleotides, the adducted nucleotides were extracted into
butanol and analyzed by HPLC. The data indicated that
increased AF concentration led to an increase of AF-
DNA adduct formation in examined cells. Overall, the
data indicated that shikonin decreased the amount of
AAF production and AF-DNA adducts formation in
human T24 cells in all examined AF doses (Figure 4).

Effects of shikonin on the NAT Ag-Ab reaction in T24 cells.
The variations of NAT protein were measured by the
ability of the NAT antibody to form an antigen-antibody
complex. The amount of NAT-Ag-Ab complex was
measured by flow cytometry (Figure 5 and Table II). The
expression of NAT-Ag-Ab complex in the cells treated
with different concentrations (0, 1.6, 3.2, 4, 8, 16, 24 uM)
of shikonin led to a dose-dependent decrease in the NAT-
Ag-Ab complex in the T24 cells. The percentages of cells
stained by antibody after treatment with shikonin were
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Figure 3. AAF production in fixed time (24 h), fixed concentrations (0,
16 uM) of shikonin and different concentrations of AF incubated in T24
cells. The shikonin concentration of zero was also defined as the control
group. There were 4 different concentrations (15, 30, 60, and 90 uM) of
AF. AAF increased in proportion to an increase in AF concentration.
The difference between the control and experimental groups was
significant (p<0.05). Each point represents the mean of triplicate assays.
Values are mean=SD (n=3). *The difference between experimental and
control group.

Table 1. Kinetic data for the AF acetylated in T24 bladder tumor cells.

Km (mM) Vmax (nmol/min/
mg protein)
Control 2.24+0.41 7.38+0.91
Shikonin a1.22+0.24 b3.49+0.62

Values are mean+S.D. n=3. The concentrations of acetyl coenzyme A
and shikonin are 0.1 mM and 16 uM in separate, and the kinetic
constants were calculated from the modified HYPER Program of
Cleland (23).

adiffer between 16 uM shikonin and control, p<0.05

bdiffer between 16 uM shikonin and control, p<0.05

62.56+8.89, 50.67x7.86, 47.74%+6.42, 40.66%5.98,
24.89+3.08, 16.42+2.77 and 7.95+1.06, respectively. The
data were significant for the higher concentrations (8, 16,
24 uM) of shikonin.

Dose-dependent effects of shikonin on NAT mRNA

expression in intact T24 cells examined by polymerase chain
reaction (PCR). The extracted RNA was subjected to RT-
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Figure 4. AF-DNA adduct formation in fixed time (24 h), fixed concentrations
(0, 16 uM) of shikonin and different concentrations of AF in 124 cells. The
shikonin concentration of zero was defined as the control group. There were 3
different concentrations (30, 60 and 90 uM) of AF for AF-DNA adducts. The
AF-DNA adducts increased with increased concentrations of AF. The
difference between the control and experimental group was significant. Each
point represents the mean of triplicate assays. Values are mean=SD (n=3).
*The difference between experimental and control group, p<0.05.

PCR analysis using specific primers for NAT1, NAT2 and
B-actin, and then PCR-amplified cDNA derived from
mRNA was applied to agarose gel electrophoresis. The
data presented in Figure 6 A show that NAT1 mRNA
levels decreased at higher levels (16-24 uM) of shikonin
significantly differently from the low levels (3.2-8 uM) of
shikonin. NAT1 and NAT2 mRNA were present in T24
cells, but NAT2 was not affected by shikonin. The data and
gel photographs demonstrated that shikonin decreased
NAT1 mRNA expression in a dose-dependent manner but
that NAT?2 did not change in these cells. The mRNA levels
of NAT1, NAT2 and f-actin on gel electrophoresis were
quantified by densitometric analysis of gel photographs
and expressed as NAT1/p-actin (Figure 6B).

Discussion

Bladder cancer is the eleventh most common cancer in the
world, accounting for 3-4% of all malignancies (24), and it
is the thirteenth most common cause of mortality for
males in Taiwan (People’s Health Bureau, Taiwan, 2001).
The first known cause of human bladder cancer was
occupational exposure to arylamines, including 2-
naphthylamine, 4-aminobiphenyl (ABP) and benzidine,
principally among workers in the textile dye and rubber
tyre industries (25).
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Table I1. The percentages of (T24 cells) which were treated by shikonin
and stained by the NAT antibody.

Shikonin (uM) Percentage of cells

stained by anti-NAT

0 (Control) 62.56+8.89
1.6 50.67+7.86
32 47.74x6.4 2
4 40.66% 5.98
8 *24.89+3.08
16 #16.42+2.77
24 *7.95+1.06

Values are mean+S.D. n=3. The T24 cells (1x10° cells/ml) were co-
treated with various concentrations of shikonin. The zero concentration
of shikonin was defined as control. The percentages of cells stained by
NAT antibody were determined by flow cytometry as described in the
Materials and Methods section.

*differs between 8-24 uM shikonin and control, p<0.05

Most carcinogenic chemicals are not reactive per se and
require metabolic activation before reacting with the
genetic material, which may lead to mutations and
development of carcinoma. Metabolic activation of
chemical compounds is through their oxidation, hydrolysis
involves phase 1 enzymes for
Phase II  enzymes catalyse
detoxification of the activated compounds (26, 27). N-

or reduction and
biotransformation.

acetyltransferases, which belong to phase II of xenobiotic
transformation, are involved in reactions of acetylation of
arylamines, components of both carcinogenic compounds
and various drugs. In humans, two isoforms, NAT1 and
NAT?2 with different acetylation phenotypes (rapid and
slow) characterized by different response to certain drugs,
are observed. Thus, the N-acetylation polymorphism
determines individual variability in biotransformation of
aromatic amines (4-aminobiphenyl), hydrazines and
heterocyclic amines (carcinogen responsible for urinary
bladder cancer) present in tobacco smoke and supplied
with the diet (28, 29). In the human genome, three genetic
loci are connected with NAT expression. One of them,
NATP, seems to be a pseudogene, which codes for a non-
functional protein. The nucleotide sequences of the other
two expressed genes, NATI and NAT2, are 87% similar.
Different nucleotide changes occur in the NAT sequence:
nucleotide substitutions (all NAT2, some NATI alleles),
and insertions or deletions (NAT1). So far, 24 different
NATI alleles and 26 different NAT2 alleles have been
found (28-33).

The high frequency of the NATI and NAT?2
acetylation polymorphism in human populations together
with ubiquitous exposure to aromatic and heterocyclic
amines suggest that NAT1 and NAT2 acetylator
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Figure 5. Effects of shikonin on NAT expression in T24 human bladder cancers cells. T24 cells (1x10°/ml) were treated with 0, 3.2, 4, 8, 16, 24 uM shikonin
for 24 hours followed by evaluation of NAT expression. NAT expression was estimated by flow cytometry. Details are described in Materials and Methods.

genotypes are important modifiers of human cancer
susceptibility, in which N-acetylation is a detoxification
step, such as aromatic amine related to urinary bladder
cancer (14, 34, 35).

In addition, the cytochrome P450 enzyme is reportedly
involved in the metabolism of N-acetylated AF (AAF).
For example, cytochrome P450-dependent formation of
N-hydroxy-AAF plays an important role in the initial rate-
limiting step of AAF metabolism, which leads to the
mutation of the potentially carcinogenic products (36).

Other investigators demonstrated that P4501A1
(cytochrome P4501A1) is particularly efficient in the
catalytic conversion of AAF to 7-OH-AAF (37, 38).

An important point is that an individual’s susceptibility
to the carcinogenic effects of aromatic and heterocyclic
amine carcinogens may depend on: a) the relative rates of
N-acetylation and N-hydroxylation in the liver, b) the
route of excretion of metabolites, and c) the rates of
glucuronide hydrolysis and NAT-mediated activation in
the target tissue (39).
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Figure 6. A. Treatment of NAT1 m-RNA and beta-actin with different
concentrations (0, 3.2, 4, 8, 16, 24 uM) of shikonin. The shikonin
concentration of zero was defined as control. The gel electrophoresis was
quantified by densitometric analysis of gel photograph that showed NAT1
mRNA was obviously depressed by shikonin at the higher concentrations
(16, 24 uM). The mRNA levels of NATI and [B-actin expressed as
NATI/B-actin ratio. The ratio revealed a marked decrease in NATI
activity at higher shikonin concentrations (16, 24 uM).

The efficacy of shikonin in the treatment of cancer has
been rigorously tested in vivo in animal models. In mice,
following intraperitoneal injection of sarcoma 180 (S-180)
ascites cells, shikonin inhibited tumor growth and
resulted in a 92.5% increase in life-span when
administered at a dose of 5-10 mg/kg/day (40, 41). A
number of recent studies have shown that shikonin
derivatives exert antineoplastic effects by (a) inhibiting
cancer cell growth and inducing apoptosis, (b) enhancing
antitumor activity, (c) inhibiting DNA topoisomerase, (d)
possessing  antimitogenic  action, (e) reducing
carcinogenesis and (f) reducing angiogenesis. More
detailed information is given below:

1). Cancer cells can be induced to differentiate and
undergo apoptosis by various chemotherapeutic agents, e.g.
taxol (42), a well known plant-derived anticancer compound.
Therefore, chemical agents with potent differentiation-
inducing or apoptosis-inducing activity, but acceptable toxic
side-effects, have potential as anticancer drugs. A number of
studies suggest that shikonin derivatives meet this criterion
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(43). p-Hydroxyisovalerylshikonin (f-HIVS) inhibited the
growth of various cancer cell lines, including VMRCMELG,
a colon malignant melanoma, COLO320DM, a colon
adenocarcinoma, AZ-521 gastric cancer, MIA Paca 2
pancreatic cancer, HL-60, an acute promyelocytic leukemia
and U937, a histiocytic lymphoma at low concentrations
(between 0.001 and 1 mM). Among the cells tested, HL-60
cells were most sensitive to f-HIVS, the ICs, for 18-h
treatment being 0.41 mM and 0.0035 mM after 4 days
treatment. HL-60 cells treated with 1 mM B-HIVS for 3 h
showed characteristic features of apoptosis (44). These
studies indicate that the B-HIVS variant of shikonin
efficiently activates the classic caspase-3-mediated apoptosis
pathway, possibly resulting in a reduction of tumor survival
in vivo by an apoptotic pathway.

2). One study showed that a recently synthesized
shikonin derivative, 2-hyim-DMNQ-S33, significantly
inhibited proliferation of radiation-induced fibrosarcoma
(RIF) in a dose-dependent manner during a 4-h treatment
with 1.5-15 mM of the compound. A 3.0 mM treatment of
2-hyim-DMNQ-S33 significantly down-regulated active
phosphorylation of extracellular signal-regulated kinase
(ERK) within 1 h without any change in inactive ERK. On
the other hand, it markedly up-regulated active c-jun-N-
terminal kinase (pJNK) and protein kinase C-a without
any change in inactive JNK after a 4 h treatment. In
contrast, 2-hyim-DMNQ-S33 had no effect on the
expression or phosphorylation of p38. Treatment with 6
mg/kg 2-hyim-DMNQ-S33 prolonged the survival time of
sarcoma 180 tumor-bearing mice by 239%. This result is
similar to adriamycin treatment (45).

3). DNA topoisomerases are a class of enzymes that
alter DNA conformation through a concerted breakage
and rejoining of DNA molecules, thereby controlling the
topological state of DNA. Topoisomerases are involved in
many important processes of DNA processing including
replication, transcription, recombination and chromosome
segregation (46). In addition, DNA topoisomerases are
the target of many anticancer drugs, which are already
widely used in the clinic (47, 48). Shikonin, at a
concentration above 10 uM, has been reported to induce
topoisomerase II-mediated DNA cleavage, forming a
cleavable complex (49). The ability of shikonin to inhibit
topoisomerase activity is not as impressive as its ability to
inhibit the production of reactive oxygen species, which
suggests that topoisomerase is not a primary mechanism
for the anticancer effects of shikonin, but rather an
accessory effect (2).

4). An analogue of f,B-dimethylacryloylshikonin (93/637,
SA) was found to inhibit prostate cancer cell (DU 145,
LNCaP and PC-3) growth in a dose-dependent manner,
where the lowest efficacious dose was 250nM. Results
from lactate dehydrogenase (LDH) activity assays showed
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that cellular damage occurred when SA concentrations
exceeded 1 uM, suggesting that the inhibition of tumor cell
growth mediated by SA is not based on cell damage (50).

5). Shikonin added to the diet (0.02%) significantly
inhibited the incidence and average number of intestinal
tumors in rats treated with azoxymethane, suggesting that
shikonin might be a promising chemopreventive agent for
intestinal neoplasia (51).

6). The growth of new blood vessels, or angiogenesis,
plays an important role in the growth of solid tumors (52).
In a murine model, angiogenesis induced by TNF-a (100
ng) was inhibited when shikonin (1-5 mg) was injected
along with TNF-a. Shikonin (0.2 mg) co-injected with B16
melanoma cells strongly inhibited tumor growth and
tumor-induced angiogenesis. The histological appearance
of the B16 was not affected, suggesting that the effects of
shikonin were not due to cytotoxicity, but to prevention of
neovascularization and subsequent nutrient delivery.
Normal developmental angiogenesis in the yolk-sac
membrane of chicken embryos was inhibited by 0.25-0.5
mg of shikonin. However, shikonin had no effect on
embryo development at these doses, again suggesting that
the mechanism of action for shikonin is not based on
toxicity alone (53).

In the present study, shikonin induced changes of the
N-acetylation of AF, NAT activity (by HPLC), AF-DNA
adducts formation (by HPLC), NATSs’ antibody (by flow
cytometry) and NATs mRNA genes expression (RT-PCR)
in a human bladder transitional cell carcinoma (T24 cell
line). Our results demonstrated that shikonin decreased
the levels of AF N-acetylation (AAF production) in both
cytosols and intact T24 cells based on the following
observations: (i) the levels of AAF in T24 intact cells and
cytosol decreased in a dose-dependent manner; (ii)
apparent values of Km and Vmax from NAT in T24 cell’s
cytosols decreased; and (iii) time-course-dependent
experiments also showed decreased amounts of AAF in
T24 cells co-treated with shikonin. The treatment with
shikonin down-regulated the quantity of NATs’ antigen.
The NAT2 gene was not affected by shikonin treatment,
but the NAT1 gene was inhibited by higher concentrations
(16, 24 uM).

The attenuation of liver NAT activity is associated with
the progress of several diseases, such as breast and
bladder cancer (13, 54). The results also indicated that
shikonin decreased NAT kinetic constants (apparent
values of Km and Vmax) in the cytosols of T24 cells. The
inhibitors of enzyme activity can be classified into 3 types:
type 1 is a competitive inhibitor which competes with the
substrate for the binding site on the enzyme (Km values
are not changed, but Vmax values are); type 2 is a
noncompetitive inhibitor which binds to a different site of
the enzyme but blocks the conversion of the substrate to

products (Km values are changed, but Vmax values are
not); and type 3 is an uncompetitive inhibitor that binds
only to the enzyme-substrate complex (both values of Km
and Vmax are changed) (55). Therefore, shikonin is an
uncompetitive inhibitor of NAT in T24 cells. Shikonin
may be a useful tool to distinguish different NAT enzymes
based on different extent of inhibition.

Apparently shikonin affected NAT1 mRNA expression,
which led to a decrease in NAT activity and finally to
lower levels of AAF production in the examined T24
cells. Of course, in vivo studies should be considered in
the future. We also found that shikonin induced
cytotoxicity in T24 cells (data not shown) in our primary
studies. Although shikonin had been shown to induce
apoptosis in human HL60 leukemia cells (44), the exact
mechanism is still not clear. Therefore, the biological
activity of shikonin on T24 cells still needs further
investigation.

The exact role of arylamine-NAT reactive situation in
the development of bladder cancer and other tissues
remains unclear. It has been reported that liver NAT
enzyme is involved in the detoxification of exogenous
amines. Other investigators found that this enzyme could
be involved in the acetylation of other drugs (13).
Although the exact mechanism is not well understood, it is
clear that conversion of AF to mutagenic metabolites
involves hydroxylation and acetylation in liver tissue, with
additional acetylation of the circulating hydroxyl
metabolites occurring in other tissues. Currently, the
results of our study offer some information for the human
T24 cells. This report is the first to demonstrate that
shikonin inhibits NAT activity, depresses gene expression
(NAT1 mRNA), lowers the NAT-Ag-Ab complex
formation and decreases the amount of AF-DNA adducts
formation in cultured cells. So we hypothesize that
shikonin could be a potential candidate to prevent bladder
cancer formation by reducing the acetylation of
arylamines by NAT, to minimize mutation to a higher
grade tumor by decreasing AF-DNA adduct formation
and to treat the bladder transitional cell carcinoma by
inducing apoptosis and anti-angiogenesis.
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