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Abstract
Our research to seek active compounds against human colorectal cancer from the root of Alkanna
tinctoria (L.) Tausch led to the isolation of two naphthoquinones, alkannin (1) and angelylalkannin
(2). The antiproliferative effects of the two compounds on human colon cancer cells HCT-116 and
SW-480 were determined by MTS method. Cell cycle profile and cell apoptosis were determined
using flow cytometry. Both of the two compounds showed significant inhibitory effects on the
cancer cells. For alkannin (1) and angelylalkannin (2), the IC50 values were 2.38 and 4.76 µM for
HCT-116 cells, while for SW-480 cells, they were 4.53 and 7.03 µM, respectively. The potential
antiproliferative mechanisms were also explored. At concentrations between 1–10 µM, both
compounds arrested the cell cycle at the G1 phase and induced cell apoptosis.
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INTRODUCTION
Colorectal cancer is one of the leading causes of cancer-related death and one of the most
commonly diagnosed cancers in the West and worldwide (Engstrom et al., 2005; Siegel et
al., 2012). In addition to surgical resection, many patients often need supplemental
chemotherapy or radiotherapy. Commonly used chemotherapeutic agents have obvious
adverse events and dose-limiting toxicity. Adding more drugs or increasing the dosages also
increases the probability of adverse effects, potentially leading to patients’ refusal to
continue the potentially curative chemotherapy (Schnell, 2003; Venook, 2005). As a result,
improvements in treating patients with colorectal cancer are necessary.

Throughout the last two decades, botanicals with effective anticancer activities have been
evaluated (Garodia et al., 2007; Li et al., 2010). The use of herbal medicines is also on the
rise in cancer patients (Lee et al., 2006; Tian et al., 2010). Long-term consumption of certain
botanicals might be associated with reduced cancer incidence and thus has an
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epidemiological basis for further investigation. Research that explores new botanical
candidates with potential anticancer effects is needed for the development of safe and
efficacious anticancer therapies (Hemaiswarya and Doble, 2006; Bemis et al., 2006).

Alkanna tinctoria (L.) Tausch (Boraginaceae) is widely distributed in Europe and western
Asia. Its root has been used as a dye for fabrics, cosmetics, and food and as botanical drugs
for ulcers, inflammation, and wounds (Papageorgiou et al., 1977). Previous phytochemical
studies on the plant have resulted in the isolation of a series of naphthoquinone pigments,
alkannin and its derivatives (Papageorgiou et al., 1977; Papageorgiou et al., 1980). Some of
these compounds have been found to exhibit biological activities, including cytotoxic,
antimicrobial, anti-Leishmanial, and anti-inflammatory activities (Papageorgiou et al., 1977;
Papageorgiou et al., 1979; Papageorgiou et al., 1980; Plyta et al., 1998; Assimopoulou and
Papageorgiou, 2005; Ali et al., 2011). However, the effects of alkannin and its derivatives on
human colorectal cancer have not been evaluated.

In this study, chromatographic purification afforded two major naphthoquinones, alkannin
(1) and angelylalkannin (2), from the root of A. tinctoria. Both of the compounds showed
significant growth inhibitory effects on two human colorectal cancer cell lines, HCT-116
and SW-480. To further explore the potential mechanisms of antiproliferation, the activities
of the two compounds on cell cycle and apoptosis were determined.

MATERIALS AND METHODS
Instrument procedures

Optical rotations were obtained using a DIP-360 digital polarimeter (JASCO, Easton, USA).
NMR spectra were recorded on a JEOL ECX 400 NMR spectrometer (JEOL, Tokyo, Japan).
ESI-TOFMS experiments utilized a JEOLAccuTOF™LC 1100 mass spectrometer (JEOL,
Tokyo, Japan). Column chromatography was performed on silica gel 60 (230–400 mesh,
Nacalai Tesque Inc., Kyoto, Japan) and Sephadex LH-20 gel (Uppsala, Sweden). TLC was
performed on Kieselgel 60 F254 (Merck, Damstadt, Germany) plates. Spots were visualized
by spraying with 10% aqueous H2SO4 solution, followed by heating.

Plant material and purification of compounds
The roots of A. tinctoria were donated from Prof. Tibor Wenger, Semmelweis University,
Budapest, Hungary and authenticated by Prof. Yukihiro Shoyama. A voucher specimen
(201112) was deposited at the Herbarium of Faculty of Pharmaceutical Science, Nagasaki
International University. The air-dried sample (900 g) was pulverized and then extracted
with 95% EtOH under sonication (2 L × 3), and the combined extracts were concentrated in
vacuo to dryness. The obtained EtOH residue (35 g) was suspended in H2O (0.5 L) and
partitioned with CHCl3 (0.5 L × 3) to obtain CHCl3-soluble fraction (pigment fraction; 14
g). The pigment fraction was fractionated on a silica gel column with a gradient of hexane-
EtOAc (20:1→0:1) to obtain five fractions, Fr.1.1–1.5. Fr.1.1 (2.1 g) was repeatedly
chromatographed on a silica gel column with hexane-EtOAc (20:1), followed by a sephadex
LH-20 column with MeOH as an eluent to obtain angelylalkannin [2, 950 mg, red syrup,

 = −28° (c 0.20, CHCl3), ESI-MS m/z 371 [M+H]+]. Fr.1.4 (500 mg) was subjected to a
silica gel column with hexane-EtOAc (5:1), followed by a sephadex LH-20 column with

MeOH as an eluent to obtain alkannin [1, 25 mg, red amorphous powder,  = −34° (c
0.30, CHCl3), ESI-MS m/z 289 [M+H]+].
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Bioassay materials and reagents
All cell culture plasticware were obtained from Falcon Labware (Franklin Lakes, NJ) and
Techno Plastic Products (Trasadingen, Switzerland). Trypsin, McCoy’s 5A and Leibovitz's
L-15 media, fetal bovine serum and insulin-like growth factor, and phosphate buffered
saline were obtained from Mediatech, Inc. (Herndon, VA). Dulbecco’s Modified Eagle’s
medium was obtained from ATCC (Manassas, VA). Penicillin G/streptomycin and
irinotecan were obtained from Sigma-Aldrich (St. Louis, MO). An MTS assay kit, CellTiter
96 Aqueous One Solution Cell Proliferation Assay, was obtained from Promega (Madison,
WI). PI/RNase staining buffer and annexin V-FITC apoptosis detection kit were obtained
from BD Biosciences (Rockville, MD).

Cell culture
Human colorectal cancer cells (HCT-116 and SW-480) and rat intestinal epithelial cells
(IEC-6, as normal cells) were obtained from American Type Culture Collection (ATCC).
Cells were routinely grown in McCoy's 5A medium (for HCT-116) or Leibovitz's L-15
medium (for SW-480) or Dulbecco’s Modified Eagle’s medium (for IEC-6) supplemented
with 10% fetal bovine serum and penicillin/streptomycin (50 units/ml). Cells were
maintained in a tissue culture flask and kept in a humidified incubator (5% CO2 in air at
37°C). The medium was changed every 2–3 days. When the cells reached 70%–80%
confluence, they were trypsinized, harvested, and seeded into a new tissue culture flask.

Cell proliferation analysis
The effects of alkannin (1) and angelylalkannin (2) on the proliferation of colorectal cancer
cells were determined using an MTS assay. Cancer cells were plated into a 96-well plate at a
density of 1×104 cells/well. After seeding for 24 h, the cells were treated with alkannin (1)
or angelylalkannin (2) at various concentrations. Data from this study were then compared
to our previous reports using 5-FU in the same experimental condition to serve as a positive
control. All experiments were performed in triplicate. At the end of the sample exposure
period, the medium of each well was discarded and 100 µL of fresh medium and 20 µL of
CellTiter 96 aqueous solution were added. The plate was returned to the incubator where it
remained for 1–4 h in a humidified atmosphere at 37°C. Then, 60 µL of medium from each
well was transferred to an ELISA 96-well plate, and the absorbance of the formazan product
was measured at 490 nm. The blank control was recorded by measuring the absorbance at
490 nm with wells containing medium mixed with Cell Titer 96 aqueous solution but no
cells. Results were expressed as a percentage of control (vehicle set at 100%).

Cell cycle analysis
The cell cycle profile was assayed by flow cytometry after staining with PI/RNase, and the
assay data from alkannin (1) and angelylalkannin (2) were compared. HCT-116 cells were
seeded in 24-well tissue culture plates. On the second day, the medium was changed, and
cells were treated with alkannin (1) or angelylalkannin (2) at different concentrations. Cells
were incubated for 48 h before harvesting. The cells were fixed gently with 80% ethanol
before being placed in a freezer for 2 h. They were then treated with 0.25% Triton X-100 for
5 min in an ice bath. The cells were resuspended in 30 µL of phosphate buffered saline
(PBS) containing 40 µg/mL propidium iodide and 0.1 mg/mL RNase. Cells were incubated
in a dark room for 20 min at room temperature before cell cycle analysis with a FACScan
flow cytometer (Becton Dickinson, Mountain View, CA) and FlowJo software (Ashland,
OR). For each measurement, at least 10,000 cells were counted.
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Apoptotic analysis
HCT-116 cells were seeded in 24-well tissue culture plates. After 24 h, the medium was
changed and alkannin (1) or angelylalkannin (2) were added. After treatment for 48 h, cells
floating in the medium were collected. The adherent cells were detached with 0.05% trypsin.
Then culture medium containing 10% FBS (and floating cells) was added to inactivate
trypsin. When gentle pipetting was completed, the cells were centrifuged for 5 min at 1500g.
The supernatant was removed and cells were stained with annexin V-fluorescein
isothiocyanate (FITC) and propidium iodide (PI) according to the manufacturer's
instructions. Untreated cells were used as control for double staining. Immediately after
staining, the cells were analyzed by a FACScan flow cytometer. For each measurement, at
least 20,000 cells were counted.

Statistical analysis
Data are presented as mean ± standard error (S.E.). A one-way ANOVA was employed to
determine statistical significance of results. In some cases, Student’s t-test was used for
comparing two groups. The level of statistical significance was set at P< 0.05.

RESULTS AND DISCUSSION
The ethanolic extract of the root of A. tinctoria was partitioned between CHCl3 and water to
give the fraction containing pigments, followed by column chromatography on silica gel and
Sephadex LH-20 to yield alkannin (1) and angelylalkannin (2) (Fig. 1). Their structures were
confirmed by NMR and MS spectra and compared with those previously reported
(Papageorgiou et al., 1977; Papageorgiou et al., 1980).

After treatment with alkannin (1) or angelylalkannin (2) for 48 h, the proliferation of
HCT-116 and SW-480 cells was suppressed dose dependently. Concentrations of each
compound at 1, 3, and 10 µM were tested (Fig. 2). For the HCT-116 cells, after treatment
with 1, 3, and 10 µM of alkannin (1) for 48 h, cell proliferation was inhibited by 6.9%,
68.9% and 94.8%, respectively; while 1, 3, and 10 µM of angelylalkannin (2) inhibited cell
growth by 2.7%, 40.7% and 78.1%, respectively. On SW-480 cells, the antiproliferative
effect of 1, 3, and 10 µM of alkannin (1) was 20.1%, 35.5% and 99.2%, respectively; while
results with angelylalkannin (2) were 2.9%, 3.3% and 83.3%, respectively. With 30 µM of
either compound, cell growth was inhibited absolutely in both cell lines. The IC50 of
alkannin (1) and angelylalkannin (2) for HCT-116 cells were 2.38 µM and 4.76 µM; on
SW-480 cells they were 4.53 µM and 7.03 µM, respectively.

We previously evaluated the effects of a commonly used chemotherapeutic agent,
fluorouracil (5-FU), on HCT-116 and SW-480 cell lines (Wang et al., 2007; Li et al., 2009)
in the same experimental conditions as this study. Thus, our 5-FU data can be considered a
positive control for the present study. We observed that at a 10 µM concentration, 5-FU
showed approximately 35% antiproliferative activity. In this study, we observed that
compared to 5-FU, alkannin (1) and angelylalkannin (2) possessed significantly stronger
antiproliferative activity at the same concentration.

In this study, we also used rat intestinal epithelial cells (IEC-6) to evaluate the effect of
alkannin (1) and angelylalkannin (2) on these normal intestinal cells. We observed that at 10
µM of alkannin (1) and angelylalkannin (2), the proliferation was 75.5% and 88.3%,
respectively. However, the proliferations of alkannin (1) and angelylalkannin (2) on
HCT-116 cells were 0.8% and 16.7%, respectively. Thus, compared to the significant
antiproliferative effect of alkannin (1) and angelylalkannin (2) on colorectal cancer cells,
IEC-6 cells were largely not affected.
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As shown in Fig. 3, compared with control (48.8% in G1 phase, 25.5% in S phase, and
22.1% in G2/M phase), treatment with alkannin (1) gradually changed the cell cycle profile
of HCT-116 cells. After treatment with alkannin (1) at 1 µM, the distribution was 69.2% in
G1 phase, 14.5% in S phase, and 14.1% in G2/M phase. At an alkannin concentration of 3
µM, the fractions of cells were 70.3% (G1 phase), 12.9% (S phase) and 14.8% (G2/M
phase). After treatment with angelylalkannin (2) at 1 µM, the cell cycle profile was 69.5%
(G1 phase), 15.6% (S phase) and 14.0% (G2/M phase), while with angelylalkannin (2) at 3
µM, the fractions of cells were 72.2% (G1 phase), 9.4% (S phase) and 16.2% (G2/M phase).
Notably, both alkannin (1) and angelylalkannin (2) significantly arrested HCT-116 cells at
the G1 phase at the tested concentrations.

To further characterize the anticancer mechanisms of the two compounds, we performed an
apoptotic assay (Fig. 4). After treatment for 48 h, the percentage of apoptotic cells (early and
late apoptosis) induced by alkannin (1) at 1, 3, and 10 µM were 7.5%, 56.2% and 63.5%.
The percentage of apoptotic cells induced by angelylalkannin (2) at concentrations of 1, 3,
and 10 µM were 8.8%, 28.8 to 55.7%, respectively. Compared to control (4.0%), treatment
with 3 µM or 10 µM of the two compounds significantly induced cancer cell apoptosis.
These results suggested that the antiproliferative effects of alkannin (1) and angelylalkannin
(2) could be mediated by the induction of apoptosis.

Botanicals have been the major source of therapy in many traditional medical systems and
have been used clinically for the treatment of a variety of diseases (Huang, 1999; Katoh et
al., 2011). Botanical ingredients in natural products contain bioactive constituents with
potential health benefits (Balunas and Kinghorn, 2005). The World Health Organization
(WHO) reported that 65–80% of the world’s healthcare services consist of traditional
medicines (Akerele, 1993).

Botanicals have been a significant resource for the discovery and use of efficacious
chemotherapeutic agents (Mann, 2002). In addition to low cost, novel natural products could
be effective against cancer, and their toxicity could be lower than other commonly used
chemotherapeutic drugs. A. tinctoria could contain several effective anticancer compounds
that may be used alone or as adjuncts to existing chemotherapy to improve efficacy and
reduce drug-induced toxicity.

Alkannin (1) and angelylalkannin (2) are principle components of the red pigments from the
roots of A. tinctoria along with some minor derivatives reported to date. Previous studies
have shown that alkannin derivatives possess antiproliferative effects on several cancer cell
lines, e.g. K562, GLC-82, CNE2, and Bel-7402 (Wu et al., 2005; Deng, 2010; Bogurcu et
al., 2011). Recently, there have been reports on molecular mechanisms of their cytotoxic
actions regarding apoptosis induction in K562 leukemia, GLC-82 adenocarcinoma, and
Hep3B hepatocarcinoma cell lines, respectively (Deng, 2010; Bogurcu et al., 2011). The
present study was the first to evaluate the therapeutic potential of the components from A.
tinctoria against the human colorectal cancer.

In summary, two naphthoquinone compounds, namely alkannin (1) and angelylalkannin (2),
were isolated and identified from the root of A. tinctoria. Both of these compounds
presented significant inhibitory effects on the proliferation of the human colon cancer cell
lines HCT-116 and SW-480. A cell cycle assay showed that they arrested the cell cycle at
the G1 phase. They also showed apoptotic induction activity. Thus, the observed anticancer
activities of these two compounds were related to cell cycle arrest and induction of
apoptosis. These results provide promising information for the potential use of A. tinctoria,
as well as some of the isolated compounds, in the treatment of colorectal cancer.
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Figure 1.
The structures of alkannin (1) and angelylalkannin (2).
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Figure 2.
Antiproliferative effects of alkannin (1) and angelylalkannin (2) on human colorectal cancer
cells. HCT-116 and SW-480 cells were treated with the compounds at various
concentrations for 48 h. Cell proliferation was determined using MTS method. Data are
presented as mean ± standard error. *, P<0.05; **, P<0.01 vs. control.
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Figure 3.
Effects of alkannin (1) and angelylalkannin (2) on HCT-116 cell cycle. HCT-116 cells were
treated with 1 and 3 µM of the compounds for 48 h. Cell cycle profile was determined using
flow cytometry after staining with PI/RNase. Percentages of cells in G1, S and G2/M phases
are indicated.
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Figure 4.
Effects of alkannin (1) and angelylalkannin (2) on HCT-116 cell apoptosis. HCT-116 cells
were treated with 1, 3, and 10 µM of the compounds for 48 h. Apoptosis was quantified
using flow cytometry after staining with annexin V/PI.
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