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from Solanum aculeastrum
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1Department of Botany, University of Fort Hare, Alice, South Africa; 2Department of Biochemistry and Microbiology,
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Abstract

Solanum aculeastrum Dunal is a medicinal plant that has
long been used to treat various cancers and many other
conditions in the Eastern Cape Province of South Africa.
In this study, two steroid glycosides were isolated from
the berries of this plant, which were identified as tomati-
dine and solasodine by spectroscopic techniques. Effects
on cell growth of these compounds were investigated
with HeLa, MCF7, and HT29 cancer cell lines. The
IC50 values confirmed that tomatidine and solasodine
had the highest inhibitory effect on HeLa cells and the
IC50 of the combined compounds was lower than the
value for solasodine and unchanged from that of tomati-
dine. However, the IC50 values of the two compounds
combined was also lower in HT29 and MCF7 cells than
for the individual compounds. Both tomatidine and sola-
sodine inhibited cell growth by blocking the cell cycle in
the G0=G1 phase after 24-h exposure with an increase
from 55.6% to 64.2% and 66.8%, respectively. Using
annexin V–FITC=PI staining by flow cytometry, the
compounds showed very low apoptotic indices.

Keywords: Anticancer, apoptosis, Solanum aculeastrum,
solasodine, tomatidine.

Introduction

Solanum aculeastrum Dunal is a medicinal plant that
occurs from tropical Africa down to South Africa
(Koduru et al., 2006d). It is a thorny perennial plant
widely distributed in South Africa and grows up to
2–5 m in height. Local healers use the extremely bitter
berries for the treatment of various diseases in human
beings and domestic animals (Hutchings et al., 1996).

The fresh and boiled ripe berries are used to treat
jigger wounds and gonorrhea (Agnew & Agnew,
1994). Previous studies have reported on antimicrobial
and antioxidant activities of this plant using crude
extracts of its berries (Koduru et al., 2006a,c). Earlier
discussions with traditional healers of the Eastern Cape
Province in South Africa revealed that the plant is also
used for the treatment of cancer (Koduru et al., 2006a).
This claim was confirmed in our recent bioassay of
its crude extracts on three tumour cell lines (Koduru
et al., 2006c). In continuation of our research, this study
was aimed at isolating the cytotoxic compounds in
this plant and investigating their antitumor activity on
cultured carcinoma cell lines.

Induction of apoptosis, or programmed cell death, is
one approach to cancer therapy (Los et al., 2003).
Apoptotic cell death is a physiologic mechanism that
eliminates unwanted cells by triggering the cell’s intrin-
sic ‘‘suicide program’’ (Kerr et al., 1972). Impairment of
the apoptotic mechanism ultimately generates a patho-
logic condition that includes developmental defects
such as autoimmune diseases, neurodegeneration, or
cancerous neoplasia (Reed et al., 2001). Apoptosis is
characterized by morphologic changes such as mem-
brane blebbing, cell shrinkage, protein fragmentation,
chromatin condensation, and DNA degradation fol-
lowed by rapid engulfment of cell debris by neighboring
cells (Christop, 2003). It is therefore possible to take
advantage of this intrinsic mechanism by manipulating
the apoptotic process for therapeutic gains. Another
objective of this study was to broaden the understand-
ing of the relationship between Solanum aculeastrum
and induced apoptosis, which could be beneficial in
anticancer therapy.
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Materials and Methods

Plant material

The berries of S. aculeastrum were collected from plants
naturally occurring in the wild at Kayalethu village, near
the town of Alice, in the Eastern Cape Province of
South Africa (latitudes 30�000–34�150S and longitudes
22�450–30�150E). The plant was identified by Professor
DS Grierson at the Department of Botany, University
of Fort Hare, and a voucher specimen (Vedic Med
2005=16) was prepared and deposited in the Griffen
Herbarium of the university.

Extraction and isolation of tomatidine and solasodine

S. aculeastrum berries were oven dried to constant
weight at 60�C and ground to a powder using a blen-
der. Following the method of Weissenberg (2001),
100 g portion of the powder was added to 300 g toluene
plus 200 mL water and 100 mL of 32% HCl and
refluxed with stirring for 5 h. The reaction mixture
was subsequently alkalinized with 40% aq. NaOH
(200 mL) and refluxed again with stirring for 2 h. After
phase separation, the upper, pale-yellow toluene layer
was siphoned off, and the remaining dark-brown
aqueous mixture was further extracted three-times with
100-mL portions of toluene. The purity of the formed
precipitate was ascertained by TLC and NMR spec-
troscopy. The procedure gave consistently colorless
and crystalline steroid glycosides with 90–95% recovery
(Weissenberg, 2001). The white precipitate was sepa-
rated by preparative TLC using the solvent system
CHCl3-EtOAc (9:1), and the compounds were identified
using NMR spectroscopy.

NMR spectroscopy

1H and 13C NMR spectra were recorded on a Bruker
AMX400 spectrometer (Sarstedt, Numrecht, Germany) at
400 and 100.60 MHz, respectively. Deuterated chloroform
was used as the solvent for all the NMR experiments.
Chemical shifts are reported in ppm, using TMS as internal
references. Preparative TLC–silica gel 60 F254þ 366 was
used for preparative thin-layer chromatography (Merck,
Darmstadt, Germany) and visualized using sulfuric acid
spray (1% H2SO4 in MeOH).

Human carcinoma cell lines and culture medium

HT-29 (colonic adenocarcinoma), HeLa (cervical
carcinoma), and MCF-7 (breast adenocarcinoma) cells
were cultured in 10-cm culture dishes in growth medium
[antibiotic-free RPMI 1640 medium (Sigma, Darmstadt,
Germany)] containing 10% heat-inactivated fetal bovine
serum (Highveld Biological, Johannesburg, South Africa),
25 mM HEPES, and 2 mM glutamine in a humidified

5% CO2 incubator at 37�C. All cancerous cells were
obtained from the American Type Culture Collection
(ATCC).

Cytotoxicity assay

For the determination of cell viability, cells were seeded
into 96-well culture plates (Nunclon, Roskilde, Denmark)
at a density of 6000 cells=well in 200-mL aliquots. Cells
were allowed to attach for 24 h in a humidified 5% CO2

incubator at 37�C. Test compounds were solubilized in
DMSO before further dilution with growth medium.
The final concentration of DMSO in the wells never
exceeded 0.25%. Cisplatin (positive control), tomatidine,
or solasodine, at concentrations ranging between 0.1 and
1000 mM, were added to test wells whereas no compound
was added to the control cells. Cells were exposed to the
test compounds for 48 h. Immediately after the 48-h incu-
bation period, cell numbers were determined using the
MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazo-
lium bromide] assay as previously described (Alley et al.,
1988; Brauns et al., 2004). Briefly, cells were incubated
with 200 mL MTT (Sigma) (0.5 mg=mL in growth
medium) for 4 h at 37�C. The formazan product was then
dissolved in DMSO, and plates were agitated on a shaker
for 5 min, before the absorbance was read at 540 nm on a
multiwell scanning spectrophotometer (Multiskan MS;
Labsystems). The values obtained were used to determine
the percentage inhibition of cell growth caused by the
compounds (Hagopian et al., 1999; Huq et al., 2004).

Annexin V–FITC/PI

HeLa cells were seeded into 10 cm dishes (Sarstedt, Num-
brecht, Germany) in growth medium at 1.9� 106 cells
per plate. After a recovery period of 24 h, 2.5 mM cis-
platin, 500 mM tomatidine or 500 mM solasodine, or the
two alkaloids combined at 100 mM each were added to
test plates, whereas no compound was added to the con-
trol cells. The cells were incubated for a further 24 h
before the Annexin V–FITC Apoptosis Detection Kit
(Beckman Coulter, Fullerton, CA, USA) was used to dis-
tinguish between apoptotic and necrotic cells. The
reagents were prepared as per kit instructions. The cells
were collected in ice-cold PBSA and centrifuged for
5 min at 500� g at 4�C. The supernatant was discarded
and the pellet resuspended in ice-cold 1X binding buffer
to 2� 106 cells=mL. The tubes were kept on ice. To
100 mL of the cell suspensions, 1 mL of annexin V–FITC
solution and 5mL of dissolved propidium iodide (PI)
were added and mixed gently. The tubes were incubated
for 15 min on ice and in the dark before 400 mL of ice-
cold 1X binding buffer was added. The samples were
analyzed on a Beckman Coulter FC500 flow cytometer.
A minimum of 10,000 events were acquired per sample.
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Cell cycle analysis

The cell suspensions prepared for annexin V–FITC=PI
staining were also used for cell cycle analysis. Cells were
fixed and stained using the Coulter DNA Prep Reagents
Kit (Beckman Coulter). The cells were analyzed on a
Beckman Coulter FC500 Flow Cytometer. A minimum
of 10,000 events were acquired for each sample.

Calculations and statistics

Cytotoxicity tests were performed in quadruplicate.
Results were expressed as percentage growth inhibition
of control, and treatment values were compared with
control values using the two-sample Student’s t-test.
IC50 values for growth inhibition were derived from a
nonlinear regression model (curvefit) based on sigmoidal
dose response curve (variable) and computed using
GraphPadPrism 4 (Graphpad, San Diego, CA, USA).

Results

Tomatidine and solasodine

The phytochemical analysis of ground berries of S. acu-
leastrum afforded two steroid glycosides, tomatidine and
solasodine. The structures of the compounds were estab-
lished with the aid of NMR spectroscopic techniques in
addition to comparison with data found in the literature
(V’azquez et al., 1997; Weissenberg, 2001; Wanyonyi
et al., 2002).

In vitro antitumor assay

The comparative growth inhibition results (Fig. 1) sug-
gest that, at 10 and 100 mM concentrations, tomatidine
and solasodine were both most effective against HeLa
cervical cancer cells. There were no significant differences
between the results obtained with tomatidine and
solasodine on any of the three cell lines. The positive
control, cisplatin, which is a well-known anticancer
agent, consistently performed better than tomatidine
and solasodine at the same concentrations (p < 0.001).
By combining the two alkaloids in a 1:1 ratio to obtain
final concentrations of 10 or 100 mM, the inhibitory effect
was higher than the individual effects, especially at
100 mM. It should be noted that the total concentration
of the two alkaloids was 10 or 100 mM (Fig. 1). Therefore
it appears as if the two compounds had a synergistic
effect, at least at the higher concentration of 100 mM
(50 mM of each of tomatidine and solasodine).

The IC50 values confirmed that tomatidine and sola-
sodine had the greatest inhibitory effect on HeLa cells
(Table 1). In HeLa cells, the IC50 of the combined alka-
loids was lower than the value for solasodine and
unchanged from that of tomatidine. The IC50 values of

the two compounds combined was also lower in HT29
and MCF7 cells than for the individual compounds,
again suggesting synergistic effects.

Cell cycle analysis

To establish whether the alkaloids inhibited cell growth
by blocking cells in a certain phase of the cell cycle

Figure 1. Comparison of the growth inhibitory effects of two
concentrations of tomatidine and solasodine alone and in com-
bination (Tþ S) with that of cisplatin. HeLa, HT29, and MCF7
cells were exposed to 10 or 100 mM of cisplatin, tomatidine,
solasodine, or the latter two combined for 48 h. Mean� SD
(n ¼ 4). ��p < 0.001; �p < 0.05 compared with control.
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and=or inducing apoptosis, cellular DNA was stained
with PI and cells analyzed using flow cytometry. The
sub-G1 phase of the cell cycle was used to calculate
the percentage of apoptotic cells (Chang et al., 1998).
Table 2 shows that at 24 h exposure to cisplatin, the posi-
tive control increased the number of apoptotic cells from
1.7% in control samples to 21.2%. At the same time,
there was a delay in the S phase, with an increase from
19.2% to 52.1%. This was expected according to pre-
viously published reports (Shapiro & Harper, 1999).
Tomatidine and solasodine on their own (500 mM) and
in a 1:1 combination (100 mM each) caused an increase
in the percentage inhibition of cells in the G0=G1 phase,
but no increase in apoptosis was observed (Table 2).

Annexin V–FITC assay

To confirm apoptosis, annexin V–FITC=PI staining
was done and, again, the results obtained after the
flow cytometry showed very low apoptotic indices for
the two compounds on their own (Table 3). In this
assay, however, there was a moderate increase in the
apoptotic index when the two alkaloids were both
present at 100 mM each. The percentages of cells that
stained with PI and, therefore, underwent necrotic
death, were higher than the control for all treatments.
Cisplatin was the only treatment that gave a higher
percentage of apoptotic cells when compared with
necrotic cells.

Discussion

S. aculeastrum grows widely in South Africa and is used
for the treatment of many infectious illnesses (Koduru
et al., 2006a). In recent years, it has been used clinically
to treat cancers and has demonstrated the ability to
inhibit tumor development (Koduru et al., 2006b). How-
ever, the mechanism underlying its anticancer effect is not
clear. The results of this study have demonstrated that
compounds from S. aculeastrum had significant inhi-
bition on tumor cell growth by blocking certain phase
of the cell cycle. Previous studies have shown that solaso-
dine inhibits the growth of Hep3B (Chang et al., 1998),
HT29, HepG2 (Lee et al., 2004), and human 1547 osteo-
sarcoma cells (Trouillas et al., 2005). The aglycones toma-
tidine and solasodine were shown to be less active than
their respective glycoalkaloids in inhibiting HT29 and
HepG2 cell growth (Lee et al., 2004). Contradictory
reports were found regarding the induction of apoptosis
by solasodine. Chang et al. (1998) found that 11 and
22 mM solamargine, but not its aglycone solasodine, was
able to induce apoptosis in HepG2 cells even though they
had comparable growth inhibitory properties. Trouillas
et al. (2004) showed DNA fragmentation when human
1547 osteosarcoma cells were treated with 40 mM solaso-
dine for 24 h, suggesting apoptosis induction. Our results
on HeLa cells confirmed those of Chang et al. (1998),
with no evidence of apoptosis, even at the much higher
concentration of 500 mM solasodine used in this study.
Instead, the cell cycle was blocked in the G0=G1 phase
by both tomatidine and solasodine. It is possible that
the contradictory results were obtained because of the dif-
ferent cell types that were used in the different studies and
that these compounds are only capable of inducing apop-
tosis in specific cell types. No previous reports were found
in the literature about the ability of tomatidine to induce
apoptosis; the current study showed no apoptosis induc-
tion in HeLa cells despite the block in G0=G1 phase.
Friedman et al. (2005) have shown that specific ratios
of a-solanine and a-chaconine exhibit synergistic anticar-
cinogenic activities. This study showed for the first time
that the two alkaloids, tomatidine and solasodine, have
a synergistic effect on growth inhibition. The relatively

Table 2. Results of cell cycle analysis using nuclear PI staining.

Treatment
Sub G1

(%)
G0=G1

(%)
S

(%)
G2=M

(%)

Control 1.7 55.6 19.2 23.5
Cisplatin (2.5 mM) 21.2 12.4 52.1 14.3
Tomatidine (500mM) 1.7 64.2 18.8 15.3
Solasodine (500 mM) 2.1 66.8 16.6 14.4
Tomatidine þ solasodine

(100 mM each)
2.5 59.2 24.4 14.0

HeLa Cells were exposed to compounds at the indicated
concentrations for 24 h before cell cycle analysis was performed.

Table 3. Apoptosis results from annexin V–FITC=PI analysis.

Treatment
Apoptotic

(%)
Necrotic

(%)

Control 1.6 3.8
Cisplatin (2.5 mM) 9.6 7.0
Tomatidine (500mM) 0.3 6.3
Solasodine (500 mM) 1.2 5.1
Tomatidine þ solasodine (100mM each) 4.2 6.6

HeLa Cells were exposed to compounds at the indicated
concentrations for 24 h before the experiment was performed.

Table 1. IC50 values for the test compounds as obtained from
log dose response curves using GraphPad Prism.

IC50 (mM)

Cell line Cisplatin Tomatidine Solasodine
Tomatidine þ

solasodine

HeLa 2.5 141.7 252.5 149.3
HT29 2.5 309.0 725.5 169.0
MCF7 2.5 350.1 888.0 126.9

Cells were incubated in the presence of cisplatin, tomatidine,
solasodine, or a combination of the latter two for 48 h.
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high percentages of necrotic cells observed with the
annexin V–FITC assay can possibly be explained by the
observation made by Friedman et al. (2005) that some
glycoalkaloids disrupt cell membranes.

Inhibiting tumor growth has been a continuous effort
in cancer treatment. A reduction of cell growth and an
induction of cell death are two major means to inhibit
tumor growth. In this study, we demonstrated that, at
low concentrations, some compounds from S. aculeas-
trum caused significant inhibition of growth in HeLa,
MCF7, and HT29 cells. The inhibitory effect of these
compounds on cell growth implies that they may have
a general function in antitumor cell growth. This is not
unexpected, as cancer cells have developed the capacity
of increased proliferation through a variety of growth
signal pathways. This includes elevated external growth
factors, increased intracellular matrix signal via integrin
(Lukashev & Werb, 1998), and Ras protein mutation-
derived constitutive mitogenic signals (Medema & Bos,
1993), resulting in growing neoplasm that causes destruc-
tion and atrophy of the surrounding tissue and adjacent
organs. In a specific tumor, one pathway may play a
more important role than the others. Tomatidine and
solasodine may act on more than one pathway. Never-
theless, different sensitivities of tumor cells to the growth
inhibitory effect of treatments of the pure compounds
were observed. It is worth mentioning that there are
several reports on solasodine and tomatidine derivatives
possessing pharmacological effects, including significant
cytotoxic activity in vitro against a variety of cancer cell
lines (Nakamura et al., 1996; Chang et al., 1998; Lee
et al., 2004; Trouillas et al., 2005; Koduru et al.,
2006c). It thus has a great advantage over other types
of treatments such as chemotherapy and, more recently,
hormonal treatments. S. aculeastrum contains a variety
of compounds that may act on different pathways of
tumor cell growth and survival. The molecular mechan-
isms underlying these effects await further investigation.
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