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Lycopene b-cyclase (tlcy-b) tomatoes, obtained by modulating carotenogenesis via genetic engineering, contain a large amount of b-carotene, as

clearly visible by their intense orange colour. In the present study we have subjected tlcy-b tomatoes to an in vitro simulated digestion and analysed

the effects of digestate on cell proliferation. To this aim we used HT-29 human colon adenocarcinoma cells, grown in monolayers, as a model.

Digested tomatoes were diluted (20ml, 50ml and 100ml/l) in culture medium and added to the cells for different incubation times (24 h, 48 h and

72 h). Inhibition of cell growth by tomato digestate was dose-dependent and resulted from an arrest of cell cycle progression at the G0/G1 and

G2/M phase and by apoptosis induction. A down-regulation of cyclin D1, Bcl-2 and Bcl-xl expression was observed. We also found that heat

treatment of samples before digestion enhanced b-carotene release and therefore cell growth inhibition. To induce with purified b-carotene solu-

bilised in tetrahydrofuran the same cell growth inhibition obtained with the tomato digestate, a higher amount of the carotenoid was necessary,

suggesting that b-carotene micellarised during digestion is utilised more efficiently by the cells, but also that other tomato molecules, reasonably

made available during digestion, may be present and cooperate with b-carotene in promoting cell growth arrest.

b-Carotene-rich tomatoes: In vitro digestion: HT-29 cells: Cell cycle: Apoptosis

Retinol (vitamin A1) and its metabolites are essential in a wide
range of physiological regulatory processes(1). At the molecu-
lar and cellular level, this regulation involves the control of
cell proliferation and differentiation through retinoid-depen-
dent effects on gene expression(2). Vitamin A deficiency is
still a public health problem worldwide(3,4). Since animals
are not able to synthesise retinoids de novo, they must
derive them from dietary vitamin A and provitamin A carote-
noids. b-Carotene is the most potent precursor of vitamin A,
and therefore efforts to manipulate the genetic background
of plants widely used as food to produce b-carotene have
received considerable attention(5–7). Tomato fruit is character-
ised by the high content of lycopene that, although not a vita-
min A precursor, can be readily cyclised to b-carotene by the
plant enzyme lycopene b-cyclase. Some authors(8) have suc-
ceeded in modulating the carotenogenesis in tomato fruit to
induce accumulation of b-carotene. Tomato plants were trans-
formed with tomato lycopene b-cyclase (tlcy-b) cDNA under
the control of cauliflower mosaic virus 35S promoter, and
acquired the ability of converting almost all lycopene con-
tained in the fruits into b-carotene. b-Carotene is not only a
vitamin A precursor, but performs in animals other functions
related to its chemical structure, mainly acting as an antioxi-
dant(9,10). The consumption of a diet rich in fruit and

vegetables, and therefore in carotenoids, has been associated
with a decreased risk of certain types of cancer and cardio-
vascular disease(11,12). Moreover, tomatoes contain not only
lycopene, but also other carotenoids, vitamins and other mole-
cules that, possibly in combination, can contribute to their
positive effects on health.

Human intestinal cells cultured in vitro represent very
useful models to study the effects of carotenoids on the bar-
rier between the external world and the inside of the human
organism(13). In a previous study(14) we utilised an in vitro
model consisting of the adenocarcinoma colon cells HT-29
and HCT-116, that still exhibit several morphological and
biochemical characteristics of intestinal cells and that
accumulate carotenoids, to investigate the potential mechan-
isms underlying the anti-tumoural effects of tomatoes
reported in the literature(15,16). In order to deliver tomatoes
to cells in culture, an in vitro digestion procedure mimicking
the physiological in vivo function has been adapted and
utilised(17). The resulting digestate was then added to the
cell cultures at different concentrations and for various
lengths of times.

The aim of the study reported in the present paper was to
utilise HT-29 human colon adenocarcinoma cells cultured in
monolayers to investigate the effects of the b-carotene-rich
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tomato tlcy-b digestates on cell growth and on the expression
of genes that regulate the cell cycle and apoptosis, in order to
understand the molecular mechanisms that govern cell growth
inhibition by b-carotene liberated during digestion together
with other molecules from the food matrix represented by
the b-carotene-rich tlcy-b tomato.
The results reported demonstrate that the molecules libera-

ted from digested tlcy-b tomatoes by in vitro simulated
digestion inhibit the growth of HT-29 colon cancer cells
by interfering with cell cycle progression and apoptosis,
in particular by modulating the expression of some key
regulator proteins. To induce the same rate of cell growth
inhibition with purified b-carotene solubilised in tetrahy-
drofuran, HT-29 cells must be treated with a higher
amount of b-carotene; it is therefore evident that b-carotene
provided as tlcy-b digestate is more active in the anti-
proliferative action on HT-29 cells than purified b-carotene,
either for the efficient micellarisation that takes place during
digestion, and for the presence and cooperation of other
molecules(18).

Materials and methods

Preparation of tomato samples and in vitro simulated
digestion

The GM tlcy-b tomato was obtained by transformation of the
Red Setter tomato with Agrobacterium tumefaciens, harbour-
ing the tomato lycopene b-cyclase (tlcy-b) cDNA, under the
control of cauliflower mosaic virus 35S promoter. The trans-
genic tomato fruits acquired the ability to convert almost all
lycopene into b-carotene, and to increase the total carotenoid
content(8). To prepare samples, tlcy-b frozen tomatoes were
chopped and homogenised with a B-400 Buchi mixer (Buchi
Labortechnik AG, Flawil, Switzerland).
All manipulations with tomato samples were performed

under subdued lighting and in amber glass bottles to minimise
the destruction of carotenoids. Samples of 1 g homogenised
tomato were mixed with 1·8ml saline (140mM-NaCl, 5mM-
KCl, 150mM-butylated hydroxytoluene in tetrahydrofuran),
and then hand-homogenised in a Teflon/glass Potter homogen-
iser. In vitro simulated digestion was performed according to
Garrett et al. (17) with modifications. Briefly, after homogenis-
ation, samples were acidified to pH 2·0 with 1 M-HCl before
the addition of 50ml of pepsin, from porcine stomach
mucosa (0·2 g pepsin in 5ml of 0·1 M-HCl), and samples
were incubated in a shaking water-bath for 60min at 378C.
After gastric digestion, the pH was raised to 6·9 with
1M-NaHCO3. Intestinal digestion was simulated by the
addition of 200ml of pancreatin–bile solution from porcine
pancreas (0·45 g porcine bile extract and 0·075 g pancreatin
in 37·5ml of 0·1 M-NaHCO3) and incubated in a shaking
water-bath at 378C for 120min. The pH of the samples was
then adjusted to 7·5. A sample of homogenate was subjected
to heat treatment before gastric digestion by boiling for
15min in a water-bath.
At the end of the digestion procedure, samples were centri-

fuged at 12 000 rpm for 30min at 48C in a Sorvall SS-34 angle
rotor, and the supernatant fractions were collected and stored
at 2808C.

Cell culture

HT-29 human colon adenocarcinoma cells (American Type
Culture Collection (ATCC), Rockville, MD, USA) were
grown in minimum essential medium. Cells were maintained
in log phase by seeding them twice per week at the density
of 3 £ 105 cells/ml at 378C under a 5% CO2–air atmosphere.
The medium was supplemented with 10% (v/v) fetal calf
serum (Flow, Irvine, North Ayrshire, UK) and 2mM-gluta-
mine and was not further replaced throughout the experiment.
Experiments were routinely carried out on triplicate
cultures. After the incubation, cells were harvested and quad-
ruplicate haemocytometer counts were performed. The trypan
blue dye exclusion method was used to evaluate the percen-
tage of viable cells.

The Caco-2 cell line was obtained from the ATCC. The
cells were grown and maintained in Dulbecco’s modified
Eagle’s medium (DMEM) without pyruvate, containing
25mM-glucose and NaHCO3 (3·7 g/l) (DMEM; Biochrom,
KG, Berlin, Germany), supplemented with 4mM L-glutamine
(Euroclone, Wetherby, West Yorks, UK) and 1% non-essen-
tial amino acids (Euroclone). Cells were left to differentiate
for 15 d after confluence. Differentiated Caco-2 cells were
incubated for 24 h in the presence or in the absence of tcly-b
tomato digestate (100ml/l). Cells were then removed
from the dishes, stained by trypan blue and counted under a
microscope for viable and dead cells.

Cell growth-inhibition assay

Tomato digestates were serially diluted in cell culture medium
as reported in the figure legends. Cells were seeded in twenty-
four-well plates with 3 £ 104 cells/well and maintained for
24 h before any treatment to facilitate their adhesion on the
well. The control group consisted of cells treated with the
same amount of digestion mixture, for example, proteolytic
and lypolytic enzymes without tomato, diluted with culture
medium and of cells without any treatment. Since no differ-
ences in terms of viability, cell cycle, caspase activity and
cell cycle-related proteins were found between the two control
groups, control cells are referred to cells without any treat-
ment. At the time indicated, cells were removed from the
wells, stained with trypan blue and counted under a micro-
scope for viable and dead cells.

Cell cycle analysis

Cell cycle distribution was analysed by flow cytometry, as
previously described(19). Samples of 106 cells were harvested
by centrifugation, washed in PBS and fixed with ice-cold
70% ethanol. The cells were incubated at 48C for 30min
and then centrifuged at 2500 g for 10min. The pellet was re-
suspended in 0·5ml PBS and 0·5ml DNA-Prep stain (Coulter
Reagents, Miami, FL, USA), containing RNAse (1 g/l) and
propidium iodide (50 g/l). All samples were incubated for
30min in the dark at 48C. The DNA content of cells stained
with propidium iodide was measured with a FACS instrument
(EPICS XL-MCL Flow Cytometer; Coulter Electronics,
Miami, FL, USA), by using Multicycle AV software (Phoenix
Flow Systems, San Diego, CA, USA).
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Apoptosis detection by the terminal deoxynucleotidyl
transferase-mediated dUTP nick end labelling method

The percentage of apoptotic cells was determined by terminal
deoxynucleotidyl transferase-mediated dUTP nick end label-
ling (TUNEL). Briefly, cells were centrifuged, fixed with
acetone, and incubated for 5min with the hybridisation
buffer (Boehringer-Mannheim, Germany). Then 2·5 units of
terminal deoxynucleotidyltransferase (Tdt) and 100 pmol
biotin–dUTP in hybridisation buffer were added and incu-
bated for 1 h at 378C. Thereafter, cells were incubated with
streptavidin–biotin–peroxidase complex for 30min at room
temperature. The sites of peroxidase binding were detected
with diaminobenzidine. The percentage of TUNEL-positive
apoptotic cells (labelling index, LI%) was counted at £ 400
magnification. In the absence of Tdt, no unspecific staining
was observed. For each slide, three randomly selected micro-
scopic fields were observed and at least 100 cells per field
were evaluated.

Caspase-3 activity assay

The extent of apoptosis was also measured by the caspase-3
activity assay as previously described(20). Briefly, after a
24 h treatment, cells (2 £ 106) were lysed in 50mM-2-amino-
2-hydroxymethyl-propane-1,3-diol–HCl buffer (pH 7·5)
containing 0·5mM-EDTA, 0·5% IGEPALw Ca-630 and
150mM-NaCl. Then the cell lysate was incubated
with 50mM-fluorogenic substrate, N-acetyl-Asp-Glu-Val-
Asp-(7-amino-4-methylcoumarine) (Ac-DEVD-AMC; Alexis
Biochemicals, San Diego, CA, USA), in a reaction buffer
(10mM-HEPES (pH 7·5) containing 50mM-NaCl and
2·5mM-dithiothreitol) for 120min at 378C. The release of
AMC was measured with excitation at 380 nm and emission
at 460 nm using a fluorescence spectrophotometer.

Western blot analysis

Cells (10 £ 106) were harvested, washed once with ice-cold
PBS and gently lysed for 30min in ice-cold lysis buffer
(1mM-MgCl2, 350mM-NaCl, 20mM-HEPES, 0·5mM-EDTA,
0·1mM-ethylene glycol tetra-acetic acid, 1mM-dithiothreitol,
1mM-Na4P2O7, 1mM-phenylmethanesulfonyl fluoride, 1mM-
aprotinin, 1·5mM-leupeptin, 1mM-Na3VO4, 20% glycerol,
1% NP40). Cell lysates were centrifuged for 10min at 48C
(10 000 g) and the supernatant fractions were used for Western
Blot analysis. The anti-cyclin D1 (clone 72-13G; catalogue no.
SC-450), anti-p21WAF-1/CIP-1 (clone F-5; catalogue no. 6246),
anti-p27 (clone N-20; catalogue no. SC-527), anti-Bax
(clone P-19; catalogue no. SC-526), anti-Bcl-xl S/l (clone
L-19; catalogue no. SC-1041) and anti-p53 (clone DO-1; cat-
alogue no. SC-126) monoclonal antibodies were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
The anti-Bcl-2 (clone: Bcl-2/100/D5) monoclonal antibody
was purchased from YLEM (Rome, Italy). Blots were
washed with PBS and exposed to horseradish peroxidase-
labelled secondary antibodies (Amersham Pharmacia Biotech,
Arlington Heights, IL, USA) for 45min at room temperature.
Immunocomplexes were visualised by the enhanced chemi-
luminescence detection system (ECLe Western Blotting

Analysis System; ECL, Amersham, Bucks, UK) and quantified
by densitometric scanning.

b-Carotene extraction and assay

b-Carotene was extracted with 1 volume of methanol and 3
volumes of hexane–diethyl ether (1:1) from 10 £ 106 cells
after the different times of treatment and analysed by HPLC,
as described previously(21).

Samples were dissolved in methanol and a 20ml sample
was analysed by reverse-phase HPLC with spectrophotometric
detection on a Perkin-Elmer LC-295 detector at 450 nm. The
column was packed with Alltech C18 Adsorbosphere HS
material, 3mm particle size, in a 15 £ 0·46 cm cartridge
format (Alltech Associates, Deerfield, IL, USA). A 1 cm car-
tridge precolumn, containing 5mm C18 Adsorbosphere pack-
ing was used. Analyses were done by gradient elution; the
initial mobile phase was 85% acetonitrile–15% methanol,
with the addition of 30% 2-propanol at 8min. Ammonium
acetate (HPLC grade, 0·01%) was added to the initial
mobile phase.

Statistical analysis

Three separate cultures per treatment were utilised for analysis
in each experiment. Values are presented as mean values with
their standard errors. One-way ANOVA was adopted to assess
differences among the concentrations. When significant values
were found (P,0·05), post hoc comparisons of means were
made using Fisher’s test. Differences were analysed using
Minitab Software (Minitab, Inc., State College, PA, USA).
Multifactorial two-way ANOVA was adopted to assess any
differences among the treatments and the times (Fig. 1(B),
Fig. 6). When significant values were found (P,0·05), post
hoc comparisons of means were made using the honestly
significant differences test.

Results

The amount of b-carotene transferred to the aqueous fraction
during the digestion procedure (8·7 (SEM 0·8) mg/g fresh
weight) was less than one tenth of the amount of b-carotene
originally contained in the homogenate (140·0 (SEM 14·5)
mg/g fresh weight). Moreover, heat treatment of tomato hom-
ogenate before in vitro digestion induced, as demonstrated
also in other studies(21), a three-fold increase in the carotenoid
content, reaching the value of 22·0 (SEM 0·3) mg/g fresh
weight. This is in agreement with other findings according
to which processing of vegetable foods before consumption
enhances to a lesser or greater extent – depending on treat-
ment and on carotenoid type – carotenoid release(22).

Fig. 1 shows the effects of tcly-b tomato digestate on the
growth of HT-29 cells, as measured by direct cell counting.
Fig. 1(A) shows the effects of varying digestate concentrations
in cells treated for 24 h and Fig. 1(B) shows the effects
of 100ml/l digestate in cells treated for different periods of
time. tcly-b Tomato digestate inhibited the growth of HT-29
cells in a dose-dependent manner. After 24 h of incubation,
a cell growth inhibition of about 10, 25 and 55% was
observed following the addition of tcly-b tomato digestate to
the culture medium at the concentrations of 20, 50 and
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100ml/l, respectively (Fig. 1(A)). A clear inhibition of cell
growth was evidenced after 24 h of incubation following the
addition of digestate at the concentration of 100ml/l, which
was not significantly modified prolonging the incubation
time until 72 h (Fig. 1(B)). The effect seems to be specific
for tumour cells, since differentiated Caco-2 cells(23) were
not affected in cell viability by tcly-b tomato digestate at the
concentration of 100ml/l for 24 h. Cell viability was 96
(SEM 6) and 97 (SEM 6) % in the absence and in the presence
of digestate, respectively.
Since it has been previously reported that carotenoids act as

strong apoptotic inducers in tumour cells, we examined
whether the reduction in cell number was associated with
apoptosis induction.
Apoptosis induction by tcly-b tomato digestate was studied

by analysing the percentage of TUNEL-positive cells
(Fig. 2(A)) and the activation of caspase-3, one of the most
important cell death executioners for apoptosis (Fig. 2(B)).
We found that a 24 h treatment with the digestate resulted in
both an increase in the percentage of TUNEL-positive cells
and in a strong dose-dependent increase in 7-amido-4-methyl-
coumarin fluorescence, indicative of the activation of caspase-
3 in HT-29 cells.
Consistent with these results, analysis of the cell cycle

revealed the appearance of a pre-G1 peak (subdiploid DNA
content), which is characteristic of apoptotic cell death, in
HT-29 cells treated with tcly-b tomato digestate for 24 h
(Table 1). This value increased in a dose-dependent manner.
Moreover, treatment with tcly-b tomato digestate for 24 h
resulted in a significant dose-dependent inhibition of cell

cycle progression, showed by the accumulation of cells in
both the G0/G1 and G2/M phase and by a concomitant
decrease in the percentage of cells in the S phase.

To explore the effects of tcly-b tomato digestate on apopto-
sis-regulating proteins, we examined the expression of Bcl-2
and Bcl-xl, which are known to suppress programmed cell
death, and that of Bax, which promotes it, in HT-29 cells trea-
ted for 24 h (Fig. 3). Treatment with tomato digestate signifi-
cantly reduced the expression of both Bcl-2 and Bcl-xl in a
dose-dependent manner. In contrast, no significant changes
in the expression of Bax were found under the same
conditions.

Fig. 4 shows the effect of increasing b-carotene concen-
trations on cell growth (Fig. 4(A)), caspase-3 activation
(Fig. 4(B)), and Bcl-2 (Fig. 4(C)) and Bcl-xl (Fig. 4(D)) con-
tent following a 24 h treatment. Carotenoid treatment inhibited
cell growth and induced caspase-3 activation in a dose-depen-
dent manner. Such effects were also accompanied by a
decreased Bcl-2:actin and Bcl-xl:actin ratio.

When the activity of tcly-b tomato digestate, containing in
our experimental conditions b-carotene at the concentrations
of 0·08, 0·16 and 0·8mM corresponding to 20, 50 and
100ml/l, respectively, was compared with that of purified b-
carotene at concentrations ranging from 0·5 to 10mM

(Fig. 5), the growth-inhibitory effect of the digestate was
remarkably higher than that of the purified b-carotene, as
highlighted by the different percentage of cell growth
inhibition.

As shown in Fig. 6, HT-29 cells incorporated and/or associ-
ated b-carotene linearly. A time-dependent linear increase in
b-carotene content was observed in cells treated for 24 h
with both 100ml/l digestate and purified b-carotene at the
concentration of 0·8mM, which corresponds to the digestate

Fig. 1. Effects of tomato lycopene b-cyclase (tcly-b) tomato digestate on the

growth of HT-29 cells. (A) Effects of different digestate concentrations for

24 h: (A), control; (B), digestate at 20ml/l; (o), digestate at 50ml/l; ( ),

digestate at 100ml/l. Values are the means of three different experiments,

with standard errors represented by vertical bars. a,b,cMean values with

unlike letters were significantly different (P,0·05; Fischer’s test). (B) Effects

of different times (24, 48, 72 h) of treatment: (A), control; ( ), digestate at

100ml/l. Values are the means of three different experiments, with standard

errors represented by vertical bars. a,b,c,dMean values with unlike letters

were significantly different (P,0·002; Tukey’s test). The treatment–time

interaction was significant (P,0·05).

Fig. 2. Effects of varying tomato lycopene b-cyclase (tcly-b) tomato digestate

concentration on apoptosis induction in HT-29 cells: (A), control; (B), diges-

tate at 20ml/l; (o), digestate at 50ml/l; ( ), digestate at 100ml/l. (A) Percen-

tage of terminal deoxynucleotidyl transferase-mediated dUTP nick end

labelling (TUNEL)-positive cells. (B) Caspase-3 activation. Cells were treated

for 24 h. Values are the means of three different experiments, with standard

errors represented by vertical bars. a,b,cMean values with unlike letters were

significantly different (P,0·05; Fischer’s test).
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carotenoid amount. Purified b-carotene was incorporated and/
or associated to a greater extent than b-carotene in the diges-
tate. The cellular carotenoid amount increased in a dose-
dependent manner after the addition of 20, 50 and 100ml/l
digestate, respectively, for 24 h (data not shown).

Discussion

In the present study we investigated the growth-inhibitory
effect of the b-carotene-rich tlcy-b tomato, obtained by the
modulation of carotenogenesis in tomato fruits via genetic
engineering(8), on human intestinal cancer cells cultured
in vitro. Colon cancer is one of the most common causes of
death in Western populations(24); epidemiological and experi-
mental data have shown that a high dietary intake of fruit and
vegetables rich in carotenoids is associated with a lower risk
of colon neoplasia(25–27). Although some human intervention
trials failed to demonstrate the prevention of colon cancer by
b-carotene supplements(28–30), other interventions showed a
significant protective effect of b-carotene(31), a reduced rate
of colon cell proliferation in patients with adenomatous
polyps(32) and protective effects against colon carcinogenesis
in animal models(33,34). More recently, growth-inhibitory

effects by carotenoids in human colon cancer cell lines were
also reported by our group(35,36).

The model system utilised in the present study consisted of
HT-29 human adenocarcinoma colon cells treated with different
amount of tlcy-b tomato subjected to an in vitro simulated diges-
tion(17). During the in vitro digestion, thanks to the action of pan-
creatic enzymes and bile salts, at specific pH conditions,
bioactive molecules are transferred from the food matrix to the
aqueous micellar fraction, becoming available for cell uptake.
In vitro simulated digestion has been proven to represent a
very useful and efficient approach to deliver molecules to cells
in culture, quite similar to the physiological process that takes
place in vivo in the gastrointestinal tract. This method has
been utilised for assessing bioaccessibility and bioavailability
of Fe(37), amino acids(38), carotenoids from baby food
meals(17) and of other molecules. It has also been recently
applied by us(14) to the study of the effects of tomato lycopene
on the growth of colon cancer cells. We have shown that ripe
tomato, containing essentially lycopene, is a anti-proliferative
agent not only in prostate cancer cells(39), but also in colon
cancer cells such as HT-29. In fact, tomato digestate inhibited
cell cycle progression through the decrease of cyclin D1
expression and induced apoptosis through the modulation of
Bcl-2 and Bcl-xl proteins. This effect seems to be specific for
colon cancer cells since, as it has been reported in the Results
section, differentiated Caco-2 cells, representing a suitable
model of absorbing intestinal cells(23), are not affected in their
viability by digestate in the range of concentrations used in the
present study. This observation is in agreement with previous
findings, comparing the effects of b-carotene in normal and
tumour cells(40). In particular, in a previous study, we reported
that b-carotene was much more potent in inhibiting the growth
and altering the viability in undifferentiated than in dimethyl
sulfoxide-differentiated HL-60 cells(41).

Lycopene and b-carotene exert a significant antioxidant
activity, but their anti-proliferative action, tested in different
cell types, has been attributed also to other specific molecular
processes to which these molecules take part(42). For instance,
it has been demonstrated in prostate cancer cells that lycopene
regulates the expression of specific proteins, such as connexin
43, involved in proper cell–cell communication and therefore
in the control of cell proliferation(43). b-Carotene is the main
precursor of vitamin A, a well-characterised morphogen that,
once metabolised to retinoic acid, modulates the expression
of hundreds of genes involved in embryogenesis, cell growth
and differentiation(44).

Table 1. Effect of tomato lycopene b-cyclase (tlcy-b) tomato digestate on cell cycle distri-
bution in HT-29 cells (%)

(Mean values of three different experiments with their standard errors)

Phase. . . G0/G1 S G2/M Sub-G1

Treatment Mean SEM Mean SEM Mean SEM Mean SEM

Control 47·0a 3·0 41·0c 2·9 10·0c 1·1 2·0a 0·2
T (20ml/l) 47·8a 2·9 39·5c 3·0 10·7c 1·0 2·0a 0·2
T (50ml/l) 53·3b 3·5 27·8b 3·0 12·0b 0·5 6·9b 0·4
T (100ml/l) 58·5c 4·2 15·3a 2·5 16·0a 0·4 10·2c 0·7

Control, vehicle control-treated cells; T, tlcy-b tomato digestate-treated cells.
a,b,cMean values within a column with unlike superscript letters were significantly different (P,0·05;

Fisher’s test).

Fig. 3. Bax, Bcl-2 and Bcl-xl expression in HT-29 cells treated with varying

tomato lycopene b-cyclase(tcly-b) tomato digestate concentrations for 24 h:

(A), control (C); (B), digestate at 20ml/l (T20); (o), digestate at 50ml/l (T50);

( ), digestate at 100ml/l (T100). (A) Representative Western blot analyses.

(B) Bcl-2 densitometric analysis. (C) Bcl-xl densitometric analysis. Values

are the means of three different determinations, with standard errors

represented by vertical bars. a,b,cMean values with unlike letters were

significantly different (P,0·05; Fischer’s test).
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We have investigated in the present study the mechanisms
involved in the growth-inhibitory effects of molecules,
mainly b-carotene, released from the tlcy-b tomato during
the in vitro digestion treatment and probably presented to
the cells in micelles(45). Only a small amount of b-carotene,
less than 10%, is released during digestion; in agreement
with the observation of other authors(46), this amount increases
more than three times when the tomato homogenate is sub-
jected to heat treatment before digestion.
The mechanisms by which b-carotene inhibits the growth of

colon cancer cells is still not completely understood. It was
shown that apoptosis is involved, since this carotenoid inter-
feres with cell cycle progression(20). In the present paper we
have investigated and elucidated in HT-29 human colon ade-
nocarcinoma cells the effects of tlcy-b tomato digestate on
individual steps of the cell cycle and some key proteins
involved in this activity.
Since it has been previously reported(41) that carotenoids are

strong apoptotic inducers in cancer cells, we investigated

whether the inhibition of proliferation caused by digested
tlcy-b tomato was associated with induction of apoptosis. By
both methods utilised, TUNEL-positive cells and activation
of caspase-3, it was demonstrated that tlcy-b tomato digestate
indeed induced apoptosis. In parallel, the expression of Bcl-2
and Bcl-xl, inhibitors of programmed cell death, was
decreased. On the other hand, the pro-apoptotic protein Bax
was not affected by carotenoid treatment. It is well known
that the ratio of the anti-apoptotic:pro-aopotic Bcl-2 family
proteins, more than the level of the individual proteins, is
extremely important in modulating the apoptotic process(47).
It has been demonstrated that b-carotene is able to decrease
the expression of Bcl-2 and Bcl-xl in colon cancer
cells(20,48) and to diminish that of Bcl-2 in HL-60 cells(41).
Such effects were strictly related to apoptosis induction and
to reactive oxygen species production by the carotenoid.
This finding is particularly interesting in the light of the data
supporting a role for Bcl-2 in an antioxidant pathway,

Fig. 6. b-Carotene incorporation and/or association in HT-29 cells treated

with tomato lycopene b-cyclase (tcly-b) tomato digestate (B) and purified

b-carotene (X) for 24 h. The concentration of digestate in cultured medium

was 100ml/l and that of the purified carotenoid was 0·8mM. Values are the

means of three different experiments, with standard errors represented

by vertical bars. *Mean value was significantly different from that of the

digestate-treated cells (P,0·005; Tukey’s test).

Fig. 5. Comparison of b-carotene (X) and tomato lycopene b-cyclase (tcly-b)

tomato digestate (B) ability in inhibiting HT-29 cells growth after 24 h treat-

ment. Concentrations of tcly-b tomato digestate of 20, 50 and 100ml/l corre-

spond to b-carotene concentrations of 0·08, 0·16 and 0·8mM, respectively.

Fig. 4. Effect of b-carotene on cell growth (A), caspase-3 activation (B), Bcl-2 (C) and Bcl-xl (D) content in HT-29 cells following a 24 h treatment. Values are the

means of three different experiments, with standard errors represented by vertical bars. a,b,cMean values with unlike letters were significantly different (P,0·05;

Fischer’s test).
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whereby this protein prevents programmed cell death by
decreasing the formation of reactive oxygen species and
lipid peroxidation products(49).

In addition, data from other studies suggest that carotenoids
modulate pro-apoptotic Bcl-2 family proteins, including
Bad(50), Bid(19) and Bax(51) in different experimental models.
In particular, it has been recently shown that the increase in
Bax expression and in apoptosis induction caused by cigarette
tar was prevented by the addition of b-carotene in Rat-1 fibro-
blasts as well as in different tumour cell lines(51). On the other
hand, an increased expression of Bax protein by b-carotene
has been recently reported in U-937 cells and human umbilical
vein endothelial cells by micro-array analysis(52,53).

Since apoptosis is the end point of some epithelial colonic
cell differentiation pathways, a process that induces apoptosis
should also reduce proliferative signals. In fact, the inhibition
of growth and the increased expression of Bcl-2 and Bcl-xl
was associated with the slowdown of cell cycle progression
at the G0/G1 and G2/M phase.

HT-29 cells accumulate b-carotene in a linear dose-depen-
dent way (Fig. 6). It is crucial to remark that the growth-
inhibitory action of tcly-b tomato digestate is active at a
concentration much lower than that of purified b-carotene,
although purified b-carotene was incorporated to a greater
extent into the cells. Tomatoes contain several bioactive
compounds, mainly lycopene but also other carotenoids such
as b-carotene, phytoene, phytofluene, their metabolites and
oxidative products, as well as vitamin E, vitamin C and poly-
phenols(16). tlcy-b Tomatoes are enginereed to be very rich in
b-carotene; however, as underlined above, other molecules,
including a very small amount of lycopene, are present that
are probably released by digestion and that can contribute in
cooperation with b-carotene to the effects described.

It is also important to stress that micellarisation is a more
physiological method to solubilise and deliver molecules, in
particular lipophylic molecules, compared with the use of a
solvent. In conclusion, the results obtained with this method
point out that the whole digested food, containing different
bioactive molecules at different relative concentrations, their
metabolites, some minor components and the matrix itself,
provides a unique mixture with a specific function in maintain-
ing or protecting health.

In conclusion, simulated digestion is confirmed as a valid
method to perform in vitro nutritional studies. The next crucial
effort will be the analysis of the complete pattern of molecules
involved in the effect observed and their interaction.
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