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A B S T R A C T

The changes in antioxidant content of tomato fruits at different ripening stages (mature

green, breaker and mature red) were determined and hydrophilic extracts were tested on

normal and cancer cells. Large differences existed in the content of bioactive compounds

at different ripening stages, with breaker tomatoes containing a higher content of hydro-

philic antioxidants. We demonstrated a high cytotoxic effect of α-tomatine in green, but

not in breaker, tomato extracts on all cell lines analysed. Cell death was found to be an

apoptotic independent mechanism, probably due to α-tomatine binding to cell membrane

cholesterol, disruption of cell integrity and necrosis. These results help in understanding

which harvesting stage corresponds to the highest functional power of tomato fruits and

may lead to the development of tomato-based functional foods.
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1. Introduction

Tomato (Solanum lycopersicum) fruits at different developmen-
tal stages synthesize a wide array of phytochemicals that are
reported to have health-promoting effects in humans, such as
the carotenoid pigments lycopene and β-carotene, the
glycoalkaloids dehydrotomatine, α-tomatine and esculeoside
A and many phenolic compounds (Choi et al., 2010). Many of
these compounds are potent antioxidants capable of scaveng-
ing free radicals, which are responsible for DNA, protein and
membrane lipid damage (Raiola, Rigano, Calafiore, Frusciante,
& Barone, 2014; Weaver et al., 2009). In humans, oxidative stress,
due to the imbalance between reactive oxygen species
(ROS) generation and the cellular capacity to detoxify these
species, is an important causative factor in the development
of several chronic diseases, such as cardiovascular disease
and atherosclerosis (H. Li, Deng, Liu, Loewen, & Tsao, 2013).
Several publications have reported that the antioxidative
effect of tomato fruits is due to the presence of polyphenols
(flavonoids and hydroxycinnamic acids), which are able to
scavenge peroxyl radicals (García-Valverde, Navarro-Gonzalez,
Garcia-Alsonso, & Periago, 2013). Moreover, polyphenols ex-
tracted from peel, pulp and seeds of selected fruits, including
tomatoes, have an antiproliferative effect in several cancer cell
lines (F. Li et al., 2013).

Tomato lipophilic compounds exert a beneficial effect on
humans, as carotenoids possess an apoptotic inducing effect
in cancer cells (reviewed in Niranjana et al., 2015), and lyco-
pene has been demonstrated to reduce oxidized-LDL cholesterol
levels (Abete et al., 2013).

Tomato fruits at the green stage are rich in the glycoalkaloid
α-tomatine which has been found to inhibit the growth of
human cancer cells in vitro and to reduce serum LDL choles-
terol through the formation of a tomatine–cholesterol complex
(Choi et al., 2013). Tomatine-containing extracts of green to-
matoes inhibited human lung, breast, colon, liver and stomach
cancer cells (Sucha et al., 2013). However, literature is still
contrasting on the cytotoxic effects of α-tomatine on normal
cells, as reported by Choi et al. (2010). There are many
factors that affect the nature and concentration of synthe-
sized compounds in tomato fruits, including agricultural
practices, environmental factors, variety and ripening stage
(García-Valverde et al., 2013). During ripening, the level of ca-
rotenoids increases between 10 and 14 fold, due to the increased
expression of genes involved in isoprenoid biosynthesis, such
as 1-deoxy D-xylulose 5-phosphate (Tohge, Alseekh, & Fernie,
2014). Red colour, due to lycopene accumulation, starts to appear
from the breaker stage (44 ± 1 day after anthesis) when rip-
ening is triggered by ethylene. The content of total phenolics
strongly depends on the ripening stage of tomato fruits, as they
are more abundant in green and intermediate ripening stages,
decreasing in full red tomatoes (Choi et al., 2010; García-Valverde
et al., 2013; Kozukue & Friedman, 2003). Finally, steroidal
glycoalkaloids change their composition through a ripening-
dependent conversion of tomatines to esculeosides via
hydroxylation and glycosylation reactions (Tohge et al., 2014).

The main objective of this study was to investigate how the
composition and content of antioxidant bioactive compounds
in tomato fruits are influenced by on-vine ripening. Here we

analysed the content of ascorbic acid, individual phenolic com-
pounds, chlorophylls, carotenoids and glycoalkaloids in the
S. lycopersicum variety M82, harvested at three ripening
stages (mature green-S1, breaker-S2 and mature red-S3). We
evaluated the antioxidant activity using 2,2′-azino-bis(3-
ethylbenzothiazoline-6-sulphonic acid) (ABTS) and Ferric
Reducing Ability of Plasma (FRAP) assays. Due to conflicting
reports in the literature regarding the effects of tomato ex-
tracts from fruits at different ripening stages, we tested the
activity of the hydrophilic fraction of the three tomato fruit ex-
tracts on two normal and two human cancer cell lines. The
hydrophilic fraction was chosen since it is known that hydro-
philic antioxidant activity has a far more significant impact
on total antioxidant activity (83%) than lipophilic antioxidant
activity (17%) (García-Valverde et al., 2013). The cytotoxicity ex-
periments have been followed by studies investigating the
possible mechanisms of action of the hydrophilic tomato ex-
tracts in several cell lines.

Data reported in this manuscript could be used by fresh and
industrial tomato processors in order to obtain tomato prod-
ucts and tomato-based functional foods with added beneficial
effects for the consumers.

2. Materials and methods

2.1. Chemicals and reagents

All standards and reagents were purchased from Sigma (St.
Louis, MO, USA). Solvents were obtained from Fluka (Schweiz,
Switzerland). Chromatographic solvents were degassed for
20 min using a Branson 5200 ultrasonic bath (Branson Ultra-
sonic Corp., Phoenix, AZ, USA).

2.2. Plant material and growth conditions

Seeds from cultivated line M82 (LA3475) were kindly pro-
vided by the Tomato Genetics Resource Centre (TGRC)
(University of California, Davis, USA). They were grown ac-
cording to a completely randomized design with three replicates
(10 plants/replicate), in an experimental field located in Acerra
(Naples, Italy) in the year 2014. Samples of about 20 full fruits
per plot were collected at three different stages of ripening:
mature green (S1, 37 ± 1 day after anthesis), breaker (S2, 44 ± 1
day after anthesis) and mature red (S3, 10 ± 1 day after breaker).
Tomato fruits were chopped, ground in liquid nitrogen using
a blender Fimar FRI150 (Rimini, Italy) to a fine powder, and kept
at −80 °C until analysis.

2.3. Hydrophilic and lipophilic extractions

Each tomato fruit sample consisted of 20-pooled fruits per plot.
Hydrophilic and lipophilic fractions were obtained according
to Rigano et al. (2014). Briefly, 3 g of tomato frozen powder were
extracted with 30 mL of 70% methanol into an ultrasonic bath
for 60 min at 30 °C. Subsequently, the mixture was centri-
fuged at 3500 × g using the centrifuge Rotina 420R Hettich
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Zentrifugen (Tuttlingen, Germany) for 10 min at 4 °C, and the
supernatant was stored at −20 °C until evaluation of total
phenolic compounds, HPLC analysis and hydrophilic antioxi-
dant activity (HAA). The pellet was extracted with 10 mL
chloroform (100%) using an Ultraturrax IKA T 25 High Speed
Homogenizer Cole-Parmer 115VAC (Bunker,Vernon Hills, IL, USA)
and centrifuged at 3500 × g for 5 min at 4 °C according to a modi-
fied procedure reported by Wellburn (1994). The supernatant
was collected and stored at −20 °C until the determination of
lycopene, total carotenoids, chlorophyll levels and lipophilic
antioxidant activity (LAA).

2.4. Carotenoid and chlorophyll determination

The determination of total carotenoids and chlorophylls was
carried out by reading the absorbance of supernatants from the
above extractions at 480, 648, 666 nm using a NanoPhotometer™
Version 2.0 (Schatzbogen, Germany) and then applying spe-
cific equations (Wellburn, 1994).The determination of lycopene
was performed by reading the absorbance at 503 nm and by using
the Lambert Beer equation, with the molar extinction coeffi-
cient ε = 152,989 L/mol·cm for lycopene dissolved in chloroform
(Naviglio et al., 2008). Results were expressed as mg per 100 g
fresh weight (FW). All biological replicates were analysed in
triplicate.

2.5. Ascorbic acid and total phenolic compounds

Ascorbic acid (AsA) determination was carried out by a colo-
rimetric method (Stevens, Buret, Garchery, Carretero, & Causse,
2006), with modifications previously reported by Rigano et al.
(2014). TCA 6% (300 µL) was added to 500 mg of frozen powder.
The mixture was vortexed for 10 s, incubated for 15 min on ice,
and centrifuged at 16,000 × g for 20 min at 4 °C using an
Eppendorf Centrifuge 5415R (Hamburg, Germany). Then, 20 µL
of 0.4 M phosphate buffer (pH 7.4) and 10 µL of double dis-
tilled (dd) H2O were added to 20 µL of the mixture. Eighty
microlitres of colour reagent solution, prepared by mixing so-
lution 1 (31% H3PO4, 4.6% (w/v) TCA, and 0.6% (w/v) FeCl3) with
solution 2 (4% 2,2′-dipyridil (w/v) made up in 70% ethanol) at
a proportion of 2.75:1 (v/v), were added.

The mixture was incubated at 37 °C for 40 min and the ab-
sorbance was then read at 525 nm. Three biological replicates
were measured for each sample. The standard curve was ob-
tained using 0–70 nmol and the values were converted into
milligrams/100 g FW.

Total phenolic compounds were evaluated by using the
Folin–Ciocalteu assay (Singleton & Rossi, 1965) with modifi-
cations reported by Rigano et al. (2014). Briefly, 62.5 µL of Folin–
Ciocalteu’s phenol reagent and 250 µL of dd H2O were added
to 62.5 µL of supernatant obtained from the above extrac-
tions. After 6 min, 625 µL of 7% Na2CO3 solution, 500 µL of dd
H2O were added to the mixture, incubated for 90 min at room
temperature and the absorbance was read at 760 nm.Total phe-
nolic content of tomato fruits was expressed as mg gallic acid
equivalents (GAE)/100 g FW. Three separated biological repli-
cates and three technical assays for each biological repetition
were measured.

2.6. Identification and quantification of individual
phenolic compounds

Twenty-five millilitres of supernatant obtained from the ex-
tractions described in section 2.3 were dried by a rotary
evaporator (Buchi R-210, Milan, Italy) and dissolved in 500 µL
of 70% methanol. The extract was passed through a 0.45 µm
Millipore nylon filter (Bedford, MA, USA). Flavonoids and phe-
nolic acids were separated and quantified by using a HPLC
Spectra System SCM 1000 (Thermo Electron Corporation, San
Jose, CA, USA) equipped with a Gemini column (3 µm C18, 110
A, 250 × 4.6 mm; Phenomenex, Torrance, CA, USA) and UV-
visible detector according to the procedure reported by Rigano
et al. (2014). Chromatograms were recorded at 280 nm for gallic
acid and chlorogenic acid, and at 365 nm for coumaric acid,
ferulic acid, rutin and its derivative, quercetin and naringenin.
For quantification, integrated chromatographic peak areas from
the tested extracts were compared to the peak areas of known
amounts of standard phenolic compounds: gallic acid, chlo-
rogenic acid, coumaric acid, ferulic acid, rutin, quercetin and
naringenin. The results were expressed as mg/100 g FW.

2.7. Antioxidant activity determination

Hydrophilic antioxidant activity (HAA) was evaluated using both
the ferric reducing/antioxidant power (FRAP) method (Benzie
& Strain, 1996) and 2,2′-azinobis-(3-ethylbenzothiazoline-6-
sulphonic acid) (ABTS) assay, while lipophilic antioxidant activity
(LAA) was measured according to the ABTS test (Miller &
Rice-Evans, 1997).

The FRAP assay was carried out by adding 2.5 mL of acetate
buffer, pH 3.6, 0.25 mL of TPTZ solution (10 mM) in 40 mM HCl,
0.25 mL of FeCl3·6H2O solution (12 mM), and 150 µL of super-
natant obtained from the above extraction. After an incubation
of 30 min at room temperature the absorbance of the product
(ferrous tripyridyltriazine complex) was read at 593 nm. The
standard curve was linear between 20 and 800 µM Trolox. Results
were expressed as micromoles of Trolox equivalents (TE) per
100 g FW.

ABTS method is based on the reduction of the ABTS•+ ac-
tivity by the antioxidants contained in the sample. A solution
of 7.4 mM ABTS•+ (5 mL) mixed with 140 mM K2S2O8 (88 µL) was
prepared, stabilized for 12 h at 4 °C and then mixed with ethanol
(1:88, v/v). Subsequently, 100 µL of supernatant obtained from
the above extraction were added to 1 mL of diluted ABTS•+, in-
cubated for 2.5 min and the absorbance was read at 734 nm.
The standard curve was linear between 0 and 20 µM Trolox.
Results were expressed as µmol of TE/100 g FW.

2.8. α-tomatine determinations

Twenty five millilitres of 2% CH3COOH (v/v) were added to 10 g
of fresh fruit. The suspension was homogenized for 3 min at
16,000 × g and then placed into an ultrasonic bath for 30 min.
The purification was carried out according to the method re-
ported by Friedman et al. (2009). The residue was dissolved in
1 mL of 50% CH3OH/0.1% acetic acid, filtered through a 0.45 µm
HV membrane (Millipore, Bedford, MA, USA). The extract was
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used for HPLC analysis, carried out according to the method
reported by Leonardi, Ambrosino, Esposito, and Fogliano (2000)
with minor modifications. Absorbance was read at 208 nm. A
Gemini column (Phenomenex,Torrance, CA, USA) was used with
a mobile phase consisting of 100 mM NH4H2PO4 in 32.5% CH3CN,
adjusted to pH 3.5 with H3PO4. Elution was performed in isocratic
conditions. The concentration was expressed in mg/100 g FW
of α-tomatine according to the standard curve, designed over
a range of 100–1000 ppm.

The percentage of the variations of quantitative param-
eters among genotypes was calculated by using the following
formula:

% increase and or decrease
value in genotype value in genot= −1 yype

value in genotype
2

2 100
( )[

] × .

2.9. MTT test

Human renal cortical epithelial cells, HRCE (Innoprot, Derio–
Bizkaia, Spain), were cultured in basal medium, supplemented
with 2% foetal bovine serum, epithelial cell growth supple-
ment and antibiotics, all from Innoprot. Human HeLa
adenocarcinoma cells, rat embryos, heart myoblasts H9c2 and
human hepatic carcinoma HepG2 cells were purchased from
American Type Culture Collection (ATCC). Cells were cultured
in DMEM (Sigma-Aldrich, St. Louis, MO, USA), supplemented
with 10% foetal bovine serum (HyClone, Thermo Scientific,
Logan, UT, USA) and antibiotics, in a 5% CO2 humidified at-
mosphere at 37 °C. The growth medium of H9c2 cells was
implemented with 2 mM L-glutamine and 2 mM sodium py-
ruvate. Hydrophilic tomato extracts, obtained as reported above,
were concentrated in a rotary evaporator and the residue was
dissolved in 5% dimethyl sulphoxide (DMSO) in PBS and then
added to the cells (3 mg/mL final concentration) 24 hours after
seeding for time course cytotoxicity assays. At the end of in-
cubation, cell viability was assessed by MTT assay as described
by Rigano et al. (2014). For each cell line, a calibration curve
was obtained by plating an increasing number of cells per well
(0.5–7 × 103).Three separate analyses were carried out with each
extract. Alpha-tomatine was tested at 10 µM. Control experi-
ments were performed either by growing cells in the absence
of the extract and by supplementing the cell cultures with iden-
tical volumes of extract buffer (5% DMSO in PBS). The method
used avoids any possibility of a DMSO effect on the results.

2.10. LDH release assay

The occurrence of necrosis was determined by measuring the
release of lactate dehydrogenase (LDH) in the culture medium
as described by Sucha et al. (2013). The LDH content of the
medium from untreated cells was referred to as spontaneous
release, whereas the LDH total cellular content was deter-
mined upon cell lysis. The percentage of LDH release was
calculated as:

LDH release experimental spontaneous release
total co

%( ) = −( )[
nntent spontaneous release−( )] × 100.

2.11. Determination of membrane cholesterol levels

To determine levels of cholesterol in the surface membrane,
the protocol described in Arispe and Doh (2002) was fol-
lowed. Briefly, cells were grown in 96-well plates for 24 h at 37 °C.
Culture medium was removed and cells were incubated for
90 min with filipin (500 µg/mL) in PBS. Filipin was then removed
and cells were washed twice with PBS. The fluorescence from
each well, indicative of the level of cholesterol on the surface
of the cells, was read in an automatic plate reader (Microbeta
Wallac 1420, Perkin Elmer, Shelton, CT, USA) with a 355/460 nm
filter. Fluorescence intensity was normalized to the cell number.
Three separate analyses were carried out for each cell line.

2.12. Western blot analyses and detection of apoptotic
nuclei

Cells were plated at a density of 2 × 104 cells cm−2 in com-
plete medium for 24 h and then treated for 4 h with 3 mg/mL
of tomato extracts or 10 µM α-tomatine. At the end of the in-
cubation, both untreated and treated cells were analysed as
described in Galano, Arciello, Piccoli, Monti, and Amoresano
(2014) for western blot analyses and apoptotic nuclei stain-
ing. Briefly, to prepare cell lysates, cells were scraped off in PBS,
centrifuged at 1000 × g for 10 min and lysed in 1% NP-40 in PBS,
pH 7.4, containing protease inhibitors. After 30 min of incu-
bation on ice, lysates were centrifuged at 14,000 × g for 30 min
at 4 °C. Upon determination of total protein concentration in
the supernatant by the Bradford assay, samples were analysed
by SDS-PAGE and Western blot using specific antibodies di-
rected towards procaspase-3.To normalize to internal standard
signals, antibodies against actin were used. To detect apoptotic
nuclei, cells were seeded on glass coverslips in 24-well plates
for 24 h. Cells were incubated for 16 h with tomato extracts
(3 mg/mL) and α-tomatine (10 µM) in complete medium, after
which nuclei were stained with 1 mg/mL of Hoechst 33342 for
10 min at 37 °C. Cells were then washed with PBS, fixed for
10 min at room temperature with 2% paraformaldehyde in PBS
and mounted in 50% glycerol in PBS. Samples were exam-
ined using a Leica 6000 UV microscope and a Leica TCS SP5
confocal microscope, equipped with a Leica application suite
software (Leica Microsystems GmbH, Wetzlar, Germany). All
images were taken under identical conditions.

2.13. Statistical analysis

All biological replicates of samples were analysed in tripli-
cate. Quantitative results were expressed as the mean
value ± SD. Differences among evaluated three different stages
of ripening were determined by using SPSS (Statistical Package
for Social Sciences) Package 6, version 15.0. Significance was
determined by comparing three ripening stages through a fac-
torial analysis of variance (one-way ANOVA) with Duncan post
hoc test at a significance level of 0.05.

3. Results and discussion

During tomato fruit ripening, coordinated genetic and bio-
chemical events occur (Fraser et al., 2007) that result in changes
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in fruit colour, texture and flavour. We characterized the nu-
tritional value of fruits from the cultivated S. lycopersicum variety
M82, harvested at different ripening stages, by examining their
compositional pattern, with particular attention to the differ-
ent classes of tomato antioxidants and α-tomatine.

3.1. Content of antioxidant bioactive compounds and
antioxidant activity

Amount of total carotenoid increased during ripening from
0.49 ± 0.02 mg/100 g FW in S1 to 1.29 ± 0.03 mg/100 g FW
in S2, with a significant (p < 0.05) increase in S3, up to
14.10 ± 0.63 mg/100 g FW (Table 1). In S3, lycopene, on average,
constituted 71% of total carotenoids and showed a signifi-
cant increase compared to S1 and S2 (25 and 9 fold, respec-
tively). An opposite trend was observed for chlorophyll a and
chlorophyll b that are enzymatically degraded during tomato
ripening (Table 1). The mean value of chlorophyll a was
2.78 mg/100 g FW in S1, with a significant decrease in S2 and
S3 (32 and 94 fold, respectively). The mean value of chloro-
phyll b was 2.16 mg/100 g FW in S1, a level comparable to that
obtained in S2, while a decrease of 87% was observed in S3.
The decrease of chlorophylls corresponded to the loss of the
green colour. Carotenoid and chlorophyll levels reported here
are in agreement with data reported by other authors (Kozukue
& Friedman, 2003; Raffo et al., 2002). Kozukue and Friedman
(2003) found that chlorophyll content decreased by about 25%
during stage 2 and by about 75% during successive stages, drop-
ping to a value near zero during the final stage (50 days after
flowering).

Ascorbic acid (AsA) is one of the main water-soluble tomato
antioxidants, together with phenolic compounds. Literature is
contrasting on changes in AsA content during ripening; some
authors have observed no clear trend during ripening while
others have found that AsA content increases slightly only
in the last stage of ripening (Cano, Costa, & Arnao, 2003;
García-Valverde et al., 2013). Here we found that AsA levels in-
crease in S2 and decrease again in S3 when the fruit is fully ripe
(Table 2). AsA showed a mean value of 12.98 ± 0.28 mg/100 g FW
in S1 while in S2 a mean significant increase (p < 0.05) of
62% was found. In S3, AsA content decreased again to
14.47 ± 1.40 mg/100 g FW, a value not significantly different from
that detected in S1.

Results obtained from the Folin–Ciocalteu assay are re-
ported in Table 2. The mean value of total phenolics in S1 was
21.23 ± 0.40 mg GAE/100 g FW, with an increase of 26% in S2.
A mean decrease of 37% was reported in S3 compared to S2.

Single phenolic compounds were identified by HPLC analy-
ses (Table 3). A significant decrease in the content of gallic acid
was observed in S3 compared to S2 and S1. Chlorogenic acid

and coumaric acid showed a slight decrease from S1 to S2,
followed by a significant increase in S3. Ferulic acid, instead,
showed its maximum level in S2. No significant changes in the
sum of the detected phenolic acids were observed from S1 to
S2, whereas a slight increase was found in S3.When we analysed
the flavonoid content, no significant change in pentosil rutin
was observed between S1 and S2, whereas a significant in-
crease was observed in S3 (Table 3). Rutin trend revealed a
significant mean decrease in S2 compared to S1 (about 41%) and
a successive significant increase (about 30%) in S3 compared to
S2. The flavonoid quercetin was found only in S3, whereas
naringenin, which is the main detected flavonoid, was not de-
tectable in S1 and reached its maximum level in S2. A typical
chromatogram with identified polyphenols is reported in Fig. 1.

Our results are in agreement with those previously re-
ported that demonstrated that flavanones and their glycosides,
as well as many flavonol derivatives, increase during ripen-
ing (Mintz-Oron et al., 2008; Moco et al., 2007). In addition, a
maximum level of naringenin during the intermediate stage
of ripening was observed by Raffo et al. (2002). The declining
content of naringenin in the last stage of ripening could be as-
sociated with its involvement in fruit defence mechanisms
against ROS, which are produced in high amounts during cli-
macteric peak as a consequence of respiration increasing rate
(Yamasaki, Sakihama, & Ikehara, 1997).The fact that naringenin
is the main flavonoid is interesting also from a functional point
of view, since it has been reported that this flavonoid pro-
tects peripheral lymphocytes of diabetic mice from DNA-
damage and reduces oxidative stress (Oršolić et al., 2011).

Lipophilic (LAA) and hydrophilic (HAA) antioxidant activ-
ity was calculated by using ABTS and FRAP assays (Tables 1
and 2). Tomato HAA is mainly conferred by AsA and soluble
phenolic compounds, while LAA is mainly conferred by ca-
rotenoids (García-Valverde et al., 2013). LAA was higher in S3
when compared to the other ripening stages, with a mean value
of 130.07 ± 5.19 µmol TE/100 g FW, which represents a 3 fold

Table 1 – Lycopene, total carotenoids, chlorophyll a, chlorophyll b (mg/100 g FW) and lipophilic antioxidant activity (LAA)
(µmol TE/100 g FW) in analysed stages of ripening in M82.a

Stage Lycopene Total carotenoids Chlorophyll a Chlorophyll b LAA

S1 0.40 ± 0.06a 0.49 ± 0.02a 2.78 ± 0.21c 2.16 ± 0.31b 39.60 ± 1.17a

S2 1.12 ± 0.05a 1.29 ± 0.03a 1.88 ± 0.11b 2.00 ± 0.16b 80.06 ± 1.40b

S3 10.04 ± 0.48b 14.10 ± 0.63b 0.15 ± 0.01a 0.28 ± 0.02a 130.07 ± 5.19c

a Values are means ± SD (n = 9). Values with different letters are significantly different (p < 0.05).

Table 2 – Ascorbic acid (mg/100 g FW), total phenolics
(mg GAE/100 g FW) and hydrophilic antioxidant activity
(HAA) (µmol TE/100 g FW) in analysed stages of ripening
in M82.a

Stage AsA Total
phenolics

HAA (FRAP) HAA (ABTS)

S1 12.98 ± 0.28a 21.23 ± 0.40b 35.00 ± 4.25a 108.79 ± 2.04a

S2 21.08 ± 1.20b 26.89 ± 0.48c 187.43 ± 18.07c 150.34 ± 5.51b,c

S3 14.47 ± 1.40a 16.97 ± 1.14a 125.14 ± 12.62b 139.36 ± 2.62b

a Values are means ± SD (n = 9). Values with different letters are sig-
nificantly different (p < 0.05).
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increase compared to S1 and a 1.6 fold increase compared to
S2.These results are in agreement with those reported by other
authors who found variations ranging from 15 to 88 µM
TE/100 g FW in LAA during tomato fruit ripening (Cano et al.,
2003; Raffo et al., 2002).

The hydrophilic antioxidant activity (HAA) was deter-
mined by FRAP and ABTS methods (Table 2). FRAP test revealed
the highest HAA in S2 with a mean value of 187.43 ± 18.07 µmol
TE/100 g FW, whereas this value was about 5 and 0.6 fold lower
in S1 and S3, respectively. Accordingly, ABTS test revealed a sig-
nificant mean increase of HAA in S2 (about 38%) compared to
S1, and a subsequent decrease in S3 (about 7%) compared to
S2.The antioxidant potential of tomatoes varied with the assay
method used, as the two methods measure different
antioxidative effects (Choi et al., 2011, 2014).

Cano et al. (2003) did not observe significant differences in
HAA during ripening, while Ilahy, Hdider, Lenucci, Tlili, and
D’Alessandro (2011) found the highest level of HAA at the green
stage of ripening and the lowest value at the red-ripe stage.
These differences can be related to environmental factors, time
of harvest, as well as to the different analytical methods used
(Dumas, Dadomo, Di Lucca, & Grolier, 2003).

3.2. α-tomatine content determination and effects of
tomato extracts on cell viability

It is known that immature green tomatoes are rich in
glycoalkaloids, with α-tomatine being the most abundant and
toxic species that decreases during the ripening process
(Friedman et al., 2009). We analysed the α-tomatine content

Table 3 – Concentration of phenolic compounds in the extracts of M82 at the three analysed stages of ripening
(mg/100 g FW).

Stage Gallic
acid

Chlorogenic
acid

Coumaric
acid

Ferulic
acid

Sum of
phenolic
acids

Pentosil
rutin

Rutin Quercetin Naringenin Sum of
flavonoids

S1 0.35 ± 0.01b 0.66 ± 0.10a 0.71 ± 0.08a 0.03 ± 0.005a 1.75 ± 0.19a 0.16 ± 0.06a 0.63 ± 0.07b n.d. n.d. 0.79 ± 0.13a

S2 0.35 ± 0.04b 0.47 ± 0.15a 0.53 ± 0.10a 0.07 ± 0.007c 1.42 ± 0.29a 0.11 ± 0.04a 0.37 ± 0.10a n.d. 6.23 ± 0.43b 6.71 ± 0.7c

S3 0.24 ± 0.04a 1.02 ± 0.10b 0.79 ± 0.12a,b 0.04 ± 0.001b 2.09 ± 0.26a,b 0.28 ± 0.08b 0.53 ± 0.05a,b 0.22 ± 0.05 2.57 ± 0.43a 3.6 ± 0.61b

a Values are means ± SD (n = 9). Values with different letters are significantly different (p < 0.05). n.d., not detected.

Fig. 1 – Typical HPLC chromatographic profile (λ = 365 nm) of phenolic compounds in M82 tomato fruit at the S3 ripening
stage. 1: gallic acid; 2: chlorogenic acid; 3: coumaric acid; 4: pentosil rutin; 5: rutin; 6: ferulic acid; 7: quercetin;
8: naringenin.
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Fig. 2 – Time-course of the effects of tomato extracts and α-tomatine on the viability of normal (A, B, E) and cancer (C, D, F)
cell lines. HRCE (A), H9c2 (B), HeLa (C) and HepG2 (D) cells were incubated in the absence, untreated, or in the presence of
tomato extracts, S1, S2, S3 (3 mg/mL) for different lengths of time: 2 h (black bars), 4 h (dark grey bars), 16 h (light grey bars),
24 h (hatched bars) and 48 h (white bars). Normal (E) and cancer (F) cells were incubated in the absence or in the presence of
10 µM α-tomatine as reported above. Cell numbers were determined by MTT assay. Data shown are the means ± SD of at
least three independent experiments. Values with different letters are significantly different (p < 0.05) within the same
treatment.
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in S1, S2 and S3 tomato extracts (Table 4). Alpha-tomatine levels
were high in S1 fruits (20.30 ± 1.33 mg/100 g) and then de-
creased down to 0.51 mg/100 g in S3 fruits. Changes in the levels
of α-tomatine during tomato ripening have been widely studied
by several authors and it has been demonstrated that they are
dependent on genotype, tissue, and growth conditions. Results
reported in this work are in accordance with those reported
by other studies (Itkin et al., 2011; Kozukue, Han, Lee, &
Friedman, 2004; Mintz-Oron et al., 2008).

We then analysed the biological activity of S1, S2 and S3
hydrophilic extracts on two normal cell lines, HRCE and H9c2
cells (Fig. 2A, B), and two human cancer cell lines, HeLa and
HepG2 cells (Fig. 2C, D). We selected 3 mg/mL of tomato ex-
tracts since we recently observed that a high concentration of
S3 tomato extracts (12 mg/mL) exerts a cytotoxic effect due to
an overdose of phenolic acids and flavonoids (Rigano et al.,
2014). In addition, at the concentration of 3 mg/mL, α-tomatine
content in S1 extracts was about 10 µM, a value known to inhibit
cell proliferation (Sucha et al., 2013). Cells were treated with
the tomato extracts for different lengths of time (2 h, 4 h, 16 h,
24 h, 48 h). At the end of the incubation, cell viability was as-
sessed by the MTT reduction assay, as an indicator of
metabolically active cells. The values are the average of four
independent experiments, each carried out with triplicate de-
terminations. As shown in Fig. 2A–D, no cytotoxic effects were
observed when cells were treated with S2 and S3 extracts. In-
terestingly, S1 extracts were found to have a cytotoxic effect
both on normal and cancer cells, but more pronounced on
normal cells. The toxic effect of S1 extracts was very evident
after 2–16 h on all the cell lines analysed. Noteworthy, cancer
cells were able to recover, as indicated by the increase of their
cell number overtime (24–48 h; Fig. 2C, D), whereas this effect
was not observed on normal cells (Fig. 2A, B). The observa-
tion that cancer cells were able to recover from the treatment
with S1 extracts might be due to their high metabolic rate and
to a substantial decrease in the availability of α-tomatine in
the culture medium because of its binding with cholesterol,
according to Sucha et al. (2013).

To confirm that the toxic effect of S1 extracts was due to
the presence of α-tomatine, we performed cytotoxicity experi-
ments by using 10 µM α-tomatine, which corresponds to the
α-tomatine content in S1 extracts when tested at 3 mg/mL. As
shown in Fig. 2E, F, α-tomatine induced a significant cyto-
toxic effect on both normal and cancer cells, similar to that
observed with S1 extracts, suggesting that α-tomatine is mainly
responsible for S1 extracts’ cytotoxic effect.

It is interesting to note that even though S2 extracts con-
tained a significant amount of α-tomatine, they did not affect
cell viability. The difference between S1 and S2 toxicity may

be due to the presence of highly active antioxidants in S2 ex-
tracts, as reported in Table 2. We can hypothesize that although
α-tomatine appears to be cytotoxic to cells, the presence of a
high amount of hydrophilic antioxidants in the S2 extracts and/
or of other nutrients not detected in this study, such as
triterpenoid glycosides and esculentin, may exert a protec-
tive effect on the tested cell lines. In this context, it is
noteworthy that the consumption of red tomatoes contain-
ing high levels of α-tomatine, grown in the mountains of the
Andes, does not affect human health (Rick, Uhlig, & Jones, 1994).
Accordingly, even though α-tomatine is present both in S1 and
S2 extracts, only S1 tomato extracts were found to inhibit cell
proliferation, where the antioxidant capacity is lower than in
other stages. We hypothesize that the higher antioxidant levels
in S2 extracts may contribute to counteract the negative effect
of α-tomatine. This hypothesis is supported by the observa-
tion that low doses of mature tomato extracts show a
proliferative effect on several cells (Choi et al., 2011; Rigano et al.,
2014).

It is known that α-tomatine binds to the cholesterol present
in the outer leaflet of the plasma membrane with conse-
quent membrane disruption. Moreover, the presence of
cholesterol in membranes is known to induce changes in the
structure and fluidity of the phospholipid bilayer. Thus, we
evaluated cholesterol content in the plasma membrane of the
cell lines under study by using filipin as a fluorescent probe
(Fig. 3). We found that both cancer cell lines (HeLa and HepG2)
showed lower levels of membrane associated cholesterol com-
pared to normal cells (HRCE and H9c2). This result is in
agreement with the decrease in cholesterol concentration ob-
served in leukaemic murine thymocyte membranes compared
to the normal murine cells (Andoh, Okazaki, & Ueoka, 2013 and
references therein).

Indeed, an essential difference between normal and cancer
cells is the decrease in the concentration of cholesterol in cancer

Table 4 – α-tomatine content (mg/100 g FW) in analysed
stages of ripening in M82.a

Stage α-Tomatine (mg/100 g FW)

S1 20.30 ± 1.33c

S2 14.59 ± 1.15b

S3 0.51 ± 0.05a

a Values are means ± SD (n = 9). Values with different letters are sig-
nificantly different (p < 0.05).

Fig. 3 – Cholesterol content on the cell membrane. HRCE,
H9c2, HeLa and HepG2 cells were grown for 24 h at 37 °C.
Culture medium was removed and cells were incubated for
90 min with filipin (500 µg/mL) in PBS. The fluorescence
intensity (F.I.) (a.u.) from each cell line, indicative of the
level of cholesterol on the cell surface, was normalized to
each cell number. Three separate analyses were carried out
for each cell line. Data shown are the means ± SD. Values
with different letters are significantly different (p < 0.05).
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Fig. 4 – Analysis of cell death mechanism induced by tomato extracts and α-tomatine on human cells. LDH release from
HRCE (A) and HeLa (B) cells upon treatment with tomato extracts (3 mg/mL) and 10 µM α-tomatine for 16 h at 37 °C. The % of
LDH release was calculated as described in the Materials and Methods section. Three separate analyses were carried out for
each cell line. Data shown are the means ± SD. Values with different letters are significantly different (p < 0.05).
(C–F) Western blot analysis of the apoptotic marker procaspase-3 in HRCE (C, E) and HeLa (D, F) cells untreated or treated
with tomato extracts (C and D) or α-tomatine (E and F). Western blots were performed using antibodies directed towards
procaspase-3. Endogenous actin was used as an internal standard. (G, H) Hoechst staining of HRCE (G) and HeLa (H) cells
untreated or treated with tomato extracts and α-tomatine. All images were acquired at the same magnification.
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cell membranes with a considerable change of their physico-
chemical properties, such as fluidity (Andoh et al., 2013 and
references therein).

Sucha et al. (2013) reported that α-tomatine is not
biotransformed in human breast cancer cells, but its concen-
tration significantly decreased in solution since cholesterol
forms an insoluble precipitate with α-tomatine. Starting from
these observations, we hypothesized that the mechanism in-
volved in the cytotoxicity of S1 extracts resides on the
membrane-disruptive effect of α-tomatine upon binding to cho-
lesterol on the cell membrane. This event finally leads to cell
death.

As it is reported that cell membrane disruption induces
necrosis (Do et al., 2003; Dong, Saikumar, Weinberg, &
Venkatachalam, 1997), we evaluated the release of the enzyme
LDH. This cytosolic enzyme is rapidly released into the cell
culture medium upon membrane destabilization, making it a
suitable marker of early necrosis and the late stage of apop-
tosis (Andoh et al., 2013; Chan, Moriwaki, & De Rosa, 2013). We
chose HeLa cells as a cancer cell line and HRCE cells as normal
cells to evaluate necrosis upon treatment with tomato ex-
tracts. Cells were treated with tomato extracts for 16 h at 37 °C,
since at this time point we observed the maximum of the cy-
totoxic effect of S1 extracts. The results are reported in Fig. 4A,
B as the average of three independent experiments carried out
with triplicate determinations. A consistent LDH release was
measured for both cell lines after treatment with S1 extracts
and α-tomatine. No significant LDH release was observed after
treatments with S2 and S3 extracts.

Furthermore, no caspase-3 activation was observed after
treatment with either tomato extracts or α-tomatine (Fig. 4C–F),
as the intensity level of procaspase-3, normalized to endog-
enous actin, was unvaried in all the treated samples and in
both cell lines. This result was also confirmed by the absence
of apoptotic nuclei in treated cells (Fig. 4 G, H). All these results
indicate that S1-induced cell death is an apoptotic indepen-
dent mechanism and might be due to binding of α-tomatine
to cell membrane cholesterol, which leads to the loss of cell
integrity resulting in necrosis. Our results are in agreement with
recent studies on the effects of α-tomatine on cells, as re-
ported by Sucha et al. (2013). However, to the best of our
knowledge, this is the first report on the correlation between
the cytotoxicity of tomato extracts containing high levels of
α-tomatine and cholesterol levels on normal and cancer cell
membranes.

4. Conclusions

The results of the present study indicated that significant
changes in the composition of chlorophylls, carotenoids, phe-
nolics and glycoalkaloids, occur in tomato during ripening. Here
we confirmed that some of the most significant changes in com-
position occur at the breaker stage, where carotenoids start to
appear, phenolic compounds reach maximum levels and
glycoalkaloids begin to be degraded. The observed changes
suggest that it may be possible to select tomato fruit with
maximum concentration of health-promoting compounds. In
particular, the high content of bioactive compounds in tomato

fruits at the breaker stage indicates that they have a poten-
tial use for the nutraceutical and food industry. A high cytotoxic
effect of α-tomatine in green tomato extracts on normal and
cancer cell lines was also demonstrated, whereas, in breaker
tomatoes, α-tomatine detrimental effect was masked by the
presence of higher concentration of molecules endowed with
high antioxidant power. We found that α-tomatine induced cell
death is a caspase-independent mechanism and resides on
α-tomatine’s ability to disrupt cell membrane integrity by
binding to cholesterol on the plasma membrane, thus leading
to necrosis. Although many studies have reported the cyto-
toxic action of α-tomatine on cancer cells, our study is the first
to describe this phenomenon by using tomato extracts at dif-
ferent ripening stages on both normal and cancer cells. This
work strongly points to the need for additional studies on
animals and humans in order to better define the possible ben-
eficial roles of the different tomato compounds, including
α-tomatine and phenolics.
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