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Abstract Tomato is a wonder fruit fortified with health-
promoting phytochemicals that are beneficial in preventing
important chronic degenerative disorders. Tomato is a good
source of phenolic compounds (phenolic acids and flavo-
noids), carotenoids (lycopene, o, and f carotene), vitamins
(ascorbic acid and vitamin A) and glycoalkaloids (toma-
tine). Bioactive constituents present in tomato have
antioxidant, anti-mutagenic, anti-proliferative, anti-inflam-
matory and anti-atherogenic activities. Health promoting
bioactivities of tomatoes make them useful ingredient for
the development of functional foods. Protective role of
tomato (lycopene as a potent antioxidant) in humans
against various degenerative diseases are known through-
out the world. Intake of tomato is inversely related to the
incidence of cancer, cardiovascular diseases, ageing and
many other health problems. Bioavailability of phytocon-
stituents in tomato is generally not affected by routine
cooking processes making it even more beneficial for
human consumption. The present review provides collec-
tive information of phytochemicals in tomato along with
discussing their bioactivities and possible health benefits.
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Introduction

Human diet has been evolving since the dawn of civiliza-
tion. Selection and consumption of food depend upon the
availability of resources, climatic conditions, and socio-
economic needs. Food not only provides the necessary
calories and nutrition to the human body but is also a
source of bioactive compounds that help us combating
degenerative effects of toxins and preventing many health
problems (Singh et al. 2016). Vegetables, fruits, and
legume seeds provide carbohydrates, proteins, minerals,
and vitamins to our body. Besides these, they are also a
source of health-promoting biologically active compounds
(Ezekiel et al. 2013; Singh et al. 2017a, b, c¢). Some food
items provide many health benefits to our body along with
basic nutrition and tomato is one such food present in the
platter of people all over the world.

Tomato (Solanum lycopersicum L.) is a highly popular
fruit crop grown and consumed by people across the globe.
The worldwide production of tomato in 2014 was
170.75 Mt from 50,238.1 km? areas under cultivation
which was much higher as compared to that recorded in
2010 when the production was 151.89 Mt from
44,955.8 km? areas under cultivation (FAOSTAT 2014).
Tomato production is highest in China followed by India
and USA and it is consumed more in Mediterranean
countries. In India, the cultivation of tomato in 2014 was
carried out on an area of 8820 km” with a total production
of 18.74 Mt while in 2010 the area was 6344 km? and
production was 12.43 Mt (FAOSTAT 2014). Cooked or
raw tomato is consumed in the various parts of the world in
different forms viz, curries, sauces, salads etc. Consump-
tion of tomatoes exert positive effects on human health and
is known for anti-inflammatory, anti-genotoxic, anti-mu-
tagenic, anti-proliferative and chemopreventive activities
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(Rafi et al. 2007; Scolastici et al. 2007, 2008; Polivkova
et al. 2010; Feng et al. 2010).

Tomatoes are considered as part of healthy diet regime
as they are low in fats and are without any harmful
cholesterol. Nutrients like Vitamin A, ascorbic acid,
potassium, and folate are present in significant concentra-
tions in tomatoes. Non-nutritive phytochemicals like car-
otenoids (lycopene, phytoene, and P-carotene) and
polyphenols (flavonoids, flavanones, and flavones) are also
present in significant amount in tomato (Tan et al. 2010).
The contents of nutrients present in raw, ripe and cooked
tomatoes are given in Table 1. Phytochemicals are fortified
with ripening and cooking of tomatoes. Carotene is present
in high concentration in ripened red tomatoes and cooking
fortifies the lycopene content in tomatoes. a-carotene is not
present in the cooked tomatoes whereas it is present in
significant amount in ripe red tomatoes. Lutein is also
present in high concentration in ripe tomatoes while it is
absent in unripe tomato. Epidemiological evidence has
suggested the potential role of tomato phytochemicals in
preventing blindness, respiratory disorders, cardiovascular
diseases (CVD) and some forms of cancers (Agarwal and
Rao 2000; Sesso et al. 2004; Tan et al. 2010). Also, the
potential role of these phytochemicals has been observed in
the prevention of mutations in DNA (Hazewindus et al.
2014). Tomato is a vegetable of great interest because of its
high content of health benefiting compounds. The present
review is an attempt to compile information about benefi-
cial phytochemicals present in tomato, their bioactive
potential and health benefits reported in various research
findings.

Historical background

Tomato is believed to have evolved from small green fruits
present in the foothills of Andes (Peralta and Spooner
2007). In 700 AD, a species of yellow tomatoes of a size
similar to present day tomato was cultivated in Central
America. Domestication of tomatoes first started in Mex-
ico. After colonization, the seeds of tomato were intro-
duced to various parts of the world and in many places,
monoculture was adopted (Peralta and Spooner 2007).
After the independence of Mexico, by the development of
transport system and some land reforms, the production of
tomatoes increased (Saavedra et al. 2017). Documentary
evidence suggests that in Europe during 1544 tomatoes
were first used but were considered toxic at that time.
Dietary inclusion of tomatoes in European cuisine was
promoted during next two centuries. Later with the advent
of the green revolution and use of better irrigation practices
and agrochemicals, the production of tomatoes increased
worldwide. Present day tomato has evolved largely with
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the increase in horticulture techniques. In the 1990s with
the advancements in biotechnology and genetic modifica-
tion techniques, the tomatoes having better color, taste,
shelf life and nutrients were developed (Saavedra et al.
2017). Various techniques were adopted to inculcate
desirable changes in appearance, size, and quality of the
tomato fruit. A paradigm shift in crop improvement
objectives for the enhancement of health benefits and dis-
ease resistance is observed in recent years (Tan et al. 2010).

Phytochemicals in tomato

Tomato is known as health stimulating fruit owing to the
characteristic array of phytochemicals. Phenolics and car-
otenoids are the main bioactive compounds present in
ripened tomatoes. The red color of a ripe tomato is because
of a significant amount of lycopene (Marti et al. 2016;
Perveen et al. 2015). The tomato fruit also contains B-
carotene known for its provitamin A activity. The present
section focuses on main phytochemicals (phenolics, car-
otenoids, vitamins, and glycoalkaloids) present in tomato.
Chemical structures of important phytochemicals of tomato
are given in Fig. 1.

Phenolic compounds

Phenolic compounds are the class of plant secondary
metabolites that possess one or more hydroxyl groups
attached to a benzene ring. Structurally, they vary from
simple phenolics to complex polymers (polyphenols) on
the basis of number and position of hydroxyl groups
attached and structural elements that link phenolic rings
(Singh et al. 2017b). Polyphenols are known to reduce the
oxidative stress and thus counteract various health issues,
including CVD and cancer (Singh et al. 2018). The phe-
nolic compounds reported in tomato are phenolic acids
(caffeic, chlorogenic, sinapic, p-coumaric and ferulic acids)
and flavonoids (quercetin, rutin, kaempferol, and narin-
genin). Flavonoid accumulation occurs during maturation
in tomatoes with a decrease in chlorophyll content and
ripening of peels. Quercetin and chlorogenic acid are the
most abundant flavonoids in tomato (Sharma et al. 2017).
Tomas et al. (2017) reported contents of chlorogenic acid,
rutin (quercetin-3-O-rutinoside), naringenin chalcone and
naringenin as 17.9, 24.8, 2.45 and 0.12 mg/100 g DW,
respectively in fresh tomato fruit. The chalconaringenin
content decreases during post-harvest stage (15 mg/100 g
at harvest decreased to 0.41 mg/100 g after 3 weeks of
storage) of tomatoes.

Marti et al. (2016) summarized the literature by giving
ranges of different polyphenols in ripened tomato fruits and
enlisted naringenin chalcone as the major polyphenol with
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Table 1 Nutrients present in different types of tomatoes, red, ripe and raw Source: Information derived from United States Department of
Agriculture (USDA), Food Composition Databases (USDA 2016)

Unit Tomatoes, red, ripe, raw Tomatoes, red, ripe, cooked Tomatoes green, raw
Nutrient
Water g 94.52 94.34 93
Energy Kcal 18 18 23
Energy kJ 74 73 95
Protein g 0.88 0.95 1.2
Total lipid (fat) g 0.2 0.11 0.2
Ash g 0.5 0.6 0.5
Carbohydrate g 3.89 4.01 5.1
Fiber, total dietary g 1.2 0.7 1.1
Sugars, total g 2.63 2.49 4
Glucose (dextrose) g 1.25 1.18 -
Fructose g 1.37 1.31 -
Calcium, Ca mg 10 11 13
Iron, Fe mg 0.27 0.68 0.51
Magnesium, Mg mg 11 9 10
Phosphorus, P mg 24 28 28
Potassium, K mg 237 218 204
Sodium, Na mg 5 11 13
Zinc, Zn mg 0.17 0.14 0.07
Copper, Cu mg 0.059 0.075 0.09
Manganese, Mn mg 0.114 0.105 0.1
Selenium, Se ne 0 0.5 0.4
Fluoride, F ne 23 - -
Vitamins
Vitamin C, total ascorbic acid mg 13.7 22.8 23.4
Thiamin mg 0.037 0.036 0.06
Riboflavin mg 0.019 0.022 0.04
Niacin mg 0.594 0.532 0.5
Pantothenic acid mg 0.089 0.129 0.5
Vitamin B-6 mg 0.08 0.079 0.081
Folate, total ug 15 13 9
Folic acid ng 0 0 0
Folate, food ue 15 13 9
Folate, DFE ng 15 13 9
Choline, total mg 6.7 6.9 8.6
Vitamin A, RAE ng 42 24 32
Carotene, beta ug 449 293 346
Carotene, alpha ug 101 0 78
Vitamin A, U U 833 489 642
Lycopene ug 2573 3041 0
Lutein + zeaxanthin ng 123 94 0
Vitamin E (alpha-tocopherol) mg 0.54 0.56 0.38
Tocopherol, beta mg 0.01 0.01 -
Tocopherol, gamma mg 0.12 0.21 -
Tocopherol, delta mg 0 0.01 -
Vitamin K (phylloquinone) ug 7.9 2.8 10.1
Lipids
Fatty acids, total saturated g 0.028 0.015 0.028
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Table 1 continued

Unit Tomatoes, red, ripe, raw Tomatoes, red, ripe, cooked Tomatoes green, raw
Fatty acids, total monounsaturated g 0.031 0.016 0.03
Fatty acids, total polyunsaturated g 0.083 0.044 0.081
Phytosterols mg 7 9 -
Amino acids
Tryptophan g 0.006 0.008 0.009
Threonine g 0.027 0.027 0.03
Isoleucine g 0.018 0.026 0.029
Leucine g 0.025 0.039 0.044
Lysine g 0.027 0.039 0.044
Methionine g 0.006 0.009 0.01
Cystine g 0.009 0.014 0.016
Phenylalanine g 0.027 0.028 0.031
Tyrosine g 0.014 0.018 0.021
Valine g 0.018 0.027 0.031
Arginine g 0.021 0.026 0.029
Histidine g 0.014 0.016 0.018
Alanine g 0.027 0.03 0.034
Aspartic acid g 0.135 0.148 0.166
Glutamic acid g 0.431 0.393 0.442
Glycine g 0.019 0.026 0.03
Proline g 0.015 0.02 0.023
Serine g 0.026 0.028 0.032
Flavonoids
Naringenin mg 0.7 0 -
Kaempferol mg 0.1 0 -
Myricetin mg 0.1 0 -
Quercetin mg 0.6 0.7 -

concentration range of 0.9-18.2 mg/100 g FW followed by
rutin (0.5-4.5 mg/100 g FW), quercetin (0.7-4.4 mg/100 g
FW), chlorogenic acid (1.4-3.3 mg/100 g FW), caffeic
acid (0.1-1.3 mg/100 g FW) and naringenin (0-1.3 mg/
100 g FW). Total phenolic content (TPC) in tomato varies
with cultivar and is greatly influenced by variation in solar
UV radiation (Sharma et al. 2017). Kaur et al. (2013)
analyzed TPC in different commercial and wild cultivars of
tomato. The wild cultivars found to have highest TPC
(141.98 mg/100 g FW) and quercetin content (56 pg/g
FW).

Carotenoids
Carotenoids are the major classes of bioactive compounds
present in tomatoes. These plant pigments are produced by

isoprenoid biosynthetic pathway with main roles as
antioxidants and harvesting of light in plants (Singh et al.
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2016). The main carotenoids present in tomatoes are
lycopene, ol-carotene, B-carotene, Y-carotene, d-carotene,
phytoene, phytofluene, neurosporene, and lutein. Marti
et al. (2016) reviewed the literature and documented ranges
of different carotenoids viz, lycopene (7.8—18.1 mg/100 g
FW), a-carotene (0-0.002 mg/100 g FW), PB-carotene
(0.1-1.2 mg/100 g FW), y-carotene (0.05-0.3 mg/100 g
FW), &-carotene (0-0.2 mg/100 g FW) and phytoene
(1.0-2.9 mg/100 g FW) in tomatoes. Lycopene, phytoene,
neurosporene, phytofluene, B-Carotene and lutein content
in raw tomato is reported as 9.25, 1.86, 1.18, 0.80, 0.41 and
0.07 mg/100 g, respectively (Perveen et al. 2015). Lyco-
pene is a major carotenoid responsible for characteristic red
color and special antioxidant properties of tomatoes (Marti
et al. 2016; Rafi et al. 2007). Tomatoes contain
8.8-42.0 pg/g of lycopene and provide nearly about 85%
of total lycopene in the human diet (Rao and Rao 2007).
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Fig. 1 Chemical structures of some bioactive compounds in tomato; cis-retinoic acid; j naringenin; k kampferol; 1 myricetin; m quercetin;
a o-carotene; b lycopene; ¢ lutein; d canthaxanthin; e B-carotene; n o-tomatine

f all-trans-retinoic acid; g all-trans-retinol; h 9-cis-retinoic acid; i 13-
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Vitamins

Tomato fruit is considered as the rich source of Vit C and
also contains vitamin A, B and E. Studies have revealed
that Vit C content at first increases with the maturation of
fruit and then decreases as the fruit ripens (Watada et al.
1976). Organic farming increases the level of Vit C and
this increase depends on the cultivar and site of cultivation
(Marti et al. 2018). Vitamin A is present in the form of
carotenoids. Vitamin B is present as thiamine, niacin,
vitamin Bg, and folates. Vitamin E is present in lesser
quantities than other vitamins and is present as alpha and
beta tocopherols. The vitamin content in tomato gets
affected by the type of cultivar, time of harvest and ethy-
lene supplementation (Watada et al. 1976).

Glycoalkaloids

Glycoalkaloids are a group of alkaloids in which sugar is
attached. These compounds provide protection against the
pathogenic attack as they are toxic (Friedman et al. 2009).
The glycoalkaloids in tomato are present in the form of
tomatine. Tomatine is a mixture of two glycoalkaloids; o-
tomatine and dehydroxytomatine which are known to be
present in both tomato leaves as well as fruits (Friedman
2013). In green fruit, the content of alpha-tomatine is high
(500 mg/kg) as compared to ripe red fruit (5 mg/kg)
(Friedman 2013). These compounds are known to provide
protection against human pathogens like bacteria, viruses,
and fungi. The high content of tomatine in green fruit
makes it taste bitter and undesirable to eat. The content of
glycoalkaloids is also affected by cultivar type and time of
harvest.

Bioactivities

Tomato contains phytochemicals with anti-oxidative, anti-
proliferative, anti-carcinogenic, anti-tumorigenic, anti-in-
flammatory, anti-mutagenic and anti-atherogenic proper-
ties. Tables 2 and 3 summarizes studies showing the
bioactive potential of tomato and Fig. 2 demonstrates the
bioactivities of tomato reported in various studies. Reactive
oxygen species (ROS) induced oxidative stress is the chief
cause of cancer and CVD. The ROS cause oxidative
damage to crucial cellular biomolecules such as proteins,
lipids, and nucleic acid. Antioxidative defense system
provides protective effects against ROS. Antioxidants such
as catalases, glutathione peroxidases, and superoxide dis-
mutases are present within human cells whereas polyphe-
nols, carotenoids, vitamin C and vitamin E can be obtained
from food (Agarwal and Rao 2000). Lycopene is a potent
natural antioxidant (with singlet-oxygen quenching
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potential higher than B-carotene and a-tocopherol) avail-
able in tomato with notable anti-cancerous and anti-
atherogenic properties. Dietary lycopene enhances the level
of lycopene in the body and elevates the overall antioxidant
potential by trapping ROS, therefore reducing the oxidative
damage to biomolecules (Agarwal and Rao 2000).

Numerous in vitro studies have shown protective effects
of lycopene obtained from tomato against different types of
cancer including mammary gland (Levy et al. 1995, Karas
et al. 2000, Gloria et al. 2014), lung (Levy et al. 1995),
colon (Salman et al. 2007, Tang et al. 2008), endometrial
(Levy et al. 1995), leukemia (Amir et al. 1999), liver
(Hwang and Lee 2006) and prostate (Palozza et al.
2010a, b; Pastori et al. 1998). Lycopene and other bioactive
compounds cause cell cycle arrest and inhibit the growth of
many cancerous cell lines in a dose-dependent manner
(Table 2). Lycopene supplementation (2.5-10 pM) also
causes a reduction in total cholesterol by decreasing HMG-
CoA reductase expression (Palozza et al. 2010a, b). Studies
reported dose-dependent anti-proliferative and inhibitory
effects of lycopene on various cancer cell lines viz. K562,
HuCC, Lymphoma and Mammary cancer cell lines (Sal-
man et al. 2007; Uppala et al. 2013; Teodoro et al. 2012).
Antiproliferative effect was also observed by the action of
all-trans B-carotene (0.5-10 uM) on mammary cancer cell
lines i.e., MCF-7, MDA-MB-235 and MDA-MB-231
(Gloria et al. 2014). The antioxidant potential of lycopene
is associated with the ability to scavenge reactive oxygen
species and modulation of phase I and II enzymes thus
showing protective effects against various types of cancer.
Tomatine present in green tomato extract is known to
inhibit the growth of human breast, colon, liver, and
stomach cancer cell lines. But, it was observed that toma-
tine can also inhibit normal human liver cell line (Friedman
et al. 2009). Livny et al. (2002) compared anti-carcino-
genicity of two carotenoids; lycopene and P-carotene at
same concentrations (3—7 pmol/l), and reported that lyco-
pene was a more effective inhibitor of KB-1 cell growth by
increasing connexion-43 expression.

Human body encounters the attack of various toxins in
the course of life. The exposure to these mutagens/xeno-
biotics is being increased as the civilization is progressing.
Implications of exposure to these toxic compounds are
evident in many ways like chromosomal aberrations,
increase in ROS and induction of tumor. Some recent lit-
erature on protective effects of tomato against the action of
various mutagens is summarized in Table 3. Treatment of
different cell lines with various chemical mutagens like
LPS (lipopolysaccharide), H,O, (hydrogen peroxide),
MMS (methyl methanesulphonate), 4-NQO (4-nitroquino-
line-1-oxide), DEN (n-nitrosodiethylamine), AMVN (2,2'-
azobis [2,4-dimethylvaleronitrile]) etc. triggered inflam-
matory responses. However, the addition of bioactive
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Table 2 Summary of literature on effect of tomato products/active constituents on different bioactivities in vitro
S.  Name of bioactive  Cell lines used  Effect on biomarkers Bioactivity References
no. compound
(concentration)
1. Lycopene HL-60 Dose dependent reduction in cell growth Anti- Amir et al.
(0-6 uM) leukemia cells g cycle arrest at GO/G1 phase proliferative (1999)
Synergistic antiproliferative effects with 1,
25-dihydroxyvitamin D3 (natural anticancer compound)
2. Lycopene MCF-7 Inhibition of cell growth by interfering in cell cycle Anti- Karas et al.
(0.75, 1.5 and progression and in IGF-I receptor signaling proliferative (2000)
3.0 uM)
3. Lycopene MCF-7 Cell cycle arrest at G1 phase Anti- Nahum et al.
(2-3 uM) ECC-1 | phosphorylation of retinoblastoma and related pocket carcinogenic (2001)
proteins
| cdk 4 and cdk 2 activities, cyclin D1 and D3 levels and
p21<P™afl yhundance
4. Lycopene LNCaP Inhibition of growth in dose dependent manner Anti-oxidant Kim et al.
(107°-107° M) Anti- (2002)
proliferative
5. Synthetic all-E- PrEC Inhibition of growth of nonneoplastic PrEC in dose dependent  Anti- Obermiiller-
lycopene manner proliferative Jevic et al.
(0-5 pmol/) (2003)
6.  Lycopene LNCaP | LNCaP viability through cell cycle arrest at Go/M phase and  Anti- Hwang and
(0.1, 1 and 5 pM) apoptosis tumorigenic/ Bowen
anti- (2004)
proliferative
7. Lycopene SK-Hep 1 | gelatinolytic activities of MMP-9 and MMP-2 Anti-metastatic ~ Hwang and
(0.1-50 pM) Inhibited cell growth and cell adhesion to matrigel-coated Lee (2006)
substrate in a dose-dependent manner
Reduction in invasion and migration of SK-Hepl1 cells
8. Lycopene Hep3B Inhibition of cell growth in concentration dependent manner  Antitumorigenic Park et al.
(0.1-50 pM) Cell arrest at GO/G1 and S phase (2005)
9.  Lycopene MCEF-7 Lycopene induced GJIC functionality in dose-dependent Anti- Fornelli et al.
(0.125-100 pM) manner and increased expression of connexin 43 proliferative (2007)
10. Lycopene SK-Hep-1 Inhibition of MMP-9 levels Anti-invasion Huang et al.
(1-10 uM) Inhibition of binding abilities of Spl and NF-kB (2007)
| expression of IGF-1R and ROS
11. Lycopene LNCaP Mitotic arrest Anti- Ivanov et al.
(0.01-10 M) PC-3 | cyclin dependent kinase 4, cyclin D and E proliferative (2007)
(0-100 pM) Suppressed retinoblastoma phosphorylation
(80-800 nM) | expression and activation of IGF-I receptor, | AKT
activation and T IGFBP2 expression
1 apoptotic response in LNCaP cells
12.  Lycopene PC-3 | cell proliferation and IGF-IR expression Anti- Kanagaraj
(20, 40 and 60 M) 1 IGFBP-3 levels proliferative et al.
. (2007)
Induced apoptosis
13.  Lycopene EHEB | proliferation capacity of K562, HuCC and lymphoma Raji ~ Anti- Salman et al.
(1.04.0 pM) K562 cell lines in concentration dependent manner whereas in case proliferative (2007)
HuCC of EHEB, this worked only at higher concentrations

Raji cell line

1 apoptotic rate in HuCC cell line
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Table 2 continued

S.  Name of bioactive  Cell lines used  Effect on biomarkers Bioactivity References
no. compound
(concentration)
14.  Lycopene Hep-G2 Reduction in cell proliferation in Hep-G2 and IMR-90 Anti- Burgess et al.
(0.0001_10 ]JM) IMR-90 proliferative (2008)
DU-145
A549
A431
HS-68
HS-578T
15. Lycopene TNF-o induced Inhibited TNF-o induced ICAM-1 expression in HUVECs Anti- Hung et al.
(0-10 M) HUVECs Inhibited TNF-o induced NK-KB expression, IkB inflammatory  (2008)
THP-1 phosphorylation, NF-kB p65 translocation and monocyte-
monocytes endothelial interaction
16. Lycopene HT-29 Inhibited cell proliferation in HT-29 Anti- Tang et al.
(0 and 10 pM) Suppressed protein levels of non-phosphorylated B-catenin and tumorigenic (2008)
Akt activation in HT-29 Anti-
Reduced expression of cyclin D1 and phosphorylation levels ~ Proliferative
of Rb and Akt proteins
1 p275P abundance (an inhibitor of nuclear cyclin-dependent
kinase)

17. Green tomato HT-29 Inhibition of all cell lines including normal human liver cell ~ Anti- Friedman
extract containing  AGs line (Chang) carcinogenic et al.
IOI;;IZ)I(I)I’IB MCF 7 (2009)

(mg g) HepG2
18.  Lycopene MDA-MB-231  Reduction in phosphorylated active forms of Akt and ERK1/2  Anti- Koh et al.
(0.1_20 HM) H-Ras MCF 10 in H-Ras MCF 10 A cells proliferative (2010)
A Inhibition of invasion, migration and proliferation Anti-invasive
Anti-metastatic
19. Lycopene LNCaP Cell cycle arrest and apoptosis Anti- Palozza et al.
(2.5-10 uM) HCT-116 Reduction in total cholesterol by decreasing HMG-CoA tun.lorigenic/ 2010a, b
HT-29 reductase expression anti- .
PC3 Reduction in Ras-dependent activation of NF-kB cafcnogenic
BEN | ROS, cyclin D1 and pAKT
1 p27, p21 and p53
20. Lycopene Canine Inhibition of cell proliferation Anti- Wakshlag
(0.31-10 M) osteosarcoma  Apoptosis in HMPOS cells primarily through truncated Bid proliferative and
cell lines expression Balkman
2010)
0s24 | AKT phosphorylation (
D17
HMPOS
21. Lycopene HT-29 | no. of viable cells in HT-29, MCF-7 and T84 cancer cell Anti- Teodoro
(1-5 uM) MCF-7 lines proliferative et al.
T84 Promoted cell cycle arrest (2012)
Hep G2 1 apoptosis in HT-29, DU 145, MCF-7 and T84
Hela
DU-145
Hep-2
A 549
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Table 2 continued

S.  Name of bioactive  Cell lines used  Effect on biomarkers Bioactivity References

no. compound
(concentration)

22. Lycopene MCF-7 Inhibitory effect only in MCF-7 cells Anti- Uppala et al.
(0-10 uM) MCF-10 proliferative (2013)

23. Lycopene Androgen 1 protein and mRNA expression of LXRa,, PPARY, ABCA1  Anti- Yang et al.
(2.5-20 M) independent and apo Al protein proliferative (2012)

DU-145 | cellular total cholesterol levels
PC-3 A combination of lycopene with LXRa agonist T0901317
exhibited synergistic antiproliferative effects in DU 145 cells

24. Lycopene PC-3 Biphasic effect on PC-3 cell proliferation with a modest T at  Anti- Rafi et al.
(0-100 uM) low conc. and | at higher conc. proliferative (2013)

1 cell death by necrosis and apoptosis in prostate cells

A combination of lycopene (25 pM) with temezolomide | PC-
3 cell proliferation in dose-dependent manner

Lycopene, in combination with PPARY potentiated the anti-
proliferative responses

25. Lycopene Androgen Synergistic inhibition of prostate carcinoma cell proliferation Anti- Pastori et al.
a-tocopherol insensitive proliferative (1998)
(0-50 M) PC-3

DU-145

26. All trans lycopene ~ MCF-7 Both the carotenoids inhibited cell proliferation, T apoptosis  Anti- Gloria et al.
All trans p-carotene MDA-MB-235 and arrest cell cycle in different phases proliferative (2014)
(0.5-10 pM) MDA-MB-231

27. Lycopene MCEF-7 Inhibition of mitogenic activity of IGF-I on MCF-7 and ECC-1  Anti- Nahum et al.

(2-3 pM) ECC-1 cancer cells through reduction of cyclin D1 and p21€FVWAF! proliferative (2006)
aRA (1 uM) MCF.7.7D113 &V
| p130 and pRb phosphorylation
28. Lycopene KB-1 In comparison between the two carotenoids, lycopene was Anti- Livny et al.
B-carotene found to be an effective inhibitor of KB-1 cell growth in dose ~ carcinogenic (2002)
dependent manner
(37 pmol/1) ) o o
Lycopene also caused 1 in gap-junctional communication and
in connexin 43 expression

29. Lycopene SK-Hep-1 Lycopene: Anti-migration ~ Huang et al.
(1-20 pmol/l) T nm23-H1 expression at both mRNA and protein levels and Anti- (2005)
[-carotene Inhibited migration and invasion of SK-Hep-1 cells Hvastve
(10 pmol/l)

30. Lycopene AtT-20 Lycopene and B-carotene: Anti- Haddad et al.
B-carotene | cell viability and clonogenic ability of AtT-20 cells proliferative (2013)
(0.5-40 pM) Induced apoptosis

Modulated cell cycle

1 expression of phosphorylated connexin 43
Blocked intercellular communication

1 p278P!, Skp2 protein levels and ACTH secretion

31. Lycopene Ishikawa Lycopene inhibited the growth of all the cell lines and also  Anti- Levy et al.
o-carotene NCIL-H226 found to suppress IGF-1 proliferative (1995)
f-carotene MCEF-7
(0-8 uM)

@ Springer



2842 J Food Sci Technol (August 2018) 55(8):2833-2849

Table 2 continued

S.  Name of bioactive  Cell lines used  Effect on biomarkers Bioactivity References
no. compound
(concentration)
32. Tomato ketchup HUVEC Tomato ketchup extracts | release of pro-inflammatory Anti- Hazewindus
extract cytokines IL-8 and TNF-a whereas it 1 release of IL-10 an inflammatory et al.
Lycopene, ascorbic anti-inflammatory cytokine (2014)
acid and o-
tocopherol
(7.5 uM, 55 pM
1.4 uM resp.)
33. Carotenoids: MCEF-7 [-carotene caused reduction in growth of Hs578T and MCF-7  Anti- Prakash et al.
Lycopene MDA-MB-231 cells proliferative (2001)
B-Carotene Hs578T Lycopene caused inhibition of growth of MDA-MB-231 and
. MCEF-7 cells
Canthaxanthin 9-cis.and all noic acid d reduction i hof
-cis-and all-trans-retinoic acid caused reduction in growth o
(1,3, 7, 10 and 20 both Hs578 T and MCF-7 cells
pmol/1)

o All-trans-retinol and 13-cis-retinoic acid led to reduction
Retinoids: effect only on MCF-7 cells
All-trans-retinol
All-trans-retinoic
acid
9-cis-and 13-cis-
retinoic acid

(10 nmol/l,
100 nmol/l

and 1 pmol/l)

34. tlcy-b Tomato HT-29 Inhibited cell growth in dose-dependent manner, arrest cell Anti- Palozza et al.
(20, 50 and 100 ml/ cycle progression and induced apoptosis tumorigenic (2008)
D | expression of Bcl-2, Bel-xl and cyclin D1
35. Tomato digestate HT-29 Inhibited growth of both HCT-116 and HT-29 cells in a conc.  Anti- Palozza et al.
(20-100 ml/1) HCT-116 dependent manner by arresting cell cycle progression and tumorigenic (2007)

inducing apoptosis
| exp. of Bcl-2, Bcel-xl and cyclin D1

HL-60, human leukemic cell line; MCF-7, human mammary cancer cell line; IGF-I, insulin-like growth factor-I; ECC-1, human endometrial cancer cell lines; cdk4, cdk2, cyclin-de-
pendent kinases; LNCaP, human prostrate cancer cell lines; PrEC: normal human prostrate epithelial cell line; SK-Hepl, human hepatocellular carcinoma cell line; MMP-2, MMP-
9, matrix metalloproteinases; Hep3B, human hepatoma cell line; GJIC, gap junction intercellular communication; SK-Hep-1, hepatocellular carcinoma cell line; Spl, stimulatory protein-
1; NF-kB, nuclear factor-kappa B; IGF-1R, insulin-like growth factor-1 receptor; PC3, prostrate cancer cell line; AKT, protein kinase B alpha; IGFBP, insulin-like growth factor bind-
ing protein; EHEB, B chronic lymphocytic leukemia cell line; K562, human erythroleukemia cell line; HuCC, human colon carci
noma cell line; Raji, a prototype of Burkitt lymphoma cell line; Hep-G2, Liver adenocarcinoma cell line; IMR-90, noncancerous lung cell line; DU-145, prostrate carci-
noma cell line; A549, lung carcinoma cell line; A431, skin carcinoma cell line; HS-68, noncancerous skin cell line; HS-578T, breast carcinoma cell line; HUVECs, human umbili-
cal endothelial cell line; TNF-o, tumour necrosis factor alpha; ICAM-1, intercellular adhesion molecule-1; HT-
29, human colon cancer cell line; Rb, retinoblastoma tumor suppressor protein; AGS, human gastric cancer cell line; MDA-MB-231, MDA-MB-235 and
Hs578T, human breast adenocarcinoma cell line; H-Ras MCF10A, H-Ras-transformed MCF-10A human breast epithelial cell line; ERKs, extracellular signal-regulated kinases; HCT-
116, human colon carcinoma cell line; HMG-CoA, 3-hydroxy-3-methylglutaryl-coenzyme A; BEN, human lung carcinoma cell line; T-84, human colon carcinoma cell line; Hela, human cervi-
cal cancer cell line; Hep-2, human laryngeal carcinoma cell line; LXRa, liver X receptor o; PPARY, peroxisome proliferator-activated receptor-y; ABCAI1, ATP-binding cassette trans-
porter; atRA, all-trans retinoic acid; ECC-1, endometrial cancer cell line; KB-1, human oral tumor cell line; nm23-HI1, metastasis suppressor gene; AtT-
20, mouse corticotroph tumour cell line; Skp2, S-phase kinase-associated protein 2; ACTH, adrenocorticotropic hormone; Ishikawa, endometrial cancer cell line; NCI-H226, squa-

mous lung cancer cell line; IL-8, interleukin; Bcl-2, B cell lymphoma-2; Bcl-xl, B-cell lymphoma 2 extra large

compounds from tomato along with these mutagens  Health benefits

exhibited protective actions against them (Feng et al. 2010;

Palozza et al. 2011; Lin et al. 2014). Srinivasan et al.  Carotenoids (lycopene) and vitamins (ascorbic acid and o-
(2007) treated rat hepatocytes with y-radiations along with  tocopherol) of tomato have a role in reducing oxidative
lycopene at three different concentrations (1.86, 9.31 and  stress and minimizing the risk of cancer and CVD
18.62 pM) and reported lycopene as a radio-protectant as it~ (Tables 2, 3). Lycopene content in blood is known to be
reduces y-radiation-induced DNA damage. inversely proportional to the incidence of heart diseases
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Table 3 Summary of literature on protective action of tomato products/active constituents against various mutagens
S.  Name of Cell lines used Chemical Effect on biomarkers Bioactivity References
no. bioactive agents/mutagens/to
compound which cell lines
(concentration) were exposed
(concentration/dose)
1. Lycopene RAT-1 Cigarette smoke Inhibited cell growth in Anti-carcinogenic Palozza et al.
(0.5-2.0 pM) immortalized condensate (TAR) concentration and time- (2005)
fibroblasts 25 pg/ml dependent manner by promoting
apoptosis and arresting cell cycle
progression in cells exposed to
TAR
| cyclin D1 and phosphorylation of
Bad and AKT
Inhibited expression of hsp 90 and
COX-2
2. Lycopene RAW 264.7 LPS: 0.5 pg/ml | NO production and inhibited Anti-inflammatory Rafi et al.
(2.5-10 pM) iNOS expressions (2007)
3. Lycopene CHO K-1 H,0,: 0.6 mM | no. of aberrant cells and DNA Anti-genotoxicity/ Scolastici et al.
(10, 25 and MMS: 80 pg/ml lesions anti-mutagenicity (2007)
50 uM) 4-NQO: 0.01 pM
4. Lycopene Rat hepatocytes v-radiations | TBARs and DNA damage Radio-protective Srinivasan
(1.86, 9.31 and 1,2 and 4 Gy et al. (2007)
18.62 uM)
5. Lycopene HepG2 H,0,: 0.1 mM | no. of aberrant cells and DNA Anti-genotoxicity/ Scolastici et al.
(10, 25 and DEN: 5 pg/ml lesions anti-mutagenicity (2008)
50 uM)
6.  Lycopene Calu-3 Rhinovirus-43 | release of IP-10 and IL-6 in cells Anti-inflammatory Saedisomeolia
(0-25 pg/ml) Airway epithelial (MOI = 0.32) treated with RV infection and et al. (2009)
cells LPS: 1 pg/ml also reduced Rhinovirus-1B
replication
| IL-6 release in cells exposed to
LPS
7. Lycopene RAW 264.7 LPS: 1 pg/ml Inhibition of IL6 and NO; IkB Anti-inflammatory Feng et al.
(1,5 and phosphorylation, NF-kB (2010)
10 uM) translocation and IkB
degradation
Blocking phosphorylation of p38
MAP kinase and ERF1/2
8. Lycopene HUVECs LPS: 100 ng/ml Suppressed NF-kB, TNF-o, TLR-4  Anti-inflammatory Bae and Bae
(0.01-20 uM) and CD14 (2011)
Inhibited leukocyte adhesion,
vascular barrier permeability,
transendothelial migration and
expression of cell adhesion
molecules
9.  Lycopene THP-1 25-OHC: 2-4 uM | pro-inflammatory cytokines Anti-atherogenic Palozza et al.
(0.5-2 uM) macrophages 7-KC: 4-16 uM secretions (2011)

Inhibited ROS production, NF-kB
activation and protein kinase
phosphorylation
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Table 3 continued

S.  Name of Cell lines used Chemical Effect on biomarkers Bioactivity References
no. bioactive agents/mutagens/to
compound which cell lines
(concentration) were exposed
(concentration/dose)
10. Lycopene THP-1 CSE (cigarette Suppressed NF-kB/p65 nuclear Anti-inflammatory Simone et al.
(0.5-2 uM) macrophages smoke extract) translocation, NF-kB DNA (2011)
(0.5%) binding and phosphorylation of
IkBa and IKKa
| NOX-4 expression and ROS
production
Inhibited phosphorylation of JNK,
p38 MAPK, ERK1/2 and IL-8
expression
1 PPARY levels
11.  Lycopene HUVECs LPS: 100 ng/ml Inhibition of LPS-mediated Anti-inflammatory Lee et al.
(0720 HM) THP-1 Human HMGBI release by HUVECS, (2012)
monocyte cell HMGB 1 -mediated TNF-a
line expression, expression of SPLA2-
IIA and pro-inflammatory
signaling mediated by HMGB1
-| expression of CAMs, TLR-2 and
p
-4 and HMGBI receptors
12.  Lycopene BV-2 microglia LPS: 100 ng/ml Inhibition of LPS induced COX-2  Anti- Lin et al.
(3-20 uM) Rat primary expression, inflammation neuroinflammatory (2014)
cultured mediators, NF-kB and AP-1
microglia DNA binding activity
Mouse primary 1 phosphorylation of LKBI,
cultured AMPK-al and CaMKII
microglia
13.  B-carotene RAW 264.7 LPS: 1 pg/ml Inhibition of iNOS expression, Anti-inflammator Bai et al.
g p y
(10-50 pM) ~ Peritoneal PGE2, IL-1B, TNF-o, COX-2.  Apgioxidant (2005)
macrophages nuclear translocation of NF-kB
65, IkBa phosphorylation and
degradation
Blocked intracellular accumulation
of ROS
Suppressed NF-kB activation
14. Lycopene Hs68 AMVN: 50 mM Both lycopene and B-carotene T Antioxidative/pro- Yeh and Hu
B-carotene Fe/NTA: 1 mM TBARS induced by AMVN oxidative (2000)
hereas only 1 t 20 pM
(10 and 20 uM) AAPH: 50 mM whereas only lycopene at 20 u

| levels of TBARS induced by
Fe/NTA significantly

@ Springer



J Food Sci Technol (August 2018) 55(8):2833-2849 2845

Table 3 continued

S.  Name of Cell lines used Chemical Effect on biomarkers Bioactivity References

no. bioactive agents/mutagens/to
compound which cell lines
(concentration) were exposed

(concentration/dose)

15. Lycopene THP-1 7-KC: 10-25 uM Lycopene caused: Anti-atherogenic Palozza et al.
(0.5-2 uM) macrophages | 8-OHAG formation and ROS 2010a, b
B-carotene production in dose dependent
(5Z)-Lycopene fmanner

Prevention in T expressions of
hsp70, hsp90, NOX-4, p53 and
p21, phosphorylation of JNK,
ERK1/2 and p38

Prevented arrest at GO/G1 cell
cycle phase

Among these 3 carotenoids,
lycopene and its isomer (5Z-
Lycopene) were found to be more
effective than B-carotene in |
ROS production, cell growth and
preventing apoptotic induction

16. Lycopene Histidine deficient AFBI1: 0.1, 1 and Both lycopene as well as tomato Anti-mutagenic Polivkova

(30 and TA-98 and TA- 10 pg/plate for puree showed antimutagenic et al. (2010)
300 pg/plate) 100 strains of both TA98 and effects in a dose-dependent
and (14, 28 Salmonella TA 100 manner by reducing the no. of
and typhimurium 1Q: 0.1, 1 and micronuclei in cells
56 pg/plate) 10 pg/plate; TA
Tomato puree: 100

100, 200 and
400 pl/plate

1Q: 0.1, 0.01 and
0.001 pg/plate;
TA 98

MNU: 10, 100 and
1000 pg/plate; TA
100

hsp, heat shock protein; COX-2, cyclooxygenases-2; RAW 264.7, mouse macrophage cell line; LPS, lipopolysaccharide; NO, nitric oxide; iNOS, inducible nitric oxide syn-
thase; CHO K-1, Chinese hamster ovary cell line; MMS, methylmethanesulphonate; 4-NQO, 4-nitroquinoline-1-oxide; TBARS, thiobarbituric acid reactive substances; DEN, n-nitrosodiethy-
lamine; Mo, interferon-gamma protein-10; MAP

CDl14, cluster of

kinase; ERF1/
7-KC, 7-ke

multiplicity of infection; 1P-10, induced kinase, mitogen activated

25-OHC, 25

protein

2, eukaryotic release factor 1; TLRs, toll like receptors; differentiation 14; hydroxycholestrol;

tocholestrol; JNK, c-Jun N-terminal kinase; IKK, IxB kinase; HMGBI, high mobility group box 1; sPLA2-IIA, secretory phospholipase A2; CAMs, cell adhesion molecules; AP1, activa-
AMPK-al, CaMKII, calmodulin-dependent pro-
tein kinase II; PGE2, prostaglandin E2; AMVN, (2,2'-azobis [2,4-dimethylvaleronitrile]; Fe/NTA, ferric nitrilotriacetate; 8-OH-dG, 8-hydroxy-2’-deoxyguanosine; AAPH, (2,2'-azobis [2-

tor protein; LKBI1, liver kinase BI1; adenosine monophosphate-activated protein kinase-ol;

amidinopropane]dihydrochloride); AFB1, aflatoxin B1; IQ, 2-amino-3-methylimidazo[4,5-f]quinoline; MNU, N-nitroso-N-methylurea

(Sesso et al. 2004). The consumption of tomatoes is
inversely correlated with the risk of inflammatory disorders
such as atherosclerosis (Hazewindus et al. 2014). Oxidative
modulation of low-density lipoprotein (LDL) plays a major
role in protection against atherosclerosis and CVD.
Modulation of atherogenic processes in endothelial cells by
the action of lipophilic compounds of tomato on LDLs
prevents CVD (Viuda-Martos et al. 2014). Studies have
shown the protective effects of tomato products against
various cancers, including prostate and lung cancer
(Hwang and Bowen 2004; Palozza et al. 2010a, b; Tan
et al. 2010). Polyphenols and carotenoids of tomato are
known to obstruct tumor formation by interfering with

initiation, promotion or progression of cancer (Marti et al.
2016). Quercetin helps in the remodeling of chromatin,
thus inhibits epigenetic alterations during cancer progres-
sion (Marti et al. 2016).

Tomato is rich in carotenoids and high carotenoid intake
in the human diet is known to be associated with low risk
of chronic diseases. Carotenoids modulate the immune
response, stimulate intercellular signaling (gap junction)
pathways, possess pro-vitamin A activity, regulate cell
cycle and apoptosis, and modulate many physiological
processes, thus provide resistance to various diseases (Rao
and Rao 2007). o and B-carotene and PB-cryptoxanthin act
as precursors to vitamin A and decrease in the content of
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Fig. 2 Potential bioactivities of tomato demonstrated in different studies

these carotenoids in the blood lead to vitamin A deficiency
(Fernandez-Garcia et al. 2012). Availability, absorption,
breakdown, and storage of carotenoids are influenced by a
number of factors. Mainly type, amount and association of
carotenoids with other compounds influence their
bioavailability in the human body. Lycopene in tomato
occurs in microcrystalline form making it difficult for the
absorption as compared to other carotenoids. Studies have
revealed that heating food items leads to disruption of the
cell wall and thus making the easy release of lycopene
(Fernandez-Garcia et al. 2012). Also, the factors like
gender, human health and age influence the carotenoids
absorption. Alternation of fat absorption and presence of
some drugs like aspirin in human body directly influences
the carotenoid absorption. Carotenoids like B-Carotene and
Lutein also interact and compete with each other during
absorption. Considering health benefits of tomato, various
breeding strategies to increase the level of beneficial phy-
tochemicals in tomato have been carried out throughout the
world (Saavedra et al. 2017). Improving the content of
bioactive compounds would have commercial benefits in
the production of drug supplements from tomato. This
review suggested that tomatoes are carriers of compounds
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beneficial in managing and preventing many important
health problems.

Conclusion and future perspective

The complex matrix of compounds present in tomato pose
many health benefits for the human race, it is difficult to
mention one particular constituent. It is the complex for-
mulation in nature which provides all these benefits. Vari-
ous studies have established the opposing link between
intake of tomatoes/tomato products against the incidence of
diseases. There is a need to understand the possible mech-
anism of action against various diseases. Whole fruit has
more protective effects as compared to the derived com-
pounds. Bioavailability of lycopene increases after cooking
of the tomatoes. There is need to understand various path-
ways of action of bioactive compounds of tomato and their
role in preventing invasion and metastasis of cancer.
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