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Summary. Prostate cancer is the most common
noncutaneous cancer of men in the world. Several
epidemiological studies have linked increased
carotenoids consumption with decreased prostate cancer
risk. These findings are supported by in vitro and in vivo
experiments showing that carotenoids not only enhance
the antioxidant response of prostate cells, but that they
are able to inhibit proliferation, induce apoptosis and
decrease the metastatic capacity of prostate cancer cells.
However, clear clinical evidence supporting the use of
carotenoids in prevention or treatment of prostate cancer
is not available, due to the limited number of published
randomized clinical trials, and the varying protocols
used in the existing studies. The scope of the present
review is to discuss the potential impact of carotenoids
on prostate cancer by giving an overview of the
molecular mechanisms and in vitro / in vivo effects.
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Introduction

Carotenoids are a group of natural pigments
widespread in nature, found in plants, algae, bacteria and
fungi. The term carotenoid encompasses two classes of
related compounds: carotenes, unsaturated hydro-
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carbons, and their oxygenated derivatives, the
xanthophylls. Carotenoids are derived chemically from a
basic structure formed by the linear sequence of eight
isoprene units, associated head-to-tail in two groups of
four units (geranylgeranyl) (Britton, 1995; Olson and
Krinsky, 1995). This linear basic structure (C, Hs,0,)
with many conjugated double bonds is lycopene, and all
other carotenoids are derived by cyclization,
dehydrogenation and oxidation. The biosynthetic
sequence of the carotenoids in plants is as follows:
phytoene - phytofluene - CT-carotene = neurosporene
- lycopene > vy-carotene or [-carotene. Each
enzymatic step from phytoene to lycopene adds one
double bond to the molecule, resulting in lycopene,
which is a symmetrical molecule containing 13 double
bonds. The biosynthetic step after lycopene involves
enzymatic cyclization of the end groups, which results in
v-carotene (one beta ring) or B-carotene (two beta rings)
(Beecher, 1998) (Fig. 1).

In principle, each double bond in the carbon chain
may result in an isomer: trans (or E) when the
substituents are on opposite sides of the double bond, in
which case the molecule is generally linear, or cis (or Z)
when they are on the same side. This configuration leads
to strong steric constraints and therefore instability
(Khoo et al., 2011). Carotenoids are essentially in trans
form, and for (3-carotene, for example, only the cis forms
of carbons 9, 13 and 15 are stable enough to be detected
routinely. Steric isomers of carotenoids are absorbed and
metabolized differently by the human body, and this is
species-dependent among mammals (Boileau et al.,
1999).

Carotenoids are localized in subcellular organelles
(plastids), i.e. chloroplasts and chromoplasts. They
contribute to the yellow color found in many fruits and
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vegetables (Lancaster et al., 1997). The colors of fruits
and vegetables depend upon conjugated double bonds
and presence of various functional groups that the
carotenoid molecule may contain (Rodriguez-Amaya
and Kimura, 2004). The higher number of conjugated
double bonds leads to higher absorption maxima (Amax)
(Rodriguez-Amaya, 2001). As a result, the color ranges
from yellow, red to orange in many fruits and vegetables
(Hornero-Méndez and Minguez-Mosquera, 2000).
Esterification of carotenoids with fatty acids can also
occur during fruit ripening, which may affect the color
intensity (Minguez-Mosquera and Hornero-Méndez,
1994).

The natural functions and actions of carotenoids are
determined by physical and chemical properties of the
molecules, and these properties are defined by molecular
structure (Dutta et al., 2005). First, the overall molecular
geometry is vital to allow the carotenoid to fit into
cellular and subcellular structures in the correct location
and orientation to allow it to function efficiently.
Second, the conjugated double bond system determines
the photochemical properties and chemical reactivity
that form the basis of these functions (Britton, 1995). In
addition, specific interactions with other molecules in
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the immediate vicinity are crucial for correct
functioning.

At present, more than 600 carotenoids have been
isolated from natural products, but only twenty can be
detected in animal tissues or serum. The most prevalent
carotenoids in human serum are [3-carotene, lycopene,
lutein, a-carotene, zeaxanthin, and P-cryptoxanthin
(Gerster, 1997) (Fig. 2). These molecules attracted
interest due to their provitamin A and antioxidant
properties. Subsequently, epidemiological studies
suggested a protective effect against cancer and
cardiovascular pathologies. The antioxidant effect of
carotenoids that protects LDL from peroxidation has
been the subject of a lot of research, but other activities
have recently been shown, such as photoprotection,
regulation of intercellular communications and
immunomodulation (Krinsky, 1993; Paiva and Russell,
1999).

Metabolism, absorption and bioavailability of
carotenoids

The carotenoids of fruits, vegetables and those
obtained from animal products are usually fat-soluble
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Fig. 1. Stages, biosynthesis and possible

¢(5) transformations of carotenoids. Reactions: 1)

desaturation, 2) cyclization, 3) hydroxylation, 4)

flavoxanthin or epoxidation, and 5) epoxidefuranoxide

crysanthemaxanthin rearrangement. (Modified from Rodriguez-
Amaya, 2001).
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and are associated with lipid fractions. Early in the
digestive process, carotenoids are partially released from
the food matrix by mastication, gastric action, and
digestive enzymes (Dutta et al., 2005; Tanaka et al.,
2012). Due to the hydrophobic character, carotenoids are
associated with lipid compounds present in human
tissues and cells. During proteolytic digestion,
carotenoids are released from associated proteins and
they aggregate with other lipids. The bioavailability of
carotenoids in foods and in commercial preparations
varies widely. Only about 5% of the carotenoids in
whole, raw vegetables are absorbed by the intestine,
whereas 50% or more of the carotenoid is absorbed from
micellar solutions. Thus, the physical form in which the
carotenoid is presented to intestinal mucosal cells is of
crucial importance (O’Connell et al., 2007).

Absorption efficiency of carotenoids is known to be
affected by the presence or absence of other carotenoids
in the diet, as well as of the dietary fats and proteins
(Shiau et al., 1990) and by bile salts. The formation of
micelles is a necessary precondition for absorption of
carotenoids, underlying the importance of the
concomitant dietary fat intake (Kayden and Traber,
1993). An increased total amount of carotenoids in the
diet decreases the absorption efficiency, raising the
question of the benefit of carotenoid supplementation
(Tang et al., 1999). The formation of micelles is a
necessary precondition indicating the importance of
dietary fat intake for the absorption of carotenoids. As
the amount of carotenoids in the diet increases, the
absorption efficacy decreases (El1-Qudah, 2008).
Mechanical homogenization, heat treatment, and
addition of fat during the processing of vegetables are
feasible techniques to enhance the bioavailability of
carotenoids. While mild heating (e.g. steaming)
increases carotenoid bioavailability, excessive heating
(e.g. boiling) causes isomerization and oxidation of
carotenoids (van het Hof et al., 1998).

CAROTENES

Carotenoids are absorbed in the intestinal mucosa
with the participation of dietary fat. The uptake seems to
be mediated by passive diffusion along a concentration
gradient between the mixed micelle and the mucosal cell
membranes (Ferniandez-Garcia et al., 2012). After their
absorption, dietary carotenoids are in large part
incorporated by intestinal mucosal cells into
chylomicrons, which are released into the lymph
(Harrison, 2012) (Fig. 3).

Chylomicrons are digested very rapidly by
lipoprotein lipase within the systemic circulation, and
the chylomicron remnants are quickly removed by the
liver and other tissues. Very low density lipoproteins
(VLDL) next appear as major carriers for carotenoids,
followed by low density lipoproteins (LDL).
Carotenoids also appear in high density lipoproteins
(HDL). Thus, the distribution of carotenoids among
plasma lipoproteins is roughly similar to that of
cholesterol (Park, 1996; Igbal and Hussain, 2009).

The different structural features of carotenoids
account for their selective distribution in organs and
tissues, as well as for their biological activity and their
provitamin A capacity. Adipose tissue is the largest body
pool of carotenoids, where about 80-85% of carotenoids
are found, whereas the serum concentrations are fairly
constant and slow to change during periods of low intake
(Dutta et al., 2005). In general, the pattern of various
carotenoids in tissues reflects that in the serum. This
relationship of carotenoid patterns in the serum and
tissues does not hold in all cases, however, and, clearly,
the ability of some tissues to concentrate carotenoids
from the serum indicates that some specialized uptake
processes for carotenoids exist (EI-Sohemy et al., 2002;
Thyagarajan et al., 2011). The estimated half-life was
found to be 11-14 days for lycopene, alpha-carotene,
beta-carotene, lutein and zeaxanthin (Micozzi et al.,
1992). Dietary carotenoids that are not absorbed are
excreted in feces.
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Fig. 2. Schematic representation of the most common carotenoids
found in human serum (Adaptaded Tanaka et al., 2012).
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Numerous epidemiological studies have suggested
an association between the high intake of carotenoid rich
fruits and vegetables and a reduced risk of cancer (Riboli
and Norat, 2003; Liu, 2003; Boggs et al., 2010). Fruits
and vegetables contain more than 40 carotenoids that are
routinely absorbed and metabolized by humans (Arab et
al., 2001; Khachik et al., 2002). The presence of
carotenoids in various human organs and tissues were
reported as early as 1990 (Tanumihardjo et al., 1990;

Table 1. Dietary Carotenoids in Human Tissues.

Stahl et al., 1992). There has been particular interest in
the potential anticarcinogenic properties of the major
carotenoids, including 3-carotene and lycopene (Norrish
et al., 2000). The detection of a more comprehensive list
of dietary carotenoids in human is shown in the Table 1.
The pathways in which different mammals and
humans metabolize carotenoids, however, are still far
from clear. A major focus has been the conversion of
beta-carotene and other provitamin A carotenoids into

Dietary carotenoids

Average concentration (ng/g) of carotenoids in human tissues

Liver (n=3) Lung (n=3) Breast (n=3) Cervix (n=3) Prostate (n=5) Colon (n=3) Skin (n=3)
a-carotene 67 47 128 23.6 50 128 8
B-carotene + Z-isomers 470 226 356 125.3 163 256 26
y-carotene ND ND ND ND 48 ND 20
Lycopene 352 300 234 95.0 374 534 69
C-carotene 150 25 734 57.2 187 134 13
Phytofluene 261 195 416 106.3 201 116 15
Phytoene 168 1275 69 ND 45 70 65
a-cryptoxanthin 127 31 23 4.0 32 21 ND
B-cryptoxanthin 363 121 37 24.3 146 35 ND
Lutein + Z-isomers 1701 212 90 23.8 128 452 26
Zeaxanthin + Z-isomers 591 90 14 ND 35 32 6

ND, not detected. Modified Khachik et al., 2002.
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Fig. 3. Pathway of carotenoid absorption and metabolism: C, carotene; X, xanthophyll; LPL, lipoprotein lipase; HDL, high density lipoprotein; VLDL, very
low density lipoprotein; LDL, low density lipoprotein. (Adapted Deming and Erdman Jr, 1999).
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vitamin A (Olson, 1994).

Humans metabolize carotenoids in quite different
ways from most other species. Therefore, the
development of new procedures, such as the use of
carotenoids labeled with heavy isotopes for studies of
their absorption and metabolism in humans, is well
worth pursuing. With current interest in relation to their
possible protective effects against chronic diseases, the
need exists to understand better their absorption,
transport, tissue distribution, and metabolism (Waart et
al., 2001; Voutilainen et al., 20006).

Mechanisms of prostate cancer chemoprevention by
carotenoids

Prostate cancer is the second most frequently
diagnosed cancer of men, and the fifth most common
cancer overall (GLOBOCAN, 2008). This is a hormone-
dependent illness, in which the hormonal status and the
patient’s tissue responsiveness to hormones interact with
environmental elements, known to be important in its
etiology, incidence and mortality (Alkaff, 2007; Hsing et
al., 2007). In particular, androgen is an important
promoter of prostate cancer, and removal of androgenic
stimulation has been used to treat metastatic disease
(Jamaspishvili, 2011; Sahu, 2012). The vast majority of
prostate cancers are thus clearly an androgen-driven
illness.
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Nutritional factors have been correlated with a
greater risk of disease (Alvarez-Ledn et al., 2006).
Populations with higher circulating levels of androgen
and insulin-like growth factor tend to have a higher risk
of prostate cancer (Chokkalingam et al., 2001; Hsing et
al., 2007). Accordingly, levels of circulating androgens
and insulin-like growth factor are affected by diet (Allen
et al., 2000; Smith et al., 2000). The intake of vitamin A
from plant sources was reported to be associated with
decreased prostate cancer risk, whereas the intake of
vitamin A from animal sources may be associated with
increased prostate cancer risk (Kolonel et al., 1999;
Wilkinson and Chodak, 2003). These findings may also
be due to a lower fat content in the diets of men with
high plant vitamin A intake and a higher fat content in
the diets of men with high animal vitamin A intake.
Prospective epidemiologic studies also suggest that
lycopene, which belongs to the vitamin A group, is
associated with a decreased risk of prostate cancer
(Heber and Lu, 2002; Vaishampayan et al., 2007).
Lycopene is commonly found in tomato products. Its
interaction with fats, such as occurs during its cooking
with oils in the preparation of tomato sauces and tomato
paste increases the bioavailability of lycopene (Fielding
et al., 2004; Alda et al., 2009).

The mechanisms underlying the anticancer and/or
cancer chemopreventive activities of carotenoids may
involve changes in cell interactions with the

IGF-BP3

unisypes-3

—

LYCOPENE

Fig. 4. Possible mechanisms of signaling
pathways associated with anticancer activity
of carotenoids. Legend: ERK: extracellular
signal-regulated kinase; IGF-1R: insulin-like
growth factor 1; IGF-BP3: insulin-like growth
factor—binding protein-3; JAK: Janus kinase;
JNK: c-Jun N-terminal kinase; MAPK:
mitogen-activated protein kinase; MMP: matrix
metalloproteinase; NF-kB: nuclear factor-
kappa B; PI-3 K: phosphatidylinositol-3 kinase;
SP-1: stimulating protein-1; STAT: signal
transducer and activator of transcription;
VEGF: vascular endothelial growth factor.
(Modified Tang, 2012).

MMP-9



1148

Carotenoids in prostate cancer

environment, in pathways leading to cell growth or to
cell death. These include hormone and growth factor
signaling, regulatory mechanisms of cell cycle
progression, cell differentiation, and apoptosis. The
possible mechanisms involved in anticancer effects of
carotenoids are illustrated in the Fig. 4.

Gap junctional communication

Multiple lines of evidence support the notion that
gap junctional communication is an important
homeostatic control mechanism for regulating cell
growth and differentiation. One of the earliest
discoveries related to carotenoid-mediated modulation of
protein levels refers to carotenoid-dependent increase of
connexin 43 synthesis, a component of the gap junction
structure and function (Heber and Lu, 2002; Palozza et
al., 2006). This effect was independent of provitamin-A
or the antioxidant properties of the carotenoids (Livny et

LYCOPENE

al., 2002; Vine and Bertram, 2005). Loss of gap
junctional communication has been involved in the
pathogenesis of several types of cancers, and mutations
in several Cx genes have been detected in genetic
disorders characterized by aberrant cellular proliferation
and differentiation (Wei et al., 2004; Naus and Laird,
2010). In PC-3 prostate cancer cells, the inhibition of
growth by lycopene was mirrored by increased connexin
43 levels (Forbes et al., 2003; Livny et al., 2003).

Growth factor signaling

Growth factors are important for cancer cell growth.
Recently, insulin-like growth factor type 1(IGF-1) has
been involved as a major cancer risk factor (LeRoith and
Roberts Jr., 2003; Voskuil et al., 2005). High blood
levels of IGF-1 may exist years before the detection of
malignancy, and they could predict an increase in risk
for prostate cancer (Mantzoros et al., 1997). Lycopene,

Fig. 5. Lycopene inhibits the Wnt/B-catenin pathway. In the absence of Wnt, a multiprotein complex that includes axin, APC, and GSK3 destabilises -
catenin. B-catenin is phosphorylated by GSK3B and is subsequently degraded by the proteasome. Binding of Wnt to its cell surface receptor Lrp 5/6
inhibits the phosphorylation of B-catenin by GSK3p, allowing B-catenin to accumulate within the cytosol. B-catenin then translocates into the nucleus,
where it induces gene expression. Lycopene also induces its antimetastatic effects through the inactivation of transcription factors (NF-kB, AP-1, SP-1)

(Modified Trejo-Solis et al., 2013).
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in dietary or supra-dietary concentrations, inhibits
prostate cancer cell IGF-I receptor (IGF-R) expression
induced by high concentrations of IGF-I, and inhibits
Akt phosphorylation in prostate cancer cells incubated in
serum-rich medium (Ivanov et al., 2007; Kanagaraj et
al., 2007). In another study, lycopene treatment
markedly reduced IGF-1 stimulation of both tyrosine
phosphorylation of insulin receptor substrate-1 and the
DNA binding capacity of the activator 1 (AP-1)
transcription factor (Karas et al., 2000). These effects
were not associated with changes in the number or
affinity of IGF-1 receptors, but rather with an increase in
membrane-associated IGF-binding proteins (IGFBPs).
This finding can explain the suppression of IGF-1-
signaling by lycopene based on the finding that
membrane-associated IGFBP-3 inhibits IGF-1 receptor
signaling in an IGF-dependent manner (Karas et al.,
1997). A significant trend towards lower serum IGF-1
and higher insulin growth factor binding protein-3
(IGFBP-3) was found with higher weekly consumption
of ketchup and tomato juice in 344 disease free men
(Gunnell et al., 2003), and a similar decrease in the ratio
of IGF-1 to IGFBP-3 was found in ferrets fed lycopene
(Liu et al., 2003). A lower ratio of IGF-1 to IGFBP-3 is
considered beneficial, because IGFBP-3 binds IGF-1,
thereby preventing IGF-1 from stimulating cell
proliferation. Both lycopene and tomato polyphenols,
including quercetin, kaempferol, and rutin, were shown
to interfere with IGF-1 signaling in vitro, thus preventing
the growth factor from stimulating cell proliferation
(Karas et al., 2000).

Cell cycle progression

Growth factors have a major effect in promoting cell
cycle progression, primarily during G1 phase (Nahum et
al., 2001). Lycopene-induced delay in progression
through the G1 and S phases has also been observed in
human cancer cell lines derived from prostate
(Mantzoros et al., 1997; Venier et al., 2012). In addition,
metabolites of lycopene, apo-10'-lycopenoic acid (Lian
et al., 2007) and apo-12'-lycopenal (Ford et al., 2011)
can induce cell cycle arrest in cancer cells. Cancer cells
arrested by serum deprivation in the presence of
lycopene cannot return to the cell cycle after serum re-
addition (Nahum et al., 2001). This inhibition is
correlated with a reduction in cyclin D1 protein levels
that results in inhibition of both Cdk4 and Cdk2 kinase
activity and hypophosphorylation of retinoblastoma
protein (pRb). pRb is a tumor suppressor that prevents
premature G1/S transition via physical interaction with
transcription factors of the E2F family (Li et al., 2010;
Henley and Dick, 2012). Phosphorylation of pRb by
Cdks results in the release of E2F, which leads to the
synthesis of various cell growth-related proteins (Dyson,
1998; Harbour and Dean, 2000). Cdk activity is
modulated in both a positive and negative manner by
cyclins and Cdk inhibitors, respectively. It is known that
growth factors affect the cell cycle apparatus primarily

during G1 phase, and that the D-type cyclins are the
main elements acting as growth factor sensors (Pestell et
al., 1999; Sherr and Roberts, 1999; Levy and Sharoni,
2004).

Differentiation-related proteins

Induction of malignant clonogenic cells to decrease
proliferation and to differentiate into mature cells with
functions similar to those of nonmalignant cells has been
proposed as an alternative to cytotoxic chemotherapy,
and it may be useful for chronic chemoprevention
(Trosko et al., 2004; Hazra et al., 2011). Differentiation
therapy is currently being investigated for the treatment
of solid tumors (Kawamata et al., 2006; Cruz and
Matushansky, 2012). Differentiation inducers that are
presently under laboratory and clinical investigation
include vitamin D and its analogs, retinoids, polyamine
inhibitors and others. Lycopene alone induces
differentiation of HL-60 promyelocytic leukemia cells
(Amir et al., 1999). A similar effect has been described
for other carotenoids such as P-carotene, lutein and the
saffron carotenoids (Tarantilis et al., 1994; Gross et al.,
1997). The differentiation effect of lycopene was
associated with high expression of several
differentiation-related proteins such as cell surface
antigen (CD14) and oxygen burst oxidase (Sharoni et al.,
2004; Tang, 2012). The mechanism of the differentiating
activity of lycopene and its ability to synergize with
1,25(0H),Dj in this effect is largely unclear. However,
the differentiation-enhancing effect of another
phytonutrient, carnosic acid, is associated with the
induction of multiple differentiation-related proteins
such as Cdk inhibitor, growth response gene-1 (EGR-1)
and Cdk5 (Danilenko et al., 2001; Sharoni et al., 2009).
Most importantly, carnosic acid and its combinations
with 1,25(OH),D; and retinoic acid transcriptionally
activated the expression of nuclear hormone receptors
such as vitamin D3 receptor (VDR), retinoic acid
receptor (RARa), and retinoid X receptor (RXRa)
(Danilenko et al., 2001; Sharoni et al., 2009). The
possibility that carotenoids and/or their derivatives may
affect nuclear signaling pathways is an attractive
suggestion, but requires experimental proof.

Inflammatory cytokines

Cancer frequently develops in inflamed tissues,
suggesting that the inflammatory condition is closely
related to carcinogenesis. The chronic inflammation
leads to an increased incidence of cancer (Tanaka and
Suzuki, 2007). The role of inflammation in prostate
diseases is suggested by the presence of inflammatory
cells within the benign prostatic hyperplasia and prostate
cancer. Inflammation may influence the balance between
prostate cell growth and apoptosis by increasing the
presence of cytokines, COX-2 and by oxidative stress.
These factors stimulate proliferation and minimize cell
apoptosis (Hamid et al., 2011). Consequently, a decrease
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in inflammatory cytokine expression may lead to
inhibition of carcinogenesis.

The major inflammatory cytokines include IL-1f3,
IL-6 and tumor necrosis factor-a (TNF-a). Cytokine
expression is mainly regulated by NF-«B. A recent study
demonstrated that astaxanthin suppressed the expression
of the inflammatory cytokines and NF-»B (Yasui et al.,
2011). Another one showed that lycopene reduces the
Ras-dependent activation of nuclear factor-kappaB (NF-
#B). Such a reduction was parallel to an inhibition of
reactive oxygen species production (Palozza et al.,
2010). This observation provides additional evidence
that inflammation and oxidative stress play a role in the
etiology of this malignancy. These interactions are
biologically plausible because chronic inflammation
leads to oxidative stress, a condition that promotes
carcinogenesis and is counteracted by antioxidants.

Whnt/B-Catenin Pathway

The Wnt/f-catenin pathway modulates cell
proliferation, migration, apoptosis, differentiation and
stem cell self-renewal (Polakis, 2000). The link between
Whnt/B-catenin and PI3K/Akt pathway has been
established by several studies. Furthermore, the
PI3K/Akt pathway is important in regulating the
mammary stem/progenitor cells by promoting B-catenin
downstream events through the phosphorylation of
glycogen synthase kinase 3p (GSK3p) (Korkaya et al.,
2009). In cancer cells, lycopene suppresses Akt
activation and nonphosphorylated [-catenin protein
levels, and increases the phosphorylated form of 3-
catenin, which was associated with reduced protein
expression of cyclin D1 (Tang et al., 2008). Hence,
lycopene may inhibit Wnt/f-catenin signaling via the
connection along the Akt/GSK3f/pB-catenin (Lin et al.,
2011) (Fig. 5). Palozza et al. (2008) showed that -
carotene in different cancer cell lines acts as a growth-
inhibitory agent in cav-1-positive cells. The carotenoid
down-regulated, in a dose- and time-dependent manner,
the expression of cav-1 protein and messenger RNA
levels, and inhibited AKT phosphorylation which, in
turn, stimulated apoptosis by increasing the expression
of B-catenin and c-myc and the activity of caspases-3, -
7, -8 and -9. When the carotenoid was removed from
culture medium, a progressive increase in cell growth
was observed as compared to 3-carotene-treated cells.
This effect was accompanied by a reduction of both cav-
1 and AKT phosphorylation and by an increase of c-myc
and f3-catenin expression.

Apoptosis

For the maintenance of the normal prostate growth
and cell renewal, the complex equilibrium between cell
proliferation or differentiation-factors and apoptosis-
inducing factors is essential. Similar to other tissues,
prostate is normally composed of cells that divide and
replicate in an orderly and controlled manner, but it can

also contain cells with altered division patterns that give
rise to benign or malignant tumors (Dini and Koff,
2006). In prostate, the benign excessive cell growth
known as benign prostate hyperplasia can coexist with
malignant prostate cancer, as well as with cells that show
a normal growth pattern (Srougi and Simon, 1996). The
deregulation of growth in prostatic cells includes loss of
differentiation and uncontrolled proliferation leading to
hyperplasia. In advanced metastatic cancer and in the
appearance of therapeutic resistance of prostate tumors,
the major event is the loss of sensitivity and the
resistance to induction of apoptosis (Reynolds and
Kyprianou, 2006).

Many investigators have reported growth inhibition
with lycopene in numerous prostate cancer cell lines.
The effect appears to involve cell cycle arrest and
apoptosis, and it occurs at physiological concentrations.
The treatment of LNCaP cells with physiologically
attainable concentrations of lycopene (0.3-3.0 pM)
significantly reduced mitochondrial transmembrane
potential, induced the release of mitochondrial
cytochrome c, and increased annexin V binding,
compatible with induction of apoptosis (Hantz et al.,
2005). In PC-3 cell line, the increase of lycopene
concentration inhibited cell growth and DNA synthesis,
and lycopene could change the cell cycle distribution,
increasing the proportion of cells in the GO/G1 phase
and decreasing the proportion of S and G2/M phases.
Lycopene also induced apoptosis in PC-3 cells, down-
regulating the expression of cyclin D1 and Bcl-2 and up-
regulating the expression of Bax, restraining
consequently the cell proliferation (Wang and Zhang,
2007).

Soares et al. (2013) demonstrated that lycopene
promoted apoptosis in prostate cancer (PCa) cells with
an average 1.35-fold increase after 48 h treatment,
reaching the maximum 2.25-fold increase after 96 h, at
the highest lycopene concentration (10 puM). It also
modified the equilibrium of Bcl-2/Bax expression in
PCa cells exposed to lycopene. Induction of apoptosis is
a central event in the tumor suppressive function of p53
(Schmitt et al., 2002). Through transcription-dependent
pathways, p53 can function as a transactivator to up-
regulate downstream proapoptotic genes, such as Bax,
and/or functions as a repressor to down-regulate
antiapoptotic genes, such as Bcl-2, promoting apoptosis
(Kolluri et al., 2008; Green and Kroemer, 2009). This
cue may be relevant for the understanding of lycopene
effects on PCa cells.

Conclusion

The gradual increase in understanding of cancer
biology during recent years has resulted in the
elucidation of several approaches for intervention in
carcinogenesis. The antioxidant, anti-inflammatory, and
proapoptotic activities of carotenoids and their
metabolites might contribute to the prevention of and
therapy for prostate cancer by modulating diverse
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biochemical processes involved in carcinogenesis. The
potentially beneficial effects of carotenoids include the
inhibition of carcinogenic activation, proliferation,
angiogenesis, invasion and metastasis, the blocking of
tumor cell-cycle progression, and the induction of
apoptosis through alterations in various signaling
pathways. More large-scale clinical trials are required to
evaluate the potential value of carotenoids and their
metabolites in the prevention and treatment of prostate
cancer, to determine the optimal dosing and route of
administration and to identify cancer targets and
potential interactions with other drugs.
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