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Scope: In this study, we evaluated the efficacy of lycopene against the growth of prostate

cancer in vivo.

Methods and results: Athymic nude mice were implanted subcutaneously with human

androgen-independent prostate carcinoma PC-3 cells. They were supplemented with a low or

a high dose of lycopene (4 and 16 mg/kg) and a single dose of b-carotene (16 mg/kg)

twice a week for 7 wk. At the end of the experiment, both lycopene and b-carotene

strongly inhibited the tumor growth, as evidenced by the decrease in tumor volume

and tumor weight. High-dosage lycopene and b-carotene significantly decreased the

expression of proliferating cell nuclear antigen in tumor tissues and increased the

levels of insulin-like growth factor-binding protein-3 in plasma. In addition, high-dosage

lycopene supplementation significantly decreased the vascular endothelial growth factor

(VEGF) levels in plasma. In contrast, b-carotene supplementation significantly increased the

VEGF levels, as compared with tumor control group.

Conclusion: Lycopene and b-carotene supplementation suppressed the growth of prostate

tumor cells, and the effects are likely associated with reduction of proliferation (attenuation of

proliferating cell nuclear antigen expression) and with interference of the insulin-like growth

factor 1 signaling (increased plasma insulin-like growth factor-binding protein-3 levels).

Furthermore, the inhibition of VEGF by lycopene suggests that the antitumor mechanisms of

lycopene also involve anti-angiogenesis.
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1 Introduction

Prostate cancer, the most common diagnosed malignancy,

is the second cause of cancer death in American men. The

American Cancer Society estimated that there were 192 280

new cases and 27 360 deaths during 2009 [1]. Although the

etiology of prostate cancer is still unclear, the well-recog-

nized risk factors for prostate cancer are age, race, dietary

habits and prostate androgen (dihydrotestosterone; DHT)

levels [2, 3]. Numerous dietary components play an impor-

tant role in modulating the development of prostate cancer

[4]. Elevated intakes of dietary fats and total energy are

positively associated with prostate cancer development,

whereas higher intakes of vitamins, carotenoids and

phytoestrogens are negatively associated [5, 6].

Lycopene, a tetraterpene hydrocarbon containing 40

carbon atoms and 56 hydrogen atoms, is one of more than

600 carotenoids synthesized by plants and photosynthetic
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microorganisms [7]. Epidemiologic studies have suggested

that elevated tomato or lycopene consumption is associated

with a reduction of 30–40% risk of prostate cancer [8].

Lycopene is the major carotenoids in human serum and

prostate tissues [9]. The higher levels of lycopene in serum

are associated with decreased the risk of prostate cancer [10].

Previous in vitro studies have demonstrated that lycopene

effectively inhibits proliferation of numerous cancer cells

[11, 12]. However, very little is known about the anti-tumor

effect of lycopene in vivo. We previously demonstrated that

lycopene inhibits experimental metastasis of human hepa-

toma SK-Hep-1 cells in athymic nude mice [13]. Tang et al.
[14] demonstrated that supplemental lycopene inhibits the

growth of DU145, a human prostate tumor cell line, trans-

planted to BALB/c nude mice. In this study, we employed a

xenograft tumor model in athymic nude mice injected

(subcutaneously (s.c.)) once with PC-3 cells and supple-

mented orally with physiological doses of lycopene (4 and

16 mg/kg) in comparison with b-carotene (16 mg/kg) for 7

wk. We investigated the anti-tumor effects of lycopene and

b-carotene and the possible anti-tumor mechanism by

measuring the levels of insulin-like growth factor 1 (IGF-1),

insulin-like growth factor-binding protein-3 (IGFBP-3) and

the vascular endothelial growth factor (VEGF) in blood

plasma as well as the proliferating cell nuclear antigen

(PCNA) in primary tumor tissue of nude mice injected with

PC-3 cells.

2 Materials and methods

2.1 Materials

Lycopene and b-carotene were purchased from Wako

(Japan) and Sigma Aldrich (Germany). The purity of

commercial lycopene and b-carotene was 97 and 97%,

respectively, as claimed by the suppliers. PCNA and anti-

mouse IgG-horseradish peroxidase polyclonal antibody were

purchased from Santa Cruz Biotechnology. VEGF, IGF-1

and IGFBP-3 ELISA kit were purchased from R&D (R&D

systems, USA). All chemicals used are of reagent or higher

grade.

2.2 Prostate cancer cell for injection to nude mice

PC-3 prostate cancer cell line (BCRC Number: 60122) was

grown in RPMI1640 containing 10% vol/vol fetal bovine

serum, 0.37% wt/vol NaHCO3, penicillin (100 kU/L),

streptomycin (100 kU/L) in a humidified incubator under

5% CO2, and 95% air at 371C. The survival rate of cells was

always higher than 95% by trypan blue exclusion. Before

injection into the mice, the cells were harvested by trypsi-

nization and washed three times with cold serum-free

medium and then injected in a total volume of 0.1 mL using

a 1-mL latex-free syringe (BD) within 30 min of harvest.

2.3 Animals, diet and treatment

We have previously shown that athymic nude mice and

gerbils are better accumulators of lycopene than F344 rats

and BALB/c mice and are more useful for studying the

in vivo effects of lycopene [15]. In this study, we employed

athymic nude mice (6- to 8-wk-old, 17–22 g) from the

Animal Center of the National Science Council. The study

protocol was approved by the Animal Research Committee

of National Chung Hsing University.

The mice were housed individually in hanging wire mesh

cages with controlled temperature (25721C), humidity

(6575%) and alternating 12-h-light/-dark cycles. Upon

arrival, the mice were acclimated for 1 wk, and then each

mouse was implanted s.c. with 1� 107 PC-3 cells (0.1 mL/

mouse). On the following day (day 1), mice were randomly

divided into four groups (n 5 6 for each group) as follows:

group 1, tumor control; group 2, tumor cell injection and

oral supplementation with a low dose of lycopene (4 mg/kg);

group 3, tumor cell injection and oral supplementation with

a high dose of lycopene (16 mg/kg); group 4, tumor cell

injection and oral supplementation with b-carotene (16 mg/

kg). The mice were orally administered with lycopene or

b-carotene in corn oil twice per week for 7 wk. During the

entire experimental period (including acclimation), the mice

consumed a standard rodent diet (Lab 5001, Purina Mills)

and water ad libitum. The standard diet contained 59.8%

carbohydrate, 23.4% protein, 4.5% crude fat and 4.5 mg

b-carotene/kg but no detectable amounts of lycopene, as

indicated by the supplier.

At the end of the experiment (7 wk after tumor injection),

the mice were killed by CO2 asphyxiation. Blood samples

were collected from both the retro-orbital plexus and heart

in a 10-mL vacutainer tube containing K3EDTA and were

centrifuged (400� g; 10 min) to obtain plasma.

2.4 Measurement of carotenoid levels in plasma

Carotenoids were extracted from plasma by a modification

of a method described previously [16]. Briefly, aliquots

(200mL) of pooled plasma, kept on ice, were placed in

100� 13 mm borosilicate glass tubes and extracted with

200mL of 95% ethanol containing a-tocopherol acetate

(200mL/mL) and retinol acetate (570 ng/mL). After being

vortexed for 45 s, they were extracted with hexane (1.0 mL,

containing 0.01% BHT) and vortexed for 1 min. The phases

were separated by centrifugation (1400� g, 10 min, 41C).

The upper organic phase was removed and evaporated in a

glass test tube (as above) under a stream of nitrogen at room

temperature. The residue was reconstituted in 15mL of

chloroform and vortexed for 40 s. Initial dissolution in

chloroform was necessary for efficient recovery of carote-

noids. A 35mL volume of ACN–methanol (1:1) was added

and vortexed for a further 40 s. A 20-mL aliquot of final

extract was injected onto the HPLC system. Absorption
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maxima of b-carotene and lycopene were 450 and 470 nm,

respectively.

2.5 ELISA for VEGF, IGF-1 and IGFBP-3

VEGF, IGF-1 and IGFBP-3 in plasma were quantified

separately with the commercial kit by a solid-phase ELISA

(R&D System) at a wavelength of 450 nm. Plasma samples

were diluted with commercial dilute-solution (1:5) before

assay. All experiments were conducted three times, with

each experiment being conducted in duplicate.

2.6 PCNA protein expression

Protein expression of PCNA in tumor tissues was measured

by Western blotting. Tumor tissues were homogenized in

the RIPA buffer containing protease inhibitors and centri-

fuged (10 000� g; 5 min). The supernatants were frozen at

�801C until use. An amount of protein (40 mg) from the

supernatant was resolved by SDS-PAGE and transferred

onto a nitrocellulose membrane. After blocking with TBS

buffer (20 mmol/L Tris-HCl, 150 mmol/L NaCl, pH 7.4)

containing 5% nonfat milk, the membrane was incubated

with PCNA monoclonal antibody followed by horseradish

peroxidase-conjugated anti-mouse IgG, and then visualized

using an ECL chemiluminescent detection kit (Amersham).

2.7 Statistical analysis

Values are expressed as means and standard deviations and

analyzed by one-way ANOVA followed by LSD test for

comparisons of group means. po0.05 was considered

statistically significant unless otherwise indicated.

3 Results

3.1 Lycopene and b-carotene inhibited tumor

growth in PC-3 bearing nude mice

To determine the anti-tumor effects of lycopene and

b-carotene in vivo, PC-3 bearing nude mice were given two

doses of lycopene (4 and 16 mg/kg twice a week) and a single

dose of b-carotene (16 mg/kg twice a week) for 7 wk. Solid

tumors were observed on week 2 after injection with PC-3

cells. Tumor volumes of mice treated with high-dosage lyco-

pene (16 mg/kg body weight (BW)) and b-carotene (16 mg/kg)

were reduced by 67% (po0.001) and 62% (po0.001), as

compared with that of tumor control group (Fig. 1). Further-

more, the tumor weights of mice treated with high-dosage

lycopene or b-carotene were decreased by 65% (po0.001) and

71% (po0.001) (Fig. 2). Supplementation with either lycopene

or b-carotene produced no overt toxicity in mice, as evidenced

by a lack of difference in body weights among the four groups

of nude mice during the 7-wk supplementation period (Fig. 3).

There was a gradual decrease in body weights during the

experiment (Fig. 3), and it is the usual trend in tumor-bearing

mice, as such a decrease has been reported by others [17].

3.2 Effects of lycopene and b-carotene on plasma

levels of VEGF, IGF-1 and IGFBP-3 at the end of

carotenoid supplementation

Lycopene supplementation markedly decreased the plasma

levels of VEGF, and this effect was dose-dependent, whereas
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Figure 1. Effects of lycopene and b-carotene supplementation on

tumor volume in PC-3 bearing-nude mice. After subcutaneous

implantation of PC-3 cells, nude mice were treated with lycopene

or b-carotene and then analyzed for the growth of primary

tumor. Values are means7SD, n 5 6; means without a common

letter differ, po0.05. �po0.05 at week 3; ��po0.001 at other

weeks compared with the tumor control.
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Figure 2. Effects of lycopene and b-carotene supplementation on

tumor weight in PC-3 bearing-nude mice. After subcutaneous

implantation of PC-3 cells, nude mice were treated with lycopene

or b-carotene and then analyzed for the weight of primary tumor.
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b-carotene significantly increased VEGF levels, as compared

with tumor control group (Table 1). Both the high dose of

lycopene and b-carotene supplementation markedly

increased plasma levels of IGFBP-3, but did not affect the

levels of IGF-1 in plasma (Table 1).

3.3 Inhibitory effects of lycopene and b-carotene on

PCNA expression in tumor tissues

The Western blot was applied to analyze the effects of

lycopene and b-carotene on PCNA protein expression in

tumor tissues. Protein expression of PCNA in the tumor

tissues was strongly elevated in the tumor control mice, and

lycopene supplementation significantly reduced the level in

a dose-dependent manner, with 83% inhibition (po0.001)

by the high-dosage lycopene (Fig. 4). Similarly, b-carotene

supplementation significantly decreased the PCNA level

(68%, po0.001) in tumor tissues.

3.4 Effect of lycopene and b-carotene

supplementation on total lycopene and

b-carotene levels in plasma

No detectable amounts of lycopene or b-carotene were found

in the plasma of the tumor control group, nor were in the

plasma of mice supplemented with 4 mg lycopen/kg BW

(Table 2). In mice supplemented with the high dosage

lycopene (16 mg/kg) or b-carotene (16 mg/kg), the plasma

lycopene and b-carotene concentrations were markedly

increased. Notably, the plasma b-carotene concentration

(556764 nmol/L) was 4.7-fold of plasma lycopene concen-

tration (118756 nmol/L), suggesting that b-carotene is more

bioavailable than lycopene in the nude mice.

Table 1. Plasma concentrations of VEGF, IGF-1 and IGFBP-3 in four groups after 7 weeks treatmenta),b)

Group VEGF (pg/mL) IGF-1 (ng/mL) IGFBP-3 (ng/mL)

Tumor control 158760A 0.5270.17 0.5270.03A

Tumor1lycopene (4 mg/kg) 118718A 0.6770.28 0.5570.09A

Tumor1lycopene (16 mg/kg) 38711B 0.6570.20 4.3970.06B

Tumor1b-carotene (16 mg/kg) 298717C 0.6770.06 4.2370.05C

a) Values are means7SD, n 5 6. Means in a column with superscripts without a common upper case letter differ significantly, po0.05.
b) Nude mice were injected s.c. with 100 mL (1� 107 cells) of PC-3 cells. After 24-h injection, lycopene (4 and 16 mg/kg) and b-carotene

(16 mg/kg) were administered twice a week for 7 consecutive weeks.
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Figure 4. Protein expression of proliferating cell nuclear antigen

(PCNA) determined by Western blotting in lung tissues of nude

mice. One day after subcutaneous injection with PC-3 cells (2� 107/

100mL), the mice were supplemented with 4 or 16 mg lycopene/kg

BW and 16 mg b-carotene/kg BW twice a week for 7 wk. Values are

means7SD, n 5 6; means without a common letter differ, po0.05.
�po0.05, ��po0.001 compared with the tumor control.
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4 Discussion

In the present study, we employed PC-3-bearing nude mice to

investigate the effects of lycopene and b-carotene supple-

mentation on primary tumor growth in vivo. We showed that

lycopene markedly inhibited tumor growth in a dose-depen-

dent manner. b-carotene supplementation (16 mg/kg) also

markedly decreased tumor growth, and its effect was similar

to that of the high-dosage lycopene supplementation. Our

results support the finding of Tang et al. [14], which indicated

that lycopene (100 and 300 mg/kg; 5 d/wk) inhibits the growth

of human prostate cancer cells (DU145) injected (s.c.) into

BALB/c nude mice. However, the supplemental doses of

lycopene used in the present study are relatively low, as

compared to those used by Tang et al. [14]. The high-lycopene

dose used in this study (16 mg/kg body weight, twice a week)

is equivalent to 0.114 mg/mouse/d (base on the average body

weight of a mouse, 25 g), which translate into 19 mg/d for a

70-kg person, as calculated by the difference in daily food

intake, i.e. 3 g (dry weight) for a mouse and 500 g (dry weight)

for a person with an energy intake of 2000 kcal/day [18]. In

patients with localized prostate adenocarcinoma, it has been

shown that lycopene (30 mg/d) not only increases the lycopene

concentration in serum and prostate but also decreases the

serum prostate-specific antigen and prostate tissue oxidative

DNA damage [19]. Lycopene is regarded as a safe supplement,

as long-term use of lycopene at doses up to 75 mg/d has been

shown to produce no apparent toxicities [20].

Several possible anti-cancer mechanisms of lycopene

have been suggested, which include the following: (i) the

arrest of the cell cycle at G0/G1 phase in leukemic cells [21];

(ii) interference with IGF-1 signaling in mammary cancer

cells [22]; (iii) induction of connexin 43 expressions and gap

junction intercellular communication [22, 23]; and (iv)

inhibition of cancer invasion and migration [13, 24, 25]. In

the present study, we further showed that the promotion of

IGFBP3 level in plasma by lycopene may also be involved in

the anti-tumor actions of lycopene. High IGF-I blood levels

have been shown to promote cancer cell growth through

IGF-1R in an autocrine/paracrine manner of many tumors

including prostate cancer [26]. IGFBP3 inhibits IGF-1

binding to IGF-1R, leading to the inhibition of IGF-induced

cell proliferation [27]. In addition, IGFBP-3 itself has been

shown to induce the caspase-dependent apoptosis via the

death receptor-mediated pathway in MCF-7 human breast

cancer cells [28]. Some natural compounds, such as graph

seed extract, possesses anticancer efficacy against prostate

cancer in vivo, and that this effect is associated with its

antiproliferative, proapoptotic and antiangiogenic activities

together with upregulation of IGFBP-3 [29]. Intriguingly, we

found that supplemental lycopene or b-carotene increased

the IGFBP-3 levels, but did not affect the IGF-1 levels in

plasma. The results suggest that the underlying action of

lycopene and b-carotene may involve the increase in IGFBP-

3, which inhibits IGF-1 binding to IGF-1R.

Another possible anti-cancer mechanism of lycopene

suggested by the present study is the inhibition of angio-

genesis, as evidence by the reduced plasma VEGF level by

lycopene supplementation. Angiogenesis is a critical process

for the solid tumor growth and progression [30]. VEGF plays

an important role in tumor angiogenesis, as demonstrated

by the findings that neutralizing VEGF antibodies inhibit

both angiogenesis and tumor growth [31]. The higher levels

of VEGF are present in prostate cancer than that in normal

prostate cells [32]. In addition, VEGF has been shown to

enhance the growth of PC-3 human prostate adenocarci-

noma xenotransplanted into nude mice [33]. The present

results confirm our previous findings that lycopene

supplementation (20 mg/kg; twice a week for 12 wk)

decreased VEGF levels in the plasma of nude mice trans-

planted with human hepatoma SK-Hep-1 cells [13]. In the

present study, we demonstrate that lycopene inhibited the

tumor growth in nude mice bearing PC-3 cells and that this

action is probably related to the inhibition of angiogenesis.

In contrast, the VEGF level in the b-carotene-supplemental

group was significantly higher than that of tumor control

group (Table 1). To date, the literature data on the role of

b-carotene in angiogenesis is inconsistent. For example,

b-carotene was shown to have a pro-angiogenic activity in a

matrigel plug model in mice [34] and to stimulate angio-

genesis at an early step by activation of cell migration

and matrix reorganization in HUVECs [35]. In contrast,

b-carotene was found to suppress tumor-specific angiogen-

esis in B16F10 melanoma-bearing C57BL/6 mice [36]. Our

finding that the increased VEGF in b-carotene-treated mice

did not affect the anticancer effect of b-carotene suggests

that the angiogenic or anti-angiogenic effects of the carote-

noids may not be important in their inhibition of the growth

of transplanted primary prostate tumor cells.

Still another possible anti-tumor mechanism of lycopene

suggested by the present study is the reduction of cell

proliferation that leads to reduced tumor size, as we showed

Table 2. Plasma concentrations of carotenoid in four groups after
7 weeks treatmenta),b)

Group Lycopene
(nmol/L)

b-carotene
(nmol/L)

Tumor control bdc) bdc)

Tumor1lycopene
(4 mg/kg)

bdc) bdc)

Tumor1lycopene
(16 mg/kg)

118756 bdc)

Tumor1b-carotene
(16 mg/kg)

bdc) 556764

a) Nude mice were injected s.c. with 100 mL (1� 107 cells) of PC-3
cells. After 24 h, lycopene (4 and 16 mg/kg) and b-carotene
(16 mg/kg) were administered twice a week for 7 consecutive
weeks.

b) Values are expressed as mean7SD, n 5 6.
c) bd: Below the detection limit: 0.03–0.07 mmol/L for lycopene;

0.04mmol/L for b-carotene.
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that supplemental lycopene or b-carotene significantly

decreased the tumor cell proliferation, as evidenced by the

reduced protein expression of PCNA in tumor tissues. The

expression of PCNA, a proliferation-associated marker used

in different tumors, is positive in many tumor cells [37, 38].

The plasma levels of lycopene and b-carotene in nude

mice fed 16 mg lycopene or b-carotene per kg BW were 0.118

and 0.556 mM, which are comparable to the plasma levels of

carotenoids (0.3970.22 mM for lycopene and 0.6370.52 mM

for b-carotene) in healthy humans [39]. Surprisingly, the

plasma lycopene was undetectable in mice fed 4 mg lyco-

pene/kg body weight. We suspect that the undetectable

plasma lycopene concentration in the 4 mg lycopene/kg

group was possibly due to the lower sensitivity of instru-

mentation. Our detection limit for plasma lycopene was

0.03–0.07 mmol/L, whereas the plasma lycopene in the

4 mg/kg group is roughly predicted to be about 0.029 mmol/

L, which is calculated by dividing the plasma lycopene level

of 118 nmol/L (or 0.118mmol/L) for the 16 mg/kg lycopene

group by 4, i.e. 0.118C(16 mg/4 mg) 5 0.029mmol/L.

In conclusion, the present study demonstrates that lyco-

pene supplemented at physiological doses effectively

decrease the tumor growth in mice injected with PC-3

prostate cancer cells and that the effect of b-carotene is

similar, but not identical, to that of lycopene. The anti-

cancer effects of lycopene and b-carotene are likely asso-

ciated with reduction of proliferation (attenuation of PCNA

expression and IGFBP3 levels) and interfered with the

IGF-1 signaling (reduction of IGFBP3 levels) in PC-3 bear-

ing nude mice. However, the inhibition of VEGF by lyco-

pene suggests that the antitumor mechanisms of lycopene

also involve anti-angiogenesis. These results warrant further

studies of lycopene as a potential chemopreventive or

chemotherapeutic agent.
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