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Abstract

Background
Active biomolecules extracted from plant biodiversity appear to offer an alternative to the frequently toxic
chemotherapy methods used to treat cancer. The micronutrients obtained from certain fruits, including
pink guava Psidium guajava L., appear to have this property. We therefore focused on three biomolecules
of interest: lycopene and apigenin, the main components in pink guava, and resveratrol, a reference
biomolecule with recognized bene�cial effects. Our aim was to assess and compare the activities of
these micronutrients, �rst separately and then in combination, on LNCaP cells (prostate cancer) and
UACC cells (melanoma).

Methods
MTT assays and confocal microscopy using anti-PCNA and anti-5-α-reductase antibodies enabled us to
establish a ranking for these micronutrients for the �rst time, when they were studied separately to begin
with, in terms of their anti-proliferative action.

Results
Apigenin was found to be the most active biomolecule in this respect, followed by lycopene and then
resveratrol. In a subsequent study of the combined actions of these molecules, speci�cally “lycopene-
apigenin” and “lycopene-resveratrol”, we found that the “lycopene-apigenin” combination has a stronger
anti-cancer activity than the biomolecules used separately, and it is also superior to the “lycopene-
resveratrol” combination.

Conclusions
Our study demonstrated the synergistic modes of action of lycopene and apigenin in the guava fruit and
the importance of the combination of these two micronutrients in pink guava in order to obtain a high
anti-cancer activity.

Background
Most of the studies carried out up until now have focused primarily on the development of chemical drug
products and molecules for treating cancer. However, it has been discovered that numerous plants
contain cytotoxic components that are capable of inhibiting certain types of cancer [1, 2, 3]. Treatments
could therefore become less invasive than the chemotherapy routinely used, and would be better tolerated
by the body.
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A number of studies have indeed demonstrated the bene�t of micronutrients extracted from plant
biodiversity in combating cancer. These notably include carotenoids or phenolic compounds extracted
from fruits and vegetables, and they have antioxidant and anti-proliferative effects on cancer cells [4, 5,
6]. Tropical fruits, and among them the pink guava Psidium guajava L., are a source of antioxidants such
as polyphenols, carotenoids and vitamins, which have known bene�cial effects for human health [7].

Lycopene is one of the carotenoids found in large quantities in such fruits, and particularly in pink guava.
It is a natural pigment that gives the distinctive red color to certain fruits, such as ripe tomatoes, or guava
[8, 9]. This micronutrient, which has been studied for some time now in tomatoes or watermelon, is found
in larger quantities in pink guava [10, 11]. Its bene�cial effects on health, including its antioxidant
properties [12, 13], have been demonstrated as being particularly effective for the treatment of
degenerative illnesses and cardiovascular diseases [14], but also for prostate cancer [15, 16, 17, 18],
breast cancer [19, 20, 21] and for the prevention of premature aging of the skin [22, 23, 24].

Prostate cancer, or PCa, is the second most widespread cancer in the world after skin cancer, with some
164,690 new cases and 29,430 deaths in the United States [25]. This malignant condition is highly
frequent in the Caribbean Basin, including the French West Indies, with a higher mortality rate than in
mainland France [26]. This may primarily be due to genetic factors, but is also thought to be due to the
presence of an endocrine disruptor used in pesticides – chlordecone – traces of which have been found
in foodstuffs [27]. Hormonal factors and particularly the androgen 5-alpha-dihydrotestosterone (5-alpha-
DHT) produced from testosterone through the action of 5-alpha-reductase, have been implicated in
prostate cancer and benign prostatic hyperplasia [28].

Skin cancer, and particularly melanoma, has a high incidence among the American population, reportedly
accounting for up to 91,270 new cases and 9,320 deaths in the United States [25]. This type of cancer is
often triggered by exposure to UV rays, a predominant factor in the development of melanoma [29]. It has
also been suggested that platelet-derived growth factor (PDGF) modulates the �broblast
microenvironment and encourages the growth of melanoma [30].

These two types of cancer, prostate cancer and melanoma, require intensive chemotherapy, which is
poorly tolerated by the body and, moreover, has only transient results [31]. Lycopene has been shown to
protect against prostate cancer, and its anti-proliferative and anti-androgenic properties reportedly reduce
the risk of developing this tumor [32, 33, 34]. Furthermore, speci�c combinations of phytochemicals are
thought to be more effective than individual molecules in preventing and combating certain illnesses,
including cancer. This shows the need to study the synergies between active plant compounds through
experiments on plant extracts.

In addition to the recognized properties of lycopene, a �avonoid of the polyphenol family – apigenin, a
potent antioxidant also found in large quantities in pink guava – has been reported to have bene�cial
effects for combating thyroid cancer [35], prostate cancer [36], and to help prevent the development of
skin cancer [37].
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Resveratrol or trans-3,5,4’-trihydroxystilbene – another natural polyphenol found in a large variety of fruits
such as grapes, berries and peanut, and also in some medicinal plants [38] – is known for its antioxidant
[39] and neuroprotective properties [40, 41]. Its anti-cancer action has been reported by virtue of its
involvement in numerous metabolic and cell signaling pathways, inducing apoptosis, and resistance to
oxidative stress and to chronic in�ammation [38].

All of these biomolecules have been studied, for the most part, separately and not as combinations. If
they were combined, they might contribute new bene�ts as regards effective treatment options for
combating certain types of cancer.

The aim of this study was therefore to evaluate, for the �rst time, separately and as combinations, the
action of lycopene, apigenin and resveratrol on prostate and melanoma tumor cell lines.

Methods

Plant materials
Cuba Enana guava, one of the sweetest pink varieties, was obtained from the Martinique fruit orchard
"Association Vergers et Jardins Tropicaux (AVJT)". One-hundred-and-seventy-�ve pink guavas were
harvested at the “turning” stage (transition from the mature to the ripe stage) and divided into �ve
batches. The fruits were then cut into quarters, frozen in liquid nitrogen and stored at -80°C until use. For
extraction, the fruits were thawed the day before at + 4°C, weighed and ground in a Kenwood mill for 5
min at room temperature. The resulting puree was sieved (2mm) and aliquots were stored at -20°C.

Puree preparation
The preparation of guava puree in 100g portions is performed according to the technique described by
[13].

Reagents
Lycopene was extracted from pink guava and puri�ed by HPLC (> 95% purity), according to the method
described by [12]. The peaks were identi�ed by comparing their retention times with those of a
commercially available tomato lycopene standard (Sigma). Crystalline apigenin 25mg and resveratrol
100mg were obtained from Sigma.

Anti-PCNA and anti-5-alpha-reductase antibodies were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA).

Cell cultures
Human embryonic kidney cells, HEK293T (EACC), were cultured in DMEM medium. Melanoma cell line
UACC257 was from NCI-60 and was cultured in RPMI 1640. The LNCaP cell lines used in this study were
obtained from IGR (Villejuif, France) and maintained in RPMI 1640 medium. All media were
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supplemented with 10% fetal calf serum, 1mM pyruvate, 1% nonessential amino acids, 2mM glutamine,
100U/mL penicillin and 100µg/mL streptomycin, and cells were maintained at 37°C under a humidi�ed
5% CO2 atmosphere. All media and cell culture supplements were obtained from Invitrogen. All cells were

exposed for 24, 48 and 72 hours to increasing concentrations of lycopene (0.5, 5 and 15µmol.L− 1),
apigenin (20, 40 and 80µmol.L− 1) and resveratrol (10, 50 and 100µmol.L− 1) separately or in combination
dissolved in medium.

Cell viability assay (MTT assay)
The status of cancer cell line viability was determined by MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide; thiazolyl blue) assay (Sigma). Two thousand �ve hundred HEK, LNCaP and
UACC cells were plated on a 96-well plate and incubated for 24, 48 and 72 hours at 37°C, under 5% CO2,

according to standard procedure. Cells were incubated with lycopene (0.5, 5 and 15µmol.L− 1), apigenin
(20, 40 and 80µmol.L− 1) and resveratrol (10, 50 and 100µmol.L− 1) separately or in combination.

At the end of the incubation period, cells were examined under a microscope and viability was assayed
using the MTT tetrazolium salt assay (Sigma): cells were incubated with 0.5mg/mL of MTT for 1 or 2
hours and then resuspended in 100µL of DMSO. Viability was subsequently determined by measuring the
absorbance at 450nm with a spectrophotometer.

Confocal microscopy analysis
The confocal analysis was performed on two cell culture models: the HEK and LNCaP cell lines according
to the technique described by [42]. Primary antibodies used: PCNA (1:200) and 5-alpha-reductase
antibodies (1:200) (Santa Cruz).

Results And Discussion

Cell viability test with Lycopene, Apigenin and Resveratrol

Anti-proliferative effect of individual biomolecules
Figure 1. Viability of untreated cell lines. (A) Untreated cells alone. (B) Untreated cells plus THF, after
incubation for 24, 48 and 72 hours.

Figure 2. Viability of treated cell lines. Viability of cell lines treated with Lycopene (A, B, C), Apigenin (D, E,
F) and Resveratrol (G, H, I), after incubation for 24, 48 and 72 hours.

Under standard in vitro conditions, all the cell lines showed the normal growth expected in the absence of
treatment (Fig. 1A). In vitro assays were carried out using puri�ed lycopene extracted from guava [12],
apigenin and resveratrol on HEK, LNCaP and UACC cell lines by means of the MTT (3-[4,5-dimethylthiazol-
2-yl]-2,5-diphenyltetrazolium bromide) assay. This assay allows rapid and sensitive quanti�cation of
proliferation and cell viability at 450nm [43].
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Kinetics was examined at 24, 48 and 72 hours according to a concentration range of the different
biomolecules, recognized to obtain an optimal anti-proliferative action. Lycopene being hydrophobic, it
was resuspended in THF and then diluted in culture medium. THF cytotoxicity was evaluated and under
our in vitro conditions, no adverse effect on cell viability or proliferation was observed (Fig. 1B). The
apigenin and resveratrol standards were diluted directly in the cell culture medium.

Cell lines were incubated at a concentration range of 0.5, 5 and 15µmol.L-1 for lycopene (Figs. 2A, B and
C), 20, 40 and 80µmol.L-1 for apigenin (Figs. 2D, E and F) and 10, 50 and 100µmol.L-1 for resveratrol
(Figs. 2G, H and I). These ranges of concentrations, for each biomolecules, were chosen according to the
physiological concentrations usually used.

The results show that individual biomolecules have no effect on HEK cell proliferation. Healthy cells are
therefore not the targets of these micronutrients (Fig. 2).

Lycopene
The results show that lycopene has a marked anti-cancer potential given the inhibition of the proliferation
of human prostatic tumor cells (LNCaP), compared with untreated LNCaP cells (Fig. 1B). After 72 hours,
treatment of LNCaP cells with 0.5, 5 and 15µmol.L− 1 of lycopene shows an OD that passes from 1.3 to 1
and then to 0.6 respectively (Figs. 2A, B and C). Our results are consistent with previous reports which
have suggested that this micronutrient has anti-proliferative properties [44].Indeed, it has been reported
that lycopene is capable of interrupting the cell cycle by blocking cyclins such as D1, E and CDK4 [45].

However, a more moderate inhibition of proliferation of human melanoma (UACC) cells was observed in
comparison to untreated UACC cells. After 72 hours, treatment of UACC cells with the same lycopene
concentrations (0.5, 5 and 15µmol.L− 1) shows an OD which passes from 1.5 to 1.3 and then to 1.2
(Figs. 2A, B and C). A slight reduction in melanoma cell proliferation is therefore observed in comparison
to untreated UACC cells. The literature reports the photoprotective effects of lycopene on melanoma cells
[46] or its inhibitory action on platelet-derived growth factor BB (PDGF-BB) [30]. The literature does not
report any direct action of lycopene on cancer cells. The results may therefore suggest that the anti-
cancer action of lycopene on melanoma cells is indirect, possibly taking place via the signaling pathways
[30]. The anti-cancer potential of lycopene is also shown by its antioxidant activity which is demonstrated
by a DPPH method optimized and adapted to the carotenoid pro�le, and it places lycopene among the
best antioxidants [12, 13].

Moreover the results show that in the two types of cancers studied, after 72h, at 15µmol.L− 1, the
inhibitory effect seems saturated. Which would indicate that a concentration greater than 15µmol.L− 1

would not be signi�cant to observe a better anti-proliferative action.

Apigenin
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Apigenin has a greater anti-proliferative effect on LNCaP and UACC than lycopene. After 72 hours of
treatment with apigenin at a concentration range of 20, 40 and 80µmol.L-1, a rapid drop is observed in
UACC OD, passing from 1.4 to 1.3 and then to 0.6, respectively (Figs. 2D, E and F) in comparison to
untreated UACC cells which show an OD of 0.85 after 72 hours (Fig. 1A). By way of comparison, with
lycopene and after 72 hours of treatment, an OD of 1.2 is obtained. These results are in agreement with
those of studies on the effect of apigenin on the cell cycle of keratinocytes in the context of skin
tumorigenesis. This �avonoid inhibits the cell cycle by interrupting it at the G2/M stage [47] or by
inhibiting apoptosis of keratinocytes exposed to UVB [37]. Its action on keratinocytes has also been
reported in the inhibition of mTOR signaling involved in the development of skin cancer [48].

As regards LNCaP, a signi�cant decrease in cell proliferation is also observed, with the OD dropping from
1 to 0.9 and then to 0.3 (Figs. 2D, E and F) after 72 hours. This decrease is twofold in comparison to
treatment with lycopene which shows an OD of 0.6 after 72 hours.

This inhibition of human prostatic tumor cell proliferation by apigenin, acting like an estrogen, is thought
to be partially mediated by ERB estrogen receptor [49]. In a similar way, blocking of IKKa kinase activity
[50] or inactivation of Akt by apigenin is thought to induce apoptosis of prostate cancer cells [51].

Resveratrol
According to our results, the anti-proliferative action of resveratrol on UACC is slightly higher than with
lycopene, but lowers than that of apigenin.

After 72 hours, treatment of UACC with 10, 50 and 100µmol.L-1 of resveratrol shows an OD which drops
from 1.4 to 1.2 and then to 1, respectively (Figs. 2G, H and I) in comparison to untreated UACC cells. This
inhibition is lower than that obtained with apigenin where, after 72 hours of treatment and at the highest
physiological concentration (80µmol.L-1), a very low OD of 0.6 is obtained (Fig. 2F). However, the anti-
proliferative effects of resveratrol are slightly higher to those of lycopene which, after 72 hours at
15µmol.L-1, showed an OD of 1.2 (Fig. 2C). Resveratrol has been reported to have anti-proliferative and
apoptotic effects on human melanoma cell lines [52, 53]. Furthermore, it is thought to inhibit the α-MSH
hormone signaling involved in melanoma invasiveness [54].

As regards LNCaP, resveratrol has a low anti-proliferative activity. After 72 hours, treatment at resveratrol
concentrations of 10, 50 and 100µmol.L-1, shows an OD of 0.75, 0.9 and 0.9 respectively (Figs. 2G, H and
I), while untreated LNCaP after 72 hours shows an OD of 0.75 (Fig. 1A). This is a very low inhibition of
proliferation compared with lycopene on LNCaP which, after 72 hours of treatment, gives an OD of 0.6
(Fig. 2C); or better still with apigenin which gives an OD of 0.3 (Fig. 2F). A number of studies have in the
past reported on resveratrol in the context of the prevention of prostate cancer by virtue of its anti-
androgenic action in vivo on transgenic mice developing adenocarcinoma of the prostate (TRAP), on
transgenic adenocarcinoma mouse prostate (TRAMP), and on prostate cancer xenograft models [55, 56,
57]. However, some studies have made it possible to observe the in vitro effects of this polyphenol on
human prostate cancer cell lines in which a more signi�cant inhibition of proliferation of LNCaP and PC-
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3M-MM2 was observed but for a longer incubation time, i.e. 96 hours, in the presence of resveratrol [58,
59, 60].

The results of the different treatments set out in our study show that apigenin has the most marked anti-
proliferative effect on both LNCaP and UACC, followed by lycopene with a stronger inhibitory activity on
LNCaP than on UACC, and lastly resveratrol (Fig. 2).

These results are in agreement with the literature in relation to the effects of lycopene and apigenin on
prostate cancer cells. However, not many studies have been carried out on the effects of lycopene on
melanoma and, in our study, it was found to inhibit cell proliferation to a certain extent. As regards
resveratrol, it does not appear to have the strong anti-cancer potential of the other two biomolecules
which are naturally combined in pink guava. It is therefore of interest to study these biomolecules in the
form of combinations, something that has never been done to date.

Anti-proliferative effect of combined biomolecules
Figure 3. Viability of cell lines treated with a combination of micronutrients. Cell lines treated with
lycopene-apigenin (A, B and C) and with lycopene-resveratrol (D, E and F) after 24, 48 and 72 hours of
incubation.

In the light of the results obtained previously, varying concentrations of lycopene (0.5-5 and 15µmol.L− 1)
were combined with the most effective concentration of apigenin and resveratrol, i.e. 80µmol.L− 1 and
100µmol.L− 1, respectively. Two combinations which had never previously been studied were thus
prepared: “lycopene – apigenin” and “lycopene – resveratrol”.

Regardless of how the biomolecules were combined, they showed no effect on HEK proliferation (Fig. 3).
This con�rms the results obtained from the study of individual micronutrients on these healthy cells.

Lycopene and Apigenin
For the “lycopene–apigenin” combination, the highest apigenin concentration was chosen, i.e. 80µmol.L− 

1.

As regards UACC, the combined effect of “lycopene–apigenin” causes a sharp drop in cell growth after 24
hours of incubation, regardless of the lycopene concentration, with OD dropping from 0.6 to 0.3. However,
after 48 hours of incubation, a slight increase is observed. At different lycopene concentrations, after 72
hours of incubation, a starting OD of 0.6 is obtained with 0.5µmol.L− 1; 1.1 with 5µmol.L− 1 and 0.9 with
15µmol.L− 1 (Figs. 3A, B and C). This sharp decrease obtained with the combination after 24 hours of
incubation is not observed with individual biomolecules. An incubation of 72 hours is required to reach an
OD of 0.6 with 80µmol.L− 1 apigenin (Fig. 2F) and 15µmol.L− 1 lycopene is required to reach the lowest OD
of 1.2 for UACC after 72 hours of incubation (Fig. 2C). This is therefore a very effective combination for
inhibiting cell proliferation after 24 hours.
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As regards LNCaP, the “lycopene–apigenin” combination also causes a decrease in cell proliferation after
24 hours of incubation, at a lycopene concentration of 5µmol.L− 1, with the OD dropping from 0.5 to 0.3
and reaching a plateau at 0.5 (Figs. 3A, B and C). This signi�cant decrease was not obtained with
individual biomolecules. 72 hours were required to obtain an OD of 0.6 with the highest concentration of
lycopene, i.e. 15µmol.L− 1 (Fig. 2C), and an OD of 0.3 with 80µmol.L− 1 apigenin (Fig. 2F).

The addition of apigenin to lycopene signi�cantly increases the anti-cancer effect by almost completely
inhibiting the proliferation of prostate cancer and melanoma cells. This combination is considerably
more effective than biomolecules used separately.

Lycopene and Resveratrol
For the “lycopene–resveratrol” combination, the highest resveratrol concentration was chosen, i.e.
100µmol.L− 1.

This combination shows a marked inhibition of LNCaP cell proliferation. After 72 hours of incubation, the
OD passes from 1.5 with 0.5µmol.L− 1 lycopene to 0.6 with 5 and 15µmol.L− 1 (Figs. 3D, E and F).

This inhibition is far more effective when compared to the inhibition obtained with lycopene on its own
since after 72 hours of incubation, an OD of 0.6 is obtained at the highest lycopene concentration of
15µmol.L− 1 (Fig. 2C), while this level is obtained at the 5µmol.L− 1 lycopene concentration for the
combination. A similar phenomenon is observed with 100µmol.L− 1 resveratrol on its own, wherein after
72 hours of incubation, an OD of just 1 is obtained (Fig. 2F).

As regards melanoma cells (UACC), after 72 hours of incubation, the combination shows an OD that
passes from 1 with 0.5µmol.L− 1 lycopene to 0.8 with 5µmol.L− 1 and 1.2 with 15µmol.L− 1 (Figs. 3D, E and
F). Inhibition is therefore obtained with 0.5 and 5µmol.L− 1 lycopene when combined with resveratrol, and
is far more signi�cant compared to the treatment of UACC with 0.5 and 5µmol.L− 1 lycopene on its own. In
contrast, poor inhibition is obtained with 15µmol.L− 1 lycopene in the combined form, which is identical to
that obtained with 15µmol.L− 1 lycopene on its own (Fig. 2C).

With resveratrol on its own, at 100µmol.L− 1, an OD of 1 was obtained, while when combined with
lycopene at 5µmol.L− 1, proliferation is far more effectively inhibited and an OD of 0.8 is obtained
(Fig. 2E). It is therefore evident that the combination lycopene 5µmol.L− 1 with resveratrol 100µmol.L− 1 is
the most effective for signi�cantly reducing melanoma cell proliferation.

Comparison of Lycopene and Apigenin / Lycopene and
Resveratrol combinations
The “lycopene–apigenin” combination on the melanoma cell line UACC and prostate cancer cell line
LNCaP, which has a marked anti-proliferative effect after 24 hours compared to the “lycopene–
resveratrol” combination, therefore appears to be signi�cantly more effective, and for this reason would
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be the best combination for achieving effective inhibition. Lycopene in combination with apigenin indeed
blocks cell proliferation whereas when in combination with resveratrol, the proliferation curve appears to
continue except for the lycopene concentration of 5µmol.L− 1. This would appear to be the ideal and
optimum concentration for inhibition in combination with resveratrol. It is possible that at this
concentration, lycopene does not compete with resveratrol, while this is not the case when the lycopene
concentration is 15µmol.L− 1. By contrast, the 0.5µmol.L− 1 concentration of lycopene appears not to be
su�cient to trigger signi�cant inhibition in the combination with resveratrol.

Confocal microscopy experiments

Anti-proliferative assays using anti-PCNA and lycopene
Figure 4. Confocal evaluation of cell proliferation using anti-PCNA antibody. Evaluation of cell
proliferation using anti-PCNA antibody on HEK cells not treated with lycopene (A) and treated with
lycopene at a concentration range of 0.5-5-15µmol.L− 1 (B, C and D, respectively); and on LNCaP cells not
treated with lycopene (E) and treated with lycopene at a concentration range of 0.5-5-15µmol.L− 1 (F, G
and H, respectively) after 72 hours of incubation.

Confocal immuno�uorescence was used to evaluate HEK and LNCaP cell proliferation in the presence
(Figs. 4B, C, D, F, G and H) and absence (Figs. 4A and E) of different lycopene concentrations (0.5-5 and
15µmol.L− 1) after 72 hours, using an anti-PCNA antibody (nuclear labeling).

The results show that healthy HEK cells treated with lycopene exhibit identical nuclear labeling compared
to untreated HEK cells, regardless of lycopene concentration (Figs. 4B, C and D). Lycopene therefore has
no effect on HEK proliferation in comparison with untreated cells (Fig. 4A). This con�rms the MTT assay
results previously obtained.

Confocal microscopy was able to demonstrate a reduction in the proliferation of the prostate cancer cell
LNCaP for a lycopene concentration range (0.5-5-15µmol.L− 1) and 48 hour kinetics (Figs. 4F, G and H) in
comparison with untreated cells (Fig. 4E). This results in a reduction in the LNCaP nuclear signal with
increasing amounts of lycopene until almost complete extinction of the signal is obtained at 15µmol.L− 1

lycopene (Fig. 4H).

This pigment therefore has no anti-proliferative effect on healthy cells and acts speci�cally on prostate
cancer cells.

Anti-androgenic effects with anti-α-reductase with lycopene,
apigenin and resveratrol separately
Figure 5a. Confocal evaluation of anti-androgenic action, using anti-α-reductase, of lycopene, apigenin
and resveratrol on LNCaP cells. Untreated LNCaP (A), LNCaP incubated with lycopene 15µmol.L− 1 (B),
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LNCaP incubated with apigenin 80µmol.L− 1 (C), and LNCaP incubated with resveratrol 100µmol.L− 1 (D)
after incubation for 72 hours.

Numerous studies have shown that the androgen 5-alpha-DHT, which is produced from testosterone
through the action of the enzyme 5-alpha-reductase, is responsible for prostate cancer and benign
prostatic hyperplasia [61].

Confocal microscopy was able to show cytoplasmic labeling of this 5-alpha-reductase enzyme on
untreated LNCaP cells (Fig. 5a A) and LNCaP cells treated with the biomolecules at their optimum
concentrations, namely 15µmol.L− 1 lycopene (Fig. 5a B), 80µmol.L− 1 apigenin (Fig. 5a C) and
100µmol.L− 1 resveratrol (Fig. 5a D) after 72 hours, using an anti-5-alpha-reductase antibody.

The results show that untreated LNCaP cells exhibit cytoplasmic labeling indicating the presence of the
enzyme (Fig. 5a A) which is comparable to LNCaP cells treated with 100µmol.L− 1 resveratrol (Fig. 5a D).
This suggests that resveratrol has no effect on 5-alpha-reductase and therefore no anti-androgenic effect,
a result that has never been reported before.

By contrast, lycopene drastically reduces the cytoplasmic labeling of LNCaP cells (Fig. 5a B), and
apigenin completely eliminates the signal (Fig. 5a C). Lycopene therefore has an anti-androgenic effect
by inhibiting the expression of 5-alpha-reductase, a result which has previously been reported and is
con�rmed here [32, 62, 63].

Furthermore, our results show a particularly targeted action of apigenin on the expression of the enzyme,
a result that has not yet been reported in the literature since only its anti-proliferative and anti-apoptotic
effects have been described [64, 51, 65, 50, 66].

Lycopene and apigenin, when used separately, thus exhibit this inhibitory property for 5-alpha-reductase
and therefore, implicitly, for 5-alpha-DHT, which is responsible for the development of prostate cancer.

In light of these results, it was considered of interest to evaluate the combined action of these
biomolecules on the expression of 5-alpha-reductase.

Anti-androgenic effects, using anti-α-reductase, of
lycopene-apigenin and lycopene-resveratrol combinations
Figure 5b. Confocal evaluation of anti-androgenic effects, using anti-α-reductase, of lycopene-apigenin
and lycopene-resveratrol combinations on LNCaP cells. LNCaP incubated with the lycopene/apigenin
80µmol.L− 1 combination (A), and LNCaP incubated with the lycopene 15µmol.L− 1/resveratrol
100µmol.L− 1 combination (B) after incubation for 72 hours.

Two combinations have been prepared for the �rst time as anti-androgenic treatment on LNCaP for 72
hours, using an anti-5-alpha-reductase antibody. They are combinations at the highest concentrations of
biomolecules, namely, "lycopene 15µmol.L− 1 – apigenin 80µmol.L− 1" (Fig. 5b A) and "lycopene
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15µmol.L− 1 – resveratrol 100µmol.L− 1" (Fig. 5b B). The untreated LNCaP cells exhibit the expected
cytoplasmic labeling (Fig. 5a A).

Lycopene and Apigenin
The results show that there is no cytoplasmic labeling of LNCaP cells with the “lycopene 15µmol.L− 1 –
apigenin 80µmol.L− 1” combination (Fig. 5b A) compared to untreated LNCaP cells (Fig. 5a A). Indeed, this
combination completely inhibits the expression of the enzyme 5-alpha-reductase, and thereby also
inhibits the signaling pathway for the production of 5-alpha-DHT. This result con�rms the results
previously obtained for the biomolecules separately (Figs. 5a B and C), with in addition an improvement
in the anti-androgenic action of lycopene by virtue of the coupling with apigenin.

Lycopene and Resveratrol
The results show weak cytoplasmic labeling of LNCaP cells with the “lycopene 15µmol.L− 1 – resveratrol
100µmol.L− 1” combination (Fig. 5b B) in comparison with untreated LNCaP cells (Fig. 5a A). Indeed, this
combination partially inhibits the expression of the enzyme 5-alpha-reductase and therefore additionally
the production of 5-alpha-DHT. This observed inhibition is due solely to the addition of lycopene, and is
comparable to the inhibition obtained by lycopene alone on LNCaP cells (Fig. 5a B).

Comparison of Lycopene and Apigenin / Lycopene and
Resveratrol
The “lycopene – apigenin” combination, on the prostate cancer cell line LNCaP exhibits a very high anti-
androgenic activity compared to the “lycopene – resveratrol” combination. Indeed, lycopene and apigenin
exhibit anti-5-alpha-reductase properties, unlike resveratrol. Furthermore, the combination of lycopene and
apigenin enhances the intrinsic properties of each of these biomolecules without nevertheless entering
into competition, thereby allowing optimum inhibition of the action of the enzyme 5-alpha-reductase.

Resveratrol, which has only a very low anti-androgenic activity or none whatsoever, is of no bene�t when
combined with lycopene. This combination basically amounts to the intrinsic activity of lycopene on its
own.

The “lycopene – apigenin” combination therefore appears to be the best possible combination for
achieving total inhibition of the expression of 5-alpha-reductase.

Conclusions
The aim of our study was to compare and evaluate, for the �rst time, the individual action and the
combined action of lycopene extracted from Psidium guajava L., and of apigenin and resveratrol, on
prostate cancer cell lines and melanoma cell lines. This was initially performed by demonstrating the
anti-proliferative action of these biomolecules by means of the MTT assay on both cancer cell lines. The
anti-proliferative effect was observed to different degrees, with prevalence for apigenin, followed by
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lycopene and then resveratrol separately, and a more targeted inhibition on LNCaP cells for lycopene.
Furthermore, these results were con�rmed by confocal microscopy, wherein interruption of the
proliferation of LNCaP cells was obtained. As regards combinations of these biomolecules, it is evident
that the combination of the two pink guava micronutrients, lycopene and apigenin, and their synergistic
modes of action in the guava fruit are responsible for a high anti-cancer activity.

Finally, this work shows the importance of synergistic effects of biomolecules and the need to consume
the fruit or the derived products like pure juices, nectars, jams or jellies, with all its micronutrients instead
of consuming them separately. This synergy allows obtaining a better anti-cancer performance.
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Figures

Figure 1

Viability of untreated cell lines. (A) Untreated cells alone. (B) Untreated cells plus THF, after incubation for
24, 48 and 72 hours.
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Figure 2

Viability of treated cell lines. Viability of cell lines treated with Lycopene (A, B, C), Apigenin (D, E, F) and
Resveratrol (G, H, I), after incubation for 24, 48 and 72 hours.

Figure 3
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Viability of cell lines treated with a combination of micronutrients. Cell lines treated with lycopene-
apigenin (A, B and C) and with lycopene-resveratrol (D, E and F) after 24, 48 and 72 hours of incubation.

Figure 4

Confocal evaluation of cell proliferation using anti-PCNA antibody. Evaluation of cell proliferation using
anti-PCNA antibody on HEK cells not treated with lycopene (A) and treated with lycopene at a
concentration range of 0.5-5-15µmol.L-1 (B, C and D, respectively); and on LNCaP cells not treated with
lycopene (E) and treated with lycopene at a concentration range of 0.5-5-15µmol.L-1 (F, G and H,
respectively) after 72 hours of incubation.
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Figure 5

a. Confocal evaluation of anti-androgenic action, using anti-α-reductase, of lycopene, apigenin and
resveratrol on LNCaP cells. Untreated LNCaP (A), LNCaP incubated with lycopene 15µmol.L-1 (B), LNCaP
incubated with apigenin 80µmol.L-1 (C), and LNCaP incubated with resveratrol 100µmol.L-1 (D) after
incubation for 72 hours. b. Confocal evaluation of anti-androgenic effects, using anti-α-reductase, of
lycopene-apigenin and lycopene-resveratrol combinations on LNCaP cells. LNCaP incubated with the
lycopene/apigenin 80µmol.L-1 combination (A), and LNCaP incubated with the lycopene 15µmol.L-
1/resveratrol 100µmol.L-1 combination (B) after incubation for 72 hours.


