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ABSTRACT

Colon cancer (CC) is among the most frequent human cancers. Although, there is improvement in diag-
nostic techniques and existing treatment possibilities. Still, there is an unmet need for a novel treatment
regimen that will improve the patient’s quality of life. Here, the role of lycopene as an adjuvant therapy
with 5-fluorouracil (5-FU) was explored in Caco2 colon cancer cells. Cells were exposed to a dose (3 g/
ml) of 5-FU and three doses (60, 90, 120 pg/ml) of lycopene either alone or as a mixture with 5-FU.
Cytotoxicity, genotoxicity, oxidative stress, gene expression, and apoptotic parameters were investigated
in this study. Findings showed that 5-FU or lycopene alone induced a dose-dependent increase in cyto-
toxicity which was slightly reduced in lycopene mixtures. Apoptotic assays showed that 5-FU induced a
significant level of apoptosis but not necrosis. However, a lycopene mixture with 5-FU enhanced 5-FU
triggered apoptosis and promoted necrosis. The mixtures were also shown to suppress mitochondrial
membrane potential while gene expression analyses showed the induction of Bax expression upon expo-
sure to mix 90 exhibited the highest Bax to Bcl-2 ratio and caspase 3 and 9 gene expression. Furthermore,
the mixture treatment also inhibited cell migration in the wound healing assay compared to 5-FU alone.
In conclusion, lycopene was found to sensitize Caco 2 cell lines to 5-FU treatment by inducing the expres-
sion of apoptotic genes. This, coupled with lycopene suppression of cytotoxicity and cell migration, indi-
cates lycopene may be a promising candidate for adjuvant therapy involving 5-FU in CC.
© 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

diagnosis and available treatment modalities, the rise in the num-
ber of new cases will only influence the mortality rates, necessitat-

Colon cancer (CC) is amongst the most common human cancers,
it represents about 10 % of the global cancer incidence and 9.4 % of
global cancer mortality as of 2020 (Sung et al., 2021). Recent devel-
opments in the knowledge base of CC and research producing a
broad array of therapeutic options have improved patients’ overall
survival. Unfortunately, there is a continued rise in the number of
global new CC cases, which is predicted to increase to 3.2 million
individuals by 2040 (Xi and Xu, 2021). Even with the improved
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ing the need for better therapeutic strategies that better improve
patients’ overall survival to alleviate the rise in the number of
deaths. While there is a report of decreased incidence of CC in
elderly patients, especially in the 50 to 75-year age group, there
is an increased incidence in the younger population between 20
and 39 years, likely as a consequence of enhanced westernization
of the diet (Siegel et al., 2019). This is an especially worrisome sce-
nario for Saudi Arabia due to the young population, with about
86 % of the population younger than 50 years (Alyabsi et al., 2021).

Furthermore, risk factors for CC such as obesity, smoking
tobacco, and physical inactivity are prevalent in Saudi Arabia (Al-
Zalabani, 2020), which can be an indication of increased future
incidence of CC and increased financial burden to the government.
Conventional treatments for locally advanced CC include surgical
resection or excision of tumors, usually followed by adjuvant
immunotherapy, chemotherapy, or radiotherapy. However, there
are some setbacks to some of these treatment options.
Immunotherapy involving the use of autologous tumor cell vaccine
is only beneficial to a specific set of patients, while peptide
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vaccines may induce a negative immune response in some patients
(Xiang et al., 2013). Adjuvant chemotherapeutics such as oxali-
platin combined with 5-FU or capecitabine are the standard adju-
vant chemotherapy for CC (Lund et al., 2016; Soveri et al., 2019).
However, oxaliplatin is known to induce neurotoxicity that causes
hyper-excitation of axons resulting in oxidative stress and neu-
ronal damage (Soveri et al., 2019; Duran et al., 2020). In addition,
5-FU also causes unpleasant side effects such as cardiotoxicity,
alopecia, bone marrow suppression, which results in neutropenia
and inability to fight infections, and gastro-intestinal upsets,
including stomatitis, vomiting, nausea, and diarrhoea (Opattova
et al., 2019). As such, there is an unmet need for effective adjuvant
chemotherapy with little or no adverse effects for patients with CC.

Natural bioactive compounds like flavonoids and terpenes have
been explored in recent years for antioxidant activities in different
settings. For instance, there are different studies demonstrating
anticancer properties of some flavonoids present in Cannabis, such
as kaempferol, showed to decrease the proliferation of cancer cells
through induction of autophagy (Zhang and Ma, 2019), cannflavin,
which induces apoptosis in pancreatic cancer (Moreau et al., 2020)
and luteolin, which induces apoptosis breast cancer (Gao et al.,
2019). Lycopene is a carotenoid and it has been shown to possess
antioxidant characteristics. Lycopene is found in pink grapefruit,
watermelons, tomato, and tomato-based food products. There is
a variety of research establishing lycopene’s anti-cancer effects.
For example, one study demonstrated that increasing lycopene
consumption lowers the risk of developing certain cancers, such
as cervical and ovarian cancer (Ghadage et al., 2019). Consumption
of 200 to 400 mg/kg of lycopene was shown to reduce ovarian can-
cer incidence and tumor size in an in vivo model (Sahin et al.,
2018). To modulate the effect of 5-FU as an anticancer drug, we
test the potential protective effect of lycopene as an adjuvant ther-
apy to improve the 5-FU cancer-killing impact on a Caco2 cell line
and suppress the associated adverse effects of 5-FU.
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2. Material and methods
2.1. Cell culture

Caco2 cells were obtained from American Type Culture Collec-
tion ATCC, USA, and were cultured in 10 % supplemented medium
Dulbecco,s modification of eagles DMEM with Fetal Bovine Serum
FBS in addition to 1 % Penicillin at 37 °C in Humidified atmosphere
containing 5 % CO,. Based on experiments, cells were grown in 96,
24 well plate, 25- T, or 75- T culture flasks. The exponentially
growing cells were washed with PBS and harvested by trypsin to
spun down at 1600 rpm for five min at 4 °C then cells were diluted
with medium at a density of 5 x 10° cells/ml.

2.2. MTT assay

Cell viability was evaluated according to Mosmann (1983).
Briefly, 5 x 10° cells/ml were seeded, followed by 24 hrs incuba-

il

L60 190 1120 5FU-L60  5-FU-L90  5-FU-L120

60

Cell Cytotoxicity %
S = 5 Y

=)

o

CONTROL 5-FU
Concentration pg/ml

Fig. 2. Cytotoxicity of 5-FU and lycopene on Caco2 cells after 24 hrs as evaluated by
NRU assay. Each value represents the mean SE * (n = 3).

Table 1

Sequences of primers used in RT-PCR.
Primers Forward Reverse
B-actin 5" TCACCCACACTGTGCCCATCTACGA 3’ 5" AGCGGAACCGCTCATTGCCAATGG 3’
BCL2 5" AGGAAGTGAACATTTCGGTGAC 3/ 5" GCTCAGTTCCAGGACCAGGC 3’
BAX 5" TGCTTCAGGGTTTCATCCAG 3’ 5" GGCGGCAATCATCCTCTG 3’
Caspase 3 5" ACATGGCGTGTCATAAAATACC 3’ 5" CACAAAGCGACTGGATGAAC 3’
Caspase 8 5" CTGGTCTGAAGGCTGGTTGT 3’ 5" CAGGCTCAGGAACTTGAGGG 3’
Caspase 9 5" CCAGAGATTCGCAAACCAGAGG 3’ 5" GAGCACCGACATCACCAAATCC3’
P53 5" CCCAGCCAAAGAAGAAACCA 3’ 5" TTCCAAGGCCTCATTCAGCT 3’
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Fig. 1. Cell viability of Caco2 cells after treatment with different concentrations of (A). 5-FU and (B). lycopene for 24 hrs as evaluated by MTT assay. Each value represents the
percentage of cells viability. Each value represents the mean SE + (n = 3), (*p < 0.05, **p < 0.01, ***p < 0.001) compared with control.
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tion. Afterwards, the cells were exposed to 5-FU (0.5, 1, 2, 4, 8,
16 pg/ml) and Lycopene (70, 100, 125, 175, 200 pg/ml) for 24
hrs. MTT reagent was added for 2 hrs at 37 °C, followed by shaking
for 15 min before absorbance measurement at 540 nm in a spec-
trophotometer (Synergy-H1; BioTek). ICso values were computed
using Origin software (Oka et al., 1992).

2.3. Natural Red Uptake (NRU) assay

According to Borenfreund and Puerner, (1985), 100 pl of the
medium at density 5 x 10° of cells were cultivated and incubated
for 24 h. The cells were exposed to 3 ng/ml of 5-FU, 60, 90, and
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120 pg/ml of lycopene, and the mixture of the 5-FU plus each dose
of lycopene was followed by a 24 hrs incubation. 200 p per well of
NRU dye was added, followed by incubation for 3 hrs at 37 °C. The
cells were then fixed with 100 pl of 0.5 g of CaCl2. Destain step was
carried out on a shaker for 15 min. OD was measured at 540 nm in
a microplate spectrophotometer (Ali et al., 2020).

2.4. Wound healing assay

Caco2 cells were seeded in a 12-well plate and incubated at
37 °C for 24 hrs. A long, straight scratch was made in the middle
of the well using a pipette tip. To evaluate cell migration ratio,

o
o
S

L120

5-FU+L 90 5-FU+L 120

Fig. 3. Caco2 cells were treated with 5-FU, L60, L90, L120, 5-FU + L 60, 5-FU + L 90, and 5-FU + L 120 for 24 hrs. (A1 and 2). Images were captured at 0 and 12, 24, and 36 hrs.
p < 0.001. vs control.

Magnification (20X). (B). Caco2 relative migration rate in wound-healing assays. ***
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Fig. 3 (continued)

the cells were exposed to 5-FU, 60, 90, and 120 pg/ml of lycopene,
and the mixture as before. Cell growth was measured under a
microscope connected with a digital MC-170 HD camera (Leica,
Germany) at O h, 12 h, 24 h, and 36 h. The gap was analyzed using
Image] WH-N]J macro software (NIH, SUA) (Al-Zharani et al., 2020;
Luanpitpong et al. 2010).

2.5. Mitochondrial Membrane Potential MMP (Aym)

The MMP assay was performed using JC-1 dye (Abcam CAS), as
described by Maqgsood et al., (2020). Cells were grown in a medium
and incubated as above. After 24 hrs, cells were exposed to 5-FU,
each dose of lycopene and the mixture as mentioned earlier. JC-1
was used to stain the cells for 20 min. For monomer JC-1, the
absorbance was measured at excitation: 475, emission: 530 nm
while the aggregate JC-1 was read at undamaged mitochondria at
excitation: 535, emission: 590 nm. Fluorescent images were ana-
lyzed under the confocal microscope (spinning disk, Zeiss, Ger-
many). Cells showed up green fluorescent indicates monomer JC-
1, in contrast, red fluorescent indicates aggregate JC-1.

2.6. TUNEL assay

Caco-2 cells were cultured on a slid cover in 6 wells plate and
incubated at 37 °C for 24 hrs. After that, the cells were treated with
drugs as above. This was followed by fixing with 1 % of
paraformaldehyde and then washing with PBS. Cells were incu-
bated in 70 % alcohol for 15 min, and then replaced with 51 pl of
DNA labeling solution for 1hr at 37 °C, then 10 pl of Propidium
Iodide/RNase staining buffer was added and incubated again for
30 min. Cells were washed with 1 ml of rinse buffer solution once
followed by PBS. Cells were visualized under a confocal microscope
(Spinning disk, Zeiss, Germany) (Almarzoug et al., 2020).

2.7. Annexin V-FTIC apoptosis staining and detection

Cells were cultured in a 6-well plate followed by incubation
under standard conditions. Cells were exposed to 5-FU and lyco-
pene as before. The medium was collected in a tube, and the cells
were collected and centrifugated at 1500 rpm for 12 min at 20 °C.
Cells were re-suspended with 500 pl of binding buffer with 5 pl of

each of Annexin V-FITC and Propidium Iodide PI. Cells were pro-
tected from light for 15 min and then quantified according to Al-
Salem et al. (2019).

2.8. Gene expression

RNA from treated cells was isolated using RNeasy Mini Kit (Cat
No. /ID: 74104). Purified RNA samples were used for synthesizing
the cDNA using cDNA kit (Thermofisher USA. Cat No0.00881457).
The efficiency of amplified PCR products was confirmed via 2 %
of agarose gel. To determine the presence of the target sequence
of apoptotic-related genes, RT-PCR was performed for Bcl2, Bax,
P53, Cas-3, 8, and 9 after 24 h exposure to drugs. Sequences of pri-
mers used in RT-PCR were tabled in Table 1. The accumulation of
amplification product is visualized with a fluorescence detector
(Go Taq qPCR Master Mix, SYBR® green). The fold expression of
the genes was calculated using the 2*- AACT method [where
ACT = Ct (target) - Ct (B- actin) and AACt = ACt (treated) - ACt
(Untreated)] (Peinnequin et al.,2004).

2.9. Statistical analysis

Obtained data were analyzed by one way of variance (ANOVA).
However, the significant P values were had determined as
#p < 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001.

3. Results
3.1. Cell viability

Growth inhibition and cytotoxic effect of tested compounds and
their mixtures were examined. Caco2 cells were treated with 5-FU
and with different concentrations of lycopene for 24 hrs. Fig. 1 A
and B revealed that both 5-FU and lycopene resulted in a dose-
dependent reduction in cell viability. A significant reduction in cell
viability was observed for 5-FU at concentrations <1 pg/ml and
150 pg/ml for lycopene. ICsq of 5-FU was 6.1 pg/ml, and lycopene
ICs0 was 183.7 pg/ml. Based on this, a lycopene concentration of
between 60 and 120 pg/ml that is not cytotoxic to the cell line
was used for subsequent combinational dosing.
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Fig. 4. Shows MMP test of Caco2 cells treated with each compound for 24 hrs as evaluated by JC-1. (A1). cells treated with lycopene doses. (A2). cells treated with 5-FU alone

and in combination with each dose of lycopene. Magnification (63X) and scale bar (20 pm). (B). The ratio of aggregate/monomer fluorescence intensity. Data are presented as
the mean + SD of three different experiments. *p < 0.05.
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Fig. 4 (continued)

3.2. Lycopene mitigates 5-FU-induced cytotoxicity

To confirm cell survival, an NRU test was used. The dye determi-
nes the viable cells that have intact membranes. The movement of
the lysosome enzymes to the outside of the cell due to membrane
damage is monitored by quantifying and evaluating the dye. Caco2
cell line was exposed to 3 pg/ml of 5-FU, (60, 90, 120 pig/ml of lyco-
pene), (mix of 5-FU with each of 60, 90, and 120 pg/ml of lycopene)
for 24 h. As illustrated in (Fig. 2), 5-FU promoted cytotoxicity com-
pared to lycopene doses alone. However, co-exposure of the cells to
a mixture of lycopene to 5-FU ameliorates the cytotoxic effect of 5-
FU for all mixture doses trialed. Interestingly, the mix of 5-FU with
60 pg/ml of lycopene significantly reduced the cytotoxic effect of
5-FU.

3.3. Caco2 cells migration

Cell migration was measured by wound healing assay. Caco2
cells were exposed to a dose of 5-FU and three doses of lycopene
either alone or together with 5-FU for 24 hrs. As shown in Fig. 3
A1, A2, and B, there was a significant decrease in the rate of cell
growth towards the generated gap. The reduced cell growth is
dose- and time-dependent and was observed for all the drugs in
comparison with the control cells. Contrastingly, treatment with
5-FU appeared to have very little effect on cell migration. This
was, however, different in cells treated with a mixture of lycopene
and 5-FU, where there was inhibition of migration in a dose-
dependent manner.

3.4. Membrane potential (Ayym)

Monitoring mitochondria membrane potential is used to ana-
lyze mitochondrial membrane potential changes and apoptosis
using two fluorescent dyes that stain healthy mitochondrion (high
MMP) with red fluoresces and damaged mitochondria (low MMP)
with green fluoresces. As illustrated in (Fig. 4A1, A2, and B) the
reduction in the ratio of JC-1 aggregate/monomer for cells treated
with L60,90,120 and M60,90,120 respectively but 5-FU had a sig-
nificant decrease after 24 h incubation. However, treatment with
L60,90,120 and M60,90,120 showed a decrease in MMP which indi-
cates the cells may be undergoing apoptosis. Interestingly, 5-FU
does not seem to influence the MMP. Lycopene alone, however,
induced a similar reduction in the MMP when compared with
the mixture doses of equivalent lycopene concentrations showing
that lycopene may be the inducer of reduced MMP.

Saudi Journal of Biological Sciences 29 (2022) 103392
3.5. Lycopene enhances 5-FU-induced apoptosis

To confirm apoptotic activation in the cells as shown in the
findings from the evaluated MMP, the TUNEL assay was employed
to evaluate degraded DNA in the exposed cells. As shown in
(Fig. 5A1, A2, and B), a significant increase in the proportion of
apoptotic cells was found after 24 hrs incubation with 5-FU, lyco-
pene 60, 90,120, and a mix of 5-FU + L90. Interestingly, co-
exposure to both lycopene and 5-FU resulted in higher DNA dam-
age when compared with cells exposed to either 5-FU or lycopene
alone.

3.6. Combinational treatment modulates apoptotic genes expression

Bax promotes apoptotic pathways to enhance apoptosis. Cur-
rent results showed that Bax gene was significantly upregulated
after exposure to 5-FU, 120 lycopene, mix 90, and mix 120 for 24
hrs. In contrast, lycopene 60 or 90 didn’t influence Bax gene expres-
sion. Furthermore, mix 90 significantly upregulated Bax expression
compared with 5-FU (Fig. 6). Unlike Bax, Bcl-2 is an anti-apoptotic
protein that works by inhibiting pro-apoptotic proteins. This study
found Bcl-2 was significantly upregulated after exposure to 120
lycopene, mix 60, Mix 90, and 5-FU. Interestingly, there was a
downregulation in Bcl-2 gene after exposure to mix 90 which
increases the Bax/Bcl-2. The action of Bax and Bcl2 is to eventually
activate Caspase activation where the cells should undergo apopto-
sis. On the contrary, exposure to lycopene 90, Mix 60, Mix 90, and
Mix 120 led to significant upregulation in Cas-9. Meanwhile, Cas-8
is involved in the extrinsic apoptotic pathway where activation of
Cas-3 is a result of activation of Cas-8. The results from our study
showed an upregulation in Cas-8 after incubation with Mix 120
only. Cas-3 is an executioner caspase with a more direct role in
apoptotic events. During apoptosis activation of Cas-8 and 9, fol-
lowed immediately with activation of Cas-3. Our data showed
upregulation in Cas-3 after exposure to lycopene 60, 90, and 120
for 24 hrs. However, a significant downregulation in Cas-3 was
measured for Mix 120. With the Bax and Bcl-2 gene expression,
mix 90 showed the highest Bax/Bcl-2 ratio in this treatment group,
and upregulation of Cas-3 and Cas-9 were observed. Furthermore,
mix 60 significantly downregulated Cas-3 expression compared
with 5-FU. p53 as a tumor suppressor gene triggers apoptosis when
DNA repair mechanisms fail by inhibiting the cell cycle progres-
sion. In this study, p53 was found to be significantly upregulated
after exposure to lycopene 90 and Mix 120 when compared to
the control untreated cells.

3.7. Annexin V-FTIC apoptosis staining and detection

Annexin V-FTIC and PI are used to detect the percentage of
apoptotic and necrotic cells. Flow cytometry analysis illustrated
that Caco2 cell exposure to 5-FU significantly increased apoptotic
cells. Furthermore, lycopene 120, Mix 60, Mix 90, and Mix 120 sim-
ilarly increased apoptosis in the cells compared to untreated cells.
In contrast, the percentage of necrotic cells was significantly higher
after exposure to Mix120, and lycopene 120. Thus, the mixture
induced more apoptosis compared to 5-FU (Fig. 7A and B).

4. Discussion

The most effective treatment for patients with late-stage of CC
the surgical removal of the tumor tissue followed by adjuvant
radiotherapy or chemotherapy to treat any leftover cancer cells.
Furthermore, patients with early-stage cancer may also need adju-
vant chemotherapy to enhance the primary chemotherapy. The
setback to conventional chemotherapeutics used in CC, especially



N.M. Alhoshani, N.S. Al-Johani, N. Alkeraishan et al. Saudi Journal of Biological Sciences 29 (2022) 103392

=
-

FITC- dUTP Merged

Control

L9

L 60

L 120

=~
—

FITC- dUTP

5-FU

5-FU-L 90

5-FU-L 120

5-FU-L60

Fig. 5. TUNEL assay results showed the apoptotic Caco2 cells after treatment with, (5A1). Three doses of lycopene. (5A2). 5-FU alone and in combination of three doses of
lycopene. Magnification (63X) and scale bar (20 pm). (5B). The percentage of apoptotic cells. Each value represents the mean SE * (n = 3), ("p < 0.05, **p < 0.01, ***p < 0.001).

5-FU, which is the first line of treatment of CC, is the development cancer-killing effect of 5-FU as well as suppress the side effects that
of resistance by cancer cells (Blondy et al., 2020). Thus, it is impor- may be associated. Few studies investigated the effect of the com-
tant to develop adjuvant chemotherapeutics that can enhance the bination of lycopene, sulforaphane, quercetin, and curcumin ingre-
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Fig. 5 (continued)

dients on daily diet (Qi et al., 2021). Another study was conducted
on different colon cancer cell lines such as; colon epithelial
(CCD841 CoTr and HT-29, LS174T) (Qi et al., 2021), but not Caco2
cell line that we have investigated. So, our novel finding is applying
different concentrations of lycopene combined with 5-FU.
Current research work evaluated the anticancer properties of
lycopene as an adjuvant therapy with 5-FU in the treatment of
CC using Caco2 cancer cell line. Our findings showed that 5-FU
induced cytotoxic which is consistent with that of several other
studies (Ikehata et al., 2014; Udofot et al., 2015; Eynali et al.,
2017). The cytotoxicity induced by 5-FU is often accompanied by
inflammation that is damaging to tissues. 5-FU induces gastroin-
testinal inflammation-causing intestinal damage at both local
and distal sites in an in vivo rat model (Soares et al., 2008; Soares
et al., 2013). In vitro, 5-FU induces a significant increase in levels
of hepatic triglyceride, which is accompanied by dysfunction of
mitochondria (MT) and elevates the level of fatty acyl-CoA oxidase
1 (ACOX1), which causes oxidative stress (Sommer et al., 2017).
Another study demonstrated that 5-FU and Oxaliplatin have differ-
ent effects on HCT116 and SW620 cell lines and their chemoresis-
tant sublines. Treatments with 5-FU and Oxaliplatin significantly
modulate protein levels of core-autophagy proteins ATG7 and

Saudi Journal of Biological Sciences 29 (2022) 103392

ATG12 (Zitkute et al., 222)). A combination of STH with 5-FU was
applied to treat colon cancer cells and could lead to fewer effective
doses and consequently lower side effects. The molecular mecha-
nisms were associated with the suppression of cell proliferative
markers and apoptosis induction (Afrin et al., 2021).

Lycopene is an antioxidant and also known to have an anti-
inflammatory property and has been reported to induce an anti-
cancer effect through the resolution of inflammation caused by
an azoxymethane-induced pre-neoplastic lesion, aberrant crypt
foci, and inflammatory biomarkers, COX-2 and iNOS (Sengupta
et al., 2006). Lycopene also promotes the antioxidant enzyme
activities of catalase, glutathione peroxidase, and SOD (Luo and
Wu, 2011). The activity of lycopene against inflammation may
mediate the toxic effects of 5-FU. While 5-FU induced a significant
level of apoptosis, we found higher induction of apoptosis and
necrosis in lycopene-only exposed cells compared to 5-FU. This
was further increased in combination treatment of 5-FU and lyco-
pene for all mixtures indicating the increase in both cell death
forms was due to lycopene exposure. This activity of lycopene on
apoptosis induction is in agreement with studies that showed lyco-
pene to induced necrosis and apoptosis in CC cell lines (Lin et al.,
2011; Huang et al., 2015). This enhancement might be because of
the antiinflammatory effect of lycopene.

Anticancer effects of lycopene have been previously attributed
to its anti-inflammation effects as it helps annul cancer-
promoting inflammation. Lycopene dose-dependently suppressed
IL-1B, IL-6, TNF-a, iNOS, and COX-2 gene expression in a human
CC cell line (Cha et al., 2017). The intrinsic apoptotic pathway
involves the release of cytochrome C from the MT leading to the
eventual activation of executioner caspases 3 and 7 (Yusuf et al,,
2018). We first investigated MMP to investigate the pathway of
apoptosis that is activated. We found lower MMP in cells exposed
to a combination of 5-FU and lycopene mixture containing lyco-
pene at 90 and 120 pg/ml. This indicates an unstable mitochon-
drial membrane, which is induced by pore formation of Bax on
the mitochondrial membrane. Bax is regulated by Bcl-2 binding
which prevents it from forming pores on the mitochondrial mem-
brane. As such, induction of apoptosis is determined by the ratio of
Bax to Bcl-2 in the cell (Yusuf and Casey, 2020; Al-Johani et al.,
2022). Higher Bax/Bcl-2 ratio promotes apoptosis and this was
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Fig. 6. Shows fold change in the expression of apoptosis-related genes in treated Caco2 cells analyzed by real-time PCR (qPCR). Caco2 cells were exposed to different doses of
lycopene, 5-FU, and mixture of 5-FU and Lycopene for 24 hrs. the measured genes were; Bcl-2, Bax, Cas-3, Cas-8, Cas-9, and p53 respectively. The results are presented as the
mean * SD of three different experiments. Data represents the mean + SE. n = 3, (*p < 0.05, **p < 0.01, ***p < 0.001 compared with control, #p < 0.05 compared with 5-FU.
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Fig. 7A. Shows flow cytometric analysis of Caco2 cells treated with each compound for 24 hrs. 1. Control, 2. L60, 3. L90, 4. L120, 5. 5-FU, 6. 5-FU + L60, 7. 5-FU + L90, 8. 5-

FU + L120.
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Fig. 7B. Shows flow cytometric analysis of Caco2 cells treated with each compound for 24 hrs. Data are presented as the mean * SD of three different experiments. *p < 0.05,

**p <0.01, ** p < 0.001 vs control.

reported in this research work, especially for the Mix 90 but not
with 5-FU. MT outer membrane permeabilization (MOMP) is
caused due to low MMP and this is a consequence of pore forma-
tion of Bax on the mitochondrial membrane allowing the release
of cytochrome C. DNA damage enhancing p53 to activate pro-
apoptotic genes such as Bax that induce releasing of cytochrome
C out of MT to initiate intrinsic pathway (Etti et al., 2017). Taken
together, the released cytochrome C is used in the building up of
the apoptosome complex and subsequent activation of Cas-9
which then activates Cas-3. Interestingly, cells treated with Mix
90 exhibited the highest expression of caspase 3 and 9. As such
lycopene seem to have triggered Bax expression in the mixture
subsequently resulting in activation of apoptotic events. Metasta-
sis causes about 90 % of cancer-related death and it is driven by
the ability of cancer cells to migrate from the primary growth site
to distal secondary sites (Seyfried and Huysentruyt, 2013).
Present data revealed that 5-FU treatment did not induce a sig-
nificant effect on cell migration. However, we found that exposure
to lycopene alone and its mixture dose-dependently inhibited the
cell migration. This is likely due to the induced apoptosis which
inhibits cell proliferation and eventual migration. Taken altogether,
it seems that lycopene sensitizes the cells to treatment with 5-FU
since there was slow mRNA transcription of apoptotic genes and
observed apoptosis, as well as unaffected cell proliferation and

migration by 5-FU alone, compared to the mixture containing
lycopene.

5. Conclusion and future work

We have shown here that lycopene sensitizes Caco2 cell lines to
5-FU by inducing the expression of apoptotic genes. This in addi-
tion, to the suppression of cytotoxicity and cell migration by lyco-
pene indicates lycopene is a promising candidate for adjuvant
therapy involving 5-FU in CC. While 5-FU still induced a cytotoxic
effect, there was a less pronounced effect on apoptosis and cell
migration which indicates the potential of the cancer cells to
metastasize. This highlights the need for adjunct therapy that can
be used to sensitize CC cells to conventional drugs such as 5-FU to
broaden its application and benefits to more patients. Future stud-
ies should investigate inflammatory markers and the mechanisms
of lycopene in animal models.

Authors’ contributions

Norah M. Alhoshani and Norah S. Al-Johani performed the cyto-
toxic and MMP assays. Norah M. Alhoshani and Saad Alkahtani
assessed the DNA damage. Norah M. Alhoshani measured the cell
migration. Saud Alarifi and Nora Alkeraishan analyzed flow cytom-



N.M. Alhoshani, N.S. Al-Johani, N. Alkeraishan et al.

etry data. Norah S. Al-Johani and Nora Alkeraishan performed RNA
isolation and cDNA synthesis. Norah M. Alhoshani and Saud Alarifi
measured the gene expression.

Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.

Acknowledgement

This work was funded by Researchers Supporting Project num-
ber (RSP-2021/26), King Saud University, Riyadh, Saudi Arabia.

References

Afrin, S., Giampieri, F., Cianciosi, D., Alvarez-Suarez, ].M., Bullon, B., Amici, A., Quiles,
J.L, Forbes-Hernandez, T.Y. Battino, M., 2021. Strawberry tree honey in
combination with 5-fluorouracil enhances chemosensitivity in human colon
adenocarcinoma cells. Food Chem. Toxicol. 156, 112484.

Ali, K., Saquib, Q., Ahmed, B., Siddiqui, M.A., Ahmad, J., Al-Shaeri, M., Al-Khedhairy,
A.A., Musarrat, J., 2020. Bio-functionalized CuO nanoparticles induced apoptotic
activities in human breast carcinoma cells and toxicity against Aspergillus
flavus: An in vitro approach. Process Biochem. 91, 387-397.

Al-Johani, Norah S., Al-Zharan, Mohammed, Almutairi, Bader, Aljarba, NadaH.,
Alhoshani, Norah M., Alkeraishan, Nora, Alarif, Saud, Ali, Daoud, Alkahtani, Saad,
2022. Protective effect of coenzyme-10 and piperine against
cyclophosphamide-induced cytotoxicity in human cancer HuH-7 cells. J. King
Saud Univ. - Sci. 34.

Almarzoug, M.H.A,, Ali, D., Alarifi, S.u., Alkahtani, S.a., Alhadheq, A.M., 2020.
Platinum nanoparticles induced genotoxicity and apoptotic activity in human
normal and cancer hepatic cells via oxidative stress- 39 mediated Bax/Bcl-2 and
caspase-3 expression. Environ. Toxicol., 1-12

Al-Salem, A.M., Saquib, Q., Siddiqui, M.A., Ahmad, J., Wahab, R., Al-Khedhairy, A.A.,
2019. Organophosphorus flame retardant (tricresyl phosphate) trigger
apoptosis in HepG2 cells: Transcriptomic evidence on activation of human
cancer pathways. Chemosphere 237 (2019), 124519.

Alyabsi, M., Algarni, M., Alshammari, K., 2021. Trends in Colorectal Cancer Incidence
Rates in Saudi Arabia (2001-2016) Using Saudi National Registry: Early- Versus
Late-Onset Disease, vol. 11. https://doi.org/10.3389/fonc.2021.730689.

Al-Zalabani, A., 2020. Preventability of colorectal cancer in Saudi Arabia: fraction of
cases attributable to modifiable risk factors in 2015-2040. Int. ]. Environ. Res.
Publ. Health 17 (1), 320.

Al-Zharani, M, Qurtam, A, Daoush, W, Eisa, M, Aljarba, H, Alkahtani, S, Nasr, F, 2020.
Antitumor effect of copper nanoparticles on human breast and colon
malignancies. Environmental Science and Pollution Research 1, 1587-1595.
https://doi.org/10.1007/s11356-020-09843-5.

Blondy, S., David, V., Verdier, M., Mathonnet, M., Perraud, A., Christou, N., 2020. 5-
Fluorouracil resistance mechanisms in colorectal cancer: From classical
pathways to promising processes. Cancer Sci. 111 (9), 3142-3154. https://doi.
org/10.1111/cas.14532.

Borenfreund, E., Puerner, ]J.A., 1985. A simple quantitative procedure using
monolayer cultures for cytotoxicity assays (HTD/NR-90). ]. Tissue Culture
Methods 9 (1), 7-9.

Cha, J.H., Kim, W.K,, Ha, AW, Kim, M.H., Chang, M J., 2017. Anti-inflammatory effect
of lycopene in SW480 human colorectal cancer cells. Nutr Res Pract 11 (2), 90—
96. https://doi.org/10.4162/nrp.2017.11.2.90.

Duran, G., Cruz, R, Simoes, A.R., Barros, F., Girdldez, ].M., Bernardez, B., Anido, U.,
Candamio, S., Lopez-Lépez, R., Carracedo, A., Lamas, M.J., 2020. Efficacy and
toxicity of adjuvant chemotherapy on colorectal cancer patients: how much
influence from the genetics? J. Chemother. 32 (6), 310-322.

Etti, I.C,, Rasedee, A., Hashim, N.M., Abdul, A.B., Kadir, A., Yeap, S.K., Waziri, P.,
Malami, I., Lim, K.L., Etti, CJ., 2017. Artonin E induces p53-independent G1
cell cycle arrest and apoptosis through ROS-mediated mitochondrial
pathway and livin suppression in MCF-7 cells. Drug Des. Develop. Ther.
11, 865-879.

Eynali, S., Khoei, S., Khoee, S., Esmaelbeygi, E., 2017. Evaluation of the cytotoxic
effects of hyperthermia and 5-fluorouracil-loaded magnetic nanoparticles on
human colon cancer cell line HT-29. Int. J. Hyperthermia 33 (3), 327-335.

Gao, G., Ge, R, Li, Y., Liu, S., 2019. Luteolin exhibits anti-breast cancer property
through up-regulating miR-203. Nanomed. Biotechnol. 47 (1), 3265-3271.

Ghadage, S., Mane, K., Agrawal, R., Pawar, V., 2019. Tomato lycopene: Potential
health benefits. Pharma Innov. J. 8 (6), 1245-1248.

Huang, R.F., Wei, Y,J., Inbaraj, B.S., Chen, B.H., 2015. Inhibition of colon cancer cell
growth by nanoemulsion carrying gold nanoparticles and lycopene. Int. J.
Nanomed. 10, 2823-2846.

Ikehata, M., Ogawa, M., Yamada, Y., Tanaka, S., Ueda, K., Iwakawa, S., 2014. Different
effects of epigenetic modifiers on the cytotoxicity induced by 5-fluorouracil,
irinotecan or oxaliplatin in colon cancer cells. Biol. Pharm. Bull. 37 (1), 67-73.

10

Saudi Journal of Biological Sciences 29 (2022) 103392

Lin, M.C.,, Wang, F.Y., Kuo, Y.H., Tang, F.Y., 2011. Cancer chemopreventive effects of
lycopene: suppression of MMP-7 expression and cell invasion in human colon
cancer cells. J. Agric. Food Chem. 59 (20), 11304-11318.

Luanpitpong, S., Talbott, SJ., Rojanasakul, Y., Nimmannit, U., Pongrakhananon, V.,
Wang, L., Chanvorachote, P., 2010. Regulation of lung cancer cell migration and
invasion by reactive oxygen species and caveolin-1. ]. Biol. Chem. 285 (50),
38832-38840.

Lund, C.M,, Nielsen, D., Dehlendorff, C., Christiansen, A.B., Renholt, F., Johansen, J.S.,
Vistisen, K.K., 2016. Efficacy and toxicity of adjuvant chemotherapy in elderly
patients with colorectal cancer: the ACCORE study. ESMO Open 1 (5), e000087.

Luo, C.,, Wu, X.G., 2011. Lycopene enhances antioxidant enzyme activities and
immunity function in N-methyl-N"-nitro-N-nitrosoguanidine-enduced gastric
cancer rats. Int. J. Mol. Sci. 12 (5), 3340-3351.

Moreau, M., Ibeh, U., Decosmo, K., Bih, N., Yasmin-Karim, S., Toyang, N., Lowe, H.,
Ngwa, W., 2020. Corrigendum: flavonoid derivative of cannabis demonstrates
therapeutic potential in preclinical models of metastatic pancreatic cancer.
Front. Oncol. 10.

Mosmann, T., 1983. Rapid colorimetric assay for cellular growth and survival:
application to proliferation and cytotoxicity assays. J. Immunol. Methods 65 (1-
2), 55-63.

Oka, M., Maeda, S., Koga, N., Kato, K., Saito, T., 1992. Modified colorimetric MTT
assay adapted for primary cultured hepatocytes: application to proliferation
and cytotoxic assay. Biosci. Biotechnol. Biochem. 56 (9), 1472-1473.

Opattova, A., Horak, J., Vodenkova, S., Kostovcikova, K., Cumova, A., Macinga, P.,
Galanova, N., Rejhova, A., Vodickova, L., Kozics, K., Turnovcova, K., Hucl, T., Sliva,
D., Vodicka, P., 2019. Ganoderma Lucidum induces oxidative DNA damage and
enhances the effect of 5-Fluorouracil in colorectal cancer in vitro and in vivo.
Mutat. Res. Genet. Toxicol. Environ. Mutagen. 845, 403065.

Peinnequin, A., Mouret, C., Birot, O., Alonso, A., Mathieu, ], Claren¢on, D., Agay, D.,
Chancerelle, Y., Multon, E., 2004. Rat pro-inflammatory cytokine and cytokine
related mRNA quantification by real-time polymerase chain reaction using
SYBR green. BMC Immunol. 5, 3.

Qi, W], Sheng, W.S., Peng, C.u., Xiaodong, M.a., Yao, T.Z., 2021. Investigating into
anti-cancer potential of lycopene: Molecular targets. Biomed. Pharmacother.
138, 111546.

Sahin, K., Yenice, E., Tuzcu, M., Orhan, C., Mizrak, C., Ozercan, L.H., Sahin, N., Yilmaz,
B., Bilir, B., Ozpolat, B., Kucuk, O., 2018. Lycopene protects against spontaneous
ovarian cancer formation in laying hens. J. Cancer Prevent. 23 (1), 25-36.

Sengupta, A., Ghosh, S., Das, RK., Bhattacharjee, S., Bhattacharya, S., 2006.
Chemopreventive potential of diallylsulfide, lycopene and theaflavin during
chemically induced colon carcinogenesis in rat colon through modulation of
cyclooxygenase-2 and inducible nitric oxide synthase pathways. Eur. J. Cancer
Prevent. 15 (4), 301-305.

Seyfried, T.N., Huysentruyt, L.C., 2013. On the origin of cancer metastasis. Crit. Rev.
Oncog. 18 (1-2), 43-73.

Siegel, R.L., Torre, L.A., Soerjomataram, L., Hayes, R.B., Bray, F., Weber, T.K., Jemal, A.,
2019. Global patterns and trends in colorectal cancer incidence in young adults.
Gut 68 (12), 2179-2185.

Soares, P.M.G., Mota, ].M.S.C., Gomes, A.S., Oliveira, R.B., Assreuy, A.M.S., Brito, G.A.
C.,, Santos, A.A., Ribeiro, R.A., Souza, M.H.L.P., 2008. Gastrointestinal dysmotility
in 5-fluorouracil-induced intestinal mucositis outlasts inflammatory process
resolution. Cancer Chemother. Pharmacol. 63 (1), 91-98.

Soares, P.M.G., Mota, J.M.S.C,, Souza, E.P., Justino, P.F.C., Franco, A.X., Cunha, F.Q.,
Ribeiro, R.A., Souza, M.H.L.P., 2013. Inflammatory intestinal damage induced by
5-fluorouracil requires IL-4. Cytokine 61 (1), 46-49.

Sommer, ]., Mahli, A., Freese, K., Schiergens, T.S., Kuecuekoktay, F.S., Teufel, A.,
Thasler, W.E., Miiller, M., Bosserhoff, AK., Hellerbrand, C., 2017. Analysis of
molecular mechanisms of 5-fluorouracil-induced steatosis and inflammation
in vitro and in mice. Oncotarget 8 (8), 13059-13072.

Soveri, L.M., Lamminmaki, A., Hanninen, U.A., Karhunen, M., Bono, P., Osterlund, P.,
2019. Long-term neuropathy and quality of life in colorectal cancer patients
treated with oxaliplatin containing adjuvant chemotherapy. Acta Oncol. 58 (4),
398-406.

Sung, H., Ferlay, ]., Siegel, R.L., Laversanne, M., Soerjomataram, I., Jemal, A., Bray, F.,
2021. Global cancer statistics 2020: GLOBOCAN estimates of incidence and
mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 71 (3),
209-249.

Udofot, O., Affram, K., Israel, B., Agyare, E., 2015. Cytotoxicity of 5-fluorouracil-
loaded pH-sensitive liposomal nanoparticles in colorectal cancer cell lines.
Integr Cancer Sci Ther. 2 (5), 245-252.

Xi, Y., Xu, P., 2021. Global colorectal cancer burden in 2020 and projections to 2040.
Transl. Oncol. 14 (10), 101174.

Xiang, B., Snook, A.E., Magee, M.S., Waldman, S.A., 2013. Colorectal cancer
immunotherapy. Discov. Med. 15 (84), 301-308.

Yusuf, A., Brophy, A., Gorey, B., Casey, A., 2018. Liposomal encapsulation of silver
nanoparticles enhances cytotoxicity and causes induction of reactive oxygen
species-independent apoptosis. J. Appl. Toxicol. 38 (5), 616-627.

Yusuf, A., Casey, A., 2020. Liposomal encapsulation of silver nanoparticles (AgNP)
improved nanoparticle uptake and induced redox imbalance to activate
caspase-dependent apoptosis. Apoptosis 25 (1-2), 120-134.

Zhang, F., Ma, C., 2019. Kaempferol suppresses human gastric cancer SNU-216 cell
proliferation, promotes cell autophagy, but has no influence on cell apoptosis.
Braz. ]. Med. Biol. Res. 52 (2), e7843.

Zitkute, V., Kukcinaviciute, E., Jonusiene, V., Starkuviene, V., Sasnauskiene, A., 2022.
Differential effects of 5-fluorouracil and oxaliplatin on autophagy in
chemoresistant colorectal cancer cells. ]. Cell. Biochem. 123 (6), 1103-1115.


http://refhub.elsevier.com/S1319-562X(22)00308-4/h0005
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0005
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0005
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0005
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0010
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0010
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0010
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0010
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0015
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0015
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0015
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0015
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0015
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0020
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0020
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0020
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0020
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0025
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0025
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0025
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0025
https://doi.org/10.3389/fonc.2021.730689
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0035
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0035
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0035
https://doi.org/10.1007/s11356-020-09843-5
https://doi.org/10.1111/cas.14532
https://doi.org/10.1111/cas.14532
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0045
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0045
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0045
https://doi.org/10.4162/nrp.2017.11.2.90
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0055
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0055
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0055
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0055
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0060
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0060
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0060
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0060
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0060
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0065
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0065
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0065
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0070
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0070
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0075
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0075
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0080
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0080
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0080
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0085
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0085
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0085
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0090
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0090
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0090
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0095
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0095
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0095
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0095
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0100
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0100
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0100
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0100
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0105
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0105
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0105
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0110
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0110
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0110
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0110
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0115
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0115
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0115
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0120
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0120
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0120
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0125
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0125
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0125
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0125
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0125
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0130
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0130
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0130
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0130
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0140
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0140
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0140
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0145
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0145
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0145
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0150
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0150
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0150
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0150
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0150
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0155
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0155
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0165
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0165
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0165
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0170
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0170
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0170
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0170
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0175
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0175
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0175
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0180
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0180
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0180
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0180
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0185
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0185
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0185
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0185
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0190
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0190
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0190
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0190
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0195
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0195
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0195
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0200
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0200
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0205
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0205
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0210
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0210
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0210
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0215
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0215
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0215
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0220
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0220
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0220
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0225
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0225
http://refhub.elsevier.com/S1319-562X(22)00308-4/h0225

	Effect of lycopene as an adjuvant therapy with 5-florouracil in human colon cancer
	1 Introduction
	2 Material and methods
	2.1 Cell culture
	2.2 MTT assay
	2.3 Natural Red Uptake (NRU) assay
	2.4 Wound healing assay
	2.5 Mitochondrial Membrane Potential MMP (Δψm)
	2.6 TUNEL assay
	2.7 Annexin V-FTIC apoptosis staining and detection
	2.8 Gene expression
	2.9 Statistical analysis

	3 Results
	3.1 Cell viability
	3.2 Lycopene mitigates 5-FU-induced cytotoxicity
	3.3 Caco2 cells migration
	3.4 Membrane potential (Δψm)
	3.5 Lycopene enhances 5-FU-induced apoptosis
	3.6 Combinational treatment modulates apoptotic genes expression
	3.7 Annexin V-FTIC apoptosis staining and detection

	4 Discussion
	5 Conclusion and future work
	Authors' contributions
	Declaration of Competing Interest
	Acknowledgement
	References


