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RESUMO

Os carotenodides sao amplamente distribuidos na natureza, encontrados principalmente
em frutas e legumes, dando origem a coloragdao amarela, laranja ou vermelha. Os
carotendides atuam como antioxidantes bioldgicos e parecem desempenhar um papel
importante na saude humana, protegendo células e tecidos dos efeitos nocivos dos
radicais livres e do oxigénio singlete. Entre todos os carotenoides da dieta, o licopeno e
o betacaroteno sao um dos antioxidantes mais potentes de ocorréncia natural e
abundante. Os carotendides tém caracteristicas estruturais e quimicas tnicas que
contribuem para propriedades biologicas especificas e atividades farmacoldgicas. O
potencial antioxidante dos carotendides pode ser responsavel por seus beneficios a
saude. Relata-se que o consumo alimentar de produtos ricos em licopeno e betacaroteno
estd associado a uma diminui¢ao do risco de cancer e doengas cronicas. Investigagoes
adicionais serdao necessarias para entender e avaliar o mecanismo pelo qual se provou
que o licopeno, o betacaroteno e seus metabdlitos possuem importantes atividades
bioldgicas e beneficios a saude. Este trabalho relata o entendimento atual do licopeno e
betacaroteno em relagdo ao seu papel na saide humana e na prevencao de varios tipos

de cancer, principalmente na hepatocarcinogénese.

Palavras-chave: carotendides; licopeno, (-caroteno; cancer de figado; compostos

bioativos



ABSTRACT

Carotenoids are widely distributed in nature, found in mainly vegetables and fruits,
due to which yellow, orange or red color coloration is observed. Carotenoids act as
biological antioxidants and seem to play an important role in human health by
protecting cells and tissues from the damaging effects of free radicals and singlet
oxygen. Among all the dietary carotenoids, lycopene and betacarotene is one of the
most potent naturally and abundantly occurring antioxidant. Carotenoids has unique
structural features and chemical features which contribute to specific biological
properties and harmacological activities. The antioxidant potential of carotenoids may
be esponsible for its associated health benefits. Dietary consumption of products rich in
lycopene and betacarotene are reported to be associated with a decreased risk of cancer
and chronic diseases. Further investigations will be required to understand and
evaluate mechanism whereby lycopene, betacarotene and its metabolites are proven to
possess important biological activities and health benefits. This review summarizes the
current understanding of lycopene and betacarotene with respect to its role in human

health and prevention of various cancer, mainly in hepatocarcinogenesis.

Keywords: carotenoids; lycopene; 3-carotene; liver cancer; bioactive compounds;
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O presente trabalho segue as normas da tese no formato de artigo definidos
pelo Programa de P6s Graduacao em Alimentos e Nutricio em 14 de maio
de 2019.

Assim esta tese, estd dividida em 4 capitulos:

I) Artigo de revisao bibliografica: “Effect of lycopene and betacarotene on

the prevention of liver cancer — A mini review”.

IT) Artigo original que contempla resultados e discussao dos
experimentos: “Lycopene inhibits hepatic stellate cell activation and modulates

cellular lipid storage and signaling”.

III) Artigo original que contempla resultados e discussao dos
experimentos: “Lycopene and Tomato Sauce Improve Hepatic and Cardiac Cell

Biomarkers in Rats”.

IV) Artigo Short Communication que contempla resultados e discussao dos
experimentos: “Effect of betacarotene and buriti juice on hepatic cells biomarkers in

rats fed with high-fat diet”.



INTRODUCAO GERAL

Nas ultimas décadas tém se percebido alteracdes no estilo de vida e nos padrdes e
comportamentos alimentares dos individuos. Hd um aumento no interesse em alimentos
ultra processados com alta densidade energética, ricos em sddio, agticar, conservantes e
gorduras, principalmente gordura saturada e trans e pobres em micronutrientes e fibras
(Suhett et al, 2019). Tais mudangas estao diretamente relacionadas com a elevada e crescente
prevaléncia de excesso de peso no pais, e com o perfil de morbi-mortalidade da populagao
por doengas cronicas nao transmissiveis (DCNT) (Neto et al, 2019). Esse comportamento esta
associado ao aumento do peso corporal, alteracoes metabdlicas, como inflamacao e estresse
oxidativo, além de danos celulares e doengas cronicas nao transmissiveis que envolvem
diferentes tecidos, como o figado (Wang et al, 2020; Bedé et al. 2020; Chooi et al, 2019).

Além da mudanga do padrdo alimentar atual da populagdo, podemos destacar
também a influéncia das “dietas em destaques”, como as cetogénicas, Low Carb ou Hight
Fat, onde as pessoas estdo consumindo uma dieta rica em gorduras (Rohit et al, 2019). A alta
ingestao dietética de gordura, principalmente de acidos graxos saturados, afeta diretamente
a integridade e func¢ao de diversos tecidos, principalmente o figado que pode ser agravado
com o consumo de &lcool (Charbonneau et al, 2007). Mais gordura ¢ armazenada e o
individuo avanga para a obesidade. A alta ingestao de gordura combinada com altos niveis
de estresse oxidativo resulta em aumento da carga de gordura hepatica no ambiente e niveis
reduzidos de antioxidantes, resultando em lipotoxicidade associado a um elevado nivel de
estresse oxidativo e reducao da defesa antioxidante do organismo (Sies et al., 2005; Jaeschke
et al, 2000). Dietas ricas em gordura saturada estimulam a sintese de citocinas pro-
inflamatdrias e o aumento das espécies reativas de oxigénio, estresse oxidativo e lesdo nas
células do tecido (Alegria-Ezquerra, 2008).

Nos hepatocitos, o estresse oxidativo e a peroxidacao lipidica promovem danos a
membrana plasmatica, tornando-a vulneravel a apoptose e favorecendo a resposta

inflamatdria no tecido e no organismo de maneira geral (Geraldo et al., 2008; Oliveira &



Schoffen 2010; Bucchieri et al, 2002).

Existem evidéncias demonstrando que a hepatocarcinogénese, em ratos e em
humanos, ¢ um processo de multiplos estdgios precedido pelo aparecimento de focos de
hepatdcitos alterados e nodulos hepaticos hiperplasicos, sendo estes considerados lesoes
pré-neoplasicas decorrentes de expansao clonal a partir de hepatocitos iniciados apos o
processo inflamatério (Sherman et al., 1983; Teebor & Becker, 1981; Peres et al, 2003). O
excedente metabdlico do consumo excessivo de calorias também pode elevar a sintese de
enzimas hepdticas, o que cria uma demanda excessiva no reticulo endoplasmatico (RE). Esse
excesso de demanda no RE leva a indugdo de respostas metabolicas mediadas por estresse
do ER, que foi associada ao desenvolvimento de cancer de figado (Hetz et al, 2012; Fu et al,
2012; Malhi and Kaufman, 2011). Nesse contexto, podemos relacionar a incidéncia de cancer
a fatores ambientais, sobretudo alimentares, predisposicao genética, obesidade, entre outros
fatores (Olthof et al, 2000)

Questoes relacionadas com o papel da dieta na prevengao do cancer e tratamento sao
destaques a cada ano, incluindo resultados de estudos envolvendo vdrios alimentos,
fitoquimicos e nutrientes; uso de abordagens complementares e alternativas para a
prevencao e para o tratamento; e dietas ideais para aqueles que desejam prevenir o cancer
ou a sua repeticao. Atualmente, tem sido dada grande atencao a estratégias preventivas e,
neste contexto, o uso de compostos bioativos presentes nos alimentos parece contribuir para
este processo por diferentes mecanismos de agao, os quais sdao anticancerigeno,
antioxidantes e anti-inflamatoria (Upadhyaya et al, 2007).

Uma intervencao no estilo de vida que inclui mudanga no comportamento alimentar
aliado a perda de peso, dieta saudavel e pratica regular de exercicios € um dos tratamentos
mais eficazes e seguros para diversas comorbidades e disfun¢des metabolicas associadas.
Evidéncias recentes destacaram os efeitos preventivos e terapéuticos de certos compostos
bioativos, especialmente aqueles ricos em carotendides. Segundo alguns autores, a atuagao

dos carotenoides parece inibir o desenvolvimento de certas etapas da carcinogénese, através



do mecanismo antioxidante, que previne o estresse oxidativo, desativando as moléculas
reativas de oxigénio singlete (Edge et al, 2018) ou pela acao direta antimutagénica,
prevenindo a mutacao celular. Ja foi evidenciado a agao dos carotenoides, principalmente o
licopeno e betacaroteno, na regulagdo das jungdes comunicantes, modificando a
comunicagao célula-célula, potencializando a resposta imune, na modulacao da expressao
do gene supressor tumoral ou inibindo o crescimento das linhas celulares tumorais (Zhang
et al, 2002). A agao dos carotenoides sobre células cancerigenas tém sido intensamente
estudada nas duas ultimas décadas, principalmente seu metabolismo e biotransformacao
(Teodoro et al., 2009). A capacidade de um composto de inibir a proliferacao das células
cancerigenas é muito desejavel. Em modelos experimentais distintos e na pratica clinica, esse
dois carotenoides tém sido amplamente estudados, no entanto, € pouco compreendido como
o licopeno, betacaroteno ou a sinergia desses dois carotenoides regulariam a biologia dessas
células. Modelos experimentais de hepatotoxicidade induzida pela dieta contribuiram para a
elucidacao da fisiopatologia de varias doengas hepdticas e também visam identificar e
avaliar possiveis agentes dietéticos hepatoprotetores (Elias et al, 2019; Jesuz et al, 2019).

Nesse contexto, ¢ importante estudar o possivel efeito da suplementagao de licopeno
e/ou betacaroteno isolados e na matriz alimentar sobre o figado atacadas por uma dieta rica
em gorduras, avaliando seu potencial de protegao das células hepaticas ou de efeitos anti-
proliferativo de células cancerigenas.

Assim esta tese dividida em 4 capitulos, apresentando 1 Artigo de revisao
bibliografica sobre licopeno e betacaroteno na prevencao de cancer de figado (“Effect of
lycopene and betacarotene on the prevention of liver cancer — A mini review”) e 3 Artigos
originais que contempla resultados e discussao do tratamento de carotenoides sobre
metabolismo hepatico in vivo e in vitro (“Lycopene inhibits hepatic stellate cell activation
and modulates cellular lipid storage and signaling”, “Lycopene and Tomato Sauce Improve
Hepatic and Cardiac Cell Biomarkers in Rats”, “Effect of betacarotene and buriti juice on

hepatic cells biomarkers in rats fed with high-fat diet”);
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ABSTRACT

Hepatic stellate cells are liver-specific perivascular cells, identified as the major source of collagen in liver
fibrosis, following their activation and conversion to myofibroblast-like cells. Lycopene is a carotenoid
with biological activities and protective effect described in different pathologies, but little is known about
its role in liver protection. We evaluated the influence of lycopene on cell cycle and lipid metabolism and
monitored the possible pathways involved in lycopene inhibition of stellate cells activation. Lycopene
induced expression of the lipocyte phenotype, with an accumulation of fat droplets in cytoplasm, with high
synthesis and turnover of phospholipids and triglycerides. Cell proliferation analysis showed that lycopene
reduced the growth of GRX cells. Lycopene induced an arrest in the Go/G; phase, followed by a decrease
of cells in Go/M phase, regardless of the concentration of lycopene used. Lycopene modulated relevant
signaling pathways related to cholesterol metabolism, cellular proliferation, and lipid metabolism. Also,
lycopene treatment increased the expression of RXR-a, RXR-B, and PPARY, important biomarkers of liver
regeneration. These results show that lycopene was able to negatively modulate events related to activation
of hepatic stellate cells through mechanisms that involve changes in expression of cellular lipid metabolism
factors, and suggest that this compound might provide a novel pharmacological approach for prevention

and treatment of fibrotic liver diseases.
Keywords: lycopene, hepatic stellate cells, bioactive compounds, liver
Total number of text figures: 5

Total number of tables: 3
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INTRODUCTION

The liver has long been described as the major site of metabolism and accumulation of carotenoids
and retinoids in the body. They are mostly found in lipid droplets of the hepatic stellate cells (HSCs), a
population of liver nonparenchymal cells, resident quiescent in the perisinusoidal Disse’s space. They are
specialized in storage, metabolism, and release of vitamins, hormones and endogenous and exogenous lipid
mediators. The HSCs represents the intracellular content of retinoids and carotenoids be very high. After
retinol is converted to retinoic acid, it can be released into the blood circulation by the HSCs [1]. The HSCs
may be directly or indirectly responsible for the maintenance of the circulating carotenoids homeostasis in
periods of a low dietary uptake through the production of the intracellular retinoic acid [2]. HSCs can also
uptake, store, isomerize and release into the blood circulation lycopene obtained from the alimentary
sources [3].

Besides the storage and redistribution of lipid compounds in the body, HSCs are also the significant
players of development and maintenance of hepatic fibrosis. The two activities required induction of HSCs
into different and opposed metabolic functions and behaviors. Hepatic fibrosis is a liver tissue response to
acute or chronic aggression. This is a response to products released by the injured tissues, mediated by the
locally produced or circulating compounds, inflammatory mediators and cytokines [4,5]. Upon tissue
injury, HSCs are activated and undergo transdifferentiation to myofibroblasts responsible for
overproduction of collagen-rich extracellular matrix [6]. This activation of quiescent HSCs is the major
component of hepatic fibrogenesis, including enhancement of proliferation and cell-specific
downmodulation of hepatic lipid metabolism. Moreover, activated HSCs also produce pro-inflammatory
mediators, which can enhance and further modulate the environment leading to hepatic fibrosis [7,8].

Controlling the degree of HSCs activation may have an antifibrotic protection effect for liver

fibrosis. Peroxisome proliferator-activated receptor y (PPARY), one of the PPAR isoforms, is highly



expressed in quiescent HSCs of the normal liver, but its expression and activity are dramatically decreased
during the HSC activation in vitro and in vivo [9]. Upon binding to cognate ligands, PPAR undergoes a
conformational change that releases the co-repressor, allowing its association to its mandatory pair, the X
receptor for retinoic acid (RXR). This heterodimer (PPAR:RXR) binds to peroxisome proliferator response
elements (PPRE), the specific DNA sequences in target gene promoters, leading to transcriptional
activation [10,11]. Being one of the major controllers of the retinoic acid availability, HSCs are one of the
major players in these events. However, the RXR can also bind the alternative ligands, including the
acyclic carotenoid-derived ones, such as lycopene. This raises the question of the potential consequences of
such alternative RXR ligands in HSCs, such as occurs upon lycopene supplementation. This question has
been addressed in the present study.

Oxidative stress-related injuries are the potential causes of liver tissue injuries that can lead to
hepatic fibrosis. Exogenous antioxidants, both synthetic and natural, have been used in alternative
therapeutic approaches for this pathology of liver [12,13]. Epidemiological studies have indicated that food
products that contain lycopene, the most potent antioxidant compound among carotenoids, have
chemopreventive effects against cancers and other diseases [14]. Lycopene is a bright red carotene, a non-
pro-vitamin A carotenoid is a highly unsaturated hydrocarbon containing eleven conjugated and two
unconjugated double bonds. Its biological effects in humans have been attributed to mechanisms different
from those mediated by the vitamin A, since lycopene lacks the B-ionone ring structure, and it cannot
produce the vitamin A in the body [15]. In recent studies, lycopene has shown a protective effect against
damage caused by oxidative stress causing liver toxicity, using a model induced by an overdose of
acetaminophen. It was observed that lycopene was able to reduce both lipid peroxidation and protein
carbonylation [13]. Moreover, it has been suggested that the normalization of liver function markers and

lowering of liver damage may be related to the protective effect of lycopene against non-alcoholic liver



disease [8]. Lycopene can thus have a double and complementary effect on the activation of HSCs,
underlying the evolution of liver fibrosis: lowering their activation level through modulation of the PPAR
signaling pathway and protecting the cells of the oxidative stress.

The present study has addressed the question of lycopene effect on metabolism and activation,
using an in vitro model of the murine GRX cell line representative of the murine HSCs. These cells are a
useful model to study lycopene metabolism since they represent the murine hepatic stellate cells, both in
their structural and metabolic properties [16,17,18]. Thus, the present study aimed to investigate the
lycopene and their influence on cell cycle, lipid metabolism and the possible pathways involved in

lycopene inhibition of activated stellate cells.

MATERIALS AND METHODS

Materials

All-trans lycopene was purchased from Sigma Chemical Company (St. Louis, MO, USA). Water-
soluble (WS) lycopene (10%) was provided by Roche (Rio de Janeiro, RJ, Brazil). Dulbecco’s cell culture
medium and bovine serum albumin were obtained from Sigma, and fetal bovine serum (FBS) from
Laborclin (Campinas, SP, Brazil). Tissue culture flasks and cell scrapers were obtained from Nunc

(Roskilde, Denmark). All the chemicals were of analytical grade.

Cell Culture and Treatment Protocol
GRX cells were obtained from the Rio de Janeiro Cell Bank (UFRJ, Rio de Janeiro), which
certified the cell identity and the absence of microbiological contaminants. GRX cells were plated in 25

cm? tissue culture flasks, 5x10° cells/flask, and maintained routinely in the Dulbecco’s medium



supplemented with 5% FBS and 2 g/L HEPES buffer, pH 7.4, under 5% CO, atmosphere. Under these
conditions, they expressed the myofibroblast phenotype. In order to induce the lipocyte phenotype, cells
(10* cells/cm?) were incubated for 10 days in the standard culture medium. The culture medium was
changed every 5 days and the incubated at different concentrations lycopene WS (1.0-5.0 uM lycopene
water soluble, Roche) dissolved in water at 50°C. All the solutions were prepared every day and studied in

the dark to maintain the lycopene stability.

Cell Viability Assay

GRX cells (5 x 10° cells/seed) were seeded in 96-well plates, and after 24 hours they were incubated with
different concentrations of lycopene ranging from 0.625-5.0 uM lycopene. The supernatant was removed
every 2 to 3 days, cells were incubated it in the standard culture medium, and 10 uL of MTT (5 pg/mL)
were added to each well, leaving the cells in the dark for two hours at 37°C. After incubation, the
supernatant was discarded, and the precipitate dissolved in 150 pL dimethyl-sulfoxide. The plates were
read in an enzyme-linked immunosorbent micro-plate reader (BioRad 2550, USA) at 570 nm. Cell viability
was determined by MTT assay (Amresco, USA). The lycopene concentrations used in this work are by

previous reports.

Cell Cycle Analysis

Cells were rinsed briefly with Ca-Mg free phosphate-buffered saline (PBS) and detached with
trypsin at room temperature. After centrifugation, the cells were washed twice with PBS, 1x10° cells were
resuspended in 1.0 mL ice-cold VindeLov solution, containing 0.1% Triton X-100, 0.1% citrate buffer, 0.1
mg/ml RNase and 50 pg/mL propidium iodide (Sigma Chemical Co., St. Louis, MO). After 15 minutes of

incubation, the cell suspension was analyzed for DNA content by flow cytometry using a FACSCalibur



flow cytometer (Becton Dickinson, Mountain View, CA). The relative proportions of cells containing the
diploid DNA in GO-G1 (2n), S phase (>2n but <4n), and G2/M phase (4n) were acquired and analyzed
using CellQuest and WinMDI 2.9, respectively. The percentage of cell population at a particular phase was
estimated with EXPO32 V1.2 Analysis software. The cell dissociation procedure does not affect

fluorescence under the used experimental conditions.

Incorporation of [““C]-acetate and lipids analysis

All the cells were incubated with 0.25 pCi/mL [*C]-acetate in 2.5 mL DMEM without serum for
24 hours, on the last days of incubation period with lycopene (5 and 10 days). The radioactive medium was
removed, the monolayer washed with BSS-CM. The cells were collected, and centrifugation separated
fractioned in fat droplets. The lipids were extracted from the fat droplets and from other cell fractions.
Chloroform was evaporated under a nitrogen atmosphere, and the radioactive lipids were analyzed by Thin
Layer Chromatography (TLC). Lipids were separated and identified by migration patterns using
hexane:ethyl ether:acetic acid (80:20:1, v/v/v) as the mobile phase. The TLC plate was imaged and the

incorporation of acetate (%) was quantified by densitometry.

Microarray analyses: cRNA amplification, labeling and hybridization, and cDNA microarray

Cells were incubated with 3,0 uM lycopene and all RNA was extracted from cells using Trizol
followed by the RNA extraction kit for its purification (RNeasy Quiagen). The cells were centrifuged to
remove the culture medium and subsequently lysed with guanidine isothiocyanate for inactivation of
RNAses. After adding 70% ethanol, the sample was applied to the extraction column or silica membrane
mini spin RNeasy and subjected to successive centrifugations. The RNA was eluted with 30 or 50 pL of

ultra-pure water free of RNAses and stored at -70°C.



The concentration and purity of the extracted RNA were monitored by spectrophotometry of 2 pL
sample in the Nanodrop ND-1000. The quality and integrity of the extracted RNA were assessed by
electrophoresis in agarose gel marked with ethidium bromide, and by electrophoresis in 2% agarose gel
with Tris-Borate (TBE). The quantity of RNA was related to the number of cells. The degree of purity,
determined by the ratio of the lengths 260nm/280nm, remained within the threshold between 1.8 and 2.0,
indicating the absence of DNA or protein contaminants. The total RNA was characterized by
electrophoresis, by the presence of the two bands for ribosomal RNA fractions 28s and 18s.

The cDNA synthesis, sample markup, and hybridization in DNA Microarrays blades (GeneChip®
1.0 HumanGene ST) were done according to the standard Affymetrix Protocol WT Analysis. The
procedure consists of RNA marking where the total RNA samples were submitted to the reverse
transcription reaction for the synthesis of cDNA, adding oligo dT and T7-primers and random primers,
followed by an in vitro transcription reaction (IVT), a new cDNA synthesis with random primers, with
fragmentation and UGD APE and "labeling™ or marking with biotin terminal via TdT (transferase).

The marked cRNA, the hybridization cocktail, probes and controls containing fluorescent marker
phycoerythrin were introduced in the DNA chips and, after incubation and washing steps, were read by a

suitable scanner, providing the first experimental data defined by the intensity of the detected signals.

Analysis of gene expression.

Primary analysis of expression data was performed in the laboratory computers microarrays using
GeneChip operating software AFLP® Operating Software (GCOS 1.4) and Expression Console ® 1.1 for
correction of noise and quality analysis. The algorithm used in this analysis is known as RMA (Statistical
Algorithm) Detection Call (a qualitative measure that indicates whether the transcript is detected,

undetected or marginal) for each set. The secondary analyses of the difference of expression (Fold Change)



were made with the use of standardization and statistics software Bioconductor Lawson.

For each gene, the ratio of signal intensities was calculated and transformed using differentially
expressed genes (SDS) common to two different statistical methods (Limma and RankProd, both with
p<0.05). The biological pathways identified by the Ingenuity program show the SDRs with red and green
colors, with red genes with increased expression and green being reduced. In addition, the colors are
presented with different gradients, that is, the redder more expressive, the less red less expressive, the same
way for the green color.

This software also provides normalization methods and the data of an array were normalized by a
global lowess method, based on the local estimation of intensities and a regression calculation weighted
toward similar spots. All these normalization steps were represented in Box plots which show averaged
ratio of each slide before and after lowess within-array normalization. The t-test clustered significant

genes.

Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR)

Cells were harvested after 5 and 10 days of treatment with 1, 3 or 5 uM lycopene. GRX cells were
washed with BSS CMF, detached with trypsin and counted. To the volume equivalent of 1x106 cells, 1 mL
Trizol (Gibco) was added and, after homogenization, 200 uL chloroform was added. The RNA was
separated following the manufacturer's protocol, and total RNAs was quantified using spectrophotometry.
cDNA was synthesized from 3 pg of the total RNA, added 0.5 mg of oligo-(dT) 12-18 and 200 units MLV
(reverse transcriptase) (both from Gibco). After 60 min of incubation at 37°C, we raised the temperature to
95°C for 5 minutes and added water (4°C) until the volume of 100 pL.

The PCR reactions were carried with 2.5 uL. cDNA, 0.5 U Taq polymerase, 1.5 mM MgClI2, 0.5 uL

dNTP (10mM) and 0.1 ug of the sense and antisense of each primer (Table 1). The annealing temperature



and the number of cycles of amplification reactions varied according to the primer pair were made on the
following the manufacturer's specifications. After electrophoresis, the gel was incubated in ethidium
bromide solution and analyzed by transillumination (UV), with quantification of the bands by densitometry
using the program Image Master VDS, with correction of the bands by the expression of a-actin in the

same sample as described by Sun et al.[19].

Table 1. Primer sequences for the reverse transcription-quantitative polymerase chain reaction.

. Annealing Size of the PCR
Primer Sense temperature
C) product (pb)
Cx 43 5 ATCCAGTGGTACATCTATGG 3 58 593
5 CTGCTGGCTCTGCTGGAAGG 3
PPARY 5TTTTCAAGGGTGCCAGTTTC 3’ 58 501
5TCTGTGACGATCTGCCTGAG 3
RARG 5 GCTTAACCAAAGGACGGATTCTTGG 3 52 425
5CGGTGTGCTGTAACCACTGACTGG &
RXRa 5 ACCCAGGTGAACTCTTCGTCCC 3 52 694
5 CGGCTTCCAGAATCTTCTCTACAGG 3
RXRP 5TTCTCCTCCTGGCCCACCTCTTACC 3 52 796
5 CCGCAGCAGTATGACCTGATCGTCC &
PPARY 5:CCTCATGAAGAGCCTTCCAA 3’, 55 177
STTTTTGTGGATCCGACAGTTT 3
O-actin 5GTGGGCCGCTCTAGGCACCA ¥ 58 560

5CTCTTTCATGTCACGCACGATTTC 3’

Statistical Analysis
The presented data are mean values £ SD of two independent experiments done in triplicate (n=6).
Statistical comparisons were carried out by ANOVA and post hoc Tukey’s test using Graph Pad Prism 4.0
and Statistical 6.0 program. All p<0.05 values were considered statistically significant.
The data were normalized with the RMA method, available in program R.
We searched for the higher stringency of the analyzes using differentially expressed genes (SDS) common

to two different statistical methods (Limma and RankProd), both with p-value <0.05; In this case there are



no significant values of p due to the number of samples. We used the 67 SDRs common to the Limma and

RankProd methods.

RESULTS
Phenotype conversion of GRX
As described previously [3], under standard culture conditions, GRX cells formed monolayers and had
a fibroblastoid morphology corresponding to the activated stellate cells in hepatic tissue (Figure 1A and
1B). Lycopene induced expression of the lipocyte phenotype accumulating fat droplets in their cytoplasm.
Similar to other models, induction of lipid storage was not synchronized, and groups of cells with the
typical lipocyte phenotype were present with cells that had just begun accumulation of lipid droplets. After
10 days, most of the cells reached the typical lipocyte phenotype (Figure 1C). The lipid nature of cell

inclusions could be demonstrated by their affinity for the dye Oil Red O (Figure 1D).

Fig 1. GRX cells in the standard culture medium (A) and incubated with Lycopene 10% WS (C) for
10 days and after staining with oil-red (B and D respectively.

Acetate incorporation into GRX cell lipids

GRX cells were supplemented with lycopene for 5 and 10 days and were incubated with labeled
acetate in the last days of culture. The cells were then fractionated; lipid droplets and other fractions were
separated, and the incorporation of acetate was analyzed by TLC. GRX cells incorporated the labeled
acetate into lipids indicting their synthesis and turnover (Table 2). The high total labeling of phospholipids
indicated their high synthesis and turnover, particularly in the membranes, where it nearly doubled with the

induction of the fat storing phenotype in cells at 10 days. The increased acetate incorporation into



triglycerides located in the cytoplasm, followed by the expected segregation into the droplets, indicated
that the net syntheses of triglycerides were induced by lycopene to attend this new demand. The presence
of labeled free fatty acids in droplets probably indicates that lipid transfer from the cytoplasm to droplets

was similar to the formation of fatty droplets in adipocytes, mediated by acyl-transferases.

Table 2. Cell fractionation and composition of lipid droplets of GRX cells incubated with 3uM lycopene
for 5 and 10 days.

Lipid

Total Membrane Cytoplasm Nucleus droplets

Incorporation (%o)
Incubation time 5 10 5 10 5 10 5 10 10
(days)

Fosfolipids 62,99 66,84 47,01 8503 31,30 31,74 64,24 4577 64,94
Monoacylglycerol 0,74 ND 4,01 ND 4,2 ND 222 ND ND
Diacylglycerol 254 134 242 116 11,74 ND 1,28 251 ND

Triacylglycerol 811 1758 3,62 128 2228 43,62 14,08 17,43 26,65
Cholesterol 781 2,74 2580 6,18 6,61 260 481 466 ND
Free fatty acid 683 362 1081 367 1944 219 515 10,23 5,25

Cell Proliferation and Cell Cycle of GRX Cells

Cell proliferation analysis showed that lycopene, from 48 hours on, was able to reduce the growth
of GRX cells (Figure 2). Within two days, all cells incubated with different concentrations of lycopene
grew 50 to 75% when compared to cells not incubated with lycopene, except the cells incubated with 0.5
uM of lycopene (Figure 2A). After five days of treatment, all cells incubated with different concentrations
of lycopene obtained a reduction of growth by 25%. After seven days of lycopene incubation, the cell
growth profile showed no statistically significant differences (Figure 2C), being constant after 10 days of

incubation (data not shown).



Fig 2. Growth profile of GRX cells incubated with different concentrations of lycopene (0.625-20uM)
1;%r.025;1.ays (A), 5days (B) and 7 days (C). Columns without common letters are statistically different (p

GRX cells were incubated with lycopene (1.0-5.0 uM) for 2 to 7 days after the period of cell cycle
analysis was performed. According to the Figure 3A, after 2 days incubation with lycopene, the fraction of
GRX cells in GO/G1 phase increased, followed by a decrease of cells in the G2/M phase, regardless of the
concentration of lycopene used (p>0.05). This fact showed that there was an increase in intracellular
lycopene content at the beginning of the formation of lipocyte phenotype. After 10 days of incubation, the

cell cycle was noRlized again, with no significant difference between the GRX cells incubated with

lycopene and the control ones (p>0.05) (Figure 3B).

Fig 3. Cell Cycle of untreated GRX cells (CT) and treated with lycopene (1-5uM) for 2 (A) and 7
days (B). The results are expressed as mean + standard deviation and compared by Tukey test (* p <0.05).
Gene expression of lipocyte phenotype

GRX cells were incubated in the presence and absence of lycopene for 10 days and then analyzed
for possible expression of genes involved in the formation of lipid droplets.

Cells incubated with different concentrations of lycopene (1.0-5.0 uM) showed an increased
expression of RXR-a, RXR-, and PPARYy as compared to controls (Figure 4A-C). No change was detected
in the expression of RAR as compared to the untreated groups of cells incubated with lycopene (Figure 4D-

E).

Fig 4. Analysis by RT-PCR of untreated GRX cells (CT) and incubated with lycopene (1-5pM) and
nuclear receptor expression RXR-a (A), RXR-p (?), PPAR-y (C), connexin 43 (D) and RAR (E). The
results are expressed as mean * standard deviation ( p <0.05).



Microarray analysis

The differentially expressed genes from the above analyses of Limma e Rank Prod discriminations
categorized 67 genes and select 4 genes with a higher statistical difference (Table 3 and Figure 5). All these
genes are involved in the metabolism of retinoic acid, but little is known about their activation through
lycopene that has not the pro-vitamin A activity. We observed up-regulation of cellular growth and
proliferation genes such as HLA-DPB1. Cell cycle-related genes were also modulated by lycopene

treatment, with up-regulation of RGL2, C2 and CCHCR1 (Table 3).

Table 3. Top Bio Functions modified by lycopene in GRX cells by microarray analysis

Gene — DEG Bio Function Fold increase
C2 Cholesterol metabolism 8.215
HLA-DPB1 Cellular growth and proliferation 3.907

Lipid metabolism
CCHCR1 Small Molecule Biochemistry 3.244
Endocrine System Development and Function

Cellular growth and proliferation
RGL2 Cell Cycle 2.530
Genetic Disorder

Fig 5. Pathways and mechanisms of activation of lycopene in hepatic stellate cells. Red genes are
activated by lycopene.



DISCUSSION

This study has described the several prominent sets of information on lycopene in the context of
protection and modification of the hepatic stellate cell (HSC) phenotype. Studies suggest that HSCs are the
primary source of ECM in liver injury [20,21]. During the progression of liver fibrosis, their proliferation
plays a major role in ECM production extremely rich in collagen leads to scar deposition and liver fibrosis.
HSCs are activated and transdifferentiated to myofibroblasts that typically express a-smooth muscle actin
(a-SMA) and results in overproduction of the extracellular matrix (ECM) [22,23].

HSCs proliferation is a key step during the fibrogenic process [24,25]. Studies suggest having
shown that lycopene can reduce the growth of different cancer cells [26—29]. In the present study, lycopene
was able to reduce the growth of GRX cells and phenotype modification. Depending upon the way and the
dose of lycopene administration, it may alter proliferation and production of cell cycle-regulatory proteins.
[30,31]. Our results showed no influence of the concentration of lycopene used on cell cycle of GRX cells.
The lycopene deposited in plasma, liver, and other tissues had no adverse effects, and no teratogenic effects
were observed in rat studies [32,33].

We observed that lycopene induced an increase of cells in the GO/G1 phase after 2 days of
incubation, followed by a decrease of cells in the G2/M phase. Palozza et al. [26] suggested that lycopene
blocked the G1/S phase of the cell cycle, and the possible targets of this block could be the cyclin D1 and
inhibitors of the cell cycle. It has been demonstrated that lycopene induced a G1/S cell cycle reduction,
expressed by the upregulation of the cyclin A and p27 and downregulation of cyclins E and D1
[30,34,35,36]. Lycopene can induce cell cycle arrest at different stages in different human cancer cells
[26,27,30,35-37].

During HSC conversion to the lipocyte phenotype, a reduction of GRX growth and induction of cell

cycle arrest was observed, modifying the lipid composition and metabolism. A resting phenotype induction



mediated by lycopene can have a protective role in liver pathologies that cause fibrosis. At the same time,
induction of the myofibroblasts phenotype with loss of lipid droplets can reduce the storage capacity of the
lycopene in hepatic stellate cells.

The overall pattern of lipid accumulation was comparable to that observed by Martucci et al. [2],
where triacylglycerols and free fatty acids were the major components of lipid droplets in GRX cells. This
accumulation was accompanied by a significant change in lipid content of cell membranes, with an
increase of phospholipids and a decrease in membrane cholesterol. These changes turn the membrane more
fluid, ensuring greater mobility for rotations, and promoting greater protection against oxidation [38]. In
addition, there was a decrease in the percentage of incorporation of mono and diglycerides and free fatty
acid, both in total content and in cell fractions, but this was not observed in the nucleus.

Microarray technology provides a genomic approach to explore the markers and molecular
mechanisms leading to hepatic fibrosis [39]. Accordingly, we used cDNA microarray analysis to detect the
up-regulated genes associated with modification of HSC activation. Such analyses have already revealed
roles in selected gene products in cell developmental and physiological functions. The activated pathways
often involve retinoic acid, and we decided to test here its functional analog, the lycopene.

Microarray analysis identified many differentially expressed genes that are important in the cell cycle,
cellular growth and proliferation and lipid metabolism. To confirm these results and determine the effects
of lycopene on pathways other than those specifically involved in HSC, we performed a genome analysis
using lycopene on GRX cells. Lycopene treatment modified the expression of 67 DEGS, but only 3 genes
with statistical difference. Modification of some of these genes has been reported recently. We observed
up-regulation of cellular growth and proliferation genes such as HLA-DPB1 and RGL2. Recent genome-
wide studies have demonstrated that HLA-DPB1 gene may play an essential role on RNA expression and

progression of HCV and HBYV virus-related liver diseases [40,41]. The C2 protein plays a relevant role in



the regulation of intracellular cholesterol homeostasis by binding with free cholesterol, and this protein
affects free cholesterol metabolism and regulates the HSCs activation [42].

The mechanisms of HSC activation are crucial for the understanding of liver fibrogenesis.
Cytokines promote activation from Kupffer cells and platelets, among which TGF-beta is of great
importance. It stimulates the HSC gene expression of ECM molecules, but inhibits proliferation and
induces phenotypic transdifferentiation [43]. Previous studies demonstrated that the acyclic retinoic acid
equivalent might be a possible metabolite of lycopene that induces apoptosis and regression of cell cycle.
Activation of the retinoic acid signaling pathway could be involved in the activation of HSC. Lycopene has
not the provitamin A activity, but it can form an acyclic retinoic acid equivalent, able to interact with the
nuclear receptor of retinoic acid (RAR) [44].

Depletion of PPARy accompanies liver fibrosis and cirrhosis, in which activation of hepatic stellate
cells occurs with a-actin expression, loss of the fat droplets, reduction of retinol content, increase in cell
proliferation and increase in extracellular matrix production. These processes can be reversed with the
restoration of PPARYy expression [45].

PPARs are transcription factors that belong to the superfamily of nuclear receptors, which regulate
expression of a large number of genes involved in biological processes, including energy and lipid
metabolism, in response to environmental and dietary changes. PPARs belong to the type Il family of
nuclear receptors (NR), a group that encompasses non-steroid NRs that form obligate heterodimers with
RXR. These heterodimeric receptors have functional domains for DNA and ligand binding. PPARs bind to
recognition sequences in the promoter regions of their target genes and act directly to regulate gene
transcription. [46,47].

The RXR also has an antifibrogenic protective effect on the liver. PPARY/RXR heterodimers regulate

transcription of genes involved in insulin action, adipocyte differentiation, lipid metabolism,



neurodegenerative disorders, cancer and inflammation [48]. PPARYy activators include prostanoids, fatty
acids, thiazolidinediones and N-(2-benzoylphenyl) tyrosine analogs. RXR ligands include naturally
occurring retinoic acid and synthetic retinoids. Specific ligands for RXR and PPAR receptors increase
metabolic abnormalities associated with type 2 diabetes, obesity, and other cardiovascular risk factors.
Although adipose tissue mediated some of the effects of PPARY/RXR ligands, other tissues also regulate
the effects of these receptors. The activity of the PPARY/RXR heterodimer is influenced by
posttranslational modifications, receptor turnover, polymorphisms, splice variants, coactivators and
corepressors [49].

In human breast cancer cell lines on established in vitro, the RXR-selective ligand potentiates the
antiproliferative and apoptotic responses of PPAR ligands. The molecular mechanisms regulating these
effects are currently unclear [50]. PPAR and RXR ligands have been shown to differentially recruit subsets
of transcriptional coactivator proteins to the receptor complex [51]. Combinations of these ligands may
result in additional coactivator recruitment, leading to enhanced transcriptional activation and cellular
effects.

In our study, GRX cells incubated with lycopene augmented their expression of RXR-a, RXR-j,
and PPARy. PPAR signaling pathway appears to have been activated with the increased expression of
PPAR and RXR, forming dimers in cells incubated with lycopene. Yang et al. [28] reported that lycopene
increases expression of PPARy and RXRa, a direct target gene for the PPARy:RXR heterodimer.

Jun Wei [52] examined the regulation of HSC biology through a mechanism involved in the
antifibrotic effect of PPAR, including the effect of endogenous PPAR on hepatic fibrosis. An increase in
PPAR expression in quiescent primary HSC and PPAR depletion in culture-activated HSC was reported.
Quiescent HSCs express adipocyte-specific genes, under the control of adipogenic transcription factor

PPAR. Adipogenic transcriptional regulation by PPAR is thus required for the maintenance of the



quiescent HSC phenotype [53,54].

CONCLUSION

Our results indicate that lycopene induced a lipocyte phenotype in hepatic stellate cells, promoted cell
cycle arrest in Go/G; phase and decreased cell viability. During this process, there is an accumulation of
lycopene in the cell membrane, with modification of membrane lipids. Also, we demonstrated that
lycopene supplementation modulates molecular pathways by affecting the expression of cell cycle-related
genes, cellular growth, proliferation and lipid metabolism probably by transcription activation of PPARy
and RXR. Taken together, the present data suggest possible protective mechanism mediated by lycopene

hepatic stellate cells.
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ABSTRACT

This study evaluated the effect of tomato sauce and lycopene on hepatic and cardiac cells biomarkers in
rats fed with high-fat diet. Animals were split into five groups: control (CG), high-fat (HG), high-fat
tomato sauce (TG), high-fat lycopene 2 mg (L2G), and high-fat lycopene 4 mg (L4G). Food and water
were offered ad libitum, while tomato source and lycopene (2 and 4 mg/day) were offered daily for 60
days. Body weight, heart weight, liver weight, cardiosomatic index, hepatosomatic index, and serum
parameters were analyzed in rats. The animals' hearts and liver were processed, and cells were examined
by flow cytometry. The groups that receiving tomato sauce and lycopene had lower glycemia. The serum
concentration of HDL-cholesterol, hepatic enzymes, and TNF-a did not alter upon the treatments. Tomato
sauce and lycopene supplementation avoided the increase in IL-1p induced by the high-fat diet. Cell cycle
analysis of cardiac and liver cells showed a lower percentage of cells in the Go/G; phase and an increase in
the G,/M phase in HG., Both lycopene and tomato sauce reversed this effect. Both treatments avoided
cardiac and liver cell death changes by the high-fat diet. Supplementation of tomato sauce and lycopene
has a beneficial effect on cardiac and liver cells metabolism. So, we suggest it as a nutritional approach for

the prevention and treatment of cardiovascular diseases and non-alcoholic hepatic steatosis.

Keywords: apoptosis; carotenoids; cell cycle; high-fat diet; inflammation.



INTRODUCTION

Obesity is a risk factor for various chronic diseases, the metabolic defects of obesity and type 2 diabetes,
characterized by fatty liver disease, insulin resistance, and dyslipidemia, lead to an increased risk of
cardiovascular disease and cancer™?

Although diagnosed worldwide, it has variations in prevalence, reaching about 20 to 30% in western
countries. In the United States, a country where ¥4 of the adult population is obese, the disease affects more
than % of these individuals. It is estimated that 2-3% of the population presents hepatic steatosis® The
consumption of diets rich in saturated fat is linked to the synthesis of pro-inflammatory cytokines, the
increase of reactive oxygen species and the development of oxidative stress, and damages in several
biomolecules. It is also a predisposing factor to the development of a variety of chronic diseases such as
obesity, cognitive dysfunction, diabetes, and cancer*>®". Thus, a high-fat diet has a central role to the
development of oxidative events, as occurs in hepatic steatosis and atherosclerosis. Fatty liver is associated

1011 Bioactive

with several atherosclerotic risk factors such as hypertension, diabetes and dyslipidemia
compounds supplements are a potential disease-preventing or health-promoting to be taken daily*2.
Bioactive compounds are substances discovered from natural sources capable of retarding or inhibiting the
oxidation rates and can be produced endogenously or absorbed through the foods in the diet******. Some
authors show an inverse relationship between the consumption of carotenoid-rich foods and the risk of
diseases induced by oxidative stress®o1"18,

Lycopene protects against many types of diseases. Mainly due to its antioxidative effects, lipid-
regulating enzyme activities, adipocyte differentiation and improve the plasma lipid profile in rats fed with
a high-fat diet*2. Previous studies have linked the high intake of tomatoes products or lycopene with lower

risk for metabolic diseases, protective effect against the high-fat diet, and decreased of hepatic

inflammation'®?°#% However, there is no consensus in the literature which form of lycopene could



contribute more benefits to these inflammatory diseases, whether it would be from tomato products or from
an isolated lycopene supplement.

Considering this body of research, the aim of this study was to investigate the effects of daily
ingestion of tomato sauce and lycopene isolated on alterations related to cardiac and hepatic tissue in
Wistar rats, hepatic, and cardiac cell cycle.

MATERIALS AND METHODS
Samples

Samples of tomato sauce were obtained from local market and samples of lycopene all-trans WS
(water soluble) 10% were supplied by Roche (Rio de Janeiro, Brazil). Samples of tomato sauce were kept
refrigerated in a refrigerator (10°C) and samples of lycopene were kept refrigerated in a freezer (-4°C) in
appropriate packaging. The total lycopene of Samples of tomato sauce is shown in Fig 1.

Appropriate solutions for each experimental group were prepared daily in the laboratory by
dissolving the content in filtered water at 50 ° C and adding 20% refined sugar (to give palatability to the

solution).

Control group Experimental groups
(n=10) (n=40)

L4 \ \ l l
FIG. 1. Dietary protocol. Experimental model: CG: standard diet plus water; experimental groups: HG. high-fat diet plus water;
TG. high-fat diet plus solution with tomato sauce and water; L2G. high-fat
diet plus solution with 2.0 mg all-trans lycopene and water; L4G. high-fat diet plus solution with 4.0 mg all-trans lycopene and water. Diets

and solutions were administered during a period of 60 days. CG, control group; HG, high-fat group; TG, tomato sauce group; L2G, lycopene
2 mg group; L4G, lycopene 4 mg group.



Experimental model

Fifty female, adults, Wistar rats were individually housed and maintained in a 12-h light-12-h dark
cycle at 22°C (+/- 2°C). Animal maintenance was in accordance with the ARRIVE guidelines®®. Rat care
and experimental protocol were approved by the Institution’s Scientific, Academic, and Ethics Board.

Animals were divided in five groups: the control group (CG), which received a standard diet (based
casein) ad libitum, consisting of protein (minimum) 12.95%, fat (minimum) 4.0%, and water; the high-fat
group (HG), which received the high-fat diet ad libitum, consisting of protein (minimum) 12.95%, fat
(minimum) 20.0%, and water ad libitum; the tomato sauce group (TG), which received the high-fat diet ad
libitum, plus solution with tomato sauce providing 2.0 mg of lycopene per day; the 2.0 mg lycopene group
(L2G), which received the high-fat diet ad libitum, plus solution with 2.0 mg all-trans lycopene (water
soluble) 10% dissolved in water per day, and water; the 4.0 mg lycopene group (L4G), which received the
high-fat diet ad libitum, plus solution with 4.0 mg all-trans lycopene (water soluble) 10% dissolved in
water per day, and water. Table 2 presents the ingredients for the formulation of the control and high fat
rations used in the experiment.

After 60 days of the experiment, all animals were submitted to the vaginal smear procedure to
identify the phase in the estrous cycle, so that all were in the same physiological moment and, therefore
there was no hormonal interference in the analysis. After the estrous cycle check, the rats that were in the
“estrus” phase of the cycle were separated and fasted. Body weight was measured, and fasted animals were
killed. Serum and organs (heart and liver) were obtained, weighted frozen and kept in -70°C until analysis.
Experimental research was done according to the study carried out by Ribeiro et al. (2018)".

The heart and liver removed from the animals were weighed to determine the relative weight of the
organ denominated cardiosomatic index and hepatosomatic index, which is calculated according to the
formula:

[(Heart / Liver Weight (g) + Body Weight) X 100]



Analytical methods

The glucometer measured serum glucose concentration. Serum total cholesterol, high-density
lipoprotein (HDL-cholesterol), triglycerides, aspartate aminotransferase (AST), alanine aminotransferase
(ALT), IL-1pB, and TNF-o concentration were measured using BioClin® commercial kits and wavelengths
specific to each biochemical indicator, using the colorimetric method with automated spectrophotometer
reading (BioClin® BS-120 Chemistry Analizer®). LDL-C was calculated according to Friedwald's

formula®,

Cell cycle

Animal’s hearts muscle tissue and liver were processed, and the cardiac and liver cells cycle and
apoptosis were measured using flow cytometry. The cells extraction was realized through maceration of the
tissue and addition of 0.5 mg/mL collagenase (Sigma®). After centrifugation, the cells were washed twice
with phosphate-buffered saline and were resuspended in 500 uL of ice-cold Vindelov solution containing
0.1% Triton X-100, 0.1% citrate buffer and 0.1 mg/mL RNase, and 50 mg/mL propidium iodide (Sigma
Chemical Co.. St. Louis. MO). After 15 min of incubation, cell suspension was analyzed for DNA content
by flow cytometry using a FACS Calibur flow cytometer (Becton Dickinson. Mountain View, CA). The
relative proportions of cells with DNA content haploid subG1 (<2n), diploid Go/G; (2n). S phase (>2n and
<4n) and G,/M phase (4n) were acquired and analyzed using CellQuest and WinMDI 2.9. Respectively, the
percentage of cell population at a particular phase was estimated with FlowJo software following the
acquisition of 30.000 events. The cell dissociation procedure does not affect fluorescence under the
experimental conditions that were used in this study or in any others of which we are aware. Nuclei of
viable cells were gated according to FL-2WXxFL2-A relation according to the study carried out by

Guimaraes et al. (2017)%.
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Apoptosis assay

For the apoptosis assay, cells were resuspended in 400 uL of binding buffer containing 5 pL of
annexin V FITC and 5 uL propidium iodide (Apoptosis Detection Kit Il. BD Biosciences) for 15 min at
room temperature. Annexin V binding was evaluated by flow cytometry (FACScalibur. BD Biosciences)

and after acquisition of 30.000 events. The data were analyzed in CellQuest and FlowJo software.

Data analysis
The main effects of supplementation type were tested using one-way ANOVA followed by Tukey’s
post hoc test for multiple mean comparison test. Results are expressed as mean-standard deviation and the

level of significance was set at p<0.05.

RESULTS

At the end of the experiments, body weights were measured and the final body weight was higher
(p<0.05) in the TG (277.7£11.48g) and lower in the L2G (197.3+13.12g) and L4G (188.9+15.02¢)
compared to the control group (Table 1). Heart weight was higher (p<0.05) in the TG (1.06+0.05g) and
lower in the L4G (0.72+0.11g) compared with the control group. No differences were observed in the liver
weight, hepatosomatic and cardiosomatic index among the groups (Table 1). Heart’s images of rats studied

are displayed in Fig 2.

TABLE 1. BODY AND TISSUE WEIGHT IN CONTROL AND EXPERIMENTAL GROUPS

Parameters (g) CG HG TG L2G L4G

Initial body weight 160.4 — 4.83% 161.4 - 6.23% 163.4 - 5.68% 162.0 - 5.34% 158.6 — 5.94°
Final body weight 261.00 - 31.04° 268.20- 17.68% 277.70-11.48° 197.30 - 13.12" 188.90 - 15.02°
Heart weight 0.94 -0.21% 0.90 - 0.07% 1.06 — 0.05" 0.80 - 0.16% 0.72-0.11°
Liver weight 7.86 —1.52% 7.10 -0.57% 8.50 — 1.01% 5.78 — 0.55" 5.82 - 0.37"
Cardiosomatic index 0.36 - 0.09% 0.34-0.01° 0.38 - 0.06% 0.40 - 0.06° 0.38 - 0.04°

Hepatosomatic index 2.99 - 0.23% 2.65 - 0.25% 3.06 - 0.43% 2.95 -0.43% 3.09-0.17°
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Values are mean - SD.

aepifferent letters mean statistical difference between groups. Statistical significance was determined by ANOVA followed by Tukey’s post
hoc multiple mean comparison test.

CG, control group; HG, high-fat group; TG, tomato sauce group; L2G, lycopene 2 mg; LAG, lycopene 4 mg; SD, standard deviation; ANOVA, analysis of
variance.

L4G

FIG. 2. Heart extracted from sacrificed rats after dietary protocol. White arrows indicate accumulated fat in tissues.

Significant differences (p<0.05) in glycemia, cholesterol total and triglycerides were found among
the groups analyzed (Table 2). Groups receiving tomato sauce (TG) and lycopene (L2G, and L4G) had
lower values of glycemia compared to control. Also, the group receiving high-fat diet had higher levels of
triglycerides compared to CG and L4G group had significantly lower triglycerides compared to the HG
group. No differences were seen in the concentrations of HDL-cholesterol and liver enzymes (AST and
ALT) in serum among the groups (Table 2).

TABLE 2. SERUM PARAMETERS IN RATS FED WITH EXPERIMENTAL DIETS

Parameters (mg/dL) CG HG TG L2G LAG
Glycemia 107.00 - 2.65% 101.67 — 4.51% 86.20 — 4.76° 88.60 — 4.56° 88.60 —6.80°
Total cholesterol 46.00 - 8.60° 45.00 - 3.54° 60.00 - 4.06° 56.80 — 8.14% 53.80 - 4.49°
HDL cholesterol 21.60 — 3.51° 22.40 - 1.34% 25.00 - 2.55% 24.20 - 1.30% 23.40 - .34%
LDL cholesterol 13.62 - 5.01% 26.76 — 2.50" 23.80 -3.77" 19.53 - 4.80" 21.82 - .01°
Triglycerides 31.60 - 8.17° 47.00 — 7.94° 41.20 — 7.66" 40.00 — 6.20° 33.25 - .68°
AST 195.60 — 52.03% 219.80 - 33.39°% 198.20 - 2.77% 177.80 - 41.81°% 176.40 - 26.60%
ALT 32.20 - 6.42° 32.00 - 5.39°% 29.00 — 4.80% 28.00 - 5.43% 33.20-.81%

Values are mean - SD.

acpifferent letters mean statistical difference between groups. Statistical significance was determined by ANOVA followed by Tukey’s post hoc
multiple mean comparison test.

AST, aspartate aminotransferase; ALT, alanine aminotransferase; HDL, high-density lipoprotein; LDL, low-density lipoprotein.

HG showed increase in IL-1pB expression compared to the other groups. Tomato sauce and

lycopene, however, avoided this effect with a similar profile. Importantly, TG showed similar results to



CG. There were no differences in the levels of TNF-a among the groups (Fig.3).
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FIG. 3. (A) TNF-a (B) IL-1b from rats fed a high-fat diet supple- mented with lycopene and tomato sauce. *P <.05; **P <.01; P <.001.
ANOVA-Tukey’s test. ANOVA, analyis of variance; TNF, tumor necrosis factor; IL, interleukin.

Cell cycle analysis of cardiac cells showed that the HG presented a lower percentage of cells in the
Go/G; phase (47.98 * 6.28), compared to the other groups (Table 3). Besides, the high-fat diet increased the

percentage of cells in the G,/M phase, reversed by the action of both lycopene and tomato sauce (p <0.05).

TABLE 3. EFFECT of LYCOPENE AND TOMATO SAUCE ON CELL CYCLE PROGRESSION of CARDIAC CELLS IN RATS FED
HIGH-FAT DIET

Groups Sub-G1 G0/G1 S G2/M

CG 3.27 -0.42%79.80 - 4.34% 8.90 - .44* 7.95-.50%

HG 6.35-1.05"71.39 - 3.88° 9.76 —.85* 16.03-1.82"
TG 1.53-1.22%78.86 - 7.14% 8.53 - .49% 12.66-1.62°
L2G  3.44-0.29%81.55-7.88% 9.06 -.67° 5.95-2.03%
L4G 1.52-0.97*80.17 - 10.35% 10.95 -.73° 8.87-1.87°

The results are expressed as the percentages of total cells. Values are mean - SD.
aeDifferent letters mean statistical difference between groups. Statistical significance was determined by ANOVA, followed by Tukey’s post hoc multiple



mean comparison test.

In liver cells, the high-fat diet decreased the number of cells in the Go¢/G; phase and raised the
percentage of cells in the G,/M phase. We hypothesize that the highest rate of cell death in that group
promoted an increase in cellular proliferation as an attempted to surpass cellular loss. Both tomato sauce
and lycopene-treated groups increased the number of cells in the Go/G; phase and decreased its numbers in

the Go/M phase induced by the high-fat diet (Table 4).

TABLE 4. EFFeCT of LYCOPENE AND TOMATO SAUCE ON CELL CYCLE PROGRESSION of HEPATIC CELLS IN RATS FED
HiGH-FAT DIET

Groups  Sub G1 G0/G1 S G2/M

CG 1.98 - 0.36° 63.49-6.06" 20.20 — 8.47% 14.41 - 3.85%
HG 4.28 -0.15" 53.67 -5.79" 28.18 — 3.40° 18.15 — 3.08%
TG 1.22-0.24* 67.50-10.10° 15.66-6.10 16.84—4.40°
L2G 1.15-0.53" 77.96-4.89° 10.57 — 2.05% 11.47 - 2.85°
L4G 1.62-0.78% 71.27-7.39°  13.81 - 3.65% 14.92 — 3.93?

The results are expressed as the percentages of total cells. Values are mean - SD.

acdDjfferent letters mean statistical difference between groups. Statistical significance was determined by ANOVA followed by Tukey’s post
hoc multiple mean comparison test.

Annexin V and Pl biomarkers were used to assess apoptosis. An increase in apoptotic cells was
shown in HG compared to CG in liver cells. The lycopene and tomato sauce remarkably diminished the

percentage of cells in apoptosis compared to HG (Fig.5) denoting its protector effect against apoptosis

induced by a high-fat diet (Fig.4).



FIG. 4. Monitoring of cell death of cardiac cells
from rats fed a high-fat diet supplemented with
lycopene and tomato sauce. (I) Flow cytometry
analysis of cardiac cells from rats fed a high-fat
diet supplemented with lycopene and tomato
sauce. (I) Quantitative effects of lycopene and
tomato sauce of cell death of cardiac cells from
rats fed a high-fat diet. (A): CG; (B): HG; (C):
TG; (D): L2G; (E): L4G. The results are
expressed as mean — SD, with significant
differences compared by one-way ANOVA
followed by Tukey’s multiple com- parison post
E hoc test. *P < 05. *P < .01. SD, standard
ot deviation.

FLEH-PI

FL2H Pl

o ' o’ w ot
FLEH = ANNEIN FLI-H  AHNEXIN

Relative Increase Rate

FIG. 5. Monitoring of cell death of hepatic cells
from rats fed a high-fat diet supplemented with
lycopene and tomato sauce. (A) Flow cytometry
analysis of hepatic cells from rats fed a high-fat
diet supplemented with lycopene and tomato
sauce. (B) Quantitative effects of lycopene and
tomato sauce of cell death of hepatic cells from
rats fed a high-fat diet. (A): CG; (B): HG; (C):
TG; (D): L2G; (E): L4G. The results are
expressed as mean — SD, with significant
differences compared by one-way ANOVA
followed by Tukey’s multiple com- parison post
hoc test. *P < .05. *P < .01.
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DISCUSSION

Tomato sauce is a rich source of lycopene, which has a potent antioxidant activity. Nevertheless,
very little is know about different forms of lycopene supplementation in cardiovascular diseases and non-
alcoholic hepatic steatosis***?**°. The present study provided concerning information about the effects of
lycopene and lycopene in food matrix supplementation on the cardiac and liver metabolism, cell cycle and
apoptosis. Our results agree with studies realized in which quercetin supplementation in rats was able to
reduce rats' weight gain even with the ingestion of a high-fat diet and increase the size of the heart when
compared to the control*2. Here in, the lycopene supplementation in rats reduced weight gain high-fat diet
and was cardioprotective.

Previous studies have shown that the intervention with tomato juice in vivo did not affect glucose
and lipid profile®®. Neither changes in the gain weight were observed in accordance with the results
found here.

Obesity and dyslipidemia are considered risk factors for this cardiovascular disease and non-
alcoholic hepatic steatosis. Also, it has been reported that a high-fat diet and cholesterol can favor
metabolic alterations even more®. Our results revealed that a high-fat diet fostered an increase in
triglycerides and cholesterol, and lycopene and tomato sauce supplementation improved rat’s lipid profile.

Cellular mechanisms triggered by the consumption of a high-fat diet, includes apoptosis, necrosis,
and autophagy®". Those effects may be linked to the genesis of cardiovascular diseases and non-
alcoholic hepatic steatosis. Therefore, it is vital to identify strategies that may contribute to their prevention
and reduction.

Stress factors can induce IL-1B and TNF-a. Pro-inflammatory cytokine IL-1p is raised in chronic
inflammatory diseases, like obesity, and can be associated with increased cell proliferation, cell cycle
arrest, and increased apoptosis in different type cells®*®. We showed that tomato sauce and lycopene

supplementation reversed the increase of IL-1p levels induced by the high-fat diet.



Numerous studies have investigated the effects of individual compounds on vital cellular
parameters and apoptosis in an effort to determine the underlying mechanisms of action; however, few
studies have investigated the influence of combinations of phytochemicals in this context>**°,

In order to determine the basic mechanisms by which carotenoids present in the food matrix may be
more effective in preventing and treating diseases than individual compounds, this study was the approach
of compare two versions of lycopene, isolated and in the food matrix, and compare the inhibitory effects of
cell growth and apoptosis.

Scarce studies reported the mechanism that fruits and vegetables could prevent or reduce
inflammatory diseases, like cardiovascular diseases and non-alcoholic hepatic steatosis. Cardiac cell cycle
analysis reported that a high-fat diet promoted a decrease in the Go/G; phase and an increase in the
percentage of cardiac cells in the G,/M phase, showing cell proliferation to compensate higher cell death.
Nevertheless, it is important to mention The pronounced cell proliferation may be harmful to the organism.

Lycopene promoted an increase of cell in Go/G; phase and a reduction in the cell percentage on
G,/M phase in different cancer cell lines®. Our study showed both tomato sauce and lycopene
supplementation increased number of cardiac cell in Go/G; phase and a drop in the number of cardiac cells
in Go/M compared to the high-fat diet. The tomato sauce promoted a reduction of the effect caused by the
high-fat diet in the cardiac cells of the animals studied. Lycopene increased the percentage of cardiac cells
in the Go/G; phase, perhaps lessening the damage of the high-fat diet. Similar result was observed in the
liver cell cycle, where tomato sauce and lycopene supplementation increased the percentage of cells in the
Go/G1 phase and decreased the percentage of cells in the G,/M phase.

Consumption of tomato juice and pure lycopene regulates the cell cycle of HepG2 cells.
Nonetheless, tomato juice did not promote alteration in apoptosis; only lycopene supplementation was able
40,41

to induce apoptosis of HepG2 cells

The present study showed a damaging effect of high-fat diet on cardiac cells inducing apoptosis.



Tomato and lycopene displayed cardioprotector effects. Similar results could be to observe in different
cancer cell lines which lycopene promoted an increase of apoptosis**?. Also, recent studies have
demonstrated the protective action of lycopene in cardiomyocytes by the induction of apoptosis in
Vitro34,35,43

We have shown that tomato sauce and lycopene supplementation has a beneficial effect on cardiac

and liver cells metabolism and may be considered as a nutritional approach for the prevention and

treatment of cardiovascular diseases and non-alcoholic hepatic steatosis.
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CONCLUSOES GERAIS E DESENVOLVIMENTO ADICIONAIS

Os carotenoides se destacam por seus niveis significativos de compostos
bioativos e seus beneficios. Muitos autores indicam que a ingestao de licopeno e
/ ou beta-caroteno e seus metabolitos poderia reduzir a proliferagao de células
cancerigenas do figado, efeito decorrente da atividade antioxidante e da
modulacdo do ciclo celular e da taxa de apoptose. No entanto, uma consideracao
importante em todos os estudos é enfatizar o contexto do composto estudado,
uma vez que estudos com um composto isolado podem fornecer resultados
muito diferentes dos estudos do composto dentro de uma matriz alimentar.
> Com base nos nossos experimentos, demonstramos que o licopeno
induziu um fendtipo de lipocitos em células estreladas hepaticas, promoveu a
parada do ciclo celular na fase GO / G1 e diminuiu a viabilidade celular. Durante
esse processo, ha acimulo de licopeno na membrana celular, com modificagdao
dos lipidios da membrana. Também demonstramos que a suplementacao de
licopeno modula as vias moleculares, afetando a expressio de genes
relacionados ao ciclo celular, crescimento celular, proliferagio e metabolismo
lipidico, provavelmente pela ativagao da transcricao de PPARy e RXR. Tomados
em conjunto, os presentes dados sugerem um possivel mecanismo de protec¢ao
mediado por células estreladas hepaticas de licopeno.
> Demonstramos que o molho de tomate e a suplementacao de licopeno
tém efeitos benéficos no metabolismo hepatico e podem ser considerados como
uma abordagem nutricional para a prevengao e tratamento de esteatose hepatica
nao alcodlica.
> A dieta rica em gordura causou danos ao tecido hepatico, alterando o
ciclo celular e a histologia hepatica. Além disso, a suplementacao com beta-
caroteno nao impediu que o excesso de gordura na dieta reduzisse o contetido
viavel das células e aumentasse o processo de apoptose. Ambos os suplementos
aumentaram a morte celular e a necrose das células hepaticas, especialmente a

suplementagao com 4 mg de beta-caroteno isolado, que agravou o dano



histoldgico causado pela dieta hiperlipidica, demonstrando um possivel efeito
toxico nessas células.

Em conclusao, para a recomendagao da suplementacao desses compostos,
sd0 necessarias mais pesquisas para elucidar o mecanismo pelo qual os
carotendides atuam para modular o cancer e determinar o nivel 6timo e seguro

de consumo que promove os efeitos esperados.



GENERAL CONCLUSIONS

Carotenoids are highlighted for their selected levels of bioactive compounds and
their benefits. Many authors have determined that an intake of lycopene and / or beta-
carotene and its metabolites could reduce the proliferation of liver cancer cells, the effect
of antioxidant activity and the modulation of the cell cycle and apoptosis rates.
However, an important consideration in all studies is to emphasize the context of the
compound study, since studies with an isolated compound can offer very different
results from the compound studies within a food matrix.
> Based on our experiments, which demonstrate or license a type of lipocyte in
hepatic stellate cells, promote a cell cycle arrest in the GO / G1 phase and decrease cell
viability. During this process, there is an increase in lycopene in the cell membrane,
with alteration of the membrane lipids. We also demonstrated the supplementation of
license modules as molecular pathways, affecting the expression of genes related to the
cell cycle, cell growth, proliferation and lipid metabolism, usually by the transcription
of PPARYy and RXR. Taken together, the present data suggest a protective mechanism
mediated by liver lycopene star cells.
> We demonstrated that tomato sauce and lycopene supplementation have
beneficial effects on liver metabolism and can be considered as a nutritional approach to
the prevention and treatment of non-alcoholic liver steatosis.
> The high-fat diet causes damage to liver tissue, altering the cell cycle and liver
histology. In addition, beta-carotene supplementation does not prevent excess fat in the
reduced diet or viable cell content and increase the apoptosis process. Both supplements
increased cell death and necrosis of liver cells, especially supplements with 4 mg of
beta-carotene alone, which aggravated or caused histological damage caused by the

high-fat diet, demonstrating a possible toxic effect in these diseases.



In conclusion, to recommend supplementation of these compounds, further
research is needed to elucidate the mechanism for which the carotenoid activated by
modular or cancer is and to determine the optimal and safe level of consumption that

promotes the expected effects.



0

GENERAL REFERENCES

Alegria-Ezquerra, E.,Vazquez, ]. M. C,, Barrero, A. A. Obesidad, sindrome metabdlico y
diabetes: implicaciones cardiovasculares y actuacion terapéutica. Revista Espafiola de
Cardiologia, v. 61, n. 7, p. 752-764. 2008.

Bucchieri, F., Pubbicomb, S.M., Lordan, J.L., Richter, A., Buchanan, A., Wilson, S.]., Ward,
J., Zummo, G., Howarth, P.H., Djukanoviae, R., Holgate, S.T., Davies, D.E. Asthmatic
bronchial epithelium is more susceptible to oxidant-induced apoptosis. Am. J. Resp. Cell
Mol. Biol., v.27, n.2, p.179-85, 2002.

Charbonneau, A., Unson, C.G., Lavoie, ].M. High-fat diet-induced hepatic steatosis
reduces glucagon receptor content in rat hepatocytes: potential interaction with acute
exercise. The Journal of physiology, v. 579, n. 1, p. 255-267, 2007.

Edge, R.; Truscott, T. Singlet oxygen and free radical reactions of retinoids and

carotenoids— A review. Antioxidants, 7, 5, 2018.

Elias, M.B.E., Oliveira, F.L., Fatima Costa Rodrigues Guma, Renata Brum Martucci,
Radovan Borojevic and Anderson Junger Teodoro. Lycopene inhibits hepatic stellate cell
activation and modulates cellular lipid storage and signaling. Food & Function, Issue 4,
2019.

Fu S, Watkins SM, Hotamisligil GS. The role of endoplasmic reticulum in hepatic lipid
homeostasis and stress signaling. Cell Metab; 15:623-34, 2012.

Geraldo, ].M. & Alfenas, R.C.G. Papel da Dieta na Prevencao e no Controle da Inflamacao
Cronica — Evidéncias Atuais, Arq Bras Endocrinol Metab, v. 52, n. 6, p. 951-967, 2008.

Hetz C. The unfolded protein response: controlling cell fate decisions under ER stress and
beyond. Nat Rev Mol Cell Biol;13:89-102, 2012.

Jaeschke H. Reactive oxygen and mechanisms of inflammatory liver injury. ]

Gastroenterol Hepatol, v.15, n.7, p. 718-724, 2000.

10.Jesuz, V.A; Campos, M.B.E; Souza, V.R,; Bede, T.P.; Moraes, B.P.T,; Silva, A.R,;



Albuquerque, C.F.G.; Azeredo, V.B.; Teodoro, A.]. Lycopene and Tomato Sauce Improve
Hepatic and Cardiac Cell Biomarkers in Rats. Journal of Medicinal Food Vol. 22, n 11,
2019.

11. Malhi H, Kaufman R]. Endoplasmic reticulum stress in liver disease. ] Hepatol; 54:795—
809, 2011.

12. Neto LAA. Muito além da transicao epidemiolodgica: doengas cronicas no século XX. Hist
Ciénc, Saude-Manguinhos ;26(1):353-5, 2019.

13. Oliveira M.C. & Schoffen, J.P.F.S. Oxidative Stress Action in Cellular Aging, Braz. Arch.
Biol. Technol. v.53, n. 6, p. 1333-1342, 2010.

14. Olthof Mr, Hollman Pch, And Katan Mb: Chlorogenic acid and caffeic acid are absorbed in
humans. American Society for Nutritional Sciences 131, 6671, 2000.

15. Peres, W.A.F.P., Paula, T.P., Silva, R.A.R.N.,Coelho, H.S.. A atuacao da vitamina A e
carotenoides na hepatocarcinogénese Revista Brasileira de Cancerologia, 49(2): 113-120,
2003.

16. Suhett, C.P.A et al. Dieta controle em um estudo sobre dieta com alto teor de gordura em
camundongos: comida regular e dieta com baixo teor de gordura purificada tém efeitos
semelhantes sobre fenotipicos , resultados metabolicos e comportamentais, Neurociéncia
nutricional, 22: 1, 19-28, 2019.

17. Rohit Sane, Deepali Amin, Vaishali Koli, Rupali Kore, Sneha Paranjpe, Rahul Mandole.
Impact of Low-Carbohydrate Diet (LCD) and Obesity Management Program on Obese
Patients. European Journal of Preventive Medicine. Vol. 7, No. 1,, pp. 1-6, 2019.

18. Sies, H., Schewe, T., Heiss, C., Kelm, M. Cocoa polyphenols and inflammatory mediators.
Am J Clin Nutr., v. 81, n. 1, p.304-312, 2005.

19. Sherman M, Campbell JAH, Titmuss AS, Kew MC, Kirsch RE. Glutathione S-transferase
in human hepatocellular carcinoma. Hepatology; 3:170-6, 1983.

20. Teebor GW, Becker FF. Regression and persistance of hyperplastic hepatic nodules

induced by N-2fluorenyacetamide and their relationship to hepatocarcinogenesis. Cancer



21.

22.

23.

24.

25.

Res; 31:1-3, 1981.
Teodoro, A.]., Perrone, D., Martucci, R.B. et al. Lycopene isomerisation and storage in an
in vitro model of murine hepatic stellate cells. Eur ] Nutr 48, 261-268, 2009.
Upadhyaya Kr, Radha Ks, And Madhyastha Hk: Cell cycle regulation and induction of
apoptosis by beta-carotene in U937 and HL-60 leukemia cells. ] Biochem Mol Biol 40,
1009-1015, 2007.
Youfa Wang, May A Beydoun, Jungwon Min, Hong Xue, Leonard A Kaminsky, Lawrence
J Cheskin, Has the prevalence of overweight, obesity and central obesity levelled off in the
United States? Trends, patterns, disparities, and future projections for the obesity
epidemic, International Journal of Epidemiology, dyz273
Yu ChungChooi, CherlynDing, FaidonMagkos. The epidemiology of obesit. Metabolism.
Volume 92, Pages 6-10March 2019, Pages 6-10, 2019.

Zhang, M, Binns CV, Lee AH. Tea consumption and ovarian cancer risk: a case-control

study in China. Cancer Epidemiol Biomarkers Prev.; 11:713-8, 2002 .



Apéndices -

Artigos publicados



' ROYAL SOCIETY
OF CHEMISTRY

Food and Function £

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

www.rsc.org/

Lycopene inhibits hepatic stellate cell activation and modulates
cellular lipid storage and signaling

Lycopene inhibits hepatic stellate cell activation and modulates
cellular lipid storage and signaling

Monique de Barros Elias™*, Anderson Junger Teodoro®*, Felipe Leite OIiveirab, Fatima Costa
Rodrigues Guma®, Renata Brum Martuccib, Radovan Borojevicd.

Hepatic stellate cells are liver-specific perivascular cells, identified as the major source of collagen in liver fibrosis,
following their activation and conversion to myofibroblast-like cells. Lycopene is a carotenoid with biological activities and
protective effect described in different pathologies, but little is known about its role in liver protection. We evaluated the
influence of lycopene on cell cycle and lipid metabolism and monitored the possible pathways involved in lycopene
inhibition of stellate cells activation. Lycopene induced expression of the lipocyte phenotype, with an accumulation of fat
droplets in cytoplasm, with high synthesis and turnover of phospholipids and triglycerides. Cell proliferation analysis
showed that lycopene reduced the growth of GRX cells. Lycopene induced an arrest in the GO/G1 phase, followed by a
decrease of cells in G2/M phase, regardless of the concentration of lycopene used. Lycopene modulated relevant signaling
pathways related to cholesterol metabolism, cellular proliferation, and lipid metabolism. Also, lycopene treatment
increased the expression of RXR-a, RXR-B, and PPARy, important biomarkers of liver regeneration. These results show that
lycopene was able to negatively modulate events related to activation of hepatic stellate cells through mechanisms that
involve changes in expression of cellular lipid metabolism factors, and suggest that this compound might provide a novel

pharmacological approach for prevention and treatment of fibrotic liver diseases.

Introduction

The liver has long been described as the major site of
metabolism and accumulation of carotenoids and retinoids in
the body. They are mostly found in lipid droplets of the hepatic
stellate cells (HSCs), a population of liver nonparenchymal
cells, resident quiescent in the perisinusoidal Disse’s space.
They are specialized in storage, metabolism, and release of
vitamins, hormones and endogenous and exogenous lipid
mediators. Intracellular retinoids and carotenoids are very high
in HSCs, being this an important cellular storage site. After
retinol is converted to retinoic acid, it can be released into the
blood circulation by the HSCs [1]. The HSCs may be directly or
indirectly responsible for the maintenance of the circulating
carotenoids homeostasis in periods of a low dietary uptake
through the production of the intracellular retinoic acid [2].
HSCs can also uptake, store, isomerize and release into the
blood circulation lycopene obtained from the alimentary
sources [3].
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Besides the storage and redistribution of lipid compounds in
the body, HSCs are also the significant players of development
and maintenance of hepatic fibrosis. The two activities
required induction of HSCs into different and opposed
metabolic functions and behaviors. Hepatic fibrosis is a liver
tissue response to acute or chronic aggression. This is a
response to products released by the injured tissues, mediated
by the locally produced or circulating compounds,
inflammatory mediators and cytokines [4,5]. Upon tissue
injury, HSCs are activated and undergo transdifferentiation to
myofibroblasts responsible for overproduction of collagen-rich
extracellular matrix [6].

This activation of quiescent HSCs is the major component of
hepatic fibrogenesis, including enhancement of proliferation
and cell-specific downmodulation of hepatic lipid metabolism.
Moreover, activated HSCs also produce pro-inflammatory
mediators, which can enhance and further modulate the
environment leading to hepatic fibrosis [7,8].

Controlling the degree of HSCs activation may have an
antifibrotic protection effect for liver fibrosis. Peroxisome
proliferator-activated receptor y (PPARy), one of the PPAR
isoforms, is highly expressed in quiescent HSCs of the normal
liver, but its expression and activity are dramatically decreased
during the HSC activation in vitro and in vivo [9]. Upon binding
to cognate ligands, PPAR undergoes a conformational change
that releases the co-repressor, allowing its association to its
mandatory pair, the X receptor for retinoic acid (RXR). This
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heterodimer (PPAR:RXR) binds to peroxisome proliferator
response elements (PPRE), the specific DNA sequences in
target gene promoters, leading to transcriptional activation
[10,11]. Being one of the major controllers of the retinoic acid
availability, HSCs are one of the major players in these events.
However, the RXR can also bind the alternative ligands,
including the acyclic carotenoid-derived ones, such as
lycopene. This raises the question of the potential
consequences of such alternative RXR ligands in HSCs, such as
occurs upon lycopene supplementation. This question has
been addressed in the present study.

Oxidative stress-related injuries are the potential causes of
liver tissue injuries that can lead to hepatic fibrosis. Exogenous
antioxidants, both synthetic and natural, have been used in
alternative therapeutic approaches for this pathology of liver
[12,13]. Epidemiological studies have indicated that food
products that contain lycopene, the most potent antioxidant
compound among carotenoids, have chemopreventive effects
against cancers and other diseases [14]. Lycopene is a bright
red carotene, a non-pro-vitamin A carotenoid is a highly
unsaturated hydrocarbon containing eleven conjugated and
two unconjugated double bonds. Its biological effects in
humans have been attributed to mechanisms different from
those mediated by the vitamin A, since lycopene lacks the B-
ionone ring structure, and it cannot produce the vitamin A in
the body [15]. In recent studies, lycopene has shown a
protective effect against damage caused by oxidative stress
causing liver toxicity, using a model induced by an overdose of
acetaminophen. It was observed that lycopene was able to
reduce both lipid peroxidation and protein carbonylation [13].
Moreover, it has been suggested that the normalization of
liver function markers and lowering of liver damage may be
related to the protective effect of lycopene against non-
alcoholic liver disease [8]. Lycopene can thus have a double
and complementary effect on the activation of HSCs,
underlying the evolution of liver fibrosis: lowering their
activation level through modulation of the PPAR signaling
pathway and protecting the cells of the oxidative stress.

The present study has addressed the question of lycopene
effect on metabolism and activation, using an in vitro model of
the murine GRX cell line representative of the murine HSCs.
These cells are a useful model to study lycopene metabolism
since they represent the murine hepatic stellate cells, both in
their structural and metabolic properties [16,17,18]. Thus, the
present study aimed to investigate the lycopene and their
influence on cell cycle, lipid metabolism and the possible
pathways involved in lycopene inhibition of activated stellate
cells.

Materials and methods

Materials

All-trans lycopene was purchased from Sigma Chemical
Company (St. Louis, MO, USA). Water-soluble (WS) lycopene
(10%) was provided by Roche (Rio de Janeiro, RJ, Brazil).
Dulbecco’s cell culture medium and bovine serum albumin
were obtained from Sigma, and fetal bovine serum (FBS) from
Laborclin (Campinas, SP, Brazil). Tissue culture flasks and cell
scrapers were obtained from Nunc (Roskilde, Denmark). All the
chemicals were of analytical grade.

Cell Culture and Treatment Protocol

GRX cells were obtained from the Rio de Janeiro Cell Bank
(UFRJ, Rio de Janeiro), which certified the cell identity and the
absence of microbiological contaminants. GRX cells were
plated in 25 cm? tissue culture flasks, 5x10° cells/flask, and
maintained routinely in the Dulbecco’s medium supplemented
with 5% FBS and 2 g/L HEPES buffer, pH 7.4, under 5% CO2
atmosphere. Under these conditions, they expressed the
myofibroblast phenotype. In order to induce the lipocyte
phenotype, cells (104 cells/cmz) were incubated for 10 days in
the standard culture medium. The culture medium was
changed every 5 days and the incubated at different
concentrations lycopene WS (1.0-5.0 uM lycopene water
soluble, Roche) dissolved in water at 50°C. All the solutions
were prepared every day and studied in the dark to maintain
the lycopene stability.

Cell Viability Assay

GRX cells (5 x 10° cells/seed) were seeded in 96-well plates,
and after 24 hours they were incubated with different
concentrations of lycopene ranging from 0.625-5.0 uM
lycopene. The supernatant was removed every 2 to 3 days,
cells were incubated it in the standard culture medium, and 10
puL of MTT (5 pg/mL) were added to each well, leaving the cells
in the dark for two hours at 37°C. After incubation, the
supernatant was discarded, and the precipitate dissolved in
150 pL dimethyl-sulfoxide. The plates were read in an enzyme-
linked immunosorbent micro-plate reader (BioRad 2550, USA)
at 570 nm. Cell viability was determined by MTT assay
(Amresco, USA). The lycopene concentrations used in this work
are by previous reports.

Cell Cycle Analysis

Cells were rinsed briefly with Ca-Mg free phosphate-buffered
saline (PBS) and detached with trypsin at room temperature.
After centrifugation, the cells were washed twice with PBS,
1x106 cells were resuspended in 1.0 mL ice-cold VindelLov
solution, containing 0.1% Triton X-100, 0.1% citrate buffer, 0.1
mg/ml RNase and 50 pg/mL propidium iodide (Sigma Chemical
Co., St. Louis, MO). After 15 minutes of incubation, the cell
suspension was analyzed for DNA content by flow cytometry
using a FACSCalibur flow cytometer (Becton Dickinson,
Mountain View, CA). The relative proportions of cells
containing the diploid DNA in GO—G1 (2n), S phase (>2n but
<4n), and G2/M phase (4n) were acquired and analyzed using
CellQuest and WinMDI 2.9, respectively. The percentage of cell
population at a particular phase was estimated with EXPO32
V1.2 Analysis software. The cell dissociation procedure does
not affect fluorescence under the used experimental
conditions.

Incorporation of [14C]-acetate and lipids analysis



All the cells were incubated with 0.25 puCi/mL [14C]-acetate in
2.5 mL DMEM without serum for 24 hours, on the last days of
incubation period with lycopene (5 and 10 days). The
radioactive medium was removed, the monolayer washed with
BSS-CM. The cells were collected, and centrifugation separated
fractioned in fat droplets. The lipids were extracted from the
fat droplets and from other cell fractions. Chloroform was
evaporated under a nitrogen atmosphere, and the radioactive
lipids were analyzed by Thin Layer Chromatography (TLC).
Lipids were separated and identified by migration patterns
using hexane:ethyl ether:acetic acid (80:20:1, v/v/v) as the
mobile phase. The TLC plate was imaged and the incorporation
of acetate (%) was quantified by densitometry.
Microarray analyses: cRNA amplification, and
hybridization, and cDNA microarray

labeling

Cells were incubated with 3,0 uM lycopene and all RNA was
extracted from cells using Trizol followed by the RNA
extraction kit for its purification (RNeasy Quiagen). The cells
were centrifuged to remove the culture medium and

subsequently lysed with guanidine isothiocyanate for
inactivation of RNAses. After adding 70% ethanol, the sample
was applied to the extraction column or silica membrane mini
spin RNeasy and subjected to successive centrifugations. The
RNA was eluted with 30 or 50 pL of ultra-pure water free of
RNAses and stored at -70°C.

The concentration and purity of the extracted RNA were
monitored by spectrophotometry of 2 pL sample in the
Nanodrop ND-1000. The quality and integrity of the extracted
RNA were assessed by electrophoresis in agarose gel marked
with ethidium bromide, and by electrophoresis in 2% agarose
gel with Tris-Borate (TBE). The quantity of RNA was related to
the number of cells. The degree of purity, determined by the
ratio of the lengths 260nm/280nm, remained within the
threshold between 1.8 and 2.0, indicating the absence of DNA
or protein contaminants. The total RNA was characterized by
electrophoresis, by the presence of the two bands for
ribosomal RNA fractions 28s and 18s.

The cDNA synthesis, sample markup, and hybridization in DNA
Microarrays blades (GeneChip® 1.0 HumanGene ST) were done
according to the standard Affymetrix Protocol WT Analysis.
The procedure consists of RNA marking where the total RNA
samples were submitted to the reverse transcription reaction
for the synthesis of cDNA, adding oligo dT and T7-primers and
random primers, followed by an in vitro transcription reaction
(IVT), a new cDNA synthesis with random primers, with
fragmentation and UGD APE and "labeling" or marking with
biotin terminal via TdT (transferase).

The marked cRNA, the hybridization cocktail, probes and
controls containing fluorescent marker phycoerythrin were
introduced in the DNA chips and, after incubation and washing
steps, were read by a suitable scanner, providing the first
experimental data defined by the intensity of the detected
signals.

Analysis of gene expression

Primary analysis of expression data was performed in the
laboratory computers microarrays using GeneChip operating
software AFLP® Operating Software (GCOS 1.4) and Expression
Console ® 1.1 for correction of noise and quality analysis. The
algorithm used in this analysis is known as RMA (Statistical
Algorithm) Detection Call (a qualitative measure that indicates
whether the transcript is detected, undetected or marginal) for
each set. The secondary analyses of the difference of
expression (Fold Change) were made with the use of
standardization and statistics software Bioconductor Lawson.
For each gene, the ratio of signal intensities was calculated and
transformed using differentially expressed genes (SDS)
common to two different statistical methods (Limma and
RankProd, both with p<0.05). The biological pathways
identified by the Ingenuity program show the SDRs with red
and green colors, with red genes with increased expression
and green being reduced. In addition, the colors are presented
with different gradients, that is, the redder more expressive,
the less red less expressive, the same way for the green color.
This software also provides normalization methods and the
data of an array were normalized by a global lowess method,
based on the local estimation of intensities and a regression
calculation weighted toward similar spots. All these
normalization steps were represented in Box plots which show
averaged ratio of each slide before and after lowess within-
array normalization. The t-test clustered significant genes.

Preparation of total RNA and real-time polymerase chain reaction
(PCR).

Cells were harvested after 5 and 10 days of treatment with 1, 3
or 5 uM lycopene. GRX cells were washed with BSS CMF,
detached with trypsin and counted. To the volume equivalent
of 1x106 cells, 1 mL Trizol (Gibco) was added and, after
homogenization, 200 pL chloroform was added. The RNA was
separated following the manufacturer's protocol, and total
RNAs was quantified using spectrophotometry. cDNA was
synthesized from 3 pg of the total RNA, added 0.5 mg of oligo-
(dT) 12-18 and 200 units MLV (reverse transcriptase) (both
from Gibco). After 60 min of incubation at 37°C, we raised the
temperature to 95°C for 5 minutes and added water (4°C) until
the volume of 100 pL.

The PCR reactions were carried with 2.5 uL cDNA, 0.5 U Taq
polymerase, 1.5 mM MgCl2, 0.5 uL dNTP (10mM) and 0.1 pg of
the sense and antisense of each primer (Table 1). The
annealing temperature and the number of cycles of
amplification reactions varied according to the primer pair
were made on the following the manufacturer's specifications.
After electrophoresis, the gel was incubated in ethidium
bromide solution and analyzed by transillumination (UV), with
quantification of the bands by densitometry using the program
Image Master VDS, with correction of the bands by the



expression of B-actin in the same sample as described by Sun
et al.[19].

Table 1. Primer sequences for the reverse transcription-
quantitative polymerase chain reaction.
Annealing Size PCR
Primer Sense temperatu product
re (2C) (pb)
5'ATCCAGTGGTACATCTATGG 3’
Cx 43 5'CTGCTGGCTCTGCTGGAAGG 3’ 58 593
5'TTTTCAAGGGTGCCAGTTTC 3
PPARY 5" TCTGTGACGATCTGCCTGAG 3 58 501
GCTTAACCAAAGGACGGATTCTTGG 3°
RARa ‘CGGTGTGCTGTAACCACTGACTGG 3’ 52 425
5’ACCCAGGTGAACTCTTCGTCCC 3°
RXRa CGGCTTCCAGAATCTTCTCTACAGG 3 52 694
“TTCTCCTCCTGGCCCACCTCTTACC 3°
RXRB CCGCAGCAGTATGACCTGATCGTCC 3 52 796
5'CCTCATGAAGAGCCTTCCAA 3
PPARY 5 TTTTTGTGGATCCGACAGTTT 3 55 177
- 5'GTGGGCCGCTCTAGGCACCA 3’
B-actin 5 CTCTTTCATGTCACGCACGATTTC 3 58 560

Statistical Analysis

The presented data are mean values + SD of two independent
experiments done in triplicate (n=6). Statistical comparisons
were carried out by ANOVA and post hoc Tukey’s test using
Graph Pad Prism 4.0 and Statistical 6.0 program. All p<0.05
values were considered statistically significant.

The data were normalized with the RMA method, available in
program R.

We searched for the higher stringency of the analyzes using
differentially expressed genes (SDS) common to two different
statistical methods (Limma and RankProd), both with p-value
<0.05; In this case there are no significant values of p due to
the number of samples. We used the 67 SDRs common to the
Limma and RankProd methods.

Results

Phenotype conversion of GRX

As described previously [3], under standard culture conditions,
GRX cells formed monolayers and had a fibroblastoid
morphology corresponding to the activated stellate cells in
(Figure 1A and 1B). Lycopene
expression of the lipocyte phenotype accumulating fat
droplets in their cytoplasm. Similar to other models, induction

hepatic tissue induced

of lipid storage was not synchronized, and groups of cells with
the typical lipocyte phenotype were present with cells that had
just begun accumulation of lipid droplets. After 10 days, most
of the cells reached the typical lipocyte phenotype (Figure 1C).
The lipid nature of cell inclusions could be demonstrated by
their affinity for the dye Oil Red O (Figure 1D).

Fig 1. GRX cells in the standard culture medium (A) and
incubated with Lycopene 3 (C) for 10 days and after staining
with oil-red (B and D respectively). Original magnification
x400

Acetate incorporation into GRX cell lipids

GRX cells were supplemented with lycopene for 5 and 10 days
and were incubated with labeled acetate in the last days of
culture. The cells were then fractionated; lipid droplets and
other fractions were separated, and the incorporation of
acetate was analyzed by TLC. GRX cells incorporated the
labeled acetate into lipids indicting their synthesis and
turnover (Table 2). The high total labeling of phospholipids
indicated their high synthesis and turnover, particularly in the
membranes, where it nearly doubled with the induction of the
fat storing phenotype in cells at 10 days. The increased acetate
incorporation into triglycerides located in the cytoplasm,
followed by the expected segregation into the droplets,
indicated that the net syntheses of triglycerides were induced
by lycopene to attend this new demand. The presence of
labeled free fatty acids in droplets probably indicates that lipid
transfer from the cytoplasm to droplets was similar to the
formation of fatty droplets in adipocytes, mediated by acyl-
transferases.

Table 2. Cell fractionation and composition of lipid droplets of GRX
cells incubated with 3uM lycopene for 5 and 10 days.

Total Membrane Cytoplasm Nucleus

TNcorporaton (%)
Incubation time 5 10 5 10 5 10 5 10

(days)
Fosfolipids 62,99 66,84 47,01 85,03 31,30 31,74 64,24 45,77
Monoacylglycerol 0,74 ND 4,01 ND 4,2 ND 2,22 ND
Diacylglycerol 254 134 242 1,16 11,74 ND 1,28 2,51
Triacylglycerol 8,11 17,58 3,62 1,28 22,28 43,62 14,08 17,43

Cholesterol
Free fatty acid

7,812,74 25,80 6,18 6,61 2,60 4,81 4,66
6,83 3,62 10,81 3,67 19,44 2,19 5,15 10,23

Cell Proliferation and Cell Cycle of GRX Cells

Cell proliferation analysis showed that lycopene, from 48
hours on, was able to reduce the growth of GRX cells (Figure
2). Within two days, all incubated with different
concentrations of lycopene grew 50 to 75% when compared to
cells not incubated with lycopene, except the cells incubated

cells

with 0.5 puM of lycopene (Figure 2A). After five days of
treatment, all cells incubated with different concentrations of
lycopene obtained a reduction of growth by 25%. After seven
days of lycopene incubation, the cell growth profile showed no
statistically significant differences (Figure 2C), being constant
after 10 days of incubation (data notshown).



Fig 2. Growth profile of GRX cells incubated with different
concentrations of lycopene (0.625-20uM) for 2 days (A), 5
days (B) and 7 days (C). Columns without common letters are
statistically different (p <0.05).

GRX cells were incubated with lycopene (1.0-5.0 uM) for 2 to
7 days after the period of cell cycle analysis was performed.
According to the Figure 3A, after 2 days incubation with
lycopene, the fraction of GRX cells in GO/G1 phase increased,
followed by a decrease of cells in the G2/M phase, regardless
of the concentration of lycopene used (p>0.05). This fact
showed that there was an increase in intracellular lycopene
content at the beginning of the formation of lipocyte
phenotype. After 10 days of incubation, the cell cycle was
normalized again, with no significant difference between the
GRX cells incubated with lycopene and the control ones
(p>0.05) (Figure 3B).

Fig 3. Cell Cycle of untreated GRX cells (CT) and treated with
lycopene (1-5uM) for 2 (A) and 7 days (B). The results are
expressed as mean * standard deviation and compared by
Tukey test (* p <0.05).

Gene expression of lipocyte phenotype

GRX cells were incubated in the presence and absence of
lycopene for 10 days and then analyzed for possible expression
of genes involved in the formation of lipid droplets.

Cells incubated with different concentrations of lycopene (1.0-
5.0 uM) showed an increased expression of RXR-a, RXR-B,and
PPARy as compared to controls (Figure 4A-C). No change was
detected in the expression of RAR as compared to the
untreated groups of cells incubated with lycopene (Figure 4D-
E).

Fig 4. Analysis by RT-PCR of untreated GRX cells (CT) and
incubated with lycopene (1-5uM) and nuclear receptor
expression RXR-a (A), RXR-B (B), PPAR-y (C) and RAR (D).The
results are expressed as mean * standard deviation (*p
<0.05).

Microarray analysis

The differentially expressed genes from the above analyses of
Limma e Rank Prod discriminations categorized 67 genes and
select 4 genes with a higher statistical difference (Table 3 and
Figure 5). All these genes are involved in the metabolism of
retinoic acid, but little is known about their activation through
lycopene that has not the pro-vitamin A activity. We observed
up-regulation of cellular growth and proliferation genes such
as HLA-DPB1. Cell cycle-related genes were also modulated by
lycopene treatment, with up-regulation of RGL2, C2 and
CCHCR1 (Table 3).

Table 3. Top Bio Functions modified by lycopene in GRX cells
by microarray analysis.

Gene - DEG Bio Function Fold
increase
Cc2 Cholesterol metabolism 8.215
HLA-DPB1 Cellular growth and proliferation 3.907
Lipid metabolism
CCHCR1 SmaII‘MoIecuIe Biochemistry 3244
Endocrine System Development
and Function
Cellular growth and proliferation
RGL2 Cell Cycle 2.530

Genetic Disorder

Fig 5. Pahways and mechanisms of activation of lycopene in
hepatic stellate cells. Red genes are activated by lycopene.

Discussion

This study has described the several prominent sets of
information on lycopene in the context of protection and
modification of the hepatic stellate cell (HSC) phenotype.
Studies suggest that HSCs are the primary source of ECM in
liver injury [20,21]. During the progression of liver fibrosis,
their proliferation plays a major role in ECM production
extremely rich in collagen leads to scar deposition and liver
fibrosis. HSCs are activated and transdifferentiated to
myofibroblasts that typically express a-smooth muscle actin
(a-SMA) and results in overproduction of the extracellular
matrix (ECM) [22,23].

HSCs proliferation is a key step during the fibrogenic process
[24,25]. Studies suggest having shown that lycopene can
modified cell viability of different types of cells [26—29]. In the
present study, lycopene was able to reduce the growth of GRX
cells and phenotype modification. Depending upon the way
and the dose of lycopene administration, it may alter
proliferation and production of cell cycle-regulatory proteins.
[30,31]. Our results showed no influence of the concentration
of lycopene used on cell cycle of GRX cells. The lycopene
deposited in plasma, liver, and other tissues had no adverse
effects, and no teratogenic effects were observed in rat
studies [32,33]. Besides that, previous studies reported that
lycopene synthetic was not toxic. Unformulated pure
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comprehensive battery of tests.[34]

We observed that lycopene induced an increase of cells in the
GO/G1 phase after 2 days of incubation, followed by a
decrease of cells in the G2/M phase. Palozza et al. [26]
suggested that lycopene blocked the G1/S phase of the cell
cycle, and the possible targets of this block could be the cyclin
D1 and inhibitors of the cell cycle. It has been demonstrated
that lycopene induced a G1/S cell cycle reduction, expressed
by the upregulation of the cyclin A and p27 and
downregulation of cyclins E and D1 [30,34,35,36]. Lycopene
can induce cell cycle arrest at different stages in different
human cancer cells [26,27,30,35-37].

During HSC conversion to the lipocyte phenotype, a reduction
of GRX growth and induction of cell cycle arrest was observed,
modifying the lipid composition and metabolism. A resting
phenotype induction mediated by lycopene can have a
protective role in liver pathologies that cause fibrosis. At the
same time, induction of the myofibroblasts phenotype with
loss of lipid droplets can reduce the storage capacity of the
lycopene in hepatic stellate cells.

The overall pattern of lipid accumulation was comparable to
that observed by Martucci et al. [2], where triacylglycerols and
free fatty acids were the major components of lipid droplets in
GRX cells. This accumulation was accompanied by a significant
change in lipid content of cell membranes, with an increase of
phospholipids and a decrease in membrane cholesterol. These
changes turn the membrane more fluid, ensuring greater
mobility for rotations, and promoting greater protection
against oxidation [38]. In addition, there was a decrease in the
percentage of incorporation of mono and diglycerides and free
fatty acid, both in total content and in cell fractions, but this
was not observed in the nucleus.

Microarray technology provides a genomic approach to
explore the markers and molecular mechanisms leading to
hepatic fibrosis [39]. Accordingly, we used cDNA microarray
analysis to detect the up-regulated genes associated with
modification of HSC activation. Such analyses have already
revealed roles in selected gene products in cell developmental
and physiological functions. The activated pathways often
involve retinoic acid, and we decided to test here its functional
analog, the lycopene.

Microarray analysis identified many differentially expressed
genes that are important in the cell cycle, cellular growth and
proliferation and lipid metabolism. To confirm these results
and determine the effects of lycopene on pathways other than
those specifically involved in HSC, we performed a genome
analysis using lycopene on GRX cells. Lycopene treatment
modified the expression of 67 DEGS, but only 3 genes with
statistical difference. Modification of some of these genes has
been reported recently. We observed up-regulation ofcellular
growth and proliferation genes such as HLA-DPB1 and RGL2.
Recent genome-wide studies have demonstrated that HLA-

DPB1 gene may play an essential role on RNA expression and
progression of HCV and HBV virus-related liver diseases
[40,41]. The C2 protein plays a relevant role in the regulation
of intracellular cholesterol homeostasis by binding with free
cholesterol, this protein
metabolism and regulates the HSCs activation [42].

The mechanisms of HSC activation are crucial for the

and affects free cholesterol

understanding of liver fibrogenesis. Cytokines promote
activation from Kupffer cells and platelets, among which TGF-
beta is of great importance. It stimulates the HSC gene
expression of ECM molecules, but inhibits proliferation and
induces phenotypic transdifferentiation [43]. Previous studies
demonstrated that the acyclic retinoic acid equivalent might
be a possible metabolite of lycopene that induces apoptosis
and regression of cell cycle. Activation of the retinoic acid
signaling pathway could be involved in the activation of HSC.
Lycopene has not the provitamin A activity, but it can form an
acyclic retinoic acid equivalent, able to interact with the
nuclear receptor of retinoic acid (RAR) [44].

Depletion of PPARy accompanies liver fibrosis and cirrhosis, in
which activation of hepatic stellate cells occurs with a-actin
expression, loss of the fat droplets, reduction of retinol
content, proliferation and

extracellular matrix production. These processes can be

increase in cell increase in
reversed with the restoration of PPARy expression [45].

PPARs are transcription factors that belong to the superfamily
of nuclear receptors, which regulate expression of a large
number of genes involved in biological processes, including
energy and lipid metabolism, in response to environmental
and dietary changes. PPARs belong to the type Il family of
nuclear receptors (NR), a groupthat encompasses non-steroid
NRs that form obligate heterodimers with RXR. These
heterodimeric receptors have functional domains for DNA and
ligand binding. PPARs bind to recognition sequences in the
promoter regions of their target genes and act directly to
regulate gene transcription. [46,47].

The RXR also has an antifibrogenic protective effect on the
liver. PPARY/RXR heterodimers regulate transcription of genes
involved in insulin action, adipocyte differentiation, lipid
metabolism, neurodegenerative disorders, cancer and
inflammation [48]. PPARy activators include prostanoids, fatty
acids, thiazolidinediones and N-(2-benzoylphenyl) tyrosine
analogs. RXR ligands include naturally occurring retinoic acid
and synthetic retinoids. Specific ligands for RXR and PPAR
receptors increase metabolic abnormalities associated with
type 2 diabetes, obesity, and other cardiovascular risk factors.
Although adipose tissue mediated some of the effects of
PPARyY/RXR ligands, other tissues also regulate the effects of
these receptors. The activity of the PPARy/RXR heterodimer is
influenced by posttranslational modifications, receptor
turnover, polymorphisms, splice variants, coactivators and
corepressors [49].

In human breast cancer cell lines on established in vitro, the
RXR-selective ligand potentiates the antiproliferative and



of PPAR The
mechanisms regulating these effects are currently unclear
[50]. PPAR and RXR ligands have been shown to differentially
recruit subsets of transcriptional coactivator proteins to the
receptor complex [51]. Combinations of these ligands may

apoptotic responses ligands. molecular

result in additional coactivator recruitment, leading to
enhanced transcriptional activation and cellular effects.

In our study, GRX cells incubated with lycopene augmented
their expression of RXR-a, RXR-B, and PPARy. PPAR signaling
pathway appears to have been activated with the increased
expression of PPAR and RXR, forming dimers in cells incubated
with lycopene. Yang et al. [28] reported that lycopene
increases expression of PPARy and RXRa, a direct target gene
for the PPARY:RXR heterodimer.

Jun Wei [52] examined the regulation of HSC biology through a
mechanism in the antifibrotic effect of PPAR,

including the effect of endogenous PPAR on hepatic fibrosis.

involved

An increase in PPAR expression in quiescent primary HSC and
PPAR depletion reported.
Quiescent HSCs express adipocyte-specific genes, under the
control of adipogenic transcription factor PPAR. Adipogenic

in culture-activated HSC was

transcriptional regulation by PPAR is thus required for the
maintenance of the quiescent HSC phenotype [53,54].

Conclusions

Our results indicate that lycopene induced a lipocyte
phenotype in hepatic stellate cells, promoted cell cycle arrest
in GO/G1 phase and decreased cell viability. During this
process, there is an accumulation of lycopene in the cell
membrane, with modification of membrane lipids. Also, we
demonstrated that lycopene supplementation modulates
molecular pathways by affecting the expression of cell cycle-
related genes, cellular growth, proliferation and lipid
metabolism probably by transcription activation of PPARy and
RXR. Taken together, the present data suggest possible
protective mechanism mediated by lycopene hepatic stellate

cells.
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ABSTRACT This study evaluated the effects of tomato sauce and lycopene on hepatic and cardiac cell biomarkers in rats
fed a high-fat diet. Animals were split into five groups: control group, high-fat group (HG), high-fat tomato sauce group, high-
fat lycopene 2 mg, and high-fat lycopene 4 mg. Food and water were offered ad libitum, whereas tomato sauce and lycopene
(2 and 4 mg/day) were offered daily for 60 days. Body, heart, and liver weights, cardiosomatic and hepatosomatic indices, and
serum parameters were also analyzed in rats. The animals’ hearts and liver were processed, and cells were examined by flow
cytometry. Results showed that the groups receiving tomato sauce and lycopene had lower glycemia. The serum concentration
of high-density lipoprotein cholesterol, hepatic enzymes, and tumor necrosis factor-a did not change upon treatment. Tomato
sauce and lycopene supplementation did not increase interleukin-1b in response to a high-fat diet. Cell cycle analysis of
cardiac and liver cells showed a lower percentage of cells in the GO/G1 phase and an increase in the G2/M phase in HG. Both
lycopene and tomato sauce reversed this effect. Both lycopene and tomato sauce reversed this effect and prevented high-fat
diet-stimulated cardiac and liver cell death. Supplementation of tomato sauce and lycopene showed beneficial effects on
cardiac and liver cell metabolism; therefore, it is suggested as a nutritional approach for the prevention and treatment of

cardiovascular diseases and nonalcoholic hepatic steatosis.

KEYWORDS: apoptosis e carotenoids e cell cycle e high-fat diet e inflammation

INTRODUCTION

BESITY IS A RISK FACTOR for various chronic diseases,
O and the metabolic defects of obesity and type 2 dia-
betes, characterized by fatty liver disease, insulin resistance,
and dyslipidemia, Iead to an increased risk of cardiovascular
disease and cancer.*® Although diagnosed worldwide, ithas
variations in prevalence, reaching *<20-30% in western
countries. In the United States, a country where 25% of the
adult population is obese, the disease affects more than 60%
of these individuals. It is estlmated that 2—-3% of the popu-
lation has hepatic steatosis. ¥ The consumption of diets rich in
saturated fats is linked to synthesis of proinflammatory cy-
tokines, an increase in reactive oxygen species, development
of oxidative stress, and damage to several biomolecules. It is
also a predisposing factor in the development of a variety of
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chronic diseases, mcludlng obesity, cognitive dysfunction,
diabetes, and cancer.*® Thus, a high-fat diet has a central
role in the development of oxidative events, as occurs in
hepatic steatosis and atherosclerosis. Fatty liver is associated
with several atherosclerotic risk factors such as hyperten-
sion, diabetes, and dyslipidemia.’®** Bioactive compound
supplements are a potential disease-, preventmg or health-
promoting treatment to be taken daily."* Bioactive com-
pounds are substances discovered from natural sources,
which are capable of retarding or inhibiting oxidation rates
and can be produced endogenously or absorbed through
foods in the diet."**® Some authors have demonstrated an
inverse relationship between the consumption of carotenoid-
rich foods and the risk of diseases induced by oxidative
stress.6.16-18

Lycopene is a lipophilic non-provitamin A carotenoid,
responsible for the red color in some fruits and vegetables,
such as tomatoes. It has a capacity to protect against many
diseases, mainly due to its antioxidative effects, lipid-
regulating enzyme activities, capacity to induce adipocyte
differentiation, and improvement of the plasma lipid profile
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FIG. 1. Dietary protocol. Experimental model: CG: standard diet
plus water; experimental groups: HG. high-fat diet plus water; TG.
high-fat diet plus solution with tomato sauce and water; L2G. high-fat
diet plus solution with 2.0 mg all-trans lycopene and water; L4G.
high-fat diet plus solution with 4.0 mg all-trans lycopene and water.
Diets and solutions were administered during a period of 60 days.
CG, control group; HG, high-fat group; TG, tomato sauce group;
L2G, lycopene 2 mg group; L4G, lycopene 4 mg group.

in rats fed with a high-fat diet.'? Previous studies have
linked the high intake of tomato products or lycopene with a
lower risk of metabolic diseases, protective effects against
high-fat diets, and decreased hepatic inflammation.'**
However, there is no consensus in the literature regarding
which form of lycopene (i.e., tomato products or isolated
lycopene supplement) is more bheneficial to these inflam-
matory diseases.

The aim of this study was to evaluate the effect of tomato
sauce and isolated lycopene on changes related to cardiac and
hepatic tissues in Wistar rats, such as glycemia, lipidprofile,
inflammatory mediators, hepatic, and cardiac cell cycle.

MATERIALS AND METHODS
Samples

Samples of Brazilian tomato sauce (ingredients: tomato
[97%], sugar, salt, modified starch, vegetable oil, onion,
parsley, marjoram, celery, thickener xanthan gum, aroma-
tizing and potassium sorbate, and sodium benzoate) were
obtained from a local market (Rio de Janeiro, RJ, Brazil).
Water-soluble lycopene 10% (containing sucrose, corn
starch, fish gelatin, lycopene, corn oil, ascorbyl palmitate,
and DL-alpha-tocopherol) was provided by Roche (Rio de

Janeiro, RJ, Brazil). Samples of tomato sauce and lycopene
were kept in a refrigerator (10°C) and freezer (-18°C), re-
spectively, in appropriate packaging.

Appropriate solutions for each experimental group were
prepared daily in the laboratory by dissolving the content in
filtered water at 50°C and adding 20% refined sugar to ob-
tain a palatable solution.

Experimental model

Fifty female, adult Wistar rats were individually housed and
maintained in a 12-h light-12-h dark cycle at 22°C (-2°C).
Animal maintenance was in accordance with the Animal Re-
search: Reporting of In Vivo Experiments (ARRIVE) guide-
lines.” Rat care and experimental protocols were approved by
the Institution’s Scientific, Academic, and Ethics Board.

Animals were divided into five groups (Fig. 1): control
group (CG), which received a standard diet (based casein)
ad libitum, consisting of protein (minimum) 12.95%, fat
(minimum) 4.0%, and water; high-fat group (HG), which
received a high-fat diet ad libitum, consisting of protein
(minimum) 12.95%, fat (minimum) 20.0%, and water; to-
mato sauce group (TG), which received the high-fat diet ad
libitum, plus a tomato sauce solution providing 2.0 mg of
lycopene per day; 2.0 mg lycopene group (L2G), which re-
ceived the high-fat diet ad libitum, plus a solution containing
2.0 mg all-trans lycopene (water soluble) 10% dissolved in
water daily, and water; 4.0 mg lycopene group (L4G), which
received the high-fat diet ad libitum, plus a solution con-
taining 4.0 mg all-trans lycopene (water soluble) 10% dis-
solved in water daily, and water. The ingredients for the
formulation of the control and high-fat rations used in the
experiment are shown in the Supplementary Table S1.

After 60 days of the experiment, the vaginal smear pro-
cedure was performed on all animals to identify their phase
in the estrous cycle and to establish that all were in the same
physiological state without hormonal interference in the
analysis. After the estrous cycle check, rats in the “‘estrus”
phase were separated and trapped. Body weight was mea-
sured, and trapped animals were sacrificed. Serum and or-
gans (heart and liver) were obtained, weighed, frozen, and
kept at -70°C until analysis. Experimental procedures were
conducted according to the study of Ribeiro et al.*®

TABLE 1. BoDY AND TISSUE WEIGHT IN CONTROL AND EXPERIMENTAL GROUPS

Parameters (g) CG HG TG L2G L4G
Initial body weight 160.4 — 4.83° 161.4 - 6.23° 163.4 - 5.68° 162.0 — 5.34° 158.6 — 5.94°
Final body weight 261.00 — 31.04° 268.20 — 17.68% 277.70 — 11.48% 197.30 - 13.12° 188.90 —15.02°
Heart weight 0.94 -0.21% 0.90 - 0.07° 1.06 — 0.05° 0.80 - 0.16% 0.72 -0.11°
Liver weight 7.86 —1.52% 7.10 - 0.57% 8.50 - 1.01% 5.78 —0.55° 5.82 -0.37°
Cardiosomatic index 0.36 — 0.09% 0.34 -0.012 0.38 - 0.06% 0.40 — 0.06% 0.38 — 0.04%
Hepatosomatic index 2.99 -0.23% 2.65 — 0.25% 3.06 — 0.43% 2.95 - 0.43° 3.09-0.17°

Values are mean - SD.

®eDifferent letters mean statistical difference between groups. Statistical significance was determined by ANOVA followed by Tukey’s post hoc multiple mean

comparison test.

CG, control group; HG, high-fat group; TG, tomato sauce group; L2G, lycopene 2 mg; L4G, lycopene 4 mg; SD, standard deviation; ANOVA, analysis of

variance.
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FIG. 2. Heart extracted from sacrificed rats after dietary protocol.
White arrows indicate accumulated fat in tissues.

The hearts and livers were weighed to determine the
relative weight of the organ denominated cardiosomatic
index and hepatosomatic index, which is calculated ac-
cording to the formula:

ioHeart=liver weight dgb=body weightp - 100]

Analytical methods

A glucometer was used to measure serum glucose concen-
tration. Serum total cholesterol, high-density lipoprotein (HDL)
cholesterol, triglycerides, aspartate aminotransferase (AST),
alanine aminotransferase (ALT), interleukin (IL)-1b, and
tumor necrosis factor (TNF)-a concentration were measured
using the BioClin® Commercial Kits and wavelengths specific
to each biochemical indicator, using the colorimetric method
with automated spectrophotometer reading (BioClin BS-120
Chemistry Analyzer®). Low-density lipoprotein (LDL) cho-
lesterol was calculated according to Friedwald’s formula.**

Cell cycle

Animal heart muscle and liver tissues were processed, and
cardiac and liver cell cycles and apoptosis were measured
using flow cytometry. Cell extractions were performed

through maceration of the tissue and addition of 0.5 mg/mL
collagenase (Sigma®). After centrifugation, the cells were
washed twice with phosphate-buffered saline and re-
suspended in 500 IL of ice-cold Vindelov solution con-
taining 0.1% Triton X-100, 0.1% citrate buffer, 0.1 mg/mL
RNase, and 50 mg/mL propidium iodide (PI; Sigma Che-
mical Co., St. Louis, MO, USA). After 15 min of incuba-
tion, the cell suspension was analyzed for DNA content by
flow cytometry using a FACSCalibur flow cytometer
(Becton Dickinson, Mountain View, CA, USA). The rel-
ative proportions of cells with DNA content haploid subG1
(<2n), diploid Go/G; (2n), S phase (>2n and <4n), and G,/
M phase (4n) were acquired and analyzed using CellQuest and
WinMDI 2.9. Respectively, the percentage of cell population
at a particular phase was estimated with FlowJo software fol-
lowing the acquisition of 30,000 events. To our knowledge, the
cell dissociation procedure does not affect fluorescence under
the experimental conditions used in this study. Nuclei of viable
cells were gated according to the FL-2W - FL2-A relationship
based on the study conducted by Guimaraes et al.*®

Apoptosis assay

Cells were resuspended in 400 IL of binding buffer
containing 5 IL of Annexin V fluorescein isothiocyanate
and 5 IL PI (Apoptosis Detection Kit Il; BD Biosciences,
BD Pharmingen, Mountain View, CA, USA) for 15 min at
room temperature (25°C). Annexin V binding was evalu-
ated by flow cytometry (FACScalibur; BD Biosciences)
after acquisition of 30,000 events. The data were analyzed
in CellQuest and FlowJo software.

Data analysis

The effects of tomato sauce and isolated lycopene sup-
plementation were analyzed using one-way analysis of vari-
ance followed by Tukey’s post-hoc test for the multiple mean
comparison test. Results are expressed as mean - standard
deviation, and the significance level was set at P < .05.

RESULTS

At the end of the experiments, body weights were mea-
sured, and the final body weight was higher (P <.05) in the

TABLE 2. SERUM PARAMETERS IN RATS FED WITH EXPERIMENTAL DIETS

Parameters (mg/dL) CG HG TG L2G L4G

Glycemia 107.00 — 2.65° 101.67 — 4.51%° 86.20 — 4.76° 88.60 — 4.56° 88.60 — 6.80°
Total cholesterol 46.00 - 8.60% 45.00 - 3.54° 60.00 — 4.06° 56.80 — 8.14%¢ 53.80 — 4.49%¢
HDL cholesterol 21.60 — 3.51% 22.40 — 1.34° 25.00 — 2.55% 24.20 — 1.30° 23.40 — 1.34°
LDL cholesterol 13.62 - 5.01% 26.76 — 2.50° 23.80 - 3.77° 19.53 — 4.80° 21.82 - 4.01°
Triglycerides 31.60 -8.17% 47.00 - 7.94° 41.20 - 7.66° 40.00 - 6.20° 33.25-7.68°
AST 195.60 — 52.03° 219.80 — 33.39% 198.20 - 52.77° 177.80 — 41.81° 176.40 — 26.60°
ALT 32.20 - 6.42° 32.00 - 5.39% 29.00 - 4.80% 28.00 - 5.43% 33.20-5.81%

Values are mean - SD.

@eDifferent letters mean statistical difference between groups. Statistical significance was determined by ANOVA followed by Tukey’s post hoc multiple mean

comparison test.

AST, aspartate aminotransferase; ALT, alanine aminotransferase; HDL, high-density lipoprotein; LDL, low-density lipoprotein.



TG (277.7-11.48 g) and lower in the L2G (197.3-13.129)
and L4G (188.9-15.02 g) groups compared with the control
group (Table 1). Heart weight was higher (P <.05) in the TG
(1.06 — 0.05 g) and lower in the L4G (0.72 — 0.11 g) groups
compared with the control group. No differences were ob-
served in liver weight or hepatosomatic and cardiosomatic
index among the groups (Table 1). Images of rat hearts in-
cluded in this study are displayed in Figure 2.

Significant differences (P < .05) in glycemia, total cho-
lesterol, and triglycerides were found among the groups
analyzed (Table 2). Groups receiving tomato sauce (TG)
and lycopene (L2G, and L4G) had lower glycemic values
compared with the control. Furthermore, the group receiv-
ing a high-fat diet had higher triglyceride levels compared
with the CG group; however, no differences were observed
when compared with the L4G group. In addition, there were
no differences in the concentrations of serum HDL choles-
terol and liver enzymes (AST and ALT) among the groups
(Table 2).

High-fat diet induced an increase in LDL when compared
with the control group. However, lycopene and tomato
sauce treatment did not promote changes in the LDL con-
centration caused by the hyperlipidic diet.

HG showed an increase in I1L-1b expression compared with
the other groups. Tomato sauce and lycopene, however, did

not show this effect and presented a similar profile. Im-
portantly, TG showed similar results to CG. There were no
variations in the levels of TNF-a among the groups (Fig. 3).
Cell cycle analysis of cardiac cells showed that the HG
group presented a lower percentage of cells in the Gy/G;
phase (47.98 — 6.28), compared with the other groups
(Table 3). Furthermore, a high-fat diet increased the per-
centage of cells in the G,/M phase, which was reversed by
the action of both lycopene and tomato sauce (P <.05). In
liver cells, high-fat diet decreased the number of cells in the
Go/G; phase and increased the percentage of cells in the G,/
M phase. We hypothesized that the highest rate of cell death
in that group promoted an increase in cellular proliferation
to reduce cellular loss. Both tomato sauce and lycopene-
treated groups increased the number of cells in the Gy/G;
phase and decreased numbers in the G,/M phase induced by
the high-fat diet (Table 4).

Annexin V and Pl biomarkers were used to assess apo-
ptosis. An increase in apoptotic cells was present in liver and
heart cells in every group receiving the high-fat diet com-
pared with the CG group. High-fat diet promoted a sig-
nificant decrease in the population of viable cells and a
significant increase of 5.2 and 3.9 times, respectively, in
cardiac and hepatic cells compared with controls (Figs. 4
and 5). High-fat diet supplemented with lycopene and to-
mato sauce reversed the increase in apoptosis caused by the
hyperlipidic diet, exhibiting higher values when compared
with the control group.

DISCUSSION

Tomato sauce is a rich source of lycopene, which has potent
antioxidant activity. Nevertheless, very little is known about
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FIG. 3. (A) TNF-a (B) IL-1b from rats fed a high-fat diet supple-
mented with lycopene and tomato sauce. *P <.05; **P <.01; P <.001
ANOVA-Tukey’s test. ANOVA, analyis of variance; TNF, tumor
necrosis factor; IL, interleukin.

different forms of lycopene supplementation in cardiovascular
diseases and nonalcoholic hepatic steatosis. **?°*

Previous study have shown that 762 individuals with
hepatic steatosis (76.8%) had at least one atherosclerotic
plaque, evidencing a higher prevalence of atherosclerotic
plaques in patients with hepatic steatosis. The study ob-
served a direct association between hepatic_steatosis and
carotid plaques independent of age and sex.” For this rea-
son, it is important to evaluate factors that may contribute to
their prevention.

TABLE 3. EFFECT of LYCOPENE AND TOMATO SAUCE ON CELL
CYCLE PROGRESSION of CARDIAC CELLS IN RATS FED

HIGH-FAT DIET

Groups  Sub-G1 G0/G1 S G2/M

CG 3.27-0.42%79.80 - 4.34° 8.90 - 0.44* 7.95-1.50°
HG 6.35-1.05° 71.39 - 3.88° 9.76 - 0.85° 16.03-1.82°
TG 1.53 -1.22% 78.86 — 7.14° 8.53-0.49° 12.66-1.62°
L2G 3.44 -0.29°81.55 - 7.88° 9.06 -2.67%° 5.95-2.03"
L4G 1.52-0.97°80.17 - 10.35® 10.95-1.73* 8.87-1.87°

The results are expressed as the percentages of total cells. Values are
mean - SD.

acDifferent letters mean statistical difference between groups. Statistical
significance was determined by ANOVA, followed by Tukey’s post hoc
multiple mean comparison test.



TABLE 4. EFFECT of LYCOPENE AND TOMATO SAUCE ON CELL
CYCLE PROGRESSION of HEPATIC CELLS IN RATS FED
HIGH-FAT DIET

Groups Sub G1 G0/G1 S G2/M

CG 1.98 - 0.36 63.49-6.06° 20.20 — 8.47% 14.41 — 3.85%
HG 428 -0.15" 53.67 -5.79° 28.18 — 3.40" 18.15 — 3.08°
TG 1.22-0.24* 67.50-10.10° 15.66—6.10° 16.84—4.40°
L2G 1.15-0.53% 77.96-4.89% 10.57 — 2.05% 11.47 — 2.85%
L4G 1.62-0.78% 71.27-7.39° 13.81 - 3.65% 14.92 - 3.93%

The results are expressed as the percentages of total cells. Values are
mean - SD.

aedpjfferent letters mean statistical difference between groups. Statistical
significance was determined by ANOVA followed by Tukey’s post hoc
multiple mean comparison test.

The present study provided information regarding the
effects of lycopene and lycopene in food matrix supple-
mentation on cardiac and liver metabolism, cell cycle, and
apoptosis. Our outcomes agree with published results in
which quercetin supplementation in rats was able to reduce
weight gain and increase heart size even with ingestion of a
high-fat diet when compared with the control.* Herein,

lycopene supplementation in rats reduced high-fat diet-
induced weight gain and was cardioprotective.

Previous studies have shown that a tomato juice inter-
vention in vivo did not affect glucose and lipid profiles.*"%
Furthermore, no changes in weight gain were observed in
accordance with our results.

Obesity and dyslipidemia are considered risk factors of
cardiovascular disease and nonalcoholic hepatic steatosis.
Furthermore, it has been reported that a high-fat diet and high
cholesterol levels can favor metabolic alterations.®® Our re-
sults revealed that a high-fat diet promoted an increase in
triglycerides and cholesterol, and lycopene and tomato sauce
supplementation improved the rat’s lipid profile.

Previous study observed that treatment with a lycopene
mix and other bioactive compounds promoted an increase in
HDL levels and reduced oxidative stress through prevention
of LDL oxidation.'®

Cellular mechanisms triggered by the consumption of a
high-fat diet include apoptosis, necrosis, and autophagy.* '
Those effects may be linked to the genesis of cardiovascular
diseases and nonalcoholic hepatic steatosis. Therefore, it is
vital to identify strategies that may contribute to their pre-
vention and reduction.
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tomato sauce. (I) Flow cytometry analysis of cardiac
cells from rats fed a high-fat diet supplemented with
lycopene and tomato sauce. (IT) Quantitative effects of
lycopene and tomato sauce of cell death of cardiac cells
from rats fed a high-fat diet. (A): CG; (B): HG; (C):
TG; (D): L2G; (E): L4G. The results are expressed as
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mean — SD, with significant differences compared by
one-way ANOVA followed by Tukey’s multiple com-
parison post hoc test. *P <.05. *P < .01. SD, standard
deviation.
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Stress factors can induce IL-1b and TNF-a. Proin-
flammatory cytokine IL-1b is elevated in chronic inflam-
matory diseases, such as obesity, and can be associatedwith
increased cell proliferation, cell cgcle arrest, and increased
apoptosis in different cell types.**® We showed that tomato
sauce and lycopene supplementation reversed the increase
in IL-1b levels induced by high-fat diet.

Numerous studies have investigated the effects of indi-
vidual compounds on vital cellular parameters and apoptosis
to determine the underlying mechanisms of action. How-
ever, few studies have investigated the influence of phyto-
chemical combinations in this context.**“°

To determine the basic mechanisms by which carotenoids
present in the food matrix may be more effective in pre-
venting and treating diseases than individual compounds,
this study compared two versions of lycopene, isolated and
food matrix lycopenes, and their inhibitory effects on cell
growth and apoptosis.

Few studies have reported the mechanism by which fruits
and vegetables could prevent or reduce inflammatory dis-
eases, such as cardiovascular diseases and nonalcoholic
hepatic steatosis. Cardiac cell cycle analysis reported that a
high-fat diet promoted a decrease in the Go/G; phase and an
increase in the percentage of cardiac cells in the G,/M

lycopene and tomato sauce of cell death of hepatic cells
from rats fed a high-fat diet. (A): CG; (B): HG; (C):
TG; (D): L2G; (E): L4G. The results are expressed as
mean — SD, with significant differences compared by
one-way ANOVA followed by Tukey’s multiple com-
parison post hoc test. *P <.05. *P < .01.

phase, demonstrating compensation by cell proliferation for
higher levels of cell death. Nevertheless, it is important to
mention that the pronounced cell proliferation may be
harmful to the organism.

Lycopene promoted an increase of cells in the Gy/G;
phase and a decrease in the cell percentage in the Gy/M
phase in different cancer cell lines.* Our study showed that
both tomato sauce and lycopene supplementation increased
the number of cardiac cells in the Gy/G; phase and a de-
crease in the number of cardiac cells in the G,/M compared
with the high-fat diet. Tomato sauce reduced the effects
caused by high-fat diet in the cardiac cells of the study
animals. Lycopene increased the percentage of cardiac cells
in the Go/G; phase, perhaps lessening damage caused by the
high-fat diet. Similar results were observed in the liver cell
cycle, in which tomato sauce and lycopene supplementation
increased and decreased the percentage of cells in the Gy/G;
and G,/M phase, respectively.

Consumption of tomato juice and pure lycopene regulates
the cell cycle of HepG2 cells. Nonetheless, tomato juice did
not promote apoptotic changes; only lycopene supplemen-
tation was able to induce apoptosis in HepG2 cells.”>**

Apoptosis is characterized by a series of distinct changes
in cell morphology, loss of cell attachment, cytoplasmic



contraction, DNA fragmentation, and other biochemical
changes, including the activation of caspases through ex-
trinsic and/or intrinsic mitochondrial pathways. Therefore,
an inhibitory effect on cell proliferation is very desirable for
a compound. It is known that changes in the cell growth
process and cell cycle are main features of different pa-
thologies. This study showed a damaging effect of high-fat
diet on cardiac cell apoptotic induction. However, tomato
sauce and lycopene were not able to reduce high-fat diet-
induced apoptosis. Similar results have been observed in
different cancer cell lines in which lycopene promoted an
increase in apoptosis.***

We demonstrated that tomato sauce and lycopene sup-
plementation have beneficial effects on cardiac and liver cell
metabolism and may be considered as a nutritional approach
for the prevention and treatment of cardiovascular diseases
and nonalcoholic hepatic steatosis.
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Abstract: Lycopene is more bioavailable in processed tomato products than in raw tomatoes, since
arrangement of cis-isomers of lycopene during food processing and storage may increase its
biological activity. The aim of the study is evaluate the influence of lycopene content from different
tomato-based food products (extract, paste, ketchup and sauce) on cell proliferation, cell cycle, and
rate of apoptosis of human prostate cancer cell lines. DU-145 and PC-3 cell lines were treated with
lycopene content from different tomato-based food products (500-5000 pg/mL) for 96 h. The data
showed a decrease in cell viability in both DU-145 and PC-3 cells after treatment with alllycopene
extracts from tomato-based food products. Analysis of cell cycle revealed a decrease in the
percentage of prostate cancer cells in Go/G1 and G2/M phases after 96 h of treatment when using
lycopene content from tomato paste and tomato extract. However, lycopene extracted from tomato
sauce and ketchup promoted a decrease in the percentage of cells in Go/G1 phase and an increase in
S and G2/M phases after 96 h of treatment. Lycopene content from all of those tomato-based food
products also increased apoptosis in both prostate cancer cell lines. In this regard, lycopene has
proved to be a potent inhibitor of cell viability, arrest cell cycle and increase the apoptosis in human
prostate cancer cells, suggesting an effect in the balance of human prostate cancer cell lines growth.

Keywords: tomato-based food products; lycopene; prostate cancer; bioactive compounds;
chemoprevention

1. Introduction

Prostate malignant growth (PCa) is the most common cancer and the fifth driving reason for
death in men, representing 15% of the absolute analyzed tumors in men and 307,000 deaths, speaking
t0 6.6% of the all-out male disease mortality. [1]. Many factors included diet, lifestyle, environmental,
and genetic factors can contribute to enhance the risk factors for PCa [2]. Several studies found inverse
relationships between total fruit and vegetable intake [3] or cruciferous vegetable intake and PCa risk
[4-8].
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Lycopene is commonly found in tomato products. Due to its lipophilic character, the interactions
between lycopene and fats enhance its bioavailability [9]. Therefore, cooking processes using oils in
the preparation of tomato sauces and paste are very important [10,11]. In most food sources, lycopene
exists predominantly in the all-trans conformation. In contrast, the cis-isomer is thought to provide
better bioavailability and might be more easily absorbed [12]. However, lycopene solubilization in
warm water collapses of the cell walls; this weakens the connection between the lycopene and the
tissue matrix. As a result, lycopene is more accessible and isomerization from the all-trans to the cis
conformation is increased [13]. Previous studies have suggested that the bioavailability of lycopene
is more substantial in tomato paste than fresh tomatoes. Furthermore, lycopene was found in higher
quantities in heated, processed tomato juice than in juice that was unprocessed [14,15]. Thus, in light
of the epidemiologically defined cancer-preventing properties of carotenoids, the factors affecting
their bioavailability should be taken into account [16].

A number of studies described the association between tomatoes and tomato-based food
products with PCa, but the conclusions were unclear [2,17]. The antioxidant activity of lycopene,
which is abundant in tomatoes, has also been studied specifically for its influence on PCa [12].
Prospective human studies found that higher lycopene consumption or higher Iycopene serum levels
were associated with lower PCa risk [18,19]. Two short-term preprostatectomy trials using lycopene
supplementation or tomato sauce consumption described the lycopene effect in prostate tissue
associated with antioxidant and potentially anticancer properties [20,21]. While several clinical trials
suggested an inverse relationship between cancer occurrence and lycopene supplementation [22,23],
no large trial study has tested the role of lycopene or tomato-based food products on PCa prevention
or treatment [24]. In a cohort of 14,000 Seventh-day Adventist men [25], consumption of only
tomatoes, beans, lentils, and peas was found to be statistically significantly related to lower prostate
cancer risk in a multivariate analysis. 3-carotene food sources seems to be unrelated to risk of prostate
cancer. In a larger and more comprehensive dietary study, intake of the carotenoids (-carotene,
[-carotene, lutein, and [3-cryptoxanthin were not associated with the risk of prostate cancer, but high
lycopene intake was related to reduction (26%) in risk [26]. High intake of tomatoes and tomato-based
food products, which accounted for highest content of lycopene (82%), reduced risk of prostate cancer
by 35% and aggressive prostate cancer by 53% in another study [27].

In vitro, lycopene arrests the cell cycle in several PCa cell lines [28-30]. Lycopene-induced delay
in progression through the G1 and S phases has also been observed in human cancer cell lines derived
from the prostate [31]. Apo-10-lycopenoic acid and apo-12’-lycopenal, metabolites of lycopene
metabolism, [24] can cause cell cycle arrest in cancer cells [32,33]. Cancer cells arrested by serum
deprivation in the presence of lycopene cannot return to the cell cycle after serum re-addition [19].
Lycopene and tomato comsumption may modify testosterone metabolism and serum concentrations,
and may impact gene expression in human prostate cancer cells, normal rat prostate, and prostate
cancer xenografts [19,32-34]. In addition to the antioxidant action, lycopene has several biological
functions important for human health. Previous studies describes mechanisms in preventing
carcinogenesis, including the antiproliferative insulin-like growth factor-1 inhibition, induction of
cell differentiation, and apoptosis, connexin, and enhance of gap junctional intercellular
communications [35]. For maintaining normal prostate growth and cell renewal, the complex
equilibrium between cell growth or differentiation factors and apoptosis inducing factors is critical.
Similar to other tissues, prostate is normally composed of cells that divide and replicate in an orderly
and controlled manner, however it can likewise contain cells with modified division patterns that
give rise to benign or malignant tumors [36].

The treatment of LNCaP cells with physiologically attainable concentrations of lycopene
(0.3-3.0 uM) can significantly reduce the mitochondrial transmembrane potential, induce the release
of mitochondrial cytochrome ¢, and increase annexin V binding, compatible with the induction of
apoptosis [37]. Soares et al. [30] showed that lycopene induced apoptosis in prostate cancer cells with
an average 1.35-fold increase after 48 h treatment, reaching a maximum 2.25-fold increase after 96 h,
at the highest lycopene concentration (10 uM). It has been demonstrated that lycopene alters the
equilibrium of Bcl-2/Bax expression in PCa cells treated with lycopene. Induction of apoptosis is an



important strategy in the tumor suppressive function of p53 [38]. This prompt might be significant
for the understanding the effects of lycopene on prostate cancer.

Although the role of lycopene in the prevention of PCa has been studied extensively, human
studies examining the role of lycopene in cancer are now being conducted [39]. The majority of
studies on the effects of lycopene on cell cycle were performed 48 h after lycopene treatment; this can
lead to the underestimation of the effect of this substance.

In the present study, we evaluated the influence of lycopene content from different tomato-based
food products (extract, paste, sauce and ketchup) on cell proliferation, cell cycle, and rate of apoptosis
of human prostate cancer cell lines (DU-145 and PC-3).

1. Materials and Methods

1.1. Chemicals, Reagents and Materials

Dulbecco’s cell culture medium (DMEM) and bovine serum albumin were obtained from Sigma,
and fetal bovine serum (FBS) from Laborclin (Sao Paulo, Brazil). Cell culture flasks and plates were
procured from Nunc (Roskilde, Denmark). All chemicals were of analytical grade.

1.2. Samples and Lycopene Extraction

Tomato-based food products (tomato extract, tomato paste, tomato sauce and ketchup) from
Brazilian commercial products were purchased in the local supermarket (Rio de Janeiro, Brazil).
Lycopene extracts from each tomato-based product were obtained by conventional solvent extraction
using organic solvent (absolute ethanol). A 500 g sample was weighed into a 3-L glass tube with
a glass filter bottom (50 mm x 1500 mm), and lycopene was extracted for 40 min with 1 L of absolute
ethanol in an ultrasonic bath. Subsequently, the solvent was removed using a vacuum evaporator
(Marconi®) at 60 °C for 6 h and the material was weighed. After those steps, the lycopene extracts
obtained from each tomato-based product were frozen at-78 °C for 24 h. Using a freeze drier (Terroni
LD 3000) those extracts described above were submitted to freeze-drying, 20 h, atless than 200 umHg.
The material obtained from this process had a “flour” texture, and it was stored in amber bottles, at
-18 °C, until the test procedures with the cell lines [40,41]. The extraction, separation and
identification of lycopene were performed using a HPLC (Figure S2).

1.3. High Performance Liquid chromatography (HPLC) Analysis

Profiles of the carotenoids were determined by HPLC (Waters 2695 — Alliance Model, Milford,
MA, USA) controlled by the Empower software program with the column oven at 33 °C and
photodiode array detector (DAD 996-Waters®). Carotenoid separation was obtained in a C30 column
(5-3 Carotenoid, 4.6 mm x 250 mm, YCMTM) purchased from Waters. The mobile phase HPLC grade
solvents were purchased from Tedia (Rio de Janeiro, R], Brazil) and consisted of 8:2 (methanol:t-butyl
methyl ether, v:v). The flow rate was 0.8 mL/min and the injection volume samples was 15 pL.
Analysis running time was 28 min. All analyses were performed in triplicate. Carotenoids were
identified based on their retention times and ultraviolet-visible (UV/Vis) absorption spectra,
compared to the retention times of the carotenoid standards. The carotenoid standards were obtained
from Sigma-Aldrich. The identification of all-trans lycopene and cis isomers was done by elution
order and UV-vis spectra; they were compared to the published data [40,41] (Figure S1). All the
solvents and chemicals were purchased from Sigma and Merck. Lycopene standard (90% all-E-lycopene)
were obtained from Sigma Aldrich (USA).

1.4. Cell Culture Experiments

Cell lines were obtained from the Rio de Janeiro Cell Bank (BCRJ), which certified their identity
and quality (Inmetro, Rio de Janeiro, R], Brazil). The BCR] ensures that all cell cultures undergo
microbiological analyzes and tests for mycoplasma detection before being sent to the customers.
Prostate cancer cell lines DU-145 (BCR] code: 0078) and PC-3 (BCRJ code: 0269) were grown in 25 cm?



cell culture flasks at a density of 4.0 x 10¢ cells/flask and in a 37 °C humidified incubator with 5%
carbon dioxide (CO2) (Thermo Scientific COz Incubator). Cells were grown in DMEM supplemented
with 10% fetal bovine serum (FBS) and 2 g/L. HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid) buffer, pH 7.4. Cells were handled in safe conditions that meet sterilization procedures
standards, using a biosafety cabinet to its manipulation. The cabinet was irradiated for 30 min prior
to use and all the surfaces were sterilized using EtOH 70%. Cells were passaged by trypsinization
when they reached 70-80% confluence, about twice a week. The experiments have been started after
the sixth passage. For each experiment, all cells were plated at a density of 10* cells/cm?in 6 and
96-multiwell plates for cell cycle and cell proliferation analyses, respectively. Lycopene extracts were
dissolved in water at 50 °C within a range from 500 to 5000 pig/mL and depending on the lycopene
concentration of each product, the extract was normalized to in all extracts the concentration of
lycopene in the stock solution having the same concentration of lycopene between the different
extracts. Lycopene extracts from the different tomato products were then added to the plates.
Different plates were used for each lycopene extract and experimental cells were included on the
same plate as control cells. Cells were then incubated for 96 h with daily medium replacement.

1.1. Cell Viability Assay

The anticancer activity of extracts on DU-145 and PC-3 cells were determined by the MTT (3-(4,
5-dimethyl thiazol-2yl)-2, 5-diphenyl tetrazolium bromide) assay was used to assess the cytotoxicity
Cells (1 x 10%/well) were plated in 0.2 ml of medium/well in 96-well plates for 24 h. For MTT assay
the medium from the wells was removed carefully after incubation. After treatment with lycopene
extracts from the different tomato-based food products and incubation for 96 h (six wells for each
sample), 20 uL of MTT (5 g/L) were added to each well. After incubation, the medium was removed
and 100 pL/well sodium dodecyl sulfate (SDS). Presence of viable cells was visualized by the
development of purple color due to formation of formazan crystals. The suspension was transferred
to enzyme-linked immunosorbent microplate reader (Bio-Rad 2550) at 490 nm. Measurements were
performed and cellular viability inhibition rate (CVIR) was calculated using the following formula:
CVIR= (1 — average absorbance value of experimental group/average absorbance value of control
group) x 100%

1.2. Cell Cycle Analysis

Briefly, cells were washed with calcium and magnesium-free phosphate-buffered saline (PBS)
and detached from cell culture flasks with trypsin at 37 °C. The cells were washed twice with
PBS, and 1 x 10¢ cells were resuspended in 1.0 mL of ice-cold VindeLov solution containing 0.1%
Triton X-100, 0.1% citrate buffer, 0.1 mg/mL RNase, and 50 pg/mL propidium iodide (Sigma Chemical
Co., St. Louis, MO, USA). Flow cytometry was used to determine the effect of the extracts on the cell
cycle using a FACSCalibur flow cytometer (Becton Dickinson, Mountain View, CA, USA). The
relative proportions of cells with diploid DNA content were acquired and analyzed using CellQuest
and WinMDI 2.9 software, respectively. Results are expressed as percentage of cells in each phase of
cell cycle determined with EXPO32 V1.2 analysis software (Beckman Coulter, Inc., Brea, CA, USA).
The cell dissociation procedure did not affect fluorescence under the experimental conditions that
were used in this study.

1.3. Apoptosis Assay

DU-145 and PC-3 prostate cancer cell lines were treated with lycopene extracts, at concentrations
of 500 and 5000 ug/mL, in 6-well plates. After 96 h of incubation, the non-adherent cells were
collected, and adherent cells were quickly washed with PBS and detached with
trypsin/EDTA (ethylenediamine tetraacetic acid) 0.125% (Sigma Chemical Co Saint Louis, MO, USA.)
at room temperature. Cells were centrifuged to remove the medium, washed with PBS and stained
with Annexin V-FITC and PI in binding buffer (BD Pharmingen) according to the manufacturer’s
instructions. Stained cells were analyzed using a FACSCalibur (BD Bioscience, NJ, USA) and



analyzed using WinMDI 2.9 software. Data were reported as the percentage of apoptosis, obtained
by determining the numbers of apoptotic cells versus the total numbers of cells.

1.1. Statistical Analysis

Results were expressed as mean + SD for a given number of three independent experiments done
in duplicate. Data were analyzed by using one way analysis of variance (ANOVA) followed by the
Tukey test using the Graph Pad Prism 5.0 and Statistical 6.0 program (company, city, country (version
5.04, GraphPad Software, San Diego, CA, USA). Statistical differences were considered
significant when the value was p < 0.05.

2. Results and Discussion

2.1. HPLC Analysis

Table 1 summarizes the data concerning, total carotenoid content, cis-lycopene and all-trans-
lycopene isomers from the analyzed tomato-based food products. The mean lycopene content was
96.65% in tomato sauce, 96.48% in ketchup, 95.12% in tomato extract, and 97.78% in tomato paste.
However, the lycopene content of tomato sauce was not statistically different from that of ketchup
and tomato extract. Among the samples analyzed, ketchup displayed a higher content of cis-lycopene
(9.20 pg/g). These values are similar to those reported by Barber and Barber [42], as well as
Waliszewski and Blasco [43].

Table 1. Total carotenoid content, cis-lycopene, and all-trans-lycopene isomers from the analyzed
tomato-based food products.

Total CarotenoidsCis-LycopeneTrans-LycopenelLycopene Content
(ug/g) (ug/g) (ug/g) (%)
Ketchup 147.81+8.352 9.20+0.892 133.39 +6.64 2 96.48 +0.36 2
Tomato Extract 85.60 +1.09° 6.48+0.88> 7494+1.73% 95.12+0.22"
Tomato Sauce 168.95+536¢ 740+0.49° 15594+7.45¢c 96.65+1.63 abc
Tomato Paste 77.57+1.814 5.05+0.40°> 70.80+2.09°" 97.78 +0.10 ¢

Lycopene content (%) was measured through the following formula: (cis-lycopene + trans-lycopene)

Sample

x 100/total carotenoids. The data are expressed as mean + SD. Variation in the letters between samples
indicates significant difference (p <0.05).

Cis-lycopene-rich tomato sauce has higher bioavailability than trans-lycopene-rich tomato sauce
in healthy adult subjects. Cis-isomers of lycopene are produced during processing and cooking of
tomato products [44,45]. It is conceivable that all-trans-lycopene, a long linear molecule, may be less
soluble in bile acid micelles. Lycopene in fresh tomatoes occurs mostly in the trans-form. In contrast,
cis-isomers of lycopene may move more efficiently across plasma membranes and preferentially
incorporate into chylomicrons [46]. However, is still unclear data for metabolism, biotransformation,
distribution, and biological relevance of the cis-isomers of carotenoids in human tissues. Differential
absorption, transport, and uptake of specific stereoisomers can also be hypothesized [47,48]. Further
endeavors to explain the structures of geometric lycopene isomers and biological mechanisms in the
prostate may prompt the advancement of novel chemopreventive agents.

2.2. Effect of Lycopene Extracts on the Number of Viable Cells in Culture

Our study provides evidence that lycopene in tomato products may inhibit the growth of human
PCa cells. The human prostate contains lycopene and other dietary carotenoids, supporting the
hypothesis that tomato-derived carotenoids may directly impact the prostate. Prostate cancer cell
lines (PC-3 and DU-15) were derived from distant metastases of. Accordingly, they have gone
through the epithelial-mesenchymal progress and are expected to be different, both from primary
prostate cancer and from each other, since each established cancer line passes through extensive



selection both in vivo and in subsequent culture in vitro. DU-145 cells displayed a higher inhibition
of proliferation in elevated levels of lycopene compared to the PC-3 cellline.

Both cell lines showed the normal growth characteristics expected under standard in vitro
conditions. The plating of cancer cell lines was followed by a 24 h recovery period, and cells were
subsequently incubated with 500, 1000, 2500, and 5000 pg/mL of lycopene extracts for 24, 48, 72, and
96 h. Using the MTT assay, we observed a decrease in cell viability in both the cancer cell lines after
treatment with all extracts of tomato-based food products. Even after only 24 h of treatment, lycopene
promoted an average inhibition of 35% for DU-145 cells, which increased to 55% after 96 h of
treatment for all tomato-based food products (Figure 1). Lycopene treatment inhibited viability of
PC-3 cells by approximately 40%, after 96 h (Figure 2). A potent inhibitory effect on PC-3 cell viability
was observed using lycopene extracted from tomato paste, and the highest reductions in cell viability
were achieved even with 24 h of incubation. No statistically significant differences were observed
between the effect of lycopene content from tomato-based food products after 96 h of treatment in
both the cell lines.
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Figure 1. Effect of lycopene obtained of tomato paste (A), tomato extract (B), tomato sauce (C), and
ketchup (D) on DU-145 cell viability after 24, 48, 72, and 96 h of exposure, respectively. The results
are expressed as mean + error standard and significant differences between untreated cells (Control)
and those treated with lycopene (500, 1000, 2500, and 5000 pg/mL) were compared by one-way
ANOVA followed by Tukey’s multiple comparison post-hoc test. * p < 0.05; ** p < 0.01; *** p < 0.001.



(A) MW Control (B) PC-3 W Contol

PC-3 B 500ug/mL x B 500ug/mL
TOMATO PASTE [ 1000pg/mL TOMATO EXTRACT Bl 1000pg/mL
_— 100+ = [ 2500ug/mL
sl 904 ki [ 5000ug/mL.
80 80
704 704
o % " 60
8 504 g 50
2 4 Ly
30 304
20 204
10. 104
o. od
24 hours 48 hours 72 hours 96 hours 24 hours 48 hours 72 hours 96 hours
(c) PC3 = Control (D) PC3 B Contd
S00ug/ml. KETCHUP 5009/
TOMATO SAUCE & 10009 B 50,9
100 1001 Seme
901 90
801 80
704 0
2 * - ®
8 s0f 3
= ®
40 40
304 %
201 201
101 104
o o
24 hours 48 hours 72 hours 96 hours 24 hours 48 hours 72 hours 96 hours

Figure 2. Effect of lycopene obtained of the tomato paste (A), tomato extract (B), tomato sauce (C),
and ketchup (D) on DU-145 cell viability after 24, 48, 72, and 96 h of exposure, respectively. The results
are expressed as mean + error standard and significant differences between untreated cells (Control)
and those treated with lycopene (500, 1000, 2500, and 5000 pg/mL) were compared by one-way
ANOVA followed by Tukey’s multiple comparison post-hoc test. * p <0.05; ** p < 0.01; *** p < 0.001.

DU-145 cells, which are moderately aggressive, exhibited a greater inhibition of proliferation at
high levels of lycopene compared to PC-3 cells, which are highly aggressive. The lycopene effect was
found to be time-dependent, because this effect required a relatively long incubation time to achieve
improved action.

1.1. Effect of Lycopene Extracts on Cell-Cycle Progression

We treated cells with lycopene for 96 h and quantified the percentage of cells in the different
cell-cycle phases to elucidate the mechanism by which lycopene regulated cell growth. Flow
cytometry analysis of cell cycle revealed that lycopene extracted from tomato paste (5000 pg/mL)
decreased the percentage of DU-145 cells in Go/G1 and G2/M phases (Figure 3A). However, lycopene
extracted from tomato sauce and tomato extract (Figure 3B,C) decreased the percentage of cells in
Go/G1 phase and increased in S and G2/M phases (5000 pig/mL) after 96 h of treatment. In addition,
lycopene extracted from ketchup (500 ug/mL) increased the percentage of cells in Go/Grand Go/M
phases (Figure 3D). No changes were observed when using 5000 ug/mL lycopene extracted from
ketchup. In PC-3 cells, a significant reduction in the percentage of cells in the Go/G1 and G2/M phases
was achieved with lycopene extracted from tomato paste and tomato extract, when used at higher
concentration (Figure 4A,B). The effect of lycopene extracted from tomato sauce and ketchup
promoted an accumulation of PC-3 cells in the GyM phase (Figure 4CD).
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Figure 3. Effect of lycopene obtained from tomato paste (A), tomato extract (B), tomato sauce (C), and
ketchup (D) on DU-145 cell cycle after 96 h of exposure, respectively. The results are expressed as
mean + error standard and significant differences between untreated cells (Control) and those treated
with lycopene (500 and 5000 ug/mL) were compared by 1-way ANOVA followed by Tukey’s multiple
comparison post-hoc test. * p <0.05; ** p <0.01; *** p <0.001.
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Figure 4. Effect of lycopene obtained of tomato paste (A), tomato extract (B), tomato sauce (C), and
ketchup (D) on PC-3 cell cycle after 96 h of exposure. The results are expressed as mean * error
standard and significant differences between untreated cells (Control) and those treated with
lycopene (500 and 5000 ug/mL) were compared by 1-way ANOVA followed by Tukey’s multiple
comparison  post-hoc test. * p < 005 * p < 005, ** p < 0.001.



In both cell lines, the cell cycle analysis showed that lycopene reduced the percentage of cells in
Go/G1 and G2/M phases after 96 h of treatment in the metastatic PCa cell lines, using lycopene
extracted from tomato paste and tomato extract. Although the arrest of cells in Go/G1 phase can be
reverted, and cells can proceed with proliferation after interruption of the treatment, Go/M arrest
potentially leads to apoptosis. However, lycopene extracted from tomato sauce and ketchup
decreased the percentage of cells in Go/G1 phase and increased the percentage of cells in S and Go/M
phases after 96 h of treatment. The cell cycle arrest in Go/M phase is vital, because it leads to apoptosis
when cells cannot recover and proceed to cell division.

Furthermore, considering that lycopene extracted from all tomato-based food products
interfered with cell cycle and cell viability, it was important to investigate whether these products
disturbed apoptosis during the in vitro treatment. DU-145 and PC-3 cells displayed a significant
increase in apoptosis, suggesting that another mechanism may be involved. According to Renju et al.
[49], exposure of PC-3 and DU-145 cell lines to lycopene isolated from Chlorella marina at a dose of
20 and 50 pM significantly inhibited cell growth, and apoptosis was strongly induced at 50 uM,
demonstrating the anti-proliferative and apoptotic effects of lycopene. Cell-cycle deregulation is an
important step in cancer development [49]. Previous studies reported that lycopene induced cell cycle
arrest in Gi1/S phases, which was mediated by the downregulation of cyclins E and D1, and/or by the
upregulation of cyclin A and p27 [50].

1.1. Apoptosis

It has already been elucidated that apoptosis may modulate the malignant phenotype, and
studies have uncovered that a high recurrence of apoptosis was seen in unexpectedly relapsing
tumors and in tumors treated with cytotoxic anticancer agents [51]. Hence, many studies have been
led to demonstrate the impact of tomato-based products on inducing programmed cell death [52,53].
Apoptosis induction was reported by annexin V and PI biomarkers. Altering the balance between
proliferation and apoptosis is associated with cancer, and quantification of apoptosis can be a useful
measure of cancer cell kinetics. We evaluated the effect of lycopene from all tomato-based
products after 96 h of incubation on different stages of the cell death process of DU-145 and PC-3
cells. Table 2 shows the percentage of viable, early apoptotic, late apoptotic, and necrotic cells treated
with lycopene extracts from tomato paste, tomato extract, tomato sauce, and ketchup (500 and
5000 pg/mL). Figure 5 shows the influence of lycopene extracts from tomato-based products onthe
rate of apoptosis.

In DU-145 cells, after 96 h of incubation, tomato paste extract showed an increase upto 34.1 times
(5000 pg/mL) in the population of apoptotic cells (early and late apoptosis) compared to control
(Figure 5A). Ketchup extract promoted a lower effect from all the tomato-based product extracts
analyzed, achieving an increase up to 8.6 times in apoptotic cells, with the highest lycopene
concentration (5000 ug/mL). In PC-3 cells (Figure 5B), no statistical difference was observed between
lycopene extracts from tomato paste, tomato extract, and tomato sauce at higher treatment
concentrations. A potent effect was achieved with a relative increase rate of 58.9 times in the
population of apoptotic cells (early and late apoptosis). However, for this cell line, ketchup extract
also produced a lower effect compared to all the tomato-based products analyzed, achieving an
increase of up to 5.5 times in apoptotic cells.

Increase in early and late apoptotic cells was observed in DU-145 and PC-3 cells treated with
extracts from all tomato-based products and both concentrations of lycopene, but the most notable
effect was produced by tomato paste extract (Table 2). Despite the unknown comparative
bioavailability values for lycopene from various tomato products, lycopene from processed tomato
products appears to be more bioavailable than raw tomatoes. The release of lycopene from the food
matrix due to processing, the presence of dietary lipids and heat-induced isomerization from all-trans
to cis enhance the bioavailability of lycopene [54].
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Table 2. Effect of tomato-based products on different cell death stages in human prostate cancer cell lines (DU-145 and PC-3) after 96 h.

Compounds
Cell c Untreated Cells Tomato Paste Tomato Extract Tomato Sauce Ketchup
ell death stages
Type 500 pg/mL 5000 pg/mL 500 pg/mL 5000 pg/mL 500 pg/mL 5000 pg/mL 500 pg/mL 5000 ug/mL
DU-145 Viable cells 89.10 £2.71°64.30 £1.56 < 89.36 + 1.4870.93 +2.02488.45 + 1.48°78.45 +1.20°91.32 + 1.24289.80 £ 0.32
Early apoptosis 2.32+0.53% 13.20+1.70¢ 2.12+0.29° 8.71+0.4093.56+0.56°> 6.65+0.35¢ 1.14+0.28f 2.90+0.30 >
Late apoptosis 435+1.09° 21.05+0.64° 4.82+0.54> 19.00+0.853.50+0.34> 14.25+0.644 3.22+0.46° 590+0.25¢
Necrosis 423+1.06° 1.45+049° 3.70+0.64¢ 1.36+0.384.49+0.59+ 0.65+0.21¢ 4.32+050= 1.40+0.27"
PC-3 Viable cells 90.26 +0.23 * 37.37 +0.04 < 87.67 +£0.89 2 40.05 + 0.49 993.39 + 0.04 ® 42.78 + 0.37 ¢ 93.73 + 0.37 ©94.14 + 0.18 ©
Early apoptosis 1.87+0.15° 21.53+0.33 ¢ 3.07+0.22 ¢ 16.35+0.35°1.87+0.20> 18.35+0.35¢ 1.64+0.28" 2.86+0.29 ¢
Late apoptosis 5.54+0.35° 39.00 +0.57 ¢ 8.63+0.48 ¢ 42.52+0.35°2.55+0.49¢ 38.15+0.64c 3.58 +0.49¢ 2.36+0.32
Necrosis 2.33+0.39° 210+0.28> 0.63+0.19> 1.08+0.21°2.19+0.25> 0.72+0.21* 1.05+0.16° 0.64+0.13 =

Legend: the cell-cycle phases and quantitative results are illustrated in accordance with the exposure time and carotenoid concentration. The experiment is expressed
as mean * standard error. Small different letters indicate significant differences (p < 0.05) within same line among different concentrations versus control group.
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Figure 5. The effect of lycopene obtained from tomato paste, tomato extract, tomato sauce and ketchup
in the process of programmed death in DU-145 (A) and PC-3 (B) cells the after 96 h treatment. The
flow cytometric analyses are shown according to the exposure time and carotenoid concentration. The
quantitative results of lycopene on cell lines are shown after 96 h. The data are expressed as mean +
standard error. Variation in the letters between samples indicates significance difference (p <0.05).

Recognizing that current evidence of dietary intake and blood concentrations of lycopene
reflects consumption of tomatoes and tomato products rather than purified supplements of lycopene
is critical. The pharmacokinetic properties of lycopene remain poorly understood. Further research
on this potentially important carotenoid's bioavailability, pharmacology, and biology is clearly
warranted. Until more definitive information is available on the specific benefits of purified forms of
lycopene, current recommendations should highlight the health benefits of diets rich in a variety of
fruits and vegetables, including tomatoes and tomato-based products[55,56].

1. Conclusions

Our results may contribute to a better understanding of the potential role of tomato-based
products, which are a readily available source of lycopene. The products displayed potent anti-
carcinogenic effects against PC-3 and DU-145 cells. Lycopene obtained from tomato paste and extract
decreased the percentage of PCa cells in Go/Gi and G2/M phases after 96 h of treatment. However,
tomato sauce and ketchup extract decreased the percentage of cells in Go/G1 phase and increased
percentage of cells in S and G2/M phases after 96 h of treatment. Lycopene also increased apoptosis
in both PCa cell lines. These data show that tomato lycopene inhibits cell proliferation, arrests cell
cycle in different phases, and increases apoptosis in human PCa cell lines. Thus, tomato lycopene
may constitute the basis of new therapeutic strategies for the treatment of prostate malignancy.

In conclusion, the present study supports the proposal that all-trans-lycopene and lycopene
extracted from tomato-based food products may have a protective effect on PCa. These findings add
further support to current dietary recommendations to increase consumption of food sources of
lycopene to reduce prostate cancer risk.
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