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Abstract: Higher intake of tomatoes or tomato-based products has been associated with lower risk for
liver cancer. In this study, we investigated the effects of supplementing tomato extract (TE), which contains
mainly lycopene (LY) and less amounts of its precursors, phytoene (PT) and phytofluene (PTF) against high-
fat-diet related hepatic inflammation and lipid profiles, and carcinogenesis. Four groups of rats were injected
with a hepatic carcinogen, diethylnitrosamine (DEN) and then fed either Lieber-DeCarli control diet (35%
fat, CD) or high fat diet (71% fat, HFD) with or without TE supplementation for 6 weeks. Results showed
that the supplementation of TE significantly decreased the multiplicity of both inflammatory foci and altered
hepatic foci (AHF) expressing placental form glutathione-S transferase (p-GST) in the liver of HFD-fed
rats. High-performance liquid chromatography (HPLC) analysis showed that TE supplementation results
in a significantly higher accumulation of both PT and PTF than LY in livers of rats. In addition, the TE
supplementation led to a decrease of plasma cholesterol levels but an overall increase in hepatic lipids which
is associated with changes in the genes on lipid metabolism, including the peroxisome proliferator-activated
receptor gamma (PPARY) and the sterol-regulatory element binding protein (SREBP-1). These data suggest
that TE supplementation decreases hepatic inflammation and plasma total cholesterol associated with high
dietary fat intake. Moreover, TE supplementation results in an accumulation of hepatic PT and PTF as well

as increased lipogenesis suggesting further investigation into their biological function(s).
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Introduction

Carotenoids, isoprenoid compounds involved in a myriad
of natural functions (1) continue to attract much interest
due to accumulating evidence indicating that some of
them—their metabolites and/or related compounds are
involved in different biologic functions in the human body
and provide diverse health benefits. More specifically, the
health benefits of lycopene (LY, y,y-carotene, Figure 1),
the red pigment found in some plant foods (tomatoes,
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watermelon, grapefruit, and other fruits) and of its
oxidative metabolites have been the subject of major
studies in the last decade (2).

Evaluating the health benefits of carotenoids in
general and LY, in particular, to study the effects of
pure compounds vs. extracts containing other potential
health-promoting agents is of interest. In this regard,
tomatoes—most tomato varieties commonly used for
human consumption other than LY, are also good
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Figure 1 Chemical structure of lycopene, phytoene and phytofluene

sources of the colorless carotenoids phytoene (PT,
7,8,11,12,7',8",11",12"-octahydro-y,y-carotene, Figure I)
phytofluene (PTE, 7,8,11,12,7',8'-hexahydro-y,y-carotene,
Figure 1), and other micronutrients such as vitamin C, E and
flavonoids (3-5). PT is formed from the condensation of two
molecules of geranylgeranyl pyrophosphate. This reaction is
catalyzed by the enzyme phytoene synthase is the first step in
the biosynthesis of carotenoids (6). PTE, with 5 conjugated
double bonds, is formed by desaturation from PT; a reaction
catalyzed in plants by the enzyme phytoene desaturase (6).
Notwithstanding, the biological effects of PT and PTF have
not been as extensively studied as those of other carotenoids.
Both carotenoids have been reported to be bioavailable and
accumulate in several tissues of both rats (5,7,8) and humans
(9,10). Likewise, they have been reported to inhibit LDL
oxidation iz vitro (11) and to enhance the protection of
coenzyme Q10 against skin inflammation (12). Interestingly,
evidence has been provided that tomato-based extracts
containing LY, PT and PTH have a greater protective effect
than LY alone against UV-light induced erythema (13).

In one of the earliest studies on the relationships
between carotenoids and the prevention of carcinogenesis,
PT seemed to reduce the number of UV-B induced skin
tumors in mouse in relation to the controls (13). It has been
shown that PTF inhibited the growth of HL-60 human
promyelocytic leukemia cells after 5 days of treatment
by some 23% (14) and LY, PT, PTF and B-carotene can
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inhibit the cancer cell proliferation induced by some
estrogens, which are the most important risk factors in
mammary and endometrial cancers (15). Recently, we
demonstrated that tomato extract, as compared with LY
displayed more efficacy in protecting against high fat diet
(HFD)-induced liver inflammation by decreasing both
the number of inflammatory foci and the expression of
multiple proinflammatory cytokines (16). Considering the
accumulating evidence that PT and PTF can be bioactive
compounds (5) and in connection with other experiments
(16,17), in this study we examined PT, PTE, LY, lipid
profiles and cholesterol in rats fed either control diet (CD)
or HFD with or without TE supplementation in relation to
high-fat-diet related hepatic inflammation and lipid profiles,
and carcinogenesis.

Materials and methods
Animals, diets and groups

The maintenance and husbandry of rats was described
elsewhere (18). Briefly, eight-week old male Sprague-
Dawley rats (Charles River Co., Wilmington, MA) were fed
either a Lieber-DeCarli control diet (CD, 35% energy from
fat) or HFD (71% energy from fat) (Dyets Inc., Bethlehem,
PA) ad libitum for 6 weeks. All rats were randomly assigned
to 4 groups (n=8): (I) CD; (II) CD+TE; (III) HFD and (IV)
HFD+TE. Dietary intake was monitored daily and body
weight was measured weekly. At the end of this experiment,
plasma was collected by cardiac puncture while the liver was
excised and frozen in liquid nitrogen and stored at -80 °C.
The Institutional Animal Care and Use Committee at
the USDA Human Nutrition Research Center on Aging
approved the animal protocol.

Dietary supplements

The TE was kindly provided by LycoRed Ltd. (Beer-Sheva,
Israel). According to the manufacturer it contained ~6% LY,
~1.5% natural tocopherols, ~1% PT & PTF and ~0.2% beta-
carotene. The dosage of TE (250 mg TE/kg BW per day)
was chosen to contain an equivalent amount of LY to that
from pure LY used (15 mg LY/kg BW per day). The TE
supplements for each group were weighed and homogenized
with liquid diet that was shown to be sufficiently
consumed by rats from our previous studies. The diets
were prepared twice a week and were stored at —4 °C
in opaque bottles to prevent degradation of the carotenoids.
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HPLC analysis

One hundred mg of liver tissue or 1 mL of plasma were
homogenized in 2-4 mL of a mixture of saline and ethanol
(1:2, v/v). Subsequently, 5 mL of a mixture of hexane and
ether (1:1, v/v) were added and vortexed for 1 min. After
centrifugation (2,000 g x10 min at 4 °C) the epiphase was
collected and the hypophase was re-extracted once more in
the same conditions. The two epiphases were pooled and
dried out under a stream of nitrogen gas and eventually
re-dissolved in 100 pL of ethanol and ether (2:1, v/v). A
50-pL sample of the final extract was injected into the HPLC
system. All the operations were carried out under dim red
light. The HPLC system consisted of a 2,695 Alliance
separation module fitted with a 2,996 photodiode array
detector (Waters Corporate, Milford, MA). The separations
were carried out on a YMC C30 column (S-3 micron,
4.6 mm x 150 mm) (YMC, Wilmington, NC, USA).
Methanol (MeOH) and methyl-tert-butyl ether (MTBE)
were used in the mobile phase according to the following
gradient: 0 min, 90% A and 10% B; 20 min, 85% A and
15% B; 30 min, 40% A and 60% B; 37 min, 40% A and
60% B; 45 min, 90% A and 10% B; 50 min, 90% A and
10% B. The flow was 1 mL/min. PT, PTF and LY were
quantified at 285, 348 and 472 nm, respectively with dose-
response curves made with appropriate standards. The PT
standard was obtained from oil containing that pigment
at a concentration of 3.4% (w/w) by injecting an extract
and collecting the fraction corresponding to that pigment.
The PTF standard was obtained likewise from a tomato
extract rich in that pigment. The oil and the TE were
kindly provided by Vitan Ltd. (Kievskaya, Ukraine) and
LycoRed Ltd. (Beer-Sheva, Israel), respectively, whilst
the LY standard was a gift from BASF (Ludwigshafen,
Germany).

Histological examination of inflammatory foci and
immunobhistochemical assay

Formalin-fixed and paraffin-embedded liver tissues were
processed routinely for hematoxylin and eosin (H&E)
staining. The numbers of hepatic lobular inflammatory
foci were counted at 20x magnification from 10 randomly
selected fields under light microscope by two independent
investigators, as previously described. The mean number of
the foci for each group was determined and then compared.
AHF expressing P-GST were detected and analyzed by
immunohistochemical assay, as described previously (16,19).
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Biochemical assay for lipids

Lipids were extracted using chloroform: methanol (2:1, v/v)
mixture according to routine procedures. Commercial
available kits were then used to measure total triglyceride
(TG) (Cat. No: 10010303, Cayman Chemical Inc, MI),
total cholesterol (T'C) (Cat. No: TE289, Wako Chemical
Inc, VA) and free fatty acids (FFA) (Cat. No: K612-100,
Biovision Inc, CA).

Gene expression by real-time PCR

Total RNA was isolated from the liver by TriPure Isolation
Reagent (Roche Diagnostics, Indianapolis, IN) according
to the instructions. cDNA was then prepared from
the RNA samples using M-MLV reverse transcriptase
(Invitrogen, Carlsbad, CA) and an automated thermal cycler
(Bio-Rad Laboratories, Hercules, CA). After quantification
and qualification, PCR reactions for the amplification of
c¢DNAs of interests were carried out using a 20 pL reaction
mixture containing 10 pL. 2X SYBR Green Supermix, 0.4 pL.
of 10 pmol/L primer mix (including forward and reverse
primers) and 2.5 pL. cDNA diluted in RNase-free water.
Cycling conditions were 50 °C for 2 min and 95 °C for
10 min, followed by 40 cycles at 95 °C for 15 sec and 60 °C
for 1 min. Gene-specific primer sequences were designed
using the Primer Express version 2.0 software (Applied
Biosystems, Foster City, CA). PCR results were then
normalized to the levels of glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) and calculated by reference to the
average value for the control group using the comparative
Ct method. For each sample and each gene, PCR reactions
were carried out in duplicate and repeated twice. The
primer pairs used for real-time PCR analysis are described
in Table 1.

Statistical analysis

One-way ANOVA followed by Turkey post-hoc analysis
was performed. All variables were expressed as means =
SEM (standard error). A difference was considered to be
significant at P<0.05.

Results

Assessment of body/liver weights, bepatic inflammation
and carcinogenesis

Body weight gain and liver weight showed no significant
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Table 1 Primer pairs used in the RT-PCR analyses
Sense

Anti-sense

ACCH1 5'-TTCTTGGAACTGAACCCTCGG-3' 5'-ATCCCCATGGCAATCTGGAG-3'
CD36 5'-TGGTGGATGGTTTCCTAGCCTT-3' 5'- CGTGGCCCGGTTCTACTAATTC-3'
CPT-1 5'-TCATCCGGTTCAAGAATGGC-3' 5'-TCTTTGCGATCATGCCCAG-3'
DGAT2 5'-CCTGCAGTGTCATCCTCATGTA-3' 5'-TGATCTCCTGCCACCTTTCTT-3'

FAS 5'-TGGATCCATGGCAGCTGTTG-3'
PPARYy 5'-CGGTTGATTTCTCCAGCATT-3'
SREBP-1c 5'-GCCTTGCACTTCTTGACACG-3'

5'-TCATTCACTGCAGCCTGAGGTC-3'
5'-AGCAAGGCACTTCTGAAACC-3'
5'-GTCCCCATCCACGAAGAAAC-3'

Table 2 Body weight, liver weight, inflammatory foci and P-GST (+) altered hepatic foci in rats (n=8/group)

Body weight (g) ) i Number of hepatic foci (cm?)
— - Liver weight (g) - - -
Initial Final Inflammatory foci P-GST (+) altered hepatic foci
CD 229.5+25.1 472.3+28.3 13.5+2.5 2.1£0.3 0.10+0.03
CD+TE 234.2+14.4 485.1+20.7 13.8+1.3 1.9+0.4 0.15+0.07
HFD 229.0+27.4 479.8+25.4 13.7+1.1 5.3+0.6 1.25+0.05"
HFD+TE 231.7+20.7 493.8+25.9 14.9+2.1 2.9+0.4 0.16+0.04

*Significant difference as compared with other groups (P<0.05). Kruskal-Wallis overall test followed by Wilcoxon rank-sum test

was used for multiple comparisons

Figure 2 Hepatic lesions: inflammation foci (A) and altered hepatic

foci expressing placental form glutahione-S transferase (B) in the
liver of high-fat diet fed rats

changes among all four groups (7zble 2). HFD feeding
resulted in a remarkable higher inflammatory cell infiltrates
in the liver, as compared with CD (Figure 2, Table 2). This
HFD-induced inflammatory foci was significantly reduced
by supplementation of TE (e.g., more than 40%, Table 2).
No apparent changes were observed among all CD-fed
groups. The incidence of P-GST positive AHF did not
differ among the four groups (data not shown). The
multiplicity or the average number of AHF was significantly
inhibited up to 80% by dietary supplementations of TE as
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compared with that of HFD alone (P<0.01).

Plasma and bepatic carotenoid levels

The ratio LY:PT:PTF in the TE was 1.0:0.6:0.3, and whilst
the levels of LY and PT corresponded mainly to a major
geometrical isomer, those of PTF corresponded to 5 of
them (Figure 3). No carotenoids were detected in both CD
and HFD groups without TE supplementation (data not
shown). Interestingly, LY was not the major carotenoid in
plasma as we expected (Figure 4). The levels of LY were
the lowest in both CD and HFD rats. Independently of
the amount of fat provided in the diet. PT was the major
plasma carotenoid found at the end of the study followed
by PTF. More specifically, the plasma levels of PT and
PTF were approximately 7-fold and 3.5-fold higher,
respectively, than those of LY in rats that received CD
plus TE supplementation. In the case of HFD plus TE
supplementation, the levels of PT and PTF were much
higher relative to those of LY, specifically 34-fold and 9-fold,
respectively. Concerning the hepatic levels of carotenoids
at the end of the intervention in both groups, the levels of
LY were the lowest whereas those of PT were the highest.
In this case, the levels of both PTF and LY in the rats
receiving the HFD were higher, the differences in the case
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Figure 3 High-performance liquid chromatography (HPLC) analysis corresponding to the tomato extract used for the supplementations
showing the peaks and spectra (insert) corresponding to lycopene (472 nm), phytoene (285 nm), and phytofluene (350 nm) isomers
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Figure 4 Carotenoid levels in liver samples (pg/g) (A) and
plasma (pg/L) (B) in both Control diet (35% fat as total energy
intake) and high fat diet (71% fat as total energy intake) groups
with tomato extract (TE) supplementation. No carotenoids
were detected in both CD and HFD groups without TE

supplementation (data not shown)

of LY being significant (P<0.05) (Figure 4).

Plasma and bepatic lipid levels

Neither the amount of fat in the diet nor the supplementation
with the tomato extract led to significant changes in the
plasma levels of triglycerides (T'G) and frees fatty acids
(FFA). The increase of fat in the diet led to significant higher
levels of total cholesterol (T'C) in the HFD group relative
to the CD group. Interestingly, the supplementation with
TE led to a significant decrease in the plasma levels of TC
in both control and high-fat diet groups (7able 3). The
supplementation with the TE led to a significant (P<0.05)
increase in the hepatic levels of all the lipids assessed with the
only exception of those of FFA in rats receiving control diets.
As expected, the hepatic levels of lipids in the HFD group
were significantly higher than those found in the CD group
(Table 3).
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Table 3 Plasma and hepatic concentrations of triglycerol, total

cholesterol, and free fatty acids

CD CD+TE HFD HFD+TE
Plasma
Triglycerol 0.5+0.1 0.7+0.3 0.6+0.1 0.5+0.1
(mmol/L)
Total cholesterol 1.0+0.1 0.7+0.1* 1.2+0.1** 0.9+0.1*
(mmol/L)
Free fatty acid  0.4+0.1 0.3+0.1 0.6+0.1 0.6+0.2
(mmol/L)
Liver
Triglycerol 8.7+1.3 11.9+3.2*15.7+1.4** 28.4+3.0*

(Mmol/g tissue)
Total cholesterol 2.5+0.4 5.1+0.6* 4.1+0.5** 7.8+0.7*
(umol/g tissue)

0.7+0.1  0.7+0.1

Free fatty acid 1.0+£0.1** 1.5+0.2*

(umol/g tissue)

*Significant difference between treatments with or without
TE (P<0.05, n=8); **Significant difference between control
and high-fat diets (P<0.05, n=8)

Changes in the mRNA levels of genes related to lipid
metabolism

Cluster of differentiation 36 (CD36) is a type of class B
scavenger receptor widely expressed (hepatocytes, vascular
endothelium, adipocytes, skeletal muscle, dendritic cells,
epithelia of the retina, breast, and intestine, etc.) have a
high affinity for native and modified lipoproteins (20,21).
This transmembrane protein is currently being the subject
of research in relation to their role in the bioavailability of
carotenoids (22,23). We have found that the gene expression
of hepatic CD36, one of the major factors responsible
for plasma FFA uptake by the liver, increased from CD
to HFD, and that independently of the diet, the TE
supplementation led to significant increases in their mRINA
levels (Figure 5).

As the essential rate-limiting enzymes involved in hepatic
lipogenesis and TG synthesis, the mRNA levels of acetyl-
CoA carboxylase (ACC)-1 were significantly increased in
the rats receiving CD plus TE relative to those receiving
CD. However, the supplementations with TE did not lead
to significant changes in the HFD-fed rats (Figure 5). In any
case, mRNA levels of (ACC)-1 were significant higher in
rats receiving HFD relative to those receiving CD (Figure 5).
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Figure 5 Relative mRNA levels of key receptors, enzymes and transcription factors of lipid metabolism in the livers of rats with different

treatments. Symbols indicating a significant difference at P<0.05

These observations seem to indicate that the TE favor the
hepatic lipogenesis in rats receiving normal diets but not in
those receiving diets with a high fat content.

Diacylglycerol acyltransferase (DGAT) catalyzes the
conversion of diacylglycerols into triacylglycerols, the final
step in the biosynthesis of the latter compounds. There
are several isoforms of the enzyme with different catalytic
properties, tissue distribution, subcellular localization, and
physiological functions. In our model, the supplementation
with TE led to significant increases in the mRNA (DGAT)-2
levels in both CD and HFD-fed rats (Figure 5). The amount
of fat in the diet of rats not receiving supplementation did
not significantly affect its mRINA levels.

Carnitine palmitoyltransferase (CPT)-1 is an enzyme
with an essential role in the oxidation of fatty acids in the
mitochondria of mammalian tissues. In our rat model, we

© Hepatobiliary Surgery and Nutrition. All rights reserved.

observed that the supplementation with TE did not affect
significantly the mRNA levels of this enzyme in the CD
group, although it did decrease them in the HFD-group.
Likewise, a significant induction of the transcription of the
(CPT)-1 gene in HFD rats relative to CD rats was observed
(Figure 5).

"The peroxisome proliferator-activated receptors (PPARs)
located in the nuclei play key roles in lipid metabolism,
cellular differentiation and inflammation and other
processes. Three PPAR subtypes (o, ¥ and 8) with different
expression patterns and functions have been described.
The most intensively studied isoform is PPARy, which
is expressed predominantly in the intestine and adipose
tissue, among other functions, promotes lipid storage.
The sterol-regulatory element binding proteins (SREBP)
are membrane-bound transcription factors that regulate
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lipogenic and glycolytic genes, including key genes involved
in the metabolism of cholesterol. Three members of the
SREBP family have been described in mammals, namely
SREBP-1a, -1c and -2. In our study, the levels of PPARy
mRNA were significantly higher in the rats receiving HFD
relative to the control, whilst the TE supplementation led
to a significant increase of the transcript only in the case
of the CD+TE group. In contrast, the amount of fat in
the groups not receiving TE did not affect significantly
the transcription of SREBP-1, whilst the supplementation
led to an increase of the mRNA levels of this transcription
factor only in rats receiving HFD (Figure 5).

Discussion

The present study revealed a clear partition between
increased hepatic lipid accumulation and decreased
liver inflammation and preneoplastic foci by dietary
supplementation of TE. However, the underlying
mechanism remains poorly understood. At first glance,
our observations of lipid accumulation might be seen as
harmful. Since accumulation of triglycerides in hepatocytes
is the hallmark of nonalcoholic fatty liver disease (NAFLD).
However, this fact should be a compensatory mechanism of
important pathophysiological relevance since triglyceride
synthesis might be able to protect hepatocytes from
lipotoxicity by buffering the accumulation of FFA, and
detoxify excess intracellular fatty acid (24). Free fatty acids
might cause liver damage by several mechanisms through
increased ROS production by upregulation of microsomal
enzymes (such as Cytochrome P4502E1) (25) and lipid
peroxidation reaction from oxidation excessive (26). Results
from our previous study in this model showed that hepatic
lipid peroxidation and CYP2EI protein were significantly
reduced by TE (16). In this study, TE supplementation
inhibited inflammatory responses and downregulated
CPT-1 levels; a rate-limiting enzyme involved in the
transport of long-chain fatty acids into mitochondrial
matrix. To the best of our knowledge, this is the first piece
of evidence showing that dietary TE could have a positive
effect on both hepatic protection against inflammation
and hepatic lipid accumulation. In addition, it seems that
there is a positive effect on TE’s potential regulation on
transcriptional factors involved in lipid metabolism in the
liver. However, the long-term effects on fat accumulation
in the liver by tomato extract or its components is worthy
of our attention, especially considering the close association
between obesity, steatosis and insulin resistance. The
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investigation of TE and its carotenoid components on
metabolic syndrome and hepatic insulin sensitivity is
warranted in future studies. In vitro systems could also be
used as a tool to specifically investigate the potential effects
of LY, PT or PE on the insulin signaling pathway and its
regulation on cellular utilization of glucose and fatty acids.

One of our more intriguing findings of this study is
the significant upregulation, instead of downregulation,
of almost all hepatic lipid profiles by dietary TE
supplementation in either CD- or HFD-fed rats.
Upregulation of hepatic lipid profiles seems to be diet-
independent and through different mechanisms. In CD-fed
rats, supplementation of TE led to increased FFA uptake,
lipogenesis and TG synthesis by its upregulation on hepatic
CD36, ACC1 and DGAT?2. On the other hand, in HFD-fed
rats, CD36 was increased, while DGAT?2 was significantly
lower than CPT-1 suggesting that altered lipid oxidation
could also be involved in this process. The upregulation
of lipid influx in CD-fed rats could also be affected by
increased PPARy, which was significantly induced in CD
plus TE vs. CD and has been indicated to be an essential
transcriptional factor in hepatocytes to enhance both lipid
synthesis and accumulation leading to steatosis. However,
SREBP-1c, another key transcriptional factor regulating
lipogenesis was found highly induced in the HFD plus TE
but not in the CD plus TE group. More studies need to be
conducted to corroborate our findings to ensure whether
this effect is only specific to different fat diet, animal species
or tomato carotenoid dosage.

In our study we found that TE supplementation results
in a significantly higher accumulation of both PT and
PTF than LY in livers of rats. The accumulation of the
colorless carotenoids PF and PTF in plasma and different
tissues of rats have also been evaluated by other authors
[reviewed by (5)]. It has been reported that both the
(all-E)- and the (9Z)-phytoene isomers from a Dunaliella
bardawil dried powder (50 g, to make up 1 g/kg diet, 2 wk
of supplementation) were bioavailable in female rats. High
levels of PF were found in liver, and lower ones in plasma
and adrenal, brain, heart, kidney, lung, and spleen tissues.
Interestingly, the original isomers ratio found in the algal
diet [1:1] was found in plasma and adrenal, while in the
liver, spleen and kidney the ratio was reduced to 1:3; the
(all-E)-phytoene isomer accumulating preferentially (7). In
another study, male rats were fed a powder diet containing
PT, PTF and LY (0.015, 0.012, and 0.011 g/kg diet,
respectively). After 30-day, the hepatic levels of PTF were
some 1.5-fold higher than those of PF or LY. In contrast,
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LY and PF are the major carotenoids in prostate lobes and
seminal vesicles. When tomato powder-fed rats received a
single oral dose of approximately 2.7 mg of each colorless
carotenoid, the percentages of increase of TPF were greater
than that of PT in liver, serum, and adipose tissues (8).
Taken together, our data seems to indicate that there
are differences in the metabolism of tomato carotenoids
both in CD and HFD rats. With levels of carotenoids
in plasma and tissues dependent upon manifold factors
related to their absorption (e.g., release from the matrix,
incorporation into micelles, among many others) and usage
once absorbed (e.g., stability towards electrophiles and
enzymatic cleavage, among others). It seems important to
understand the chemical differences between absorption
and usage once absorpbed could be related to their
different metabolic fates. On the one hand, it is interesting
to note that whilst the main LY isomer in tomatoes is
the (all-E)-isomer, the main PT isomer in tomato and
carotenogenic organisms in general is the (15Z)-isomer (6).
Likewise, different isomers of PTF have been found
to be used in this study, as stated before (Figure I).
This fact is important as there are studies that seem to
indicate that in some cases Z-isomers are better micellarized
or more bioavailable than their (all-E)-counterparts (27-30).
It has to be taken into account that the “kinked”
Z-isomers are shorter than the linear (all-E)-isomers and
are less prone to aggregation, which can have an impact
in their solubility, bioavailability, sub-cellular location
and organization and function [reviewed in (4,31-34)].
Different geometrical isomers of carotenoids seem to behave
differently when exposed to oxidants (35) and could be
preferentially cleaved by carotenoid monooxygenases (36),
which are known to be expressed in different tissues of
mammals like liver, intestinal tract, kidney, prostate, lung
and testis, among others [reviewed in (33)]. In addition,
PT, PTF and LY differ in the number of conjugated
double bonds in their molecules (3, 5 and 11, respectively).
This has implications in their chemical reactivity and
therefore their stability. For instance, it is accepted that
all carotenoids react easily with electrophiles, although
their relative reactivity is dependent on the length of their
chromophore and the nature of their end groups (31).
Future studies on the different behaviour of these tomato
carotenoids concerning isomerization and oxidation will
shed some light on these aspects. Interestingly, we have
found that TE upregulates the transcription of the CD36
receptor which is involved in the intake of lipoproteins by
the hepatocyte. Since carotenoids circulate in lipoproteins,
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the increase in the expression of this receptor could have
an effect on the hepatic levels of carotenoids. The levels of
both PTF and LY were higher in the HFD plus TE group
than in the CD plus TE group and that this correlates well
with the pattern of the transcription of the CD36 gene.
Lower circulating levels of PTF and LY did not lead to
lower hepatic concentration, supporting the possibility that
a concentration-independent mechanism could be involved
in both PTF and LY’s uptake by the hepatocytes or their
hepatic metabolism is affected as a result of an increase of
fat in their diet.

The data concerning the transcription of key enzymes
involved in the lipid metabolism points to the fact that the
amount of fat in the diet of unsupplemented rats favors
the lipogenesis and the oxidation of fatty acids in liver
but does not have a significant effect in the synthesis of
triaceylglycerols. The effects of the TE supplementation
is only consistent in the case of DGAT and seems to favor
the synthesis of triaceylglycerols independently of the
type of diet received. In contrast, the supplementation
favors the lipogenesis only in rats receiving CD and the
mitochondrial oxidation of fatty acids in the group receiving
HFD. Overall, it can be concluded that the carotenoid-
rich TE not only inhibits HFD induced inflammation
and promotes hepatic carcinogenesis, but also affects the
transcription of enzymes involved in the lipid metabolism
differently as a function of the amount of fat provided in
the diet. Furthermore, it appears that TE has a role in the
transcriptional regulation by PPARy and SREBP-1c of the
expression of genes related to the lipid metabolism both in
rats receiving CD and HFD.
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