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ABSTRACT: Since beneficial effects related to tomato consumption partially overlap with those related to peroxisome
proliferator-activated receptor γ (PPARγ) activation, our aim was to test extracts of tomato fruits and tomato components,
including polyphenols and isoprenoids, for their capacity to activate PPARγ using the PPARγ2 CALUX reporter cell line. Thirty
tomato compounds were tested; seven carotenoids and three polyphenols induced PPARγ2-mediated luciferase expression. Two
extracts of tomato, one containing deglycosylated phenolic compounds and one containing isoprenoids, also induced PPARγ2-
mediated expression at physiologically relevant concentrations. Furthermore, enzymatically hydrolyzed extracts of seven tomato
varieties all induced PPARγ-mediated expression, with a 1.6-fold difference between the least potent and the most potent variety.
The two most potent varieties had high flavonoid content, while the two least potent varieties had low flavonoid content. These
data indicate that extracts of tomato are able to induce PPARγ-mediated gene expression in vitro and that some tomato varieties
are more potent than others.

KEYWORDS: peroxisome proliferator-activated receptor gamma (PPARγ), tomato extracts, polyphenols, carotenoids, fatty acids,
luciferase reporter gene assay, mixture effects

1. INTRODUCTION

Peroxisome proliferator-activated receptor γ (PPARγ, NR1C3)
belongs to the nuclear receptor superfamily. Upon activation by
agonists, PPARγ forms a heterodimer with retinoid X receptor
(RXR) and binds to a peroxisome proliferator-responsive
element (PPRE) in the regulatory domain of target genes,
thereby affecting their expression.1,2 PPARγ is known to be an
important stimulator of adipogenesis.2,3 In addition, thiazolidi-
nediones (TZDs) are a group of PPARγ agonists shown to
improve insulin sensitivity.4,5 Other beneficial health effects that
have been related to PPARγ activation include, for example,
anti-inflammatory activity,6,7 effects on cholesterol levels,8,9 and
reduced risk of atherosclerosis.10,11 Furthermore, PPARγ
agonists have been related to inhibition of the development
of prostate, breast, and colon cancer,12,13 although it is not yet
clearly established to what extent the anticancer effects are
PPARγ-mediated.14−16

Tomato is one of the most consumed vegetables in the
Western world and is a major component of the healthy
Mediterranean diet.17,18 The consumption of tomato has been
related to reduced risk of prostate cancer and several other
cancer types.17,19 High intake of tomato is believed to modify
lipid profiles toward a healthier pattern20,21 and to lower the
risk of atherosclerosis and cardiovascular diseases.22,23 In
addition, some phytochemicals present in tomato have been

related to improved glucose and insulin levels.24,25 Tomato
fruits contain many bioactive phytochemicals, for example,
flavonoids, including quercetin, kaempferol, and naringenin
chalcone, and carotenoids, including β-carotene and lyco-
pene.26−30

Given the overlap between the beneficial health effects
associated with PPARγ activation and those associated with
tomato consumption, we hypothesized that bioactive compo-
nents of tomato fruit may be able to activate PPARγ. Therefore,
the aim of the present study was to investigate whether tomato
components, including polyphenols, isoprenoids, and fatty
acids, as well as tomato extracts are able to activate PPARγ-
mediated gene expression. To that end, the recently developed
PPARγ2 CALUX reporter cell line31 was used to investigate
whether flavonoid-rich and isoprenoid-rich tomato extracts as
well as individual compounds known to be present in tomato
fruits are able to induce PPARγ-mediated gene expression.
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2. EXPERIMENTAL SECTION
2.1. Chemicals. Rosiglitazone (≥98%, CAS no. 122320-73-4) and

palmitic acid (≥98%, CAS no. 57-10-3) were obtained from Cayman
Chemical (Ann Arbor, MI, USA). α-Linolenic acid (ALA, ≥99%, CAS
no. 463-40-1), oleic acid (OA, ≥99%, CAS no. 112-80-1), linoleic acid
(LA, ≥99%, CAS no. 60-33-3), stearic acid (SA, ≥95%, CAS no. 57-
11-4), myristic acid (MA, ≥95%, CAS no. 544-63-8), quercetin
dihydrate (≥98%, CAS no. 6151-25-3), ferulic acid (≥99%, CAS no.
537-98-4), chlorogenic acid (≥95%, CAS no. 327-97-9), β-carotene
(≥97%, CAS no. 7235-40-7), RRR-α-tocopherol (CAS no. 59-02-9),
RRR-γ-tocopherol (≥96%, CAS no. 54-28-4), and RRR-δ-tocopherol
(≥90%, CAS no. 119-13-1) were purchased from Sigma Aldrich (St.
Louis, MO, USA). Kaempferol (≥99%, CAS no. 520-18-3),
kaempferol-3-O-rutinoside (≥98%, CAS no. 17650-84-9), cyanidin
chloride (≥96%, CAS no. 528-58-5), delphinidin chloride (≥97%,
CAS no. 528-53-0), lycopene (≥98%, CAS no. 502-65-8), and lutein
(≥95%, CAS no. 127-40-2) were obtained from Extrasynthase (Genay,
France). Caffeic acid (≥99%, CAS no. 331-39-5) and rutin (≥97%,
CAS no. 153-18-4) were obtained from Acros Organics (Geel,
Belgium). Naringenin (95%, CAS no. 480-41-1) was obtained from
ICN Biomedicals (OH, USA). Naringenin chalcone as a mixture with
naringenin was purchased from Apin Chemicals (Oxon, UK), since the
pure compound was not commercially available. Phytoene (98%, CAS
no. 540-04-5), phytofluene (95%, CAS no. 540-05-6), neoxanthin
(97%, CAS no. 14660-91-4), violaxanthin (95%, CAS no. 126-29-4),
neurosporene (95%, CAS no. 502-64-7), γ-carotene (96%, CAS no.
472-93-5), and δ-carotene (95%, CAS no. 472-92-4) were obtained
from Carotenature (Lupsingen, Switzerland).
Rosiglitazone and all phenolic compounds and tocopherols were

dissolved in dimethylsulfoxide (DMSO, 99.9%, CAS no. 67-68-5,
Acros Organics, Geel, Belgium). The fatty acids were dissolved in
ethanol (absolute, CAS no. 64-17-5, Merck KGaA, Darmstadt,
Germany), and the carotenoids were dissolved in tetrahydrofuran
(THF; ≥99%, CAS no. 109-99-9, Acros Organics, Geel, Belgium).
2.2. Extraction of Tomato Samples. 2.2.1. Tomato Extracts

Containing Semipolar Compounds. The model tomato sample
“tomato mix” was previously described.32 In short, ripe beef, cherry,
and round tomatoes were pooled and snap frozen in liquid nitrogen.
Then, the frozen tomatoes were ground to a powder using an
analytical mill (type A11 basic, IKA, Staufen, Germany). The powder
was stored at −80 °C until further use. A glycosidase-treated tomato
extract that contains enzymatically hydrolyzed phenolic compounds
was prepared from the tomato mix. To this end 300 μL of 0.1 M
sodium acetate (pH 4.8) and 100 μL of Viscozyme L (Sigma Aldrich,
St. Louis, MO, USA) were added to 0.6 g of tomato mix and incubated
at 37 °C for 1 h. Then, 3 mL of methanol was added, and the
Viscozyme-treated tomato mix was put in an ultrasonic bath for 10
min and centrifuged at 1000g for 10−15 min. The supernatant was
filtered using 0.2 μm polytetrafluoroethylene filters (M-filter, Tiel, The
Netherlands) and dried under a nitrogen stream and stored at −80 °C.
The Viscozyme-treated extract, referred to as enzymatically hydrolyzed
tomato extract (containing hydrolyzed phenolic compounds), was
dissolved in DMSO/assay medium (1:4 v/v) just before analysis in the
PPARγ2 CALUX cells.
In addition to the tomato mix, nine different tomato varieties, which

were kindly provided by Syngenta (Enkhuizen), were investigated.
These nine tomato varieties vary in their polyphenolic content and
included two high-pigment tomato varieties (varieties G and H).
Enzymatically hydrolyzed extracts of the nine tomato varieties were
prepared using the method described above. These extracts were
tested in the PPARγ2 CALUX cell line for their potency to induce
PPARγ-mediated gene expression. In addition, chemical analyses of
the seven extracts that appeared active in the PPARγ2 CALUX assay
without showing cytotoxicity (varieties A−H) were performed using
LC-MS.
2.2.2. Tomato Extract Containing Isoprenoids. Roma tomatoes

were purchased at a local supermarket and were pooled, snap frozen in
liquid nitrogen, and subsequently ground in an analytical mill. The
powder, which will be further referred to as Roma tomato mix, was

stored at −80 °C until further use. A chloroform extract containing
isoprenoids was prepared from the Roma tomato mix as described
before.26 In short, 0.5 g of Roma tomato mix was dissolved in 4.5 mL
of methanol/chloroform (2.5:2.0 v/v) and put on ice for 10 min.
Then, 2.5 mL of precooled Tris-HCl (50 mM, pH 7.4) was added, and
the sample was mixed. After centrifugation for 10 min at 1000g, the
chloroform phase was transferred to a new tube. Extraction was
repeated twice by adding fresh chloroform to the remaining methanol/
Tris phase, mixing, and centrifugation of the tubes. The three
chloroform fractions were combined and dried under a stream of
nitrogen and stored at −80 °C. Prior to analysis in the PPARγ2
CALUX cells, the isoprenoid-containing tomato extract was dissolved
in THF/assay medium (1:1 v/v).

2.3. Cell Culture. The construction and validation of the PPARγ2
CALUX cell line (BioDetection Systems, Amsterdam, The Nether-
lands) was described before.31 In short, human U2OS osteosarcoma
cells were stably transfected with an expression vector for PPARγ2 and
a reporter construct containing a luciferase gene under transcriptional
control of 3xPPRE-tata. PPARγ2 CALUX cells were grown in culture
medium (DMEM/F12 glutamax medium, Invitrogen, Breda, The
Netherlands) supplemented with 7.5% fetal calf serum (Invitrogen),
nonessential amino acids (Invitrogen), and penicillin/streptomycin
(Invitrogen) (final concentrations 10 U/mL and 10 μg/mL,
respectively). Once per week 200 μg/mL G418 (Duchefa Biochemie,
Haarlem, The Netherlands) was added to the culture medium in order
to maintain selection pressure. Cells were cultured at 37 °C and 5%
CO2 in a humid atmosphere.

2.4. Reporter Gene Assays. The ability of tomato extracts or
individual compounds to induce PPARγ2-mediated luciferase ex-
pression was tested by measuring luciferase activity in the PPARγ2
CALUX reporter cells. To this end, PPARγ2 CALUX cells were
seeded in 96-well plates (Corning Incorporated, Cambridge, MA,
USA) at a density of 10 000 cells per well in 100 μL of assay medium
(DMEM/F12 without phenol red, Invitrogen) supplemented with 5%
fetal calf serum treated with dextran-coated charcoal (Thermo
Scientific, Waltham, MA, USA), nonessential amino acids (Invitro-
gen), and penicillin/streptomycin (Invitrogen) (final concentrations
10 U/mL and 10 μg/mL, respectively). Before exposure to the fatty
acids, the plated cells were treated with vitamin E by adding 20 μL of a
50 mM RRR-α-tocopherol solution to 20 mL of assay medium (final
concentration 50 μM vitamin E). Vitamin E serves as an antioxidant to
prevent oxidation of the unsaturated fatty acids. After 24 h, when the
cells formed a monolayer, 100 μL of fresh assay medium
supplemented with the test compounds was added to the wells.
When testing the individual compounds, the percentage of solvent in
the exposure medium was kept at or below 0.5%. Only for testing the
highest concentrations of 100 μM, 1% of solvent had to be used. On
each plate, 1 μM rosiglitazone was included as a positive control. All
individual compounds were tested in concentrations up to 100 μM.
Only the fatty acids were tested in concentrations up to 200 μM.
During the exposure to fatty acid, the cells were coexposed to 50 μM
freshly added vitamin E and 0.1% BSA (Sigma Aldrich, St. Louis, MO,
USA). BSA facilitates the solubility and cellular availability of the fatty
acids. After 24 h of exposure the medium was removed and low-salt
buffer (30 μL per well) was added. The plates were subsequently
frozen overnight at −80 °C in order to lyse the cells. Luciferase activity
was measured using a luminometer (Luminoscan Ascent, Thermo
Scientific, Waltham, MA, USA) by adding 100 μL of flash mix (20 mM
Tricine, 1.07 mM (MgCO3)4Mg(OH)2, 2.67 mM MgSO4, 0.1 mM
EDTA, 2.0 mM dithiothreitol, 470 μM luciferine, 5.0 mM ATP) per
well and measuring the light production as relative light units (RLU).

All individual tomato compounds were tested for cytotoxicity using
the Cytotox CALUX cell line as described by Van der Linden et al.33

These Cytotox CALUX cells are U2OS cells with an invariant
luciferase expression and respond to cytotoxicity with a decreased
luciferase activity compared to the solvent control. Only noncytotoxic
concentrations of the individual tomato compounds were used for
testing in the PPARγ2 CALUX cell line. The Cytotox CALUX assay
was also used to confirm that, under the conditions tested, there was
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no effect of the tomato extracts or tomato compounds on luciferase
activity itself.
2.5. Chemical Analysis Using LC-PDA-QTOF-MS. Using LC-

PDA-QTOF-MS, semipolar compounds in the sample can be
separated using liquid chromatography (LC) and detected using
photodiode array (PDA). In the next step, the compounds are ionized
and masses are detected using quadrupole time-of-flight (QTOF) in
combination with mass spectrometry (MS). This LC-PDA-QTOF-MS
method provides insight into the semipolar compounds present in the
(tomato) sample since individual compounds can be identified on the
basis of their retention time and mass. LC-PDA-QTOF-MS analysis
was performed as described before by De Vos and colleagues 34 in
order to detect semipolar compounds present in the enzymatically
hydrolyzed extracts of the seven noncytotoxic tomato varieties. In
short, 5 μL of the redissolved and filtered deglycosylated tomato
extracts was injected onto a C18 column. Chromatographic separation
was performed using ultrapure water (eluent A) and acetonitrile
(eluent B), both acidified with 0.1% formic acid, using a linear gradient
starting at 5% B up to 35% B in 45 min with a flow rate of 0.190 mL
min−1. Thereafter, the column was washed and equilibrated for 15 min
at the starting conditions, before the next injection. After separation
and detection of the semipolar compounds by LC-PDA, ionization was
performed using an electrospray ionization source and masses were
detected in positive mode (ESI+) using quadrupole time-of-flight high-
resolution mass spectrometry (QTOF-MS). Ion chromatograms
obtained from LC-PDA-QTOF-MS were analyzed using MassLynx
4.1 (Waters) software.
2.6. Data Analysis. Each test compound or extract was tested in at

least two independent experiments, and one representative curve is
presented (unless stated otherwise). In each of the independent
experiments, all data points were performed in triplicate. The RLU
data were converted into percentages of the positive control (1 μM
rosiglitazone) and presented as mean values ± standard error (SE).
Fold inductions were calculated by dividing the luciferase activity of
the sample by the luciferase activity of the solvent control sample.
Individual compounds giving less than 2-fold induction at the
maximum concentration (100 μM or the highest concentration that
could be tested without cytotoxicity) were considered unable to induce
PPARγ2-mediated gene expression. Statistical significance was assessed
using the one-sided Student’s t test and a cutoff value of p ≤ 0.05.
Given p-values are per-comparison error rates.

3. RESULTS AND DISCUSSION
3.1. PPARγ Activation by Individual Phytochemicals.

In order to investigate whether compounds that are known to
be present in tomato have the capacity to function as PPARγ
agonists, PPARγ2 CALUX reporter cells were exposed for 24 h
to increasing concentrations of 30 individual compounds.
These 30 compounds were selected on the basis of their
presence in tomato fruit (Table 1) and include 11 polyphenols,
10 carotenoids, three tocopherols, and six fatty acids. Of all 30
compounds tested, the phenolic compounds kaempferol,
naringenin, and naringenin chalcone and the carotenoids
violaxanthin, phytofluene, neurosporene, lycopene, β-carotene,
γ-carotene, and δ-carotene were able to induce PPARγ2-
mediated expression of luciferase (Table 1 and Figures S1−S3
in the Supporting Information). The other phenolic com-
pounds and carotenoids as well as the three tocopherols were
not able to activate PPARγ2-mediated luciferase expression
(Table 1). Induction of PPARγ by β-carotene, lycopene,
kaempferol, naringenin, and naringenin chalcone is in line with
findings in the literature reporting that these compounds can
bind to PPARγ when tested in receptor binding assays.35−37

These earlier findings, however, indicate binding to the PPARγ
receptor, which does not automatically lead to activation of
PPARγ and to subsequent changes in PPARγ-mediated gene
expression patterns. For example, although quercetin was

reported to bind to PPARγ,35,37 it was not able to stimulate
PPARγ-mediated gene expression in PPARγ2 CALUX cells. Of
the polyphenols and isoprenoids tested in the current research,
kaempferol, naringenin, and naringenin chalcone have been
shown to influence PPARγ-mediated gene expression be-
fore.38−40 In addition, cyanidin was reported to induce binding
of mouse PPARγ to the PPRE,41 while in our studies cyanidin
was not able to induce PPARγ-mediated gene expression. This
may be due to a species difference between human and mouse,

Table 1. Overview of Tomato Compounds Selected to Be
Tested and Summary of the Results Obtained in the PPARγ2
CALUX Reporter Cell Line

compound

reference(s)
for presence in

tomato

fold
induction
at 1 μM

fold
induction
at 10 μM

maximal fold
induction

(concentration)

Polyphenolic Compounds
kaempferol 28, 30 1.5 3.7
kaempferol-3-
O-rutinoside

28 inactive inactive

quercetin 26, 30 inactive inactive
rutin 26, 28 inactive inactive
naringenin 28, 30, 49 1.5 5.5
naringenin
chalcone

26, 28 1.5 2.6

delphinidina 61 inactive inactive
cyanidina 62 inactive inactive
chlorogenic
acid

28, 49 inactive inactive

ferulic acid 49, 63 inactive inactive
caffeic acid 49, 63 inactive inactive
Carotenoids
lutein 26, 27 inactive inactive
neoxanthin 26, 27 inactive inactive
violaxanthin 26, 27 1.2 1.2 2.6 (100 μM)
phytoene 27, 29 inactive inactive
phytofluene 27, 29 1.0 1.6
neurosporene 27, 29 1.2 1.7 2.4 (30 μM)
lycopene 27, 29 1.2 1.5 2.6 (100 μM)
β-carotene 26, 27 1.3 2.3
γ-carotene 27 1.6 3.9 4.6 (100 μM)
δ-carotenea 44, 64 1.1 2.5 3.6 (100 μM)
Tocopherols
α-tocopherol 26, 65 inactive inactive
β-tocopherol 65, 66 inactive inactive
δ-tocopherol 26, 65 inactive inactive
Fatty Acids
α-linolenic acid
(ALA;
C18:3n3)

67, 68 1.2b 2.6b

oleic acid (OA;
C18:1n9)

67, 68 1.3b 3.8b

linoleic acid
(LA;
C18:2n6)

67, 68 1.2b 2.8b

palmitic acid
(PA; C16:0)

67, 68 inactive inactive

stearic acid
(SA; C18:0)

67, 68 inactive inactive

myristic acid
(MA; C14:0)

67 inactive inactive

aAlthough not found in conventional tomato, these compounds are
found in special varieties such as purple tomato (delphinidin and
cyanidin) and Delta tomato (δ-carotene).44,61,64 bFor fatty acids, the
fold induction at 10 and 100 μM is presented (instead of 1 and 10
μM).
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or it may indicate that the binding of PPARγ to the PPRE as
induced by cyanidin is not adequate to produce a change in
gene expression.
It is of interest to note that none of the flavonoid glycosides

were able to induce PPARγ2-mediated expression, whereas
some of the corresponding aglycones are active agonists (Table
1). For example, the aglycone kaempferol was able to induce
PPARγ2-mediated expression, while its glycoside kaempferol-3-
O-rutinoside was not. As metabolism of polyphenols and
isoprenoids may affect their bioactivity, future research could
focus on metabolites of these compounds. Although our
findings show that flavonoid glycosides do not show activity,
this does not necessarily imply that glucuronidated flavonoid
metabolites would be without effect as well. Previous studies in
an EpRE reporter gene cell line have demonstrated that, for
example, glucuronides of quercetin can induce EpRE-mediated
gene expression up to 5-fold and that this EpRE-mediated gene
induction in the reporter cell line by these glucuronides
includes their efficient deglucuronidation.42 Whether similar
results would be obtained for the PPARγ2 CALUX reporter cell
line remains to be established.
Of the six fatty acids tested for their ability to activate

PPARγ2, α-linolenic acid, oleic acid, and linoleic acid were
found to act as PPARγ2 agonists, while palmitic acid, stearic
acid, and myristic acid were not functioning as PPARγ2
agonists (Table 1). These findings are in line with data reported
by Chou et al. showing that ALA, OA, and LA function as
PPARγ agonists and that palmitic acid and stearic acid do not
activate PPARγ.43 Chou and colleagues, however, report that
myristic acid also functions as a PPARγ agonist, while our data
did not show PPARγ agonism for this compound. Of all tested
compounds, naringenin, kaempferol, and γ-carotene were the
most active inducers of PPARγ2-mediated luciferase gene
expression: these compounds induce PPARγ2-mediated
luciferase expression at concentrations of 1 μM or higher and
showed the highest fold induction at a concentration of 10 μM
(Table 1).
3.2. PPARγ Activation by Extracts of Tomato Fruit. To

investigate the potential of tomato fruit to induce PPARγ2-
mediated luciferase gene expression, two different types of
tomato extracts were tested: one extract containing isoprenoids
obtained by chloroform extraction (further referred to as
isoprenoid-containing extract) and one extract containing
semipolar compounds, including flavonoids and other phenolic
compounds. As the results with the individual compounds
indicated that only the aglycones (and not the glycosides) were
able to activate PPARγ, the tomato powder sample was treated
with Viscozyme L before extraction with methanol in order to
remove the glycosyl residues from the bioactive phenolic
components and will be further referred to as enzymatically
hydrolyzed tomato extract. After 24 h of exposure, the
isoprenoid-containing tomato extract was able to induce
PPARγ2-mediated luciferase in a dose-dependent manner
(Figure 1). The PPARγ2-activating effect of the isoprenoid-
containing tomato extract may be due to the presence of the
carotenoids violaxanthin, phytofluene, neurosporene, lycopene,
β-carotene, γ-carotene, and δ-carotene, which were all found to
function as PPARγ2-agonists (Table 1) and are known to be
present in tomato fruits.26,27,29,44 In addition, also the
enzymatically hydrolyzed tomato extract was able to induce
PPARγ2-mediated luciferase in a dose-dependent manner
(Figure 1). In the enzymatically hydrolyzed tomato extract
kaempferol, naringenin, and naringenin chalcone may contrib-

ute to the activity since these compounds were able to activate
PPARγ2 when tested as pure compounds. Previous studies have
reported the presence of these compounds in tomato fruit.28,30

In humans, enzymatic hydrolysis of flavonoid glycosides also
occurs in the intestine before uptake.45,46

3.3. PPARγ Activation by Seven Different Tomato
Varieties. In addition to the mixture of beef, cherry, and round
tomatoes, enzymatically hydrolyzed extracts of nine tomato
varieties, designated A−I, were tested for their potency to
induce PPARγ-mediated gene expression. These nine tomato
varieties included two high-pigment tomato varieties (G and
H). Two tomato varieties, H and I, showed cytotoxicity at 45 g
FW/L and were therefore not included in further analysis. The
other seven varieties were all able to significantly induce
PPARγ-mediated gene expression at 45 g FW/L (Figure 2).
There was a 1.6-fold difference in the induction found with the
least potent variety (variety A) and the most potent variety
(variety G) (Figure 2).
The extracts of the seven tomato varieties were chemically

analyzed using LC-MS, and chromatograms representing the
total ion signal of each variety are presented in the Supporting

Figure 1. Enzymatically hydrolyzed tomato extract (gray bars) and
isoprenoid-containing tomato extract (white bars) induce dose-
dependent significant PPARγ2-mediated luciferase expression in the
PPARγ2 CALUX cells. The amount of tomato extract is expressed as
gram fresh weight per liter (g FW/L). Luciferase activity is expressed
as percentage of the positive control (1 μM rosiglitazone). Data are
corrected for background luciferase activity and are expressed as mean
± SEM (n = 3). Asterisks indicate the level of significance compared to
the solvent control: *p < 0.05; **p < 0.01; and ***p < 0.001.

Figure 2. Enzymatically hydrolyzed extracts of seven tomato varieties
induce PPARγ2-mediated luciferase expression in the PPARγ2
CALUX cells. The extracts were tested at 45 g FW/L. The solvent
control (0) is included. Luciferase activity is expressed as a percentage
of the positive control (1 μM rosiglitazone). Data are corrected for
background luciferase activity and are expressed as mean ± SEM of
three independent experiments. Asterisks indicate the level of
significance compared to the solvent control: *p < 0.05; **p < 0.01;
and ***p < 0.001.
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Information. Chromatograms showing selected masses of
flavonoid aglycones indicated that considerable amounts of
kaempferol, naringenin, and quercetin were present in the most
potent tomato varieties, F and G (Figure 3). In addition, levels
of kaempferol and naringenin, both found to function as
PPARγ2 agonists when tested individually, were quantified in
the enzymatically hydrolyzed extracts of the seven tomato
varieties (Table 2). It is interesting to note that the least potent
varieties, A and B, had the lowest content of kaempferol and
naringenin, while the two most potent varieties, F and G, had
the highest content of kaempferol and naringenin. These results
suggest that the differences in potency to induce PPARγ-
mediated gene expression may be partly explained by the

differences in levels of kaempferol and naringenin and/or other
flavonoids.

3.4. PPARγ Activation by Phytochemical Mixtures.
Most of the individual compounds induced PPARγ2-mediated
luciferase expression at concentrations of 1 μM and higher.
These concentrations seem relatively high, since the concen-
trations of these compounds in human plasma normally do not
exceed 1 μM.47,48 After tomato consumption, plasma
concentrations of several phytochemicals, including β-carotene,
lycopene, and naringenin, increase, but still stay below 1
μM.21,47,49 The total concentration of phytochemicals, however,
is higher than 1 μM50,51 and may be high enough to activate
PPARγ and lead to PPARγ-mediated changes in gene

Figure 3. Chromatograms of enzymatically hydrolyzed extracts of the most potent tomato varieties (F and G), representing the total ion signal of
selected masses: 273.075 (naringenin); 287.055 (kaempferol); 303.050 (quercetin). Maximal intensity (100%) of 15 000. Indicated with arrows are
N = naringenin; K = kaempferol; Q = quercetin; glycosides = flavonoid glycosides. For complete chromatograms, see the Supporting Information.
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expression. To investigate whether an additive effect of different
tomato compounds on PPARγ2 activation can be expected,
induction of PPARγ2-mediated gene expression by combina-
tions of kaempferol, naringenin, and β-carotene was inves-
tigated. This reveals that upon combining different compounds
at concentrations of 1 μM that individually do not induce
PPARγ2-mediated gene expression, induction of PPARγ2-
mediated expression can be obtained (Figure 4). The effect

was most striking for the combination of β-carotene with either
kaempferol or naringenin: the individual compounds were not
able to induce PPARγ2-mediated expression at 1 μM, but the
combination of 1 μM β-carotene with either 1 μM kaempferol
or 1 μM naringenin resulted in a significant induction. Our
results suggest an additive effect when combining individual
phytochemicals. This additive effect might be achieved by the
fact that these phytochemicals all act by binding to the same
receptor, and therefore their concentrations can be added up.
Additive effects between phytochemicals have been reported
before.52 Another explanation could be that the mixtures of
phytochemicals are also able to activate RXR, which is the
dimerization partner for PPARγ, leading to an additive effect in
activation of the PPARγ−RXR complex.
Furthermore, phytochemicals are present not only in plasma

but also in tissues. In tissues the total carotenoid level has been

reported to reach concentrations of 5.1, 9.4, and 7.6 nmol/g
wet tissue (equal to 5.1, 9.4, and 7.6 μM, assuming that 1 kg of
wet tissue corresponds to 1 L) in liver, adrenal glands, and
testes, respectively.53 These concentrations correspond to the
concentrations of carotenoids that were found to induce
PPARγ2-mediated gene expression. However, the functional
effects of the food compounds and extracts still need to be
substantiated in vivo. This is true for carotenoids, but especially
for polyphenols that do not occur as aglycones in plasma.
The beneficial effects of tomato consumption have often

been linked to lycopene.54 Our data indicate that many other
phytochemicals present in tomato may be involved in possible
PPARγ-mediated beneficial health effects of tomato fruits.

3.5. Tomato, PPARγ, and Health. Induction of PPARγ-
mediated gene expression has frequently been suggested to play
a role in insulin sensitization,55 protection against prostate,
breast, and colon cancer,12,13 and protection against athero-
sclerosis.10,11 Although our data indicate that tomato extracts
are able to induce PPARγ-mediated changes in gene expression,
additional data are needed to confirm that tomato consumption
in vivo leads to PPARγ-mediated gene expression and to
PPARγ-related beneficial health effects. Several in vivo studies
provide a link between tomato consumption and beneficial
effects on lipid peroxidation rate,56 lipid profile,19 and blood
pressure.57,58 A role for PPARγ-mediated gene expression in
end points such as serum levels of free fatty acids and HDL
cholesterol, blood pressure, and glucose tolerance has been
reported,4,8,59 and activation of PPARγ may thus provide a
potential mode of action of several of the beneficial health
effects of tomato consumption.
Using reporter gene assays, it was previously demonstrated

that PPARγ1 and PPARγ2 are activated by PPARγ agonists in a
similar way.31,60 This suggests that tomato compounds and
tomato extracts that are able to activate PPARγ2 may be able to
also activate PPARγ1.
In conclusion, our data show that isolated tomato

compounds as well as the enzymatically hydrolyzed tomato
extract containing phenolic compounds and the isoprenoid-
containing tomato extract were able to induce PPARγ2-
mediated gene expression. Taking into account concentrations
at which PPARγ activation was detected and reported
physiological levels of PPARγ-activating compounds in plasma
and various tissues, our results indicate that beneficial health
effects associated with tomato consumption may be (partly)
mediated by PPARγ2-mediated induction of gene transcription.
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Table 2. Concentrations of Kaempferol and Naringenin
Found in Enzymatically Hydrolyzed Extracts of Seven
Tomato Varieties

tomato variety kaempferol (μM)a naringenin (μM)a

A 0.07 0.59
B 0.04 0.04
C 1.13 7.76
D 0.03 1.30
E 0.02 1.59
F 0.31 13.19
Gb 1.33 10.56

aKaempferol and naringenin are presented as μM present in extract
dissolved and diluted to 45 g FW/L, which is the concentration at
which the extracts were tested in the PPARγ2 CALUX cell line. bHigh-
pigment variety.

Figure 4. PPARγ2-mediated luciferase expression in the PPARγ2
CALUX cells induced by individual phytochemicals and combinations
of phytochemicals at 1 μM each. Luciferase activity is expressed as
percentage of the positive control (1 μM rosiglitazone). Data are
corrected for background luciferase activity and for luciferase activity
observed with the solvent control. Data are expressed as mean ± SEM
of five independent experiments. Asterisks indicate the level of
significance compared to the solvent control: *p < 0.05 and **p <
0.01.
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Fernańdez-Gutieŕrez, A. Analytical determination of antioxidants in
tomato: Typical components of the Mediterranean diet. J. Sep. Sci.
2007, 30, 452−461.
(19) Blum, A.; Monir, M.; Wirsansky, I.; Ben-Arzi, S. The beneficial
effects of tomatoes. Eur. J. Intern. Med. 2005, 16, 402−404.
(20) Ibrahim, H. S.; Ahmed, L. A.; El-din, M. M. The functional role
of some tomato products on lipid profile and liver function in adult
rats. J. Med. Food 2008, 11, 551−559.
(21) Shen, Y.-C.; Chen, S.-L.; Wang, C.-K. Contribution of tomato
phenolics to antioxidation and down-regulation of blood lipids. J. Agric.
Food Chem. 2007, 55, 6475−6481.
(22) Sesso, H. D.; Liu, S.; Gaziano, J. M.; Buring, J. E. Dietary
lycopene, tomato-based food products and cardiovascular disease in
women. J. Nutr. 2003, 133, 2336−2341.
(23) Visioli, F.; Riso, P.; Grande, S.; Galli, C.; Porrini, M. Protective
activity of tomato products on in vivo markers of lipid oxidation. Eur. J.
Nutr. 2003, 42, 201−206.
(24) Ylönen, K.; Alfthan, G.; Groop, L.; Saloranta, C.; Aro, A.;
Virtanen, S. M. The Botnia Research Group. Dietary intakes and
plasma concentrations of carotenoids and tocopherols in relation to
glucose metabolism in subjects at high risk of type 2 diabetes: the
botnia dietary study. Am. J. Clin. Nutr. 2003, 77, 1434−1441.
(25) Mulvihill, E. E.; Allister, E. M.; Sutherland, B. G.; Telford, D. E.;
Sawyez, C. G.; Edwards, J. Y.; Markle, J. M.; Hegele, R. A.; Huff, M. W.
Naringenin prevents dyslipidemia, apolipoprotein B overproduction,
and hyperinsulinemia in LDL receptor−null mice with diet-induced
insulin resistance. Diabetes 2009, 58, 2198−2210.
(26) Bino, R. J.; De Vos, C. H. R.; Lieberman, M.; Hall, R. D.; Bovy,
A.; Jonker, H. H.; Tikunov, Y.; Lommen, A.; Moco, S.; Levin, I. The
light-hyperresponsive high pigment-2dg mutation of tomato: alter-
ations in the fruit metabolome. New Phytol. 2005, 166, 427−438.
(27) Fraser, P. D.; Truesdale, M. R.; Bird, C. R.; Schuch, W.;
Bramley, P. M. Carotenoid biosynthesis during tomato fruit develop-
ment (evidence for tissue-specific gene expression). Plant Physiol.
1994, 105, 405−413.
(28) Slimestad, R.; Verheul, M. J. Seasonal variations in the level of
plant constituents in greenhouse production of cherry tomatoes. J.
Agric. Food Chem. 2005, 53, 3114−3119.
(29) Tonucci, L. H.; Holden, J. M.; Beecher, G. R.; Khachik, F.;
Davis, C. S.; Mulokozi, G. Carotenoid content of thermally processed
tomato-based food products. J. Agric. Food Chem. 1995, 43, 579−586.
(30) Torres, C. A.; Davies, N. M.; Yanez, J. A.; Andrews, P. K.
Disposition of selected flavonoids in fruit tissues of various tomato
(Lycopersicon esculentum Mill.) genotypes. J. Agric. Food Chem. 2005,
53, 9536−9543.
(31) Gijsbers, L.; Man, H.-Y.; Kloet, S. K.; de Haan, L. H. J.; Keijer,
J.; Rietjens, I. M. C. M.; van der Burg, B.; Aarts, J. M. M. J. G. Stable
reporter cell lines for peroxisome proliferator-activated receptor γ
(PPARγ)-mediated modulation of gene expression. Anal. Biochem.
2011, 414, 77−83.
(32) Tikunov, Y.; Lommen, A.; de Vos, C. H. R.; Verhoeven, H. A.;
Bino, R. J.; Hall, R. D.; Bovy, A. G. A novel approach for nontargeted
data analysis for metabolomics. Large-scale profiling of tomato fruit
volatiles. Plant Physiol. 2005, 139, 1125−1137.

Journal of Agricultural and Food Chemistry Article

dx.doi.org/10.1021/jf304790a | J. Agric. Food Chem. 2013, 61, 3419−34273425



(33) Van der Linden, S. C.; von Bergh, A. R. M.; Van Vugt-
Lussenburg, B.; Jonker, L.; Brouwer, A.; Teunis, M.; Krul, C. A. M.;
Van der Burg, B. Development of a panel of high throughput reporter
gene assays to detect genotoxicity and oxidative stress. 2013, submitted
for publication.
(34) De Vos, R. C. H.; Moco, S.; Lommen, A.; Keurentjes, J. J. B.;
Bino, R. J.; Hall, R. D. Untargeted large-scale plant metabolomics
using liquid chromatography coupled to mass spectrometry. Nat.
Protoc. 2007, 2, 778−791.
(35) Fang, X.-K.; Gao, J.; Zhu, D.-N. Kaempferol and quercetin
isolated from Euonymus alatus improve glucose uptake of 3T3-L1 cells
without adipogenesis activity. Life Sci. 2008, 82, 615−622.
(36) Goto, T.; Takahashi, N.; Hirai, S.; Kawada, T., Various
terpenoids derived from herbal and dietary plants function as PPAR
modulators and regulate carbohydrate and lipid metabolism. PPAR Res.
2010, 2010.
(37) Zoechling, A.; Liebner, F.; Jungbauer, A. Red wine: A source of
potent ligands for peroxisome proliferator-activated receptor γ. Food
Funct. 2011, 2, 28−38.
(38) Horiba, T.; Nishimura, I.; Nakai, Y.; Abe, K.; Sato, R.
Naringenin chalcone improves adipocyte functions by enhancing
adiponectin production. Mol. Cell. Endocrinol. 2010, 323, 208−214.
(39) Liang, Y.-C.; Tsai, S.-H.; Tsai, D.-C.; Lin-Shiau, S.-Y.; Lin, J.-K.
Suppression of inducible cyclooxygenase and nitric oxide synthase
through activation of peroxisome proliferator-activated receptor-γ by
flavonoids in mouse macrophages. FEBS Lett. 2001, 496, 12−18.
(40) Liu, L.; Shan, S.; Zhang, K.; Ning, Z.-Q.; Lu, X.-P.; Cheng, Y.-Y.
Naringenin and hesperetin, two flavonoids derived from Citrus
aurantium up-regulate transcription of adiponectin. Phytother. Res.
2008, 22, 1400−1403.
(41) Xia, M.; Hou, M.; Zhu, H.; Ma, J.; Tang, Z.; Wang, Q.; Li, Y.;
Chi, D.; Yu, X.; Zhao, T.; Han, P.; Xia, X.; Ling, W. Anthocyanins
induce cholesterol efflux from mouse peritoneal macrophages: the role
of the peroxisome proliferator-activated receptor γ-liver X receptor α-
ABCA1 pathway. J. Biol. Chem. 2005, 280, 36792−36801.
(42) Lee-Hilz, Y. Y.; Stolaki, M.; van Berkel, W. J. H.; Aarts, J. M. M.
J. G.; Rietjens, I. M. C. M. Activation of EpRE-mediated gene
transcription by quercetin glucuronides depends on their deconjuga-
tion. Food Chem. Toxicol. 2008, 46, 2128−2134.
(43) Chou, Y.-C.; Prakash, E.; Huang, C.-F.; Lien, T.-W.; Chen, X.;
Su, I.-J.; Chao, Y.-S.; Hsieh, H.-P.; Hsu, J. T.-A. Bioassay-guided
purification and identification of PPARα/γ agonists from Chlorella
sorokiniana. Phytother. Res. 2008, 22, 605−613.
(44) Rubio-Diaz, D. E.; Santos, A.; Francis, D. M.; Rodriguez-Saona,
L. E. Carotenoid stability during production and storage of tomato
juice made from tomatoes with diverse pigment profiles measured by
infrared spectroscopy. J. Agric. Food Chem. 2010, 58, 8692−8698.
(45) Day, A. J.; DuPont, M. S.; Ridley, S.; Rhodes, M.; Rhodes, M. J.
C.; Morgan, M. R. A.; Williamson, G. Deglycosylation of flavonoid and
isoflavonoid glycosides by human small intestine and liver β-
glucosidase activity. FEBS Lett. 1998, 436, 71−75.
(46) Rechner, A. R.; Smith, M. A.; Kuhnle, G.; Gibson, G. R.;
Debnam, E. S.; Srai, S. K. S.; Moore, K. P.; Rice-Evans, C. A. Colonic
metabolism of dietary polyphenols: influence of structure on microbial
fermentation products. Free Radical Biol. Med. 2004, 36, 212−225.
(47) Paetau, I.; Khachik, F.; Brown, E.; Beecher, G.; Kramer, T.;
Chittams, J.; Clevidence, B. Chronic ingestion of lycopene-rich tomato
juice or lycopene supplements significantly increases plasma
concentrations of lycopene and related tomato carotenoids in humans.
Am. J. Clin. Nutr. 1998, 68, 1187−1195.
(48) Scalbert, A.; Williamson, G. Dietary intake and bioavailability of
polyphenols. J. Nutr. 2000, 130, 2073S−2085S.
(49) Tulipani, S.; Martinez Huelamo, M.; Rotches Ribalta, M.;
Estruch, R.; Ferrer, E. E.; Andres-Lacueva, C.; Illan, M.; Lamuela-
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