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Abstract
Lycopene can be cleaved by carotene 9′,10′-oxygenase at its 9′,10′ double bond to form apo-10′-
lycopenoids, including apo-10′-lycopenal, -lycopenol and -lycopenoic acid. The latter has been
recently shown to inhibit lung carcinogenesis both in vivo and in vitro, however, the mechanism(s)
underlying this protection is not well defined. In the present study, we report that treatment with
apo-10′-lycopenoic acid, in a time- and dose-dependent manner, results in the nuclear
accumulation of transcription factor Nrf2 (nuclear factor E2-related factor 2) protein in BEAS-2B
human bronchial epithelial cells. The activation of Nrf2 by apo-10′-lycopenoic acid is associated
with the induction of phase II detoxifying/antioxidant enzymes including heme oxygenase-1,
NAD(P)H:quinone oxidoreductase 1, glutathione S-transferases, and glutamate–cysteine ligases in
BEAS-2B cells. Furthermore, apo-10′-lycopenoic acid treatment increased total intracellular
glutathione levels and suppressed both endogenous reactive oxygen species generation and H2O2-
induced oxidative damage in BEAS-2B cells. In addition, both apo-10′-lycopenol and apo-10′-
lycopenal induced heme oxygenase-1 gene expression in BEAS-2B cells. These data strongly
suggest that the anti-carcinogenic and antioxidant functions of lycopene may be mediated by
apo-10′-lycopenoids via activating Nrf2 and inducing phase II detoxifying/antioxidant enzymes.
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The chemopreventive effect of lycopene, a carotenoid rich in tomato and tomato-based
products, against cancers has been suggested in many epidemiological and animal studies.1–
6 One of explanations for the protective effect of lycopene is its ability to induce phase II
detoxifying/antioxidant enzymes found in both in vitro and in vivo studies.7–9 The induction
of phase II detoxifying/antioxidant enzymes, such as heme oxygenase-1 (HO-1),
NAD(P)H:quinone oxidoreductase 1 (NQO1), glutathione S-transferases (GSTs),
glutathione reductase (GSR), glutamate–cysteine ligase (catalytic subunit, GCLC; and
modifier subunit, GCLM), microsomal epoxide hydrolase 1 (mEH) and UDP
glucuronosyltransferase 1 family, polypeptide A6 (UGT1A6), results in the detoxification of
carcinogens and the inactivation of reactive oxygen species (ROS), contributing to the
protective effect of chemopreventive agents.10 Many of these enzymes are primarily
regulated by the nuclear factor-E2 related factor 2 (Nrf2), a transcription factor that binds to
the antioxidant response element (ARE) in the 5′-flanking region of target genes.10 Under
normal conditions, the majority of the Nrf2 is sequestered in the cytoplasm by Kelch-like
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erythroid Cap‘n’Collar homologue-associated protein 1 (Keap 1), while only residual
nuclear Nrf2 binds to the ARE, driving basal activities. Exposure to certain
chemopreventive agents leads to the dissociation of the Nrf2-Keap1 complex in the
cytoplasm and the translocation of Nrf2 into the nucleus. The nuclear accumulation of Nrf2
subsequently activates target genes of phase II enzymes.10 Because of its critical roles in the
detoxification and antioxidant process during carcinogenesis, Nrf2 has been recognized as a
potential molecular target for cancer prevention.10 A wide variety of dietary and synthetic
compounds, e.g., sulforaphane,11 curcumin12 and (−)-epigallocatechin-3-gallate,13 have
been shown to induce Nrf2-ARE mediated gene expression, which is one of mechanisms for
their chemopreventive effects.

Numerous oxidative metabolites of lycopene have been identified in both in vitro14–17 and
in vivo18–21 systems, raising the question as to whether the induction of phase II enzymes by
lycopene is, at least in part, due to its metabolites.9,22–25 Previously, Ben-Dor et al. showed
that an ethanolic extract of lycopene containing unidentified hydrophilic derivatives induced
phase II enzymes and activated ARE-driven reporter gene activity at a potency similar to
lycopene.9 However, both identification and existence of those chemically induced oxidative
derivatives in the mammalian tissues remains unknown. Therefore, the notion that lycopene
metabolites contribute to the biological effect of lycopene in terms of the induction of phase
II enzymes through ARE-induced expression needs to be demonstrated unambiguously.

The carotene 9′,10′-oxygenase, a specific cleavage enzyme at the 9′,10′ double bonds of
carotenoids, has been cloned from humans, rats, mice and ferrets.21,26 We have recently
demonstrated that the enzymatic cleavage of lycopene at its 9′,10′-double bond by carotene
9′,10′-oxygenase produces apo-10′-lycopenal, which can be either reduced into apo-10′-
lycopenol or oxidized into apo-10′-lycopenoic acid.21 Very recently, we showed that
apo-10′-lycopenoic acid treatment for 16 weeks suppresses chemical carcinogen (4-(N-
methyl-N-nitrosamino)-1-(3-pyridal)-1-butanone, NNK)-induced lung tumorigenesis in the
A/J mouse model.25 Although our in vitro experiments showed that apo-10′-lycopenoic acid
inhibits lung cancer cell growth and activates retinoic acid receptor signaling,25 the
corresponding effects were not observed in the lungs of the mice after 16 weeks of
treatment. These results suggest that, in addition to its growth inhibitory activity, apo-10′-
lycopenoic acid may provide protection against the initiation stage of carcinogenesis, e.g.,
detoxifying NNK or counteracting oxidative insults via its induction of phase II
detoxification/antioxidant enzymes.

In the present study, we examined the effects of apo-10′-lycopenoids on the expression of
Nrf2-regulated phase II detoxifying/antioxidant enzymes, intracellular levels of glutathione
and H2O2-induced oxidative damage in an immortalized human bronchial epithelial cell
line, BEAS-2B.

Material and methods
Materials

Apo-10′-lycopenoic acid, apo-10′-lycopenol and apo-10′-lycopenal, with the purity above
99%, were provided by BASF, Germany. Stock solutions of lycopenoids (10 mM) were
prepared in tetrahydrofuran (THF) containing 0.025% butylated hydroxytoluene (BHT, from
Sigma, St. Louis, MO) and stored at −80°C. Rabbit anti-Nrf2 antibody and mouse anti-
NQO1 antibody were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Rabbit
anti-HO1 antibody was purchased from Assay Designs (Ann Arbor, MI). Mouse anti-β-actin
antibody was obtained from Sigma. Horseradish peroxidase (HRP)-conjugated secondary
antibodies were purchased from Bio-Rad (Hercules, CA).
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Cell culture
BEAS-2B cell, an immortalized human bronchial epithelial cell line, was purchased from
American Type Culture Collection (ATCC, Manassas, VA). Cells were grown in a serum
free LHC-9 medium (Invitrogen, Carlsbad, CA) in tissue culture plates coated with bovine
serum albumin/collagen/fibronectin as previously reported,27 and kept at 37°C in a
humidified atmosphere containing 5% CO2. Upon treatment, aliquots from the stock
solutions of lycopenoids were added to the cell culture medium to the desired concentrations
and stirred vigorously. The control cell culture received THF containing 0.025% BHT only.
The final THF concentration in cell culture medium was 0.1%. All procedures were
performed under red light.

Western blot
Whole cell protein extraction for measuring HO-1 and NQO1 expression, and nuclear
extraction for measuring the nuclear distribution of Nrf2 were prepared as described
previously.25,28 Cellular proteins were separated by SDS-PAGE and transferred onto
Immobilon-P membranes (Millipore, Bedford, MA). The membranes were blocked with 5%
non-fat milk in TBST buffer and incubated with a primary antibody. The protein was
detected by a HRP-conjugated secondary antibody and visualized by a Super-Signal West
Pico Chemiluminescent Substrate Kit (Pierce, Rockford, IL). The protein levels were
analyzed with an imaging densitometer (Bio-Rad, Hercules, CA), using β-actin as a loading
control.

Gene expression
The expression of phase II detoxification and antioxidant enzymes was measured by real-
time quantitative PCR after the reverse transcription of RNA. Total RNA was extracted
using Tri-Pure reagent (Roche Applied Science, Indianapolis, IN). cDNA was generated
with M-MLV reverse transcriptase (Invitrogen) as indicated in the manufacturer’s manual.

PCR Primers were designed using Primer Express version 2.0 (Applied Biosystems, Foster
City, CA) software. The sequences of the primers specific to each gene are shown as
follows: GCLC (NM_001498), 5′-GGAAGGAAGGTGTGTTTCCTGG-3′ and 5′-
ACTCCCTCATCCATCTGGCAA-3′; GCLM (NM_002061), 5′-
CCAGATGTCTTGGAATGCACTG-3′ and 5′-AGGACTGAACAGGCCATGTCA-3′; GSR
(NM_000637), 5′-TGGCACTTG CGTGAATGTTG-3′ and 5′-
CACATAGGCATCCCGCTTTTC-3′; GSTP1 (NM_000852), 5′-
AGTCCAATACCATCCTGCGTCA-3′ and 5′-CCCGCCTCATAGTTGGTGTAGA-3′;
HO-1 (NM_002133), 5′-AGCTCTTTGAGGAGTTGCAGGA-3′ and 5′-
AGCTGAGTGTAAGGACCCATCG-3′; mEH (NM_000120), 5′-
CCGTAGGCTCTGCTCTGAATGA-3′ and 5′-AACTTCCTTTCCAGGCCTCCA-3′;
NAD(P)H:NQO1 (NM_000903), 5′-GTGATATTCCAGTTCCCCCTGC-3′ and 5′-
AAGCACTGCCTTCTTACTCCGG-3′; UGT1A6 (NM_205862), 5′-
AAACGATCTGCTTGGTCACCC-3′ and 5′-TCCCTTAGTCTCCATGCGCTT-3′; and β-
actin (NM_001614), 5′-AAGATCATTGCTCCTCCTGAGC-3′ and 5′-
GCTGATCCACATCTGCTGGAA-3′.

Real-time PCR reactions were performed on an Applied Biosystems 7000 sequence
detection system, using Platinum SYBR Green qPCR Kit (Invitrogen) according to the
manufacture’s instructions. The mRNA levels of the measured genes relative to β-actin
mRNA were determined using the 2−ΔΔCT method.29 The mRNA levels were expressed as
fold induction, relative to the control.
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Measurement of intracellular glutathione
Intracellular glutathione (GSH) levels were measured using the 5,5′-dithiobis-2-nitrobenzoic
acid (DTNB)–GSR recycling method.30 In brief, trypsinized cells were rinsed with ice-cold
PBS twice, resuspended in 0.5 ml of ice-cold KPE extraction buffer [0.1% Triton X-100,
0.6% sulfosalicylic acid in 0.1 M potassium phosphate buffer with 5 mM EDTA, pH 7.5],
followed by sonication (20 sec) and centrifugation (3,000g for 5 min at 4°C). Then 20 μl of
the supernatant was added to 120 μl of KPE, containing 0.84 mM DTNB and 1.65 unit/ml
GSR. Finally, 60 μl of 0.8 mM NADPH was added and the rate of change in absorbance was
measured for 2 min in a 30 sec interval at 410 nm, using uQuant microplate
spectrophotometer (BioTek Instruments, Winooski, VT). The protein concentration of cell
extracts was determined by Coomassie Protein Assay Reagent (Pierce Biotechnology,
Rockford, IL). All measurements were duplicated. The total GSH level was expressed as
nM/mg protein.

Lactate dehydrogenase assay
Lactate dehydrogenase (LDH) release, an indicator of cell membrane integrity and cell
viability, was used to evaluate H2O2-induced oxidative damage. In brief, BEAS-2B cells
were treated with different concentrations of apo-10′-lycopenoic acid or tert-
butylhydroquinone (tBHQ) in a 96-well plate for 24 hr, and then switched to a medium
containing 100 μM of H2O2 for 30 min. The released and the intracellular LDH activity
were then determined with a LDH assay kit (Sigma, St. Louis, MO) as described in the
manufacturer’s manual.

Measurement of ROS
Cytosolic ROS levels were measured using 5-(and-6)-carboxy-2′,7′-dichlorofluorescin
diacetate (carboxy-H2DCFDA, from Ana-Spec, San Jose, CA) as described previously31

with minor modification. In brief, BEAS-2B cells were treated with the indicated
concentration of apo-10′-lycopenoic acid or with 25 μM of tBHQ in a 96-well plate for 24 hr
and were incubated with 10 μM carboxy-H2DCFDA at 37°C for 30 min. The carboxy-
H2DCFDA was removed, and the cells were incubated with LHC-9 medium for another 5
min. The fluorescence was measured using an FLx800 multidetection microplate reader
(BioTek Instruments, Winooski, VT) with the filter set of 485/528 nm (excitation/emission).
After the measurement for ROS, the LHC-9 medium was removed and the viable cells in
each well were evaluated by measuring total intracellular LDH activity, which was used to
normalize cellular ROS level.

Statistical analysis
Results were expressed as means ± SEM unless specifically indicated. Comparison of mean
values of control and treatment cells was made using student’s t-test or one-way ANOVA
analyses with Fisher’s least significant difference post hoc procedure. A difference between
groups was considered significant if p < 0.05.

Results
Apo-10′-lycopenoic acid induces nuclear accumulation of Nrf2

Since Nrf2 is a key transcription factor in regulating the expression of phase II detoxifying/
antioxidant enzyme, we first determined whether apo-10′-lycopenoic acid activates Nrf2 by
accumulating Nrf2 in the nuclear fraction of cells. Nuclear Nrf2 protein was increased by
50% in BEAS-2B cells treated with 10 μM of apo-10′-lycopenoic acid for 3 hr, as compared
to control. After treatment with apo-10′-lycopenoic acid for 6 hr, the accumulation level of
the nuclear Nrf2 protein increased by ~1.6-fold, as compared to the control (Fig. 1a).
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Furthermore, treatment with 3, 5 and 10 μM of apo-10′-lycopenoic acid dose-dependently
increased nuclear Nrf2 protein levels by 60, 80, and 180%, respectively (Fig. 1b).

Apo-10′-lycopenoic acid induces the expression of phase II detoxification and antioxidant
enzymes

Apo-10′-lycopenoic acid significantly induced the mRNA expressions of phase II enzymes,
including HO-1, NQO1, GST, GSR, GCLC, GCLM, mEH and UGT1A6, in BEAS-2B cells,
as compared to control cells treated with THF only (Fig. 2). We then examined the dose-
and time-dependent responses of apo-10′-lycopenoic acid on the expression of HO-1 gene.
Although untreated BEAS-2B cells express very low level of the HO-1 gene, HO-1 mRNA
level significantly increased as early as 30 min after treatment with 10 μM of apo-10′-
lycopenoic acid and reached a peak after 4 hr of treatment (Fig. 3a). Accordingly, HO-1
protein was detected after 2 hr of apo-10′-lycopenoic acid treatment and steadily increased
after 24 hr of the treatment (Fig. 3b). The induction of HO-1 mRNA expression was dose-
dependently increased by increasing concentration of apo-10′-lycopenoic acid (p for trend <
0.001) (Fig. 3c). HO-1 protein levels in BEAS-2B are also dose-dependently increased by
apo-10′-lycopenoic acid treatment for 24 hr (Fig. 3d).

We then examined the effect of apo-10′-lycopenoic acid on the expression of NQO1, a key
enzyme involved in defending against oxidative insults, maintaining genetic stability, and
inhibiting neoplasia.32 The basal expression of NQO1 in BEAS-2B cells is higher as
compared to HO-1 expression. We found that the levels of NQO1 mRNA slightly increased
(40%) by 10 μM of apo-10′-lycopenoic acid treatment for 4 hr (Fig. 4a). Further induction
can still be detected after 24 hr of the treatment (Fig. 4a). Like the induction of HO-1, the
induction of NQO1 by apo-10′-lycopenoic acid is also dose-dependent (Figs. 4b and 4c).
NQO1 mRNA and protein levels increased by 20–50% after 24 hr treatment with apo-10′-
lycopenoic acid, as compared to that of control.

We also examined the induction of HO-1 expression by apo-10′-lycopenol and apo-10′-
lycopenal, the other 2 metabolites generated by lycopene. We found that, similar to apo-10′-
lycopenoic acid, both compounds are able to induce HO-1 expression. Apo-10′-lycopenal
shows the strongest potential, with a 12-fold induction of HO-1 gene expression, as
compared to the same dose of apo-10′-lycopenol and apo-10′-lycopenoic acid (Fig. 5).

Effect of apo-10′-lycopenoic acid on intracellular total GSH, ROS and H2O2-induced
oxidative damage

Because of the induction of glutamate–cysteine ligase (GCLC and GCLM, the enzymes are
involved in GSH synthesis) by apo-10′-lycopenoic acid, we further examined the effect of
apo-10′-lycopenoic acid on the levels of intracellular GSH. As a positive control, treatment
with 25 μM of tBHQ, an antioxidant that induces ARE-driven gene expression and GSH
synthesis,33 significantly increases total GSH level by 1.2-fold in BEAS-2B cells (p < 0.001)
(Fig. 6a). Although treatment with 3 or 5 μM of apo-10′-lycopenoic acid non-significantly
increases GSH level by 10 and 15%, respectively, apo-10′-lycopenoic acid treatment at 10
μM significantly increases GSH level by ~70%, as compared to untreated cells (p < 0.001)
(Fig. 6a).

To determine whether apo-10′-lycopenoic acid affects intracellular ROS status, we
quantified oxidative stress in cells using the dichlorofluorescein assay.31 We found that
treatment with apo-10′-lycopenoic acid for 24 hr exerts a dose-dependent inhibition of
endogenous ROS generation (Fig. 6b). Treatment with tBHQ at 25 μM for 24 hr decreases
intracellular ROS levels by about 70%, as compared to cells treated with THF only (Fig.
6b). The apo-10′-lycopenoic acid treatment at a concentration of 3 μM decrease cellular
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ROS levels by about 40% (p < 0.01); while 10 μM of apo-10′-lycopenoic acid shows a
comparable capability to inhibit ROS production as compared to that of tBHQ treatment at
25 μM (Fig. 6b).

Using LDH release as an indicator of H2O2-induced cytotoxicity, we further evaluated the
protective effects of apo-10′-lycopenoic acid against oxidative damage. Treatment with 100
μM of H2O2 for 30 min results in a significant increase in LDH activity in cell culture
medium of BEAS-2B cells. This H2O2-induced LDH release was decreased (35% decrease)
by pretreatment with 25 μM of tBHQ for 24 hr (Fig. 6c). When we pretreated BEAS-2B
cells with 5 and 10 μM of apo-10′-lycopenioc acid for 24 hr, the H2O2-induced LDH release
was decreased by 17% (p > 0.05) and 39% (p < 0.01), respectively (Fig. 6c).

Discussion
In the present study, we demonstrate for the first time that an enzymatic metabolite of
lycopene, apo-10′-lycopenoic acid induces both the nuclear accumulation of Nrf2 protein
and the induction of phase II detoxifying/antioxidant enzymes, including HO-1, NQO1,
GCL, GSR, GSTP1, mEH and UGT1A6 in BEAS-2B cells. Apo-10′-lycopenic acid
treatment also increased total intracellular GSH level and decreased ROS level in BEAS-2B
cells. In addition, other lycopene metabolites (apo-10′-lycopenol and apo-10′-lycopenal)
were also shown to induce the HO-1 gene. Since apo-10′-lycopenoids are enzymatic
cleavage metabolites of lycopene in mammalian tissues, our results strongly suggest that
lycopene metabolites may mediate the activation of Nrf2/ARE signaling and the induction
of gene expression by lycopene.9

The induction of phase II detoxifying/antioxidant enzymes has been recognized as one of the
mechanisms underlying the anti-carcinogenic activity of carotenoids.10,34 Particularly,
lycopene supplementation has been shown to increase the level of GSH and the activity of
phase II genes, such as GST and GSR, in hamster buccal pouch mucosa,35 rat liver
microsomes7 and red blood cells.7 Increased expression of NQO1 and GST by
chemopreventive agents, such as isothiocyanates has been associated with inhibition of
NNK bioactivation and enhancement of detoxification.36,37 Furthermore, a recent study
reported that the induction of GST by sodium selenite contributed to its chemopreventive
effect against NNK induced lung carcinogenesis in the A/J mouse model.38 In the present
study, we showed that apo-10′-lycopenoic acid induced the expression of NQO1, GST, as
well as other phase II detoxifying/antioxidant enzymes in BEAS-2B cells, indicating a
protective effect of lycopene metabolites against lung carcinogenesis in the initiation stage.
This hypothesis was supported by the in vivo observation showing that supplementation with
apo-10′-lycopenoic acid before carcinogenic initiation suppressed NNK-induced lung
tumorigenesis in the A/J mouse model without any significant changes in cell proliferation
markers.25 These data provided insights into the mechanisms underlying the beneficial
effects of apo-10′-lycopenoids against lung cancer development.

HO-1, the inducible form of heme-oxygenase, plays a critical protective role by reducing
oxidative damage and attenuating the inflammatory response in many tissues, particularly in
the respiratory system.39,40 Although its roles in carcinogenesis need further clarification,
studies showed that a polymorphism of the HO-1 promoter resulting in lower basal and
inducible expression of HO-1 is associated with a higher risk of lung41 and oral42 cancer.
Therefore, it is believed that HO-1 act as a cytoprotective enzyme in healthy tissues exposed
to harmful stimuli, including carcinogens.43 In lung tissues, expression of HO-1 is increased
by cigarette smoke exposure, and the expression of HO-1 in BEAS-2B cells has been shown
to protect against cigarette smoke extract-induced cell death.40 In the present study, we
found that HO-1 expression was induced by apo-10′-lycopenoic acid, -lycopenol and -
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lycopenal in BEAS-2B cells, suggesting that apo-10′-lycopenoids may protect lung
epithelial cells against oxidative stress-related lung carcinogenesis. Interestingly, apo-10′-
lycopenol was detected in the lungs of ferrets after lycopene supplementation,21 which
provided an additional mechanism for our previous observation that the lycopene
supplementation prevented cigarette smoke-induced lung lesions in the ferret model.4

In the present study, all 3 lycopenoids are effective in activating the Nrf2-mediated
induction of HO-1. Although the exact mechanisms behind the activating the Nrf2-
dependent HO-1 induction by these 3 lycopenoids remain unknown, the chemical properties
of these compounds may contribute to the activation of Nrf2, which is controlled through
multiple regulatory mechanisms, including Keap1-mediated ubiquitination and degradation,
subcellular distribution, and phosphorylation.10,44 Notably, apo-10′-lycopenal showed the
strongest induction of HO-1 as compared to apo-10′-lycopenoic acid and apo-10′-lycopenol.
This may be due to the highly reactive aldehyde group in the compound, which is capable of
Schiff base formation with the amino groups of protein45 and reactive with cellular
macromolecules (e.g., directly modifying the reactive cysteine residues in Keap1 and
interrupting Keap1-mediated Nrf2 ubiquitination and degradation44). It is also possible that
these lycopenoids affect upstream signaling pathways, such as MAPKs (mitogen activated
protein kinases), PI3K (phosphoinositol 3-kinase), epidermal growth factor receptor and
PKC, which all have been shown to play a role in the regulation of Nrf2-ARE in lung
epithelial cells.46,47 Lycopene has been shown to affect certain signaling pathways, e.g.,
insulin-like growth factor-1 (IGF-1) signaling, which is the upstream of both PI3K and
MAPK, by inducing IGF-binding proteins in the lungs of smoke-exposed ferrets.4,23

Clearly, these hypotheses warrant further investigation.

GSH is a key factor regulating the redox environment of a cell. GSH is synthesized from L-
glutamate with the help of 2 enzymes, γ-glutamylcysteine synthetase (GCLC and GCLM)
and GSH synthetase.48 We have shown that apo-10′-lycopenoic acid treatment for as short a
time period as 4 hr induced the expression of GCLC and GCLM. Consistently, treatment
with 10 μM of apo-10′-lycopenic acid for 24 hr significantly increased total intracellular
GSH levels and markedly decreased ROS levels in BEAS-2B cells. These observations
suggest that apo-10′-lycopenoic acid may improve cellular antioxidant capacity, probably
through the induction of Phase II enzymes by activating Nrf2/ARE signaling. However,
there was a more significant change in the decrease of ROS than in the increase of GSH by
apo-10′-lycopenoic acid (Fig. 6b). One explanation may lie in the fact that
dichlorofluorescein assay is a method for measuring overall cellular redox status,31 which is
affected by many factors, including the levels of total GSH pool, the ratio of reduced to
oxidized GSH, and the levels of other antioxidants, such as NADH and NADPH.48 For
instance, apo-10′-lycopenoic acid also induces the expression of GSR, which increases the
level of reduced GSH in addition to increasing total GSH, thereby further decreasing cellular
ROS. Meanwhile, it can not be excluded that apo-10′-lycopenoic acid may act as an
antioxidant by itself since carotenoids have been shown to decrease intracellular ROS
without activating the ARE.9

H2O2 is a non-radical ROS produced spontaneously as a result of intracellular metabolism.
It may directly damage DNA, lipids, and other macromolecules by diffusing throughout the
mitochondria and crossing the cell membranes.49,50 It can react with reduced transition
metals (ions of Fe, Cu or Co), resulting in generation of much more ROS, such as the
hydroxyl radical that can lead to extensive cell oxidative damage.49,50 As an antioxidant
cofactor for GSH peroxidase, GSH plays a key role in detoxifying H2O2 by reducing H2O2
to water.51 Various GSH metabolizing enzymes, such as GST,52 GSR,53 and GCL,54 as well
as GSH itself55 have been reported to protect against H2O2-induced oxidative damage in
different cell lines.56 In the present study, we found that exogenous H2O2 treatment induced
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significant cell damage in BEAS-2B cells, while pretreatment with apo-10′-lycopenoic acid
inhibited H2O2-induced LDH release. This correlated with increased total GSH levels and
decreased endogenous ROS generation in apo-10′-lycopenoic acid treated BEAS-2B cells.
These data indicate that the protective effect of apo-10′-lycopenoic acid against oxidative
stress is via its induction of antioxidant enzymes and intracellular levels of GSH.
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Abbreviations

ARE antioxidant response element

Carboxy-H2DCFDA 5-(and-6)-carboxy-2′,7′-dichlorofluorescin diacetate

DTNB 5,5′-dithiobis-2-nitrobenzoic acid

GCLC glutamate–cysteine ligase, catalytic subunit

GCLM glutamate–cysteine ligase, modifier subunit

GSH glutathione

GSR glutathione reductase

GST glutathione S-transferases

HO-1 heme oxygenase-1

LDH lactate dehydrogenase

mEH microsomal epoxide hydrolase

NQO1 NAD(P)H:quinone oxidoreductase 1

Nrf2 NF-E2 related factor 2

ROS reactive oxygen species

tBHQ tert-butylhydroquinone

THF tetrahydrofuran

UGT1A6 UDP glucuronosyltransferase 1 family, polypeptide A6
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Figure 1.
Effect of apo-10′-lycopenoic acid on the nuclear accumulation of Nrf2. (a) BEAS-2B cells
were treated with 10 μM of apo-10′-lycopenoic acid for indicated time. (b) BEAS-2B cells
were treated with indicated concentration of apo-10′-lycopenoic acid for 6 hr. Nuclear
proteins were extracted and nuclear Nrf2 was detected by Western blot and analyzed with an
imaging densitometer. The data are representative results of at least 3 independent
experiments.
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Figure 2.
Effect of apo-10′-lycopenoic acid on the expression of phase II detoxifying/antioxidant
enzymes. 5 × 105 cells in 6-well plate were treated with 10 μM of apo-10′-lycopenoic acid
for 4 hr. Total RNA was extracted, and the mRNA levels of genes were measured by
quantitative reverse transcription PCR. Values are means ± SEM of 3 replicate assays. Grey
bar: control cells treated with THF only; dark bar: cells treated with 10 μM of apo-10′-
lycopenoic acid. *, Statistically significantly different, as compared between control and
apo-10′-lycopenoic acid-treated cells, p < 0.05.
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Figure 3.
Induction of HO-1 gene expression by apo-10′-lycopenoic acid. Left panel: Time-course of
induction of HO-1 mRNA (a) and protein (b). BEAS-2B cells were treated with 10 μM of
apo-10′-lycopenoic acid for the indicated time. Right panel: Dose effect of apo-10′-
lycopenoic acid on induction of HO-1 mRNA (c) and protein (d). BEAS-2B cells were
treated with indicated concentration of apo-10′-lycopenoic acid for 4 hr (c) or 24 hr (d).
Transcription level of HO-1 gene was measured by quantitative reverse transcription PCR (a
and c) and the protein level was measured by Western blot (b and d). (a), (b) and (d) are
representative results of at least 3 repeats. Data in panel (c) are expressed as means ± SEM
of 3 replicate assays; *, Statistically significantly different, as compared between control and
apo-10′-lycopenoic acid-treated cells, p < 0.05.
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Figure 4.
Induction of NQO1 gene expression by apo-10′-lycopenoic acid. (a) Time-course of NQO1
induction. BEAS-2B cells were treated with 10 μM of apo-10′-lycopenoic acid for 6 and 24
hr. (b) and (c), dose effect of apo-10′-lycopenoic acid on NQO1 induction. BEAS-2B cells
were treated with the indicated concentration of apo-10′-lycopenoic acid for 6 hr (b) or 24 hr
(c). Transcription level of HO-1 gene was measured by quantitative reverse transcription
PCR (a and b) and the protein level was measured by western blot (c). Data in panels (a) and
(b) are expressed as mean ± SEM of 3 replicate assays, means that do not share a letter
differ, p < 0.05. Panel (c) shows a representative result of at least 3 repeats.
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Figure 5.
Effect of apo-10′-lycopenol and apo-10′-lycopenal on HO-1 gene expression. BEAS-2B
cells were treated with 0, 5 or 10 μM of apo-10′-lycopenol or apo-10′-lycopenal for 4 hr.
Total RNA was extract and the transcription level of HO-1 gene was measured by
quantitative reverse transcription PCR. Values are means ± SEM of 3 replicate assays.
Means that do not share a letter differ in the same group differ, p < 0.05.
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Figure 6.
Effect of apo-10′-lycopenoic acid on total intracellular GSH level, endogenous ROS, and
H2O2-induced oxidative damage. (a) and (b), BEAS-2B cells were treated with indicated
concentration of apo-10′-lycopenoic acid or tBHQ for 24 hr. Total GSH (a) was measured
using DTNB-GSR recycling method and ROS (b) was measured using carboxy-H2DCFDA
method. (c) BEAS-2B cells were pre-treated with indicated concentration of apo-10′-
lycopenoic acid or tBHQ for 24 hr before 100 μM of H2O2 were added and incubated for 30
min. H2O2-induced oxidative damage was measured by LDH releasing assay. Values are
means ± SEM of 3 replicate assays. Means that do not share a letter differ, p < 0.05.
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