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Abstract

Peroxynitrite formed by the reaction of superoxide and nitric oxide is a highly reactive species with
a role in various pathological processes such as cancer, chronic inflammation, and cardiovascular
and neurological diseases. In the present study, the effect of the carotenoids, lycopene and
[3-carotene, on peroxynitrite-mediated modifications in plasmid DNA as well as cellular DNA and
proteins were investigated. In pUC18 plasmid DNA, these carotenoids strongly inhibited DNA
strand breaks caused by peroxynitrite generated from 3-morpholinosydnonimine (SIN-1). SIN-1
was also used to determine effects on DNA damage and protein tyrosine nitration in Chinese
hamster lung fibroblasts. SIN-1 dose-dependently increased nitration of proteins in cells above
basal levels as determined by western blotting. This nitration was inhibited in the presence of the
uric acid as well as lycopene. Physiological concentrations (0.31-10 uM) of lycopene and
[-carotene also had protective effects on DNA damage, as measured by the comet assay. Lycopene
significantly reduced DNA damage particularly, in the median range of concentrations (2.5 uM).
The protective effects of lycopene and [-carotene could be due to their scavenging of reactive
oxygen (ROS) and/or nitrogen species (RNS) as they reduce the amount of intracellular ROS/RNS
produced following treatment with SIN-1 by as much as 47.5 and 42.4 %, respectively. The results
obtained in this study suggest that carotenoids may alleviate some of the deleterious effects of
peroxynitrite and possibly other reactive nitrogen species as well in vivo.
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Introduction

Increased consumption of fruits and vegetables is associated with a lower risk disease, including
cancer, and cardiovascular and neurological pathologies (Ames et al., 1993). Research has been
focused on known antioxidants in foods that may confer these beneficial effects, such as
polyphenols, vitamins, and carotenoids. Of particular interest in this paper, are the carotenoids,
lycopene and [-carotene and their effects on peroxynitrite-mediated protein and DNA

modifications.

Peroxynitrite (ONOO/ONOOH), a potent oxidising and nitrating species (Beckman, 1996,
Koppenol et al., 1992), is the product of the near diffusion-limited reaction of nitric oxide (NO)
and superoxide anion (O, ). The rate constant for this reaction is 6.7 x 10° M™* s™ (Burney et al.,
1999). Peroxynitrite is relatively long-lived with a half-life of approximately 1 s under
physiological conditions. At physiological pH and temperature, peroxynitrite will, following
protonation, exist as 20% peroxynitrous acid (ONOOH, pK, 6.8) (Beckman, 1996), which in turn
decomposes to yield multiple toxic products with reactivities similar to those of the nitryl cation
(NO+2), nitrogen dioxide (*NO,) and hydroxyl radical (*OH). An important biological reaction of
peroxynitrite is that with CO; to yield nitrosoperoxycarbonate (ONOO CO,) (Dedon and

Tannenbaum, 2004), which also eventually decomposes to yield NO'3. The CO'3¢ and *NO,

radicals may be intermediates in this decomposition process.

Reactions of peroxynitrite with biomolecules are complex and numerous and include oxidations,
such as DNA damage leading to sugar and base modifications, mutations, and also single- and
double-strand breaks (Burney et al., 1999, Dedon and Tannenbaum, 2004). Peroxynitrite, may also
nitrate DNA, though the extent and importance of this reaction is unclear. Other than DNA,
peroxynitrite also produces oxidative and nitrosative damage to lipids and proteins. Protein
tyrosine nitration, the addition of a nitro group (-NO) onto one of the two equivalent ortho
carbons of the aromatic ring of tyrosine residues (Gow et al., 2004), has been associated with a

number of pathological states (Pietraforte et al., 2003).

Lycopene and B-carotene are potent quenchers of singlet oxygen and peroxyl radicals. There is



emerging evidence for their role in scavenging reactive nitrogen species (RNS). Beta-carotene is a
strong scavenger of RNS in solution, including nitrogen dioxide, and peroxynitrite (Kikugawa et
al., 1997). Lycopene and B-carotene have also been shown to be consumed in the process of
scavenging peroxynitrite in low density lipoproteins (Panasenko et al., 2000, Pannala et al., 1998).
While a number of studies have reported protective effects of carotenoids against DNA damage by
various toxins in cell culture (Glei et al., 2002, Matos et al., 2000, Lowe et al., 1999, Weitberg et al.,
1985), some have found no protective effects (Woods et al., 1999, and Yeh et al., 2001). However,
there are few reports on interactions of carotenoids with peroxynitrite or its derived species and
effect on DNA damage and/or protein tyrosine nitration.

The goal of the present study was to assess the effectiveness of intracellular carotenoids against
some biological effects of peroxynitrite, such as DNA damage, as assessed with the comet assay
(single-cell gel electrophoresis), and protein tyrosine nitration, determined by western blotting.
SIN-1 (3-morpholinosydnonimine) was used as a model compound for the continuous release of
nitric oxide and superoxide and hence continuous formation of peroxynitrite as might occur in an

in vivo setting. In some cases authentic peroxynitrite was also used.

Materials and methods

Chemicals

SIN-1 (a peroxynitrite generator) was obtained from Dojindo Laboratories (Kumamoto, Japan).
Dihydrorhodamine 123 was from Sigma Aldrich Chemicals Ltd. (St. Louis, USA). Lycopene,
B-carotene and tetrahydrofuran (THF) stabilized with ~0.03% 2,6-di-t-butyl-4-methyl-phenol
(BHT) were from Wako Pure Chemicals Ltd. (Osaka, Japan). Plasmid DNA pUC18 was obtained
from Wako Pure Chemicals Ltd. (Osaka, Japan) and subsequently prepared as previously
described (Muzandu et al., 2005a).

Authentic peroxynitrite was synthesized as described by Radi et al. (1991) with some
modifications. Briefly, equal volumes of 0.6 M sodium nitrite and acidified hydrogen peroxide (0.7
M in 0.6 M HCI) were drawn into two separate syringes, analogous to a stop-flow set up. Both
solutions were simultaneously injected into a beaker with continuous stirring at 4 °C and the

product of the reaction was immediately stabilized with an equal volume of 1.5 M NaOH. Excess



H,O, was removed by treating this solution with excess manganese dioxide (100 mg/ml). The
solution was filtered and frozen at —20 °C for up to one week. The peroxynitrite-containing top
yellow layer formed by freeze-fractionation was collected. Residual H,O, was quantified
spectrophotometrically as described elsewhere (Josephy et al., 1982) and determined to be
approximately 0.7 % per mole of peroxynitrite. The concentration of peroxynitrite was quantified
spectrophotometrically in 1.5 M NaOH at 302 nm (¢ = 1670 M™* cm™). Solutions were stored in
aliquots at -80 °C.

Stock carotenoid solutions were dissolved in THF and kept at -80 °C. Working solutions were
prepared fresh on the day of an experiment. Exact concentrations were determined
spectrophotometrically using established extinction coefficients (Schierle et al., 1997). In the cell
culture experiments, a small amount of stock solution was added to the medium, stirred vigorously
and then filtered with a 0.45 um millipore filter (Billerica, MA, USA). Final concentrations of the
carotenoids in the media were measured by spectrophotometry after extraction in n-hexane. All
procedures were performed under dim light. Decomposed SIN-1, THF or NaOH alone had no
effect on any of the parameters tested.

Induction of strand breaks in plasmid DNA

Agarose gel electrophoretic patterns of plasmid pUC18 DNA (2686 bp) were used to measure
single strand breaks (ssb). The method is as described by Li and Trush (1993) with some
modifications. Briefly, 0.1ug of DNA was incubated with various chemicals in KPB, pH 7.4 at
37°C for 30 min (final volume 10 pl). The carotenoids, dissolved in 1% solutions in THF, were
added to the reaction mixture just before SIN-1. The final concentration of THF was 0.1 %. SIN-1
was dissolved in 10 mM NaOH and used at a final concentration of 100 uM. The reaction was
terminated by the addition of 2 ul of electrophoresis loading buffer. Immediately after exposure,
the DNA was loaded onto a 1 % agarose gel prepared in Tris Acetate/ ethylenediamine tetra acetic
acid (EDTA) buffer (40 mM Tris, 20 mM sodium acetate and 2 mM EDTA, pH 7.0) and gel
electrophoresis was carried out for 2 hours at 8.5V/cm in a horizontal gel electrophoresis
apparatus. The gels, pre-stained with 0.5 ug/ml ethidium bromide, were exposed to UV light.
Pictures were taken and scanned, and the DNA strand breaks were measured by the conversion of

supercoiled pUC18 double-stranded DNA to open circular and/or linear forms by densitometry.



The number of single strand breaks was calculated as previously described (Epe and Hegler,
1994).

Cell culture

Experiments were carried out using a Chinese hamster lung fibroblast cell line (V79 cells)(RIKEN
BioResource Center, Tsukuba, Japan). Cells were grown in Eagle’s Minimum Essential Medium
(MEM) supplemented with 0.292 g/I L-glutamine and 26.2 mM sodium bicarbonate, 10% Fetal
Calf Serum (FCS) and antibiotics at 37°C in 5% CO, in air.

Cellular DNA damage

Cells were seeded in 35-mm dishes and allowed to attach overnight. They were treated with
lycopene, B-carotene or THF for 24 h. The media were replaced, after washing with PBS
(phosphate-buffered saline), with air-saturated media. Cells were then treated with SIN-1 or
NaOH (vehicle) for 1 h. Cell viability after exposure to various treatments was carried out by the
trypan blue dye exclusion method and also by a cell counting kit (CCK-8; Dojindo Laboratories,
Kumamoto, Japan). Damage to DNA in V79 cells was assessed with the comet assay according to
the method of Singh et al. (1988) with some modifications (Collins and Dusinska, 2002). Briefly,
slides were coated with a first layer of 1 % normal agarose. Approximately 20,000 cells were
suspended in 50 ul 0.5% low melting point agarose and layered onto the slides, which were then
immediately covered with cover slips. After agarose solidification at 4°C for 5 min, cover slips
were removed and slides were immersed for 1 hour at 4°C in fresh lysis solution (2.5 M NaCl, 100
mM Na;EDTA, 10 mM Tris, pH 10) containing 1% Triton X-100. The slides were equilibrated in
alkaline solution (1 mM Na;EDTA, 300 mM NaOH, pH > 13) for 40 min. Electrophoresis was
carried out for 30 min at 1 VV/cm. Afterwards, slides were neutralized by washing them three times
with 0.4 M Tris buffer (pH 7.5) every 5 min. Slides were stained with ethidium bromide (2 pug/ml).
Images were scored using a fluorescent microscope (Olympus BX50 equipped with a 520-550 nm
excitation filter). Based on the extent of strand breakage, cells were classified according to their
tail length in five categories, ranging from 0 (no visible tail) to 4 (still a detectable head of the
comet but most of the DNA in the tail).

Each cell (or comet) was assigned a value according to the class it belonged to, so that an overall
score was derived for each treatment ranging from 0 to 400 arbitrary units. The following formula
(Liu et al., 2002) was used to calculate scores in which N is the number of cells in each category



(e.g9. N4 is the number of cells in category 4).
Score :(0XNO+1XN1+2XN2+3XN3+4XN4)X100/(N0+N1+N2+N3+N4)

Protein tyrosine nitration

Detection of nitrated proteins in cells was done by western blotting. Cells were solubilized in
ice-cold cell lysing buffer, comprising 50 mM Tris-HCI (pH 7.4), 1 mM EDTA, 150 mM Nacl,
0.25% sodium deoxycholate, 1 mM NaF, 1 mM NazVOy4, 1% NP-40, 1 mM PMSF, 1 pg/ml
pepstatin, aprotinin and leupeptin. The samples were gently rocked on an orbital shaker in the cold
room for 15 minutes and then clarified by centrifugation at 14,000 x g for 15 min at 4°C. The
supernatants were collected and their protein concentrations were determined, for normalization
of protein levels, by the method of Lowry et al. (1951). Equal amounts of protein were mixed 1:1
with sample buffer, comprising 5% glycerol, 1% SDS, 2.5% [3-mercaptoethanol (v/v), 0.002%
bromophenol blue, and 31 mM Tris-HCI (pH 6.8). The samples were then boiled for 5 min and
clarified by brief centrifugation. Subsequently, samples were loaded onto a 12%
SDS-polyacrylamide gel electrophoresis (PAGE) gel. Proteins were then transferred to
nitrocellulose membranes, and stained with Ponseau S, to verify equivalent transfer of samples.
Membranes were blocked for 1 h at room temperature with phosphate-buffered saline containing
5% skimmed milk. Thereafter, the membranes were incubated overnight at 4°C with mouse
monoclonal anti-nitrotyrosine (Chemicon International, CA, USA) at a dilution of 1:500. The
membranes were washed three times (5 min each time) with phosphate-buffered saline and
incubated for 2 h at room temperature with a goat anti-mouse horseradish peroxidase—conjugated
IgG antibody (1:5,000 dilution) (Chemicon International, CA, USA). Immunoreactivity was
determined using the enhanced chemiluminescence system (ECL-Plus) (Amersham Life Science,
Cleveland, OH, USA). The blots were stripped and re-probed with anti-actin antibodies to correct
for differences in protein loading.

Amino acid sequence analysis

SDS-PAGE and western blotting was carried out as described above except that proteins were
blotted onto PVDF membranes from which bands of interest were cut out and submitted for amino
acid sequencing. The N-terminal sequence of the protein on PVDF membrane was determined
using a Procise 492 Protein Sequencer (PerkinElmer Life Sciences).



Oxidation of dihydrorhodamine

The formation of peroxynitrite from the decomposition of SIN-1 in potassium phosphate buffer
and MEM was determined by the oxidation of dihydrorhodamine 123 to rhodamine 123 (Fig. 5).
The reaction mixture comprised 50 uM SIN-1 in either MEM or 0.1M KPB, pH 7.4 at 37°C
containing 500 uM dihydrorhodamine 123. To determine the amount of oxidation due to
hydrogen peroxide catalase was used. Fluorescence was recorded as described below. The
peroxynitrite-dependent oxidation of dihydrorhodamine 123 to rhodamine 123 in cells (Fig. 6 and
7) was measured as described previously (Muzandu et al, 2005b), with some modifications.
Briefly, cells cultured in 24-well dishes were incubated with cell culture media containing 5 uM
dihydrorhodamine 123 for 2 h at 37°C. After washing twice with phosphate buffered saline, cells
were exposed to SIN-1 (Fig. 6) in air-saturated cell culture media after which fluorescence was
recorded using fluorescence plate reader with excitation and emission wavelengths of 485 and 535
nm, respectively. In experiments with carotenoids (Fig. 7), cells were pre-treated with lycopene or
B-carotene at 0.1-5 uM for 24 h, washed with phosphate buffered saline, and loaded with
dihydrorhodamine 123 as above. They were then exposed to 1 mM SIN-1 for 1 h in an incubator at

37°C after which fluorescence was recorded. Background fluorescence was subtracted.

Statistical analysis

Statistical analysis was performed by two-way ANOVAs followed by Tukey's test or Student’s
t-test with Bonferroni correction as post hoc analysis. We also used Student’s t-test to compare
paired samples, and also performed Tukey’s test for multiple comparisons. P<0.05 was

considered to be significant.

Results

The results presented in Table 1-1 show the effects of lycopene and B-carotene on DNA
single-strand breaks produced by peroxynitrite generated from the peroxynitrite donor, SIN-1. We
analyzed data using two-way ANOVA followed by post-hoc Tukey’s test or Student’s t-test with
Bonferroni correction. Background levels of DNA damage (THF only-treated DNA), 0.15-0.39
single strand breaks (SSB)/ 10* bp DNA, were subtracted. Strand breaks in DNA were partially
inhibited by both carotenoids. Both carotenoids were effective in inhibiting strand breaks and



exhibited stronger efficacy with increasing dose (two-way ANOVA, carotenoids: F=4.89, P=0.03,
concentrations: F=66.06, P<0.0001). Figure 1 depicts representative agarose gel pictures of
single strand breaks elicited by 0-100 uM authentic peroxynitrite (Fig. 1a) and SIN-1 (Fig. 1b) and
the effect of lycopene (Fig. 1c) and B-carotene (Fig. 1d) on these strand breaks. Both peroxynitrite
and SIN-1 treatment of DNA elicited dose-dependent increase in damage. Though SIN-1 is
commonly used to generate a continuous flux of O," ~ and NO, and thus peroxynitrite, its
decomposition in various buffers and media leads to the formation of H,O, (Lomonosova et al.,
1998; Kirsch et al., 1999), which may contribute to DNA damage. Addition of SOD, catalase or
both had no effect on DNA strand breaks caused by peroxynitrite (Fig. 1a). In the case of SIN-1
(Fig. 1b), strand breaks were inhibited by SOD (~97% inhibition) and a combination of both SOD
and catalase (~100 % inhibition). Catalase alone had no effect on these strand breaks. A similar

approach was employed in experiments done using mammalian cells as explained below.

The toxicity of authentic peroxynitite, SIN-1 or carotenoids to V79 cells was determined by the
trypan blue dye assay for membrane integrity and statistically analyzed by two-way ANOVA and
post hoc test, Tukey’s or Student’s t-test with Bonferroni correction. In some cases, metabolic
assay, CCK-8, for cell viability was also employed (Table 2-1). Cells incubated with SIN-1 for 1h
at 37°C showed no loss in viability and we detected no difference (Table 2-1, 2-2, P>0.05).
Authentic peroxynitrite also produced no loss in viability with respect to membrane integrity
(P>0.05 by ANOVA). However, there was indication of some cytotoxicity at higher
concentrations with the metabolic assay (Table 2-1, reagents F=12.65; P=0.021, concentrations
F=3.00; P=0.001). Lycopene or B-carotene at concentrations 0.1-10 uM did not reduce viability
of V79 cells after incubation for 24 h as determined by the trypan blue dye assay for membrane
integrity (Table 2-3, P>0.05 by ANOVA).

Both SIN-1 and authentic peroxynitrite increased the level of DNA damage in cells with time as
shown in Fig. 2a (two-way ANOVA, time F=83.48; P<0.0001, reagents F=771.49; P<0.0001,
time*reagents F=24.06; P<0.0001). The level of damage reached a peak at 30 and 45 min for
peroxynitrite and SIN-1, respectively, after which it was maintained for at least 90 min.
Peroxynitrite produced a higher level of DNA damage in these cells compared to SIN-1 and
vehicle only (P<0.05 by post hoc Tukey’s tests). When cells were exposed to different

concentrations of SIN-1 or authentic peroxynitrite for 1 h, the damage to DNA was



dose-dependent reaching a peak at 500 uM (Fig. 2b, two-way ANOVA, reagent F=159.64;
P<0.0001, concentrations F=31.78; P<0.0001, reagent*concentration F=4.89; P=0.0002).
Differences revealed by common letters in figure 2b were evaluated by post hoc Tukey’s test
(P<0.05). Superoxide dismutase added prior to exposure of cells to SIN-1 or peroxynitrite
inhibited DNA damage due to SIN-1 by 75%. Catalase and a combination of SOD and catalase
inhibited DNA damage by approximately 9 % and 86 %, respectively (two-way ANOVA, SOD
F=82.57; P<0.0001, catalase F=1.51, P=0.25). These antioxidants had no effect on DNA damage
caused by authentic peroxynitrite (P>0.05 by two-way ANOVA).

The modulatory role of intracellular carotenoids on DNA damage was also evaluated in cells by
Tukey’s test (Fig. 3). Results with lycopene treatment (Fig. 3a) revealed potent inhibition of
SIN-1-induced DNA damage as measured by the comet assay. Inhibition was up to 4.3% (at 1.25
uM) of the SIN-1-only treated cells with no differences within the different lycopene
concentrations. Beta-carotene treatment (Fig. 3b) produced similar results (inhibition: 21.7 - 43
%).

Figure 4 shows generalized protein nitration in V79 cells. These cells demonstrated some
background, endogenously nitrated proteins. SIN-1 increased the level of nitration in proteins
above the vehicle (NaOH-treated cells)(Fig. 4a). In earlier preliminary experiments, neither of the
vehicles used, i.e. NaOH and THF, induced nitration in proteins. Furthermore, these vehicles did
not inhibit SIN-1-induced protein nitration. As shown in Fig. 4b, lycopene attenuated nitration by
SIN-1. This nitration was also inhibitable by uric acid. In fact, uric acid also mediated a
remarkable reduction in the intensity of the band at approximately 40 kDa. Superoxide dismutase
and B-carotene tended to reduce the nitration of proteins by SIN-1 (P>0.05 by Tukey’s test,
P=0.067 and 0.066, respectively by Student’s t-test with Bonferroni correction). Proteins nitrated
in V79 cells had molecular weights just above 62 and 83 kDa. Further analysis of these particular
proteins revealed that the band nitrated just above 62 kDa had the amino acid sequence
AEVKKPVEAAAWGTREKLSW, which corresponds to GP50 protein. Its migration at >62 kDa
may be due to other protein modifications such as glycosylation. The band occurring just above 83
kDa had the amino acid sequence NFTVDQIRAIMDKKAN. This protein corresponds to ef-2
(elongation factor 2), a 97 KDa protein. At present, it is not known exactly how nitration may
affect the function(s) of these proteins.
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As mentioned earlier, SIN-1 is commonly used to generate ultimately peroxynitrite. However, the
extent of formation of peroxynitrite from SIN-1 may differ depending on the physiological buffers
or cell culture media used. Furthermore, hydrogen peroxide, which is known to damage DNA and
oxidize dihydrorhodamine 123, may be a significant by-product during SIN-1 decomposition. In
this study, potassium phosphate buffer (KPB) and Eagle’s Minimum Essential Medium (MEM)
were used and the yield of peroxynitrite from SIN-1 was investigated. The extent of oxidation of
DHR 123 due to hydrogen peroxide was also investigated. As observed in Fig. 5a, the rate of
formation of rhodamine, which was linear up to 30 min, differs in the different buffers or media,
being higher in KPB. From the linear portion of the curves, the slopes indicate rates of formation
of peroxynitrite of 1.54 and 0.64 uM/min in KPB and MEM respectively, taking into account that
1 mole of peroxynitrite yields 0.5 mole of rhodamine (Kooy et al., 1994). Fluorescence reached a
plateau within 90 min. Nonlinear regression analysis gave half-lives of peroxynitrite of 27.8 and
31.9 min in KPB and MEM, respectively. Addition of catalase to eliminate any hydrogen peroxide
formed decreased the amount of rhodamine formed from SIN-1 in MEM by 27.3 % after allowing
4 h for oxidation of DHR123 (Fig. 5b, P<0.05 by Student’s t-test). There was no observable

change in rhodamine formation in KPB.

Figure 6 shows the intracellular oxidation of DHR 123 to the fluorescent product rhodamine
following SIN-1 treatment. Peroxynitrite is an efficient oxidant of DHR 123 (Kooy et al., 1994).
However, other species are capable of oxidizing DHR 123 in the cell, such as hydrogen peroxide
and hydroxyl radicals. Superoxide anions do not oxidize DHR 123 (Royall and Ischiropoulos,
1993). The peroxynitrite donor (0-2 mM) increased formation of rhodamine with increased dose
as indicated by the increase in fluorescence (Fig. 6a). This increase was also time-dependent (Fig.
6b). Experiments to determine the ability of intracellular lycopene and B-carotene to suppress the
oxidation of DHR 123 were carried out (Fig 7). Both lycopene and -carotene inhibited DHR 123
oxidation (two-way ANOVA, carotenoids F=6.6; P=0.018, concentrations F=18.48; P<0.0001).
The maximal inhibition was at 1 uM of 47.5 and 42.4 %, respectively. (post hoc Tukey’s test or

Student’s t-test with Bonferroni correction, P<0.05).

Discussion

11



Oxidative stress has been implicated in the pathophysiology of chronic inflammatory conditions
and cancer (Ohshima et al., 2003, Dedon and Tannenbaum, 2004) as well as diseases such as
Alzheimer disease, Parkinson disease, amyotrophic lateral sclerosis (Beal 2002, Ischiropoulos and
Beckman, 2003), and artheriosclerosis (Radomski 1995, Touyz and Schiffrin, 2004). While a
large body of evidence has associated ROS such as hydroxyl radicals, hydrogen peroxide and
superoxide anions in the development of disease, there is comparatively little research on the
involvement of reactive nitrogen species. There is emerging interest in the role of peroxynitrite
and its derived species in disease. As fruits and vegetables are linked to beneficial effects against
various ailments, there is interest in identifying the particular constituents, and their mechanism(s)
by which they may confer these beneficial effects. In the present study, our focus is on the
carotenoids lycopene and [3-carotene as there are numerous reports on their influence on oxidative

stress-related conditions.

Strand breakage upon treatment with peroxynitrite has been demonstrated previously in plasmid
DNA (Yermilov et al., 1996, Epe et al., 1996, Salgo et al., 1995,Yoshie and Ohshima 1997,
Kennedy et al., 1997) and cells (Spencer et al., 1996). As in these earlier studies, peroxynitrite
formed from SIN-1 induced strand breaks in pUC 18 DNA in this study (Fig. 1b). Induction of
strand breaks by authentic peroxynitrite was similar to that of SIN-1 (Fig. 1a). The antioxidants
SOD and/or catalase had no effect on peroxynitrite—induced strand breaks. In contrast,
SIN-1-induced strand breaks (Fig. 1b) were inhibited SOD and also by a combination of SOD and
catalase. Catalase alone was ineffective in preventing strand breaks. This finding suggests H,O,
was not involved in strand breaks caused by SIN-1 under the conditions used in this study. As
shown in Table 1-1, there was inhibition of SIN-1-induced strand breaks in DNA by both lycopene
and p-carotene (Table 1-1, Fig. 1c and d) with maximal inhibitions of 77.4 and 90.5%, respectively.
Differences between lycopene and B-carotene were analyzed by two-way ANOVA. Peroxynitrite
generated from SIN-1 as well as authentic peroxynitrite cause time- and dose-dependent increases
in DNA damage in V79 cells as demonstrated in figure 2. Hydrogen peroxide is generated during
SIN-1 decomposition and may be implicated in DNA damage resulting from the addition of SIN-1.
No formation of H,O, was evident in KPB but is present in MEM (Fig. 5b). The contributory role

of H,O, in DNA damage under the conditions used in this study is minimal as deduced from the
use of H,0,and O, ~ scavengers. As in the naked plasmid DNA, lycopene and [-carotene were

also very effective in reducing DNA damage in cells (Fig. 3) as measured by the alkaline comet
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assay, which detects DNA strand breaks, DNA-DNA or DNA-protein cross-links and abasic sites
(Collins et al., 1997, Tice et al., 2000). The concentrations of SIN-1 used in this study were not
lethal to the cells as no loss in viability was apparent. Authentic peroxynitrite was slightly toxic at
higher concentrations as determined by a metabolic assay. Neither lycopene nor 3-carotene was
toxic to the cells. Consistent with our findings, Hiramoto et al. (1999) also found that -carotene
prevented DNA strand breaks in cells. The concentration range of carotenoids used in our study
was selected on the basis of concentrations attainable in human plasma or serum (Cook et al., 1999,
Furr and Clark, 1997, Prince and Frisoli, 1993). Carotenoids can exhibit pro-oxidant properties
under certain conditions e.g. high oxygen tension and high concentration (EI-Agamey et al., 2004).
However, under our experimental conditions none of these properties were evident. These results
indicate the potential of these carotenoids to offer protection against oxidative stress-related

conditions.

Mechanisms of DNA strand breakage by peroxynitrite are at present not clear. However, they may
involve hydrogen abstraction by peroxynitrous acid or peroxynitrite decomposition intermediates
and subsequently oxygen attack on the sugar moiety leading to sugar radicals that are cleaved to
form strand breaks (Szabo and Ohshima 1997). Alternatively or in addition to strand breaks
arising from sugar damage, strand breaks may also arise indirectly from nucleobase damage
(Burney et al., 1999, Dedon and Tannenbaum, 2004). In this case, the nucleoside damage results in
formation of abasic sites which can depurinate to give rise to single strand breaks (Burney et al.,
1999, Tretyakova et al., 2000). It is not clear how lycopene or [-carotene prevents
peroxynitrite-induced damage to the DNA. It is probable that there is direct quenching or binding
of the peroxynitrite or its intermediate(s), which are yet to be fully characterized and confirmed.
Binding of lycopene or B-carotene to other RNS, such as nitrogen dioxide (Bohm et al., 1995,
Kikugawa et al.,, 1997) has been reported previously, though the nature of the
carotenoid-ROS/RNS reaction is dependent on the type of radical species involved (Mortensen et
al., 1997).

We also investigated the ability of lycopene and -carotene to modulate protein tyrosine nitration
by peroxynitrite. Through the use of nitrotyrosine antibody, we show that lycopene is a potent
inhibitor of protein tyrosine nitration in V79 cells (Fig. 4). Quantitation of the level of inhibition

by densitometry revealed almost complete inhibition by this carotenoid at 5 uM. Uric acid was
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just as potent as lycopene but also had the additional effect of remarkably reducing the intensity of
the band at approximately 40 kDa. Further studies are required to identify the protein involved and
investigate the importance of this unique effect. While the role of protein tyrosine nitration in cell
signaling has only recently began to be uncovered (Gow et al., 2004), the presence of nitrated
protein adducts in tissues has also been linked to the pathogenesis of various diseases. Main
proteins nitrated migrated just above 62 and 83 kDa. Amino acid analysis indicates that they are
GP50 and elongation factor 2. Their precise functions in regard to protein nitration are at present

not known and further study is required on this.

Considering the potent protective effect of lycopene or 3-carotene on peroxynitrite-induced DNA
modifications or protein tyrosine nitration, we also assessed the actual scavenging of peroxynitrite
in the cells using the indicator fluoro-probe dihydrorhodamine 123 (Fig. 6 and 7). Upon treatment
of cells with SIN-1, DHR 123 was oxidised to the fluorescent product rhodamine 123. Lycopene
and p-carotene more than halved rhodamine formation (Fig.7). This result shows that carotenoids
incorporated into the cells are capable of scavenging peroxynitrite. As mentioned earlier,
scavenging of peroxynitrite by lycopene or -carotene in solution and in low density lipoproteins

has been shown previously (Panasenko et al., 2000, Pannala et al., 1998).

In conclusion, we have demonstrated that intracellular lycopene and p-carotene are capable of
protecting cells against DNA damage caused by peroxynitrite formed from the simultaneous
generation of superoxide and nitric oxide. These carotenoids are also potent inhibitors of single
strand breaks in plasmid DNA. This finding helps to explain why fruits and vegetables are often
linked to lower risks in the development of some pathological processes such as cancer, chronic
inflammation, and cardiovascular and neurological diseases. In combination with various other
mechanisms that may be at work such as stimulation of gap junctional communications and
immunomodulation, the antioxidant properties of carotenoids may guard against the deleterious

effects of oxidative stress.
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Tables

Table 1-1. Effect of Ilycopene and p-carotene on strand Dbreaks induced
by the peroxynitrite donor, SIN-1, in pUC18 plasmid DNAT.

Lycopene [3-Carotene
Concentration (uM) § SSB/10° % control# SSB/10° % control#
bp DNA bp DNA
0.00 (control) 1.37+0.12° 100.0 1.42 +0.13° 100.0
0.05 1.36 +0.03° 99.6 1.44 +0.19° 101.0
0.10 1.04 +0.07° 76.0 1.05 +0.14%® 74.0
0.25 0.72 +0.07° 52.8 0.77 + 0.16"™ 54.2
0.50 0.55 + 0.04* 40.3 0.41+0.07% 28.8
1.00 0.47 + 0.02%%* 34.2 0.19 + 0.02¢ 13.3
2.50 0.38 + 0.02%* 27.9 0.16 + 0.01° 11.4
5.00 0.32 +0.03% 23.3 0.14 +0.02¢ 9.5
10.00 0.31 +0.02% 22.6 0.13+0.02°¢ 9.5

tDNA was incubated with carotenoids or vehicle (THF) and/or SIN-1 for 30 min at 37°C
(See Materials and methods for details). DNA damage was expressed as single strand
breaks (SSB) per 10* base pairs (bp) DNA. Data are means + SEM of 3 experiments. §Concentration
of carotenoid + 50 pM SIN-1. #Percentage of SSB in pUC18 plasmid DNA
calculated relative to control.

Differences were evaluated by two-way ANOVA and post hoc tests. A common letter
indicated no difference amongst data in each carotenoid treated group (post hoc Tukey’s-test, P<0.05).
*Different from same concentration of [-carotene treatment (post hoc Student’s t-test

with Bonferroni correction, P< 0.05).
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Table 2-1. Cell viability as determined by the CCK-8 assay

Viability (% of control)

Concentration Decomposed SIN-1 PN
(uM) SIN-1
Control (non-treated) 100+0.0 100+0.0
0 (vehicle only) 97.6 +3.0 97.4+0.7%
10 101.2+1.1 100.8 + 0.4°
50 100.0+5.5 99.4 +1.2°
100 100.2 £ 3.0 97.3+15%
250 101.1+£35 86.3+2.6 >
500 97.0+28 87.2 £3.5"*
1000 98.3+7.6 98.0 + 3.2 88.5+3.1"

Mean (= SE, n = 3 replicates/treatment) cell viability expressed as % of control (non-treated cells).

Vehicle used was NaOH at a final concentration of 10 uM. PN,

authentic  peroxynitrite. Differences were evaluated using two-way ANOVA followed
by post hoc tests. A common letter indicated no difference amongst data of SIN-1 or PN treated
groups (post hoc Tukey’s test, P< 0.05). *Different from same concentration SIN-1 treatment

(post hoc Student’s t-test with Bonferroni correction, P< 0.05).

Table 2-2. Cell viability after treatment with SIN-1 or authentic peroxynitrite (PN) as determined by

trypan blue dye exclusion

Viability (%)

Concentration  \ehicle (NaOH) Decomposed SIN-1 PN
(control) SIN-1
10 uM 952+1.38 - - -
10 uM - - 944+19 958+ 1.5
100 uM - - 94.1+£19 95.4+1.2
1000 uM - 934+1.2 93.7+21 925+1.8

Mean (x SE, n = 3 replicates/treatment) cell viability expressed as % viable cells, based on trypan

blue staining of non-viable cells. PN, authentic peroxynitrite. P>0.05 by two-way ANOVA.
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Table 2-3. Cell viability after treatment with carotenoids as determined by trypan blue dye exclusion

Viability (%)

Carotenoid lycopene [3-carotene Lycopene [-carotene
concentration + SIN-1 + SIN-1
(uM)

0.0 - - 941+13 89.9+27
0.312 93.1+26 89.5+25 93.7+16 909+21
0.625 94.4 £ 0.6 909+15 93.3+19 90.0+29

1.25 93.4+28 89.4+1.8 93.4+15 89.3+14

2.5 93.1+24 89.2+23 92.1+2.2 89.5+1.3

5 942+1.9 90.2+1.9 93.6+1.9 88.0+0.7

10 935+24 90.8+2.7 93.2+2.3 89.3+3.4

Mean (x SE, n = 3 replicates/treatment) cell viability expressed as % viable cells, based on trypan
blue staining of non-viable cells. SIN-1 concentration used was 1 mM. THF (vehicle, 0.2 %)
only viability was 966 + 10 % and 926 + 36 % in the Ilycopene and
[-carotene treatments, respectively. Concentration “0.0” uM refers to SIN-1 (1000 uM) plus THF
only. P>0.05 by two-way ANOVA.

21



Figure legends

Figure 1. Induction of strand breaks in pUC18 DNA. (a) DNA was incubated with 0-100 uM SIN-1
alone for 30 min at 37°C. The concentration at 0 uM contained 10 mM NaOH, the vehicle used for
SIN-1. (b) DNA was incubated for 30 min at 37°C with either vehicle only (0.1 % THF) or 0.25-10
1M lycopene plus 100 uM SIN-1. (c) DNA was incubated for 30 min at 37°C with either vehicle only
(0.1 % THF) or 0.25-10 uM -carotene plus 100 uM SIN-1. (See Materials and methods for details).
OC, open circular DNA; SC, supercoiled DNA.

Figure 2. Effect of SIN-1 or authentic peroxynitrite (PN) on DNA damage in Chinese hamster lung
fibroblasts (V79) cells. (a) Cells were exposed to 1000 uM SIN-1 or PN for the indicated times in
MEM at 37°C. Data are expressed as means + S.E.M. and statistically analyzed using two-way
ANOVA followed by Tukey’s test. A common letter indicated no difference amongst data of each
reagent treated group (P< 0.05). (b) Effect of different concentrations of SIN-1 or PN on DNA
damage in cells following exposure for 1 hour. A common letter indicated no difference amongst data
(Two-way ANOVA followed by Tukey’s-test, P< 0.05). In some treatments, superoxide dismutase
(SOD) and/or catalase at 500 U/ml was also added prior to exposure to 1000 uM SIN-1 or PN. The
effects of SOD and/or catalase are statistically analyzed using two-way ANOVA followed by Tukey’s
test in SIN-1 or PN treated group, respectively. *Various SIN-1 treatments different from 1000 uM
SIN-1 alone, P< 0.05.

Figure 3. Effect of lycopene (a) and B-carotene (b) on cellular DNA damage caused by SIN-1. V79
cells were incubated with media containing 0 to 10 uM lycopene (n=3) or -carotene (n=4) for 24 h
and then exposed to 1 mM SIN-1 for 1 h (See “Materials and methods”). DNA damage by 1 mM of
SIN-1 was assessed with the comet assay. Data are expressed as means + S.E.M. A common letter

indicated no difference amongst data (Tukey’s test, P< 0.05).

Figure 4. Carotenoids reduce nitrotyrosine formation. (a) Western blotting reveals an increase in
nitration of proteins with SIN-1 treatment of cells (left panel). Nitration by SIN-1 (1 mM) is inhibited
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by antioxidants uric acid (1 mM) as well as by lycopene (5 uM) (right panel). (b) Densitometric
analysis of each lane from ~47.5 kDa to ~100 kDa showing differences in nitrotyrosine formation is
presented. Total pixel intensity was taken in the said region of each lane. Data are expressed as mean
pixel intensity normalized to actin and relative to the control (vehicle; NaOH or THF). Error bars
represent standard error of the mean from 4 experiments. A common letter indicated no difference

amongst data (Tukey’s test, P< 0.05).

Figure 5. Determination of peroxynitrite formation from SIN-1. (a) Time-dependent oxidation of 500
uM dihydrorhodamine 123 to rhodamine by 50 uM SIN-1 in 0.1 M potassium phosphate buffer
(KPB), pH 7.4 or in Eagle’s Minimum Essential Medium (MEM) at 37°C. (b) Yield of rhodamine
from 500 uM DHR123 upon exposure to 50 uM SIN-1 for 4 hours in 0.1 M potassium phosphate
buffer (KPB), pH 7.4 or in Eagle’s Minimum Essential Medium (MEM) at 37°C in the presence or
absence of 500 U/ml catalase. Vehicle is 10 uM NaOH. * Values different from SIN-1 alone treatment

(Student’s t-test, P< 0.05).

Figure 6. Intracellular oxidation of dihydrorhodamine 123 to rhodamine by SIN-1. Chinese hamster
lung fibroblasts (V79 cells) were loaded with 5 uM DHR123 and incubated for 2 h at 37°C as
described in “Materials and methods”. (a) Increase in rhodamine formation is dose-dependent upon
treatment of cells with SIN-1 for 60 min. (b) Increase in rhodamine formation is time-dependent upon

treatment of cells with SIN-1.

Figure 7. Modulation of SIN-1-induced dihydrorhodamine oxidation by lycopene and -carotene.
Cells were incubated with lycopene (white bars), B-carotene (black bars) or THF (vehicle) for 24 h.
After loading with DHR123, cells were treated with 1 mM SIN-1 for 1 h. Results are expressed as
percentage fluorescence relative to the control (SIN-1 + THF only-treated cells). Error bars represent
standard error of the mean from 3 experiments. A common letter indicated no difference amongst data
(Two-way ANOVA followed by Tukey’s test, P< 0.05). * Values different between different
carotenoid treatments (Two-way ANOVA followed by Student’s t-test with Bonferroni correction, P<
0.05).
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Fig. 3.
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Fig. 4.
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Fig. 5.
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Fig. 6.
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	Abstract 
	Peroxynitrite formed by the reaction of superoxide and nitric oxide is a highly reactive species with a role in various pathological processes such as cancer, chronic inflammation, and cardiovascular and neurological diseases. In the present study, the effect of the carotenoids, lycopene and (-carotene, on peroxynitrite-mediated modifications in plasmid DNA as well as cellular DNA and proteins were investigated. In pUC18 plasmid DNA, these carotenoids strongly inhibited DNA strand breaks caused by peroxynitrite generated from 3-morpholinosydnonimine (SIN-1). SIN-1 was also used to determine effects on DNA damage and protein tyrosine nitration in Chinese hamster lung fibroblasts. SIN-1 dose-dependently increased nitration of proteins in cells above basal levels as determined by western blotting. This nitration was inhibited in the presence of the uric acid as well as lycopene.  Physiological concentrations (0.31-10 (M) of lycopene and (-carotene also had protective effects on DNA damage, as measured by the comet assay. Lycopene significantly reduced DNA damage particularly, in the median range of concentrations (2.5 (M).  The protective effects of lycopene and (-carotene could be due to their scavenging of reactive oxygen (ROS) and/or nitrogen species (RNS) as they reduce the amount of intracellular ROS/RNS produced following treatment with SIN-1 by as much as 47.5 and 42.4 %, respectively.  The results obtained in this study suggest that carotenoids may alleviate some of the deleterious effects of peroxynitrite and possibly other reactive nitrogen species as well in vivo. 
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