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SUMMARY. The generation of electronically excited molecular
oxygen 10; has been shown to occur in several biological systems,
such as photooxidation of a variety of biological compounds and
xenobiotics (“photodynamic action”) and also enzymatic reactions.
The high reactivity of 10, with unsaturated compounds, sulfides and
amino groups arises from its electrophilicity and relatively long
lifetime. Thus, biological targets for 1O, having the above functional
groups include unsaturated fatty acids, proteins, enzymes and DNA.
There is interest in the role of nutrition in the prevention and
pathogenesis of cancer. Epidemiological studies in humans have
suggested that carotenoids aid in cancer p'r‘evention. Lycopene and
oxycarotenoids are present at significant levels in cells and plasma.
Extensively conjugated biomolecules such as carotenoids act largely
on physical quenching of !0, and in much lesser extent on chemical
reaction. In this study we observed the protective effect of B-carotene
and lycopene entrapped in human albumin (HSA) against the oxidative
10, attack of 2'-deoxyguanosine (dGuo). Photosensitization with
methylene blue associated with Chelex™ resine or Polymer-Rose
bengal (Sensitox®) and thermodecomposition of water-soluble
endoperoxide 3,3'-(1,4-naphthylidene) dipropionate were employed
to generate '0,. The detection of 8-oxo-7,8-dihydro-2'-
deoxyguanosine (8-oxodGuo) and 4-hydroxy-8-o0xo-7,8-dihydro-2'-
deoxyguanosine (4-OH-8-oxodGuo) were performed using reversed
phase HPLC with UV, electrochemical detection and by electrospray
ionization mass spectrometry. Results showed a significant decrease
in the amount of 8-oxodGuo in the presence of lycopene. The
percentages of 4-OH-8-0xodGuo and 8-oxodGuo measured were
50% and 70% lower than the control, respectively. These data
indicate that carotenoids entrapped in albumin can be an efficient
quencher of 1O, and may be of interest in protecting against the
deleterious effect of this excited state molecule.

Key words: Singlet oxygen, carotenoids, lycopene, 2'-
deoxyguanosine, DNA, mass spectrometry.

INTRODUCTION

The higher occupied electronic level of molecular oxygen
is constituted of two ¥ orbital of the same energy, so-called

RESUMEM. Lycopeno “atrapado” en la albimina humana
protege el 2'- deoxyguanosina contra el daiio de singletes de
oxigeno. La generacién de singletes de oxigeno molecular (!O,) ha
sido mostrada en sistemas bioldgicos, tales como en la fotooxidacién
de una variedad de compuestos biolégicos y xenobidticos (“accién
fotodindmica”) y también en reacciones enzimdticas. La alta
reactividad que presenta el !0, con compuestos no saturados,
sulfuros y grupos aminos es debido a su electrofilicidad y tiempos de
vida relativamente altos. Asi, compuestos biolégicos que contengan
estos grupos funcionales que incluyan 4cidos grasos, proteinas,
enzimas y DNA interactuan con singletes de oxigeno. Es interesante
hacer\notar el rol de la nutricién en la prevencién y patogénesis del
cancer. Estudios epidemiolégicos en humanos han sugerido que hay
un importante rol de los carotenoides en la prevencién del cancer.
Compuestos como lipoproteinas y oxicarotenoides estan presentes
en niveles significantes en las células y el plasma. Biomoléculas que
presentan dobles enlaces conjugados extensos como los carotenoides,
actdan eficientemente comgq inhibidores fisicos del 1O, y son mucho
menos eficientes qufmicapjente. En este estudio hemos observado el
efecto protector del B-caroteno y licopeno, “atrapados” en albiimina
humana (HSA), al ataque oxidativo de 'O, a 2'-deoxiguanosina
(dGuo). Para generar singletes de oxigeno hemos usado la
fotosensibilizacién con azul de metileno asociado con resina Chelex®,
o bien, rosa de bengala-polimero (Sensitox®) y la
termodescomposicién del endoperéxido soluble en agua 3,3'-(1.4-
naftilideno) dipropionato. Se registré la deteccién de 8-oxo-7,8-
dihidro-2'-deoxiguanosina (8-0xodGuo) y 4-hidroxi-8-oxo-7,8-
dihidro-2'-deoxiguanosine (4-OH-8-oxodGuo) por medio de
cromatografia HPLC enfase reversa, condeteccién UV electroquimica
y “electrospray ionization mass spectrometry”. Los resultados mues-
tran una significante reduccién de la cantidad de 8-oxodGuo en
presencia de licopeno. Los porcentajes de 4-OH-8-oxodGuo y 8-
ox0dGuo fueron 50% y 70% menores que los controles, respectiva-
mente. Estos datos indican que los carotenoides “atrapados™ en
albiimina pueden ser eficientes inhibidores del 10,, y de esta manera
ejercer un efecto de proteccién frente al deterioro capaz de producit
esta molécula en estado excitado.

Palabras clave: Singletes de oxigeno, carotenoides, licopeno, 2
deoxiguanosina, DNA, espectrometria de masa.

degenerated, occupied by only two electrons. In ground state,
each of these electrons lies in one 7* orbital and their spins are
parallel; henceitis atriplet state 32-g, noted 30, (Figure 1). As
a consequence, the direct oxygen reduction by two electrons
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is spin-forbidden. The activation of oxygen to electronically
excited states with antiparallel spin requires overcoming of
spin restriction. The first excited singlet state, lAg, has two
electrons with opposite spins in the same w* orbital. The next
higher excited singlet state, 1Z+g, has one electron in each
degenerate 0¥ orbital with opposite spins. The energies of the
first (lAg) and the second (1Z+g) singlet state of oxygen are
22.5 and 37.5 kcal/mol above the ground state, respectively
(1). The second singlet state is extremely short lived (10-11g),
being rapidly deactivated to the lAg state and does not seem
to play an important role in the oxidation processes operating
in condensed phase. Thus, the term 10, usually stands for 1Ag
0..

FIGURE 1
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Chemical and photochemical generation of singlet oxygen

Photosensitized generation of singlet oxygen: There are
two fundamental types of sensitized photooxygenation (2,3).
They differ in that the triplet sensitizer (DYE) reacts directly
with the substrate in the Type I photoreaction, while in the
second (Type II), it interacts first with oxygen to produce 10,
(Figure 2).
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Type I chemistry usually involves the production of free
radicals or radical-ions by interaction of the triplet sensitizer
with areducing substrate (SH or S). The produced radicals can
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undergo a wide variety of possible reactions such as insertion
of oxygen or electron transfer to oxygen, electron or hydrogen
abstraction from other substrates, initiation of free radical
autoxidations, or back electron transfer reactions (3).

Gaseous discharge: The generation of 10, by microwave
discharge is well suited for studying gas phase reaction (4).
The processes occurring in this system can be summarized in
Scheme 1.

Scheme 1
30, discharge | 10,
— 7
10, discharge 20

The least desirable contaminants in this system are oxygen
atoms and ozone. The main advantage of the microwave
discharge method is the absence of the undesirable interactions
of the substrate with an excited sensitizer or other chemical
compounds, including solvent if the reaction is performed in
the gas phase.

Thermal decomposition of organic ozonides: In 1969,
Murray and Kaplan (5), using the triphenyl phosphite ozonide,
provided experimental evidence for 10, generation during the
thermal decomposition of ozone-phosphite adducts (reaction 1).

O,
7N .
(C¢Hs50); P . /O—-—} (Ce¢Hs0); P=0 + 10, (reaction 1)

The ozonide seems not to serve as a clean thermal source
for 10, at temperatures below -25°C.

Oxidation and disproportionation of superoxide anion:
The possible generation of 10, through oxidation or
disproportionation of superoxide anion radical, O,-, led to
contradictory results (6-8). Corey et al. provide evidence that
10, is produced through the oxidation of O,- by various
oxidizers including Ce(IV), Pb(IV), iodobenzene and
tetranitromethane in acetonitrile since the characteristic
emission at 1270 nm could be recorded (9). These questions
are important in biological systems since ithad been recognized
for along time by Fridovich that O, - is generated in vivo (10).
The mechanism and kinetics for the oxidation of hydrogen
peroxide by hypochlorite have been studied in detail (11)
(reaction 2).

HO"
H202 + OCl- ————> H0+CI" + 109 (reaction 2)
Reaction of peroxynitrite with hydrogen peroxide:
Peroxynitrite (ONOO™) isabiologically active species produced
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by reaction of the Oy - with nitric oxide (NO") (12). Nitric
oxide, identified as the endothelium-derived relaxing factor
(13), is formed by conversion of L-arginine to L-citrulline by
NO' synthase. Endothelial cells, macrophages, neutrophils
and neuronal cells have been shown to produce NO' and
ONOO". Di Mascio ¢t al. (14) propose that the peroxynitrite
anionreacts with hydrogen peroxide releasing excited oxygen,
once this reaction is accompanied by the characteristic
chemiluminescence emission of 1O,. An efectronically excited
intermediate of ONQO™ may also be considered, via the
reaction of the ONOO™ with CO, (15).

Thermal decomposition of endoperoxides: The
thermolysis of many endoperoxides of polycyclic aromatic
compounds was suggested to occur via the generation of
molecular oxygen and the parent aromatic species (16-19).
Experimental proof for this reaction has been provided by
Wasserman and Larsen (19) using 9,10-diphenylanthracene-
9,10-endoperoxide. The endoperoxide is stable when stored in
the solid state at 0 to 5°C, but dissociates at 80°C. The use of
endoperoxide decomposition is advantageous as compared
with other methods of singlet oxygen-driven oxygenations.
The undesirable side-photoreactions associated with dye-
photosensitization are avoided and there is no need to work at
reduced pressure as in the microwave discharge methods or
with low-temperature techniques as the triphenyl phosphite
ozonide method. As areproducible and clean source of 10, for
the investigation of the role of 10, in biological systems, the
use of the thermodissociation of the water-soluble endoperoxide
of 3,3"-(1,4-naphthylidene) dipropionate (NDPQ,) is suitable.
With this method, 10, can be obtained in an easy and simple
way without reactive intermediates or byproducts (reaction 3)
(20). For example, this endoperoxide was used as a chemical
source of 10, to study oxidative damage to DNA (21-23).

(reaction 3)

COONa

COONa

2 + log + 302

(NDP)

Detection and identification of singlet oxygen

An important method for detection and characterization of
10, is to measure the chemiluminescence arising from the
radioactive transition of 10, to the ground state. There are two
types of chemiluminescence derived from 1O, (24).
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Dimol emission: The bimolecular transition can be
monitored by means of a red sensitive, thermoelectrically
cooled photomultiplier tube connected to a discriminator,
amplifier and recording system as developed by Boveris et al.
(25) (reaction 4).

10; + 10, — 230, + v (A = 634 and 703 nm) (reaction 4)

Dimol emission has often been used in complex systems
such as enzymatic model reactions, suspensions of subcellular
fractions and cells, perfused organ or in situ for an exposed
organ (26).

Monomol emission: In 1979, Khan and Kasha (27)
developed a spectroscopic instrumentation capable of direct
solution spectral studies of 'O, emission, using a
thermoelectrically cooled lead sulfite detector (reaction 5).
10; =30, + hv (A=1270 nm) (reaction 5)

The further development of a more sensitive spectrometer
by Khan (28) based on a germanium diode photodetector and
augmented the capability for examination of many reactions
generating !0,. The intensity of this emission is directly
proportional to the concentration of 10,, for example using the
endoperoxide NDPO; (reaction 3) as a source of 'O, (20), and
provides a measure of the amount produced.

Chemical traps: Trapping techniques are based on
detection of the chemicalxp/rpoduct resulting from !0, added to
an appropriate substrate. The reactions of various types of
substrates with 10 are quite well established. They include the
Diels-Alder reaction of dienes to form endoperoxides ([2+4]
cycloaddition) (reaction 6) (29) and the “ene” reaction of
alkenes to give allylic hydroperoxides (30) (reaction 7). In the
10, “ene” reaction, olefins containing allylic hydrogens are
oxidized to the corresponding allylic hydroperoxides in which
the double bond is shifted to the adjacent position. In addition,
10, reacts with electron-rich alkenes withoutallylic hydrogens
or sterically hindered to form 1,2-dioxethanes ([2+2]
cycloaddition) (reaction 8) (31).

C- Ci
G i

o]

(reaction 6)

i

O

(reaction 7)

(reaction 8)

o-0
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Use of deuterated solvent: The use of deuterated solvent
as a tool to characterize the presence of 10, has become
universal. Itis based on the remarkable fact that the lifetime of

10, (1) in D;0 is approximately 15-18 times longer than in’

water, and also longer in deuterated organic solvents (32). In
cases where either 10, and O, might be involved and the
reaction is accompanied by product formation, the technique
based on deuterated solvents can not be used because both 10,
and O, lifetimes are longer in those solvents (33).

Singlet oxygen in biological systems

Singlet oxygen is of substantial importance in chemical
and biological systems due to its high reactivity and
involvement in physiological and pathological processes. It
has been shown to be generated in biological systems and
implicated in (a) defense mechanisms of living organisms
suchasinphagocytosis, (b) hormonal activity of prostaglandins,
(c) photochemotherapy utilizing the photodynamic action of
synthetic dyes, (d) clinical manifestations of toxic agents like
psoratens, and (e) inborn errors of metabolism exemplified by
erythropoietic porphyria (34,35). The reactivity of 10, with
unsaturated compounds, sulfides and amino groups arises
from its electrophilicity. Thus, biological targets for 'O,
having the above functional groups include unsaturated fatty
acids, proteins, enzymes and DNA. These lesions have been
suggested to play an important role in aging, mutagenesis and
carcinogenesis (35).

Singlet oxygen and 2'- deoxy guanosine: In DNA, 10,
reacts preferentially with 2'- deoxyguanosine (dGuo)residues,
leading to the formation of at least four different reaction
products: two 4R* and 4S* diasteromers of 4-hydroxy-8-oxo-
7,8-dihydro-2'-deoxy guanosine (4-OH-8-0x0dGuo), the main
product, and 8-oxo-7,8-dihydro-2'-deoxyguanosine (8-
oxodGuo) (Scheme 2) (36,37).

Scheme 2
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The formation of 4-OH-8-0xodGuo is prevented within
double-stranded DNA. The reactivity of 8-oxodGuo toward
10, is close to two orders of magnitude higher than dGuo
yielding oxidation products as cyanuric acid (38). The oxidation
of 8-oxodGuo via the Type I mechanism yielding 2'-
deoxyguanidinohydantoin was also proposed (39).

Quenching process: Quenchers have also been employed
as a means to identify 10,. Two types of quenching process
may occur: chemical and/or physical (reactions 9 and 10,
respectively). Chemical quenching has been already discussed
as chemical trapping. Excited molecular oxygen can be
physically quenched by two types of mechanism: electron
transfer and energy transfer (40).

Q+10, kr 3 QO, (reaction 9)
Q+10, kq ;Q + 30, + heat (reaction 10)

Two classes of compounds, which apparently quench 1O,
by energy transfer, are carotenoids (e.g. 8-carotene, lycopene,
etc.)(41,42) and nickel complexes; inthese cases the quenching
rate constants (kf=kr + kq)areca. 1010M-1s-1, thatis slightly
above those of diffusion controlled processes (43).

1,4-Diazabicyclo[2.2.2]octane, phenols, sulfides and azides
are known to quench 10, by a charge-transfer mechanism. For
example, polyamines like spermine and spermidine, well
known constituents of the eukaryotic chromatin, may also
protect DNA against damage by 1O, (44, 45).

Carotenoids as singlet oxygen quencher

Numerous studies indicate that dietary carotenoids help
reduce the risk of cancer, cardiovascular diseases, macular
degeneration and cataracts (46). These are important plant
pigments found in the photosynthetic pigment - protein complex
of plants, photosynthetic bacteria, fungi and algae and are
responsible for the bright colors of various fruits and vegetables.
Several biological effects have been attributed to carotenoids.
Lycopene is one of the major carotenoids in Mediterranean
diets, found mostly in tomatoes and tomato products (47), and
attracted attention due to its bioclogical and physicochemical
properties, especially those related to its effect as antioxidant.
Color and antioxidant activities of carotenoids are a
consequence of their structure, an extended system of
conjugated double bonds. Carotenoids are tetraterpenes formed
by tail-totaillinkage of two C-20 units, and inmany carotenoids
the end-groups are modified into five- or six-membered rings
giving monocyclic or dicyclic compounds. Singlet oxygen
quenching by carotenoids occurs via physical or chemical
quenching. The efficacy of physical quenching greatly exceeds
that of chemical quenching and involves the transfer of
excitation energy from 'O, to the carotenoid, resulting in
ground-state oxygen and excited triplet-state carotenoid
(reaction 11). The energy is dissipated through rotational and
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vibrational interaction between the excited carotenoid and
surrounding solvent to yield the ground state carotenoid and
thermal energy (reaction 12).

10, + Carotenoids — 30, + 3 Carotenoids (reaction 11)
3 Carotenoids — Carotenoids + heat (reaction 12)

The quenching ability of carotenoid mainly depends on
the number of conjugated double bonds and is influenced to a
lesser extent by carotenoid end groups (cyclic or acyclic) or
the nature of substituents in carotenoids containing cyclic
groups. Lycopene (11 conjugated and two nonconjugated
double bonds) is among the most efficient 10, quenchers of the
natural carotenoids (Figure 3) (42).
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In the following experiments two different sources of 10,
were employed: (a) photosensmzanon with polymer-bound
Rose bengal (Sensuox ) or with Chelex® resine-associated
methylene blue (MB- Chelex® )through atype Il photoreaction
(Figure 2) (48); (b) thermal decomposition of the water-
soluble endoperoxide NDPO; excluding the type I
photoreaction (reaction 3) (20).

Experimental procedures

Carotenoids entrapped in human albumin: Carotenoids
were dissolved in 100 pL of destilled THF/0.025% BHT. Five
UL of this mixture was added to a solution of human albumin
(HSA) (1 mg/mL) every 5 min for 20 min. The amount of
carotenoid associated with albumin was determinated
spectrophotometrically after extraction in chloroform

- gl _
(8456 f3-carotene ~ 128,800 M™"cm™ and 8473 lycopene =199,526
M‘lcm'l).

Detection of 8-0xodGuo and 4-OH-8-0xodGuo: The
amount of 8-0xodGuo present in the solution was analyzed in
aHPLC, Shimadzu (Kyoto, Japan) system, connectedtoa UV,
set at 285 nm, and an electrochemical detectors at a potential
of + 650 mV. A reversed phase column C-18 (Spherex, 250 x
4.6 mm, 5 jtm) was used and the mobile phase was KH,PO,,
50 mM, pH 5.5 with 10% methanol and 2.5 mM EDTA (34).
The 4-OH-8-0x0dGuo was measured by HPLC and UV detec-
tor using a iormal phase amino substituted silica gel Hypersil
NH7 column (250 x 4.6 mm, 5 Um) and a mobile phase
consisting of a mixture of 25 mM ammonium formate and
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acetonitrile (40:60) . Electrospray ionization mass spectrometry
was also used to identify the oxidation products of dGuo after
reaction with 10,. Samples were analyzed with a Quattro II
(Micromass, Manchester, U.K.) mass spectrometer with an
electrospray ion source.

A 10 pl sample of the mixture of 1mM dGuo and 1 O.D.
(optical density) MB in H,O, pH 7.0 irradiated for 30 minutes,
was injected. Positive ion electrospray (LC-ESI-MS) were
recorded at a capiliary voltage of 3.5 kV, a cone voltage of 50
V and asource temperature of 80°C. Data were processed with
MassLynx software. Positive-ion electrospray spectraexhibited
[M+H]J* ions. The mass spectrum obtained (Figure 4) exhibited
peaks at m/z = 268.11, 284.12 and 300.14 attributed to
[M+H]* of dGuo, 8-0xodGuo (49) and 4-OH-8-0x0dGuo,
respectively. The peak at m/z =274.09 is attributed to 2'-
deoxyguanidinohydantoin (39, 50). The loss of the sugar ring
produced peaks at m/z = 151.90, 157.94 and 183.93
corresponding to guanine, guanidinohydantoin, 4-OH-8-
oxoGuo, respectively.

FIGURE 4
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Reaction systems: System 1: Time-resolved infrared
luminescence technique. Since 'O; can be generated by light
excitation of a specific sensitizer in an oxygenated media,
pulsed light sources have been used in order to generate a burst
of such species. Then, its decay to ground state or products can
be followed by any monitoring system that senses directly its
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presence. By the end of the 70's, it became widely recognized
that 10, elicits phosphorescence at 1270 nm region due to its
1Ag »3X¢" transition (27,51) (reaction 5), with the use of fast
response Germanium-based photodiodes coupled to amplifiers
of appropriate bandwidth and gain, after alaser pulse excitation
of a sensitizer. The most used excitation systems are Q-
switched, frequency doubled or tripled Nd:YAG lasers (A
excitation = 332 and 355 nm, respectively). The signal from
the diode can be fed into a box-car or transient digitizer
oscilloscope. Precise determination of lifetimes (kp =1/1 10;,)
provides an easy and accurate method to calculate quantum
yields and quenching constants (kq) using Stern-Volmer plots.
The kq is the slope of a plot of kobs vs the concentration
compound (Kqbs is the observed rate constant) (Figure 5) (52).
Time resolved near-infrared luminescence of 10, was obtained
by collecting the 1270 nm light emitted at right angle using a
liquid nitrogen cooled germanium photodiode (EG&G Judson
model J16D-M204-R0OSM-60), after excitation at 532 nm with
a frequency doubled Q-switched Nd-YAG laser (1500 W)
(Spectron Laser System). The 10, was generated using
tetraphenylporphyrin (7 ng/ml) in chloroform (53).

FIGURE 5
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We investigated the quenching ability of lycopene (98%
purity) (Figure 5A) and industrial tomato extracts containing
10% of lycopene in oleoresins (Figure 5B), applying the time-
resolved infrared luminescence technique (52,53). Using the
same concentrations of lycopene, the physical quenching rate
constant (kq) of the extracts was similar (kq=24.3 x109,23.4
x 109M-15-1 respectively), indicating that oleoresins present
in the solution did not affect the quenching ability of lycopene
(Figure 5). A singlet oxygen quenching constant of 31 x 109
M-1 51 was measured using the technique of steady state 10,
production by NDPO; and the monomol photoemission by Di
Mascio et al. (41). Significant variations can arise when
comparing rate constants determined by different methods.
The value obtained with this technique is higher, probably due
to the high lycopene quality (99.9 %).

System 2: Photosensitization with 2 mg of Sensitox® or
MB-Chelex® was employed to generate !'0,. One mM of
dGuo wasincubated in the presence of 1 mM of FeSO,in water
at 37°C and irradiated during 30 minutes with a 50 W tungsten
lamp placed 10 cm from the solution.

2'- Deoxyguanosine is the main target in DNA constituent
that can be oxidized by '0; through the type II photoreaction.
So, this provides a good model system to evaluate the
photoprotection of lycopene. Photosensitization of an aqueous
solution of dGuo containing MB-Chelex® (Figures 6A, and
B) or Sensitox® (Figure 7A) gave rise to the formation of 8-
oxodGuo (Figure 6A, 7A and B) and 4-OH-8-0xodGuo (Figu-
re 6B). In the presence of 300 uM lycopene associated to 0.5
mg/ml albumin, the yield of these products decreased as a
function of time under irradiation due to the 'O, quenching
effect of lycopene. Using MB-Chelex® and li ght as a source
of 10, and Calf Thymus DNA (CT-DNA) as a target, lycopene
was also able to protect DN A against dGuo oxidation measured
after CT-DNA hydrolysis (Figure 7B). A clear protection was
observed over 10 min irradiation time.

System 3: Using the thermodissociation of SmM NDPO,
as a source of 10,, the incubation was performed in the
presence of 1 mM of dGuo and different concentrations of B-
carotene or lycopene in phosphate buffer 0.1 M, pH 7.4 at
37°C (Figure 8).

In conclusion, lycopene and B-carotene were entrapped in
albumin (reactions 13 and 14) to make possible the interaction
of these carotenoids with 1O, in aqueous solution. Lycopene
was a better quencher of 10, than B-carotene in protecting
dGuo from 10, generated by NDPO,, a chemical generator, 6r
MB-Chelex®, a photosensitizer.

10, + Carotenoids-HSA— 30; + *Carotenoids-HSA (reaction 13)

*Carotenoids-HSA — Carotenoids-HSA + heat (reaction 14)
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The quenching efficiency of lycopene may be of interest
in protecting against !Q,-induced damage of biological
macromolecules like DNA, as may occur in lung oxidant
injuries, skin photosensitivity, erythropoietic porphyria and
toxicity of certain photosensitizers used in photochemotherapy.
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