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|. FOREWORDS

Polycyclic aromatic hydrocarbons (PAHS) are a class of environmental contaminants that
has long been of interest in the fields of organic chemistry, theoretical chemistry, physical
chemistry, environmental science, toxicology, cancer research, and energy sciences.
Concerning environmental science and cancer research, majority of the research has focused
on the occurrence, environmental fate, degradation/remediation, chemical transformation,
genotoxicity, metabolism and metabolic activation, DNA adduct formation, mutagenesis,
and carcinogenesis. Although many books and reviews on these subjects have been
published, PAH photochemistry and phototoxicity have received much less attention.
Therefore, it isintended for this article to provide an up-to-date source of photochemical
reaction, photo-transformation, and phototoxicity of PAHs and their oxygenated, nitrated,
hal ogenated, and amino substituted derivatives on amolecular basis. A perspective for
future work is also discussed.

II. INTRODUCTION

PAHs are aclass of widely spread mutagenic and tumorigenic environmental contaminants
(1-7). They are produced mainly from incomplete combustion of organic materials during
both natural events and human activities. These include wild fires and volcanic eruptions,
and burning of fossil fuels and petroleum products during industrial production, food
processing, operation of machinery including automobiles, airplanes and ships (1-3, 5, 6, 8—
12). PAHs are carbon compounds with two or more annelated aromatic rings. The
nomenclatures and numbering systems of the representative PAHs are shown in Figure 1.
Being ubiquitous in the environment, PAHs are thought to induce cancer tumors, primarily
in the lungs, bladder and in the skin (2, 6, 13-17). The International Agency for Research on
Cancer and the United States Environmental Protection Agency have classified some of
these compounds as probable human carcinogens (5, 8). Complex mixtures of airborne
contaminants may play an important role in human cancer incidences. For example, it has
been reported that long-term exposure to air pollution in some of America’ s biggest
metropolitan areas significantly raises the risk of lung cancer deaths, and PAHsin the
polluted ambient air may be one of the contributing factors (16). Numerous books and
review articles have reported the occurrence and distribution of PAHs in the environment (1,
2,4-6,9, 10, 13, 18-20).
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PAHs themselves are relatively non-reactive chemicals toward biological macromolecules
under physiological conditions. Rather, they require metabolic activation in order to exert
genotoxicity, including mutagenicity and tumorigenicity (2, 4, 8, 13, 14, 18, 21-23). Upon
entering the body, the cellular defense system attempts to “remove’ these foreign substances
by metabolism. PAH metabolism in amammalian system is principally in the liver and is
catalyzed mainly by the cytochrome P450 enzymes, although other metabolizing enzymes
are aso involved. Upon metabolism, PAHs become more polar and water-soluble to be
excreted out of the body, thus completing the removal or the biological “detoxification”
process. However, metabolism of some PAHSs also generates reactive intermediates that are
capable of forming covalent adducts with nucleic acids, leading to genotoxicity.

A. Mammalian Metabolic Activation of PAHs

It is generally accepted that formation of diolepoxide-derived DNA adductsis the principal
metabolic activation pathway leading to cancer initiation (13, 15, 24-26) (Figure 2). The
diolepoxide metabolites, particularly the bay-region diolepoxides, can react with DNA to
form covalently bound DNA adducts (24, 13-15). The diolepoxide-derived DNA adducts
have been identified from metabolism of a number of PAHs in vitro and in vivo and their
structures have been well characterized (27).

Metabolism of PAHs through one electron oxidation resulting in reactive free radical
intermediates that can react with DNA to form DNA covalent adducts has a so been reported
(28-32) (Figure 2). Due to differencesin mechanisms of metabolic activation, the ultimate
carcinogenic metabolites or intermediates as well as the types of DNA adducts formed from
the diolepoxide formation or from the free radical generation are different.

The carcinogenesis of nitro-PAHs has been intensively studied since the early 1980s.
Because of bearing a nitro functional group, the metabolic activation of nitro-PAHs involves
multiple activation pathways including ring oxidation and nitro-reduction. The principal
activation pathway involves reduction of the nitro group to the A-hydroxyamino-PAH
intermediates that are capable of binding to DNA leading DNA adduct formation (18, 22,
33-35) (Figure 2).

B. Light-Induced Toxicity and PAH Activation by Light

With extended aromatic ring systems, PAHs can absorb light in the UV A (320 — 400 nm)
and visible (> 400 nm) region. Usually, PAHs with three or four aromatic rings can absorb
UVA light and those with five or more aromatic rings as well as the hydroxy, amino, nitro-
substituted PAHSs three or four aromatic rings can absorb visible light (12). Upon absorbing
light energy, PAHs can be excited to upper energy states (singlet or triplet) that can undergo
electron or energy transfer to molecular oxygen, solvents, or biological moleculesin the cell
to generate reactive species. The excited state PAHs can also react with oxygen or other
molecules to generate reactive intermediates. These reactive species or intermediates can
damage cellular constituents such as cell membrane, nucleic acids, or proteins. Thus, PAHs
can be “activated” by light irradiation to cause cellular damages and exert toxicity including
carcinogenicity. This activation pathway is similar to the enzymatic activation pathway in
terms of converting relatively inert PAHs to reactive species. There are evidences that PAH
mixtures and individual PAHSs are phototoxic toward microorganisms, plants, cells, and
animals (36-46). It was found that PAHs are generally more toxic when they are exposed to
light than if they are kept in the dark. The increase in toxicity can exceed well over 100
times (42, 45).

JEnviron Sci Health C Environ Carcinog Ecotoxicol Rev. Author manuscript; available in PMC 2013 October 30.
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lll. PAH PHOTOCHEMISTRY

The photochemistry of PAHs and related compounds has been studied in organic solvents
and on solid surfaces (soil or sediments), but only sparingly in aqueous solutions due to their
solubility problems (47). Severa review articles have covered the photodegradation of
PAHs and discussed their photo-oxidation products (48-50). The topics covered include
degradation rates, effects of coexisting ions on the photochemical reaction quantum yield
and rates, and identification of some of the photodegradation products. The main
photochemical reaction for PAHs is the reaction with molecular oxygen leading to more
water-soluble oxygenated compounds or into smaller degraded organic molecules. This
oxidative processis one of the chief degradation pathways for PAHs in the natural aquatic
environment. Photodegradation products of the following PAHs are characterized:
naphthalene in vapor (51-53), phenanthrene in silica-air inter-phase (54, 55), anthracene in
aqueous and organic solvents (56-60), pyrene in soil surface or on carbon (61-64),

benzo[a] pyrene in agueous media (65, 66), and some heterocyclic compounds in solutions or
on solid surfaces. Since then, characterization of photoproducts of some PAH in aqueous or
water/organic solvent mixtures are available: naphthalene (53), pyrene (67, 68),
benz[a]anthracene (57, 69, 70), methyl substituted BAs (69), 1-hydroxypyrene (71), and 1-
aminopyrene (AP). Therefore, asummary of these newly characterized photoproducts as
well as the results on the photolysis of nitro and amino-PAHSs that have not been included in
any of the previous reviews.

Photolysis of naphthalene in agueous solutions yields 7-hydroxy-1,4-naphthoquinone (1), 2-
formylcinnamaldehyde (1), and 2-carboxycinnamaldehyde (111) (53) (Figure 3). The authors
suggested that compound | be formed via the 1,4-naphthoquinone intermediate, and
compounds Il and I11 be from the breaking of the C1-C2 bond in naphthalene.

The photochemical reaction of anthracene and benz[a]anthracene (BA) follows the same
pattern because they both have two most reactive positions in the molecule: 9 and 10
positions in anthracene and 7 and 12 positionsin BA. Molecular orbital calculations show
that the 7 and 12 positionsin BA and methyl substituted BAs have the highest electron
density (69). Upon light irradiation, both anthracene and BA react with oxygen to form
endoperoxides. Rearrangement and further oxidation of the endoperoxides lead to the
formation of quinones (58, 59, 69, 72) (Figure 4).

Irradiation of 7,12-dimethyl-BA in agueous solutions leads to the formation of 7,12-
endoperoxide and subsequently to 7,12-BA-quinone (70) (Figure 5). In addition, the methyl
groups can also be oxidized during the photolysis, yielding first hydroxymethyl followed by
further oxidation to formyl groups.

Photolysis of pyreneyields 1,6- and 1,8-pyrenequinones as stable products whether in
aqueous solution or in surfactant media (67) (Figure 6). If pyreneisirradiated by light on
soil, eight photoproducts are detected with five of them identified structurally. They include
the two pyrenequinones detected in the agueous solution photolysis, two pyrenediols, 1,6-
and 1,8-pyrenediol, and a pyrene dimer, 1,1'-bipyrene are also identified (62). More than 20
photoproducts are detected if pyreneisirradiated by sunlight on filter paper (73). The
authors separated the oxygenated and the acidic fractions of the photoproducts and found
that both fractions are more mutagenic toward Sa/monel/a typhimurium bacteria with or
without S-9 activation. The same test with the pure 1,6- or 1,8-pyrenequinone indicates that
the mutagenicity of the mixture is not from the quinoes, but from other unknown oxygenated
photoproducts.

JEnviron Sci Health C Environ Carcinog Ecotoxicol Rev. Author manuscript; available in PMC 2013 October 30.
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The most widely studied PAH is benzo[a]pyrene (B[a]P). Photolysis of B[a]P in agueous
solution yields 1,6-, 3,6-, and 6,12-B[a] P-quinones (66) and in benzene yields aring open
product (1) in addition to those three quinones (65) (Figure 7). 6-Oxy-B[a]P radical is
observed if B[a]Pisirradiated (74). It is suggested that further oxidation of the 6-oxy-B[a]P
yields the quinones. It is proposed that the oxy-radical of B[a]P isresponsible for DNA
damage caused by the combination of UV light and B[a]P (75).

Hydroxy-PAHs are the oxidative metabolites commonly detected in the urine of animals or
humans exposed to PAHs and are often used as biomarkers (11, 76). Among them, 1-
hydroxypyrene (HP) is the most widely used biomarker for PAH exposure (17, 76-81).
Upon light irradiation in aqueous solutions, HP is converted to three pyrenequinones: 1,6-
pyrenquinone, 1,8-pyrenequinones, and an unidentified quinone (71) (Figure 8). The 1,6 and
1,8-pyrenequinones are also among the photolysis products for pyrene in aqueous solutions
(67). The unidentified photoproduct has the correct molecular weight for a quinone, but the
positions of the oxygen atoms are not determined.

The photodegradation and photochemistry of nitro- and amino-PAHS have also been
studied. Nitro-PAHSs are a class of carcinogens detected in the atmosphere and some nitro-
PAHSs are more carcinogenic than their parent PAHs (18, 22, 82, 83). Amino-PAHs are
usually the metabolite of nitro-PAHSs. The photochemical degradation of nitro-PAHs mainly
leads to photo-oxidation products. The photochemical reaction rate of nitro-PAHs depends
on the position of the nitro-substitution (82, 84-87). Nitro groups peri to two hydrogen
atomsisforced to be in a perpendicular orientation to the aromatic ring due to steric
hindrance while nitro groups per7 only to one hydrogen atom stay in a parallel orientation to
the aromatic ring (18, 22, 33, 83) (Figure 9). Thus, nitro-PAHSs can be divided into two
categories: those with the perpendicular and others with the parallel nitro groups relative to
the aromatic ring. Photochemically, the former nitro-PAHSs react faster than the latter due to
alight activated nitrite rearrangement mechanism as will be discussed later (87). It haslong
been recognized by Fu et al (18, 22, 83) that nitro-PAHSs having perpendicular nitro groups
are less mutagenic than nitro-PAHs having the nitro group parallel to the aromatic rings.
Thistoxicity differenceis attributed to their inability to be metabolized into reactive
intermediates (A-hydroxyamino-PAH) that can form covalent DNA adducts.

9-Nitroanthracene is the first nitro-PAH whose photochemistry is studied. Photolysis of 9-
nitroanthracene, whose nitro group is per7 to two hydrogen atoms, yields mainly 9,10-
anthraquinone (56, 88) (Figure 10). The authors proposed that the formation of the 9,10-
anthraquinone is via the rearrangement of a nitrite intermediate. Upon absorbing light
energy, the nitro group rearranges to become a nitrite. The nitrite in turn rearranges to place
anitroso group on the opposite side of the six-member ring bearing the nitrite. This position
is one of the two most reactive sites in anthracene. Further oxidation leads to 9,10
anthraquinone. Some nitrites lead to dimer formation via free radical intermediates.

Photolysis of 6-nitro-B[a]P, another nitro-PAH with the nitro group peri to two hydrogen
atoms, yields 1,6-, 3,6-, and 6,12-B[a] P-quinones and 6-hydroxy-B[a] P, also viathe nitrite
intermediate (82, 83, 87-89) (Figure 11). The three quinones are the same as the photolysis
products of B[a]P (66).

Unlike 9-nitroanthracene, the rearrangement of the nitrite does not form the nitroso
substituted compound because the nitroso group does not have a reactive carbon in 6-nitro-
B[a]P asit doesin 9-nitro-anthracene to bind to (56). Thus nitric oxideis released into the
solution by the photolysis of 6-nitro-B[a]P. The authors claim that the nitric oxide released
can cause DNA single strand cleavage (89). Also, photolysis of 1- or 3-nitro-B[a] P does not

JEnviron Sci Health C Environ Carcinog Ecotoxicol Rev. Author manuscript; available in PMC 2013 October 30.
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result in the same intermediates, although their photoproducts have not been characterized.
In these two compounds, the nitro group is per7 only to one hydrogen atom.

Irradiation of a 10% methanolic solution of 7-nitro-BA or 5-methyl-7-nitro-BA yields
mainly the respective 7,12-BA-quinone (Figure 12). Irradiation of 12-methyl-7-nitro-BA
does not produce the 7,12-BA-quinone. The main photoproduct isolated matches the
molecular mass for 12-methyl-12-nitrosobenz[a] anthracen-7-one (90), the rearrangement
intermediate for a 9-nitroanthracene-type reaction discussed above (56) (Figure 12). The
difference isthat the presence of the 12-methyl group prevented further oxidation to 7,12-
BA-quinone.

Unlike the nitro-PAHSs that have the perpendicular nitro substituent, nitro-PAHs with a
parallel nitro substituent are comparatively more stable under light irradiation. The
photochemical reaction of these nitro-PAHs is complex due to the formation of complex
mixture of photoproducts. Thisis probably why most of these photodegradation products
have not been isolated and characterized, although the photodegradation of some of this type
of nitro-PAHSs have been studied (82, 84-86, 91-93). To have alook of the difficulty of
studying the photochemical reaction of this type of nitro-PAHS, one can look at the nine
photodecomposition products for 1-nitropyrene (85, 86, 93). Several publications
contributed to the identification of some of the nine photoproducts: pyrene quinone (no
information about the position of the oxygen) (86), 1-hydroxypyrene (86), and severa
monohydroxy-1-nitropyrenes (85, 86, 92, 93) (Figure 13).

The photodegradation of other nitro-PAHSs that have been studied includes 2-
nitroanthracene, 2- and 4-nitropyrene, 1,8-dinitropyrene, 3-nitrofluoranthene, 1- and 3-nitro-
B[a]P, 9-nitrodibenz[a,c]anthrancene, and 7-nitrodibenz[a h]anthracene. But their
photoproducts have not been identified.

It was found that photolysis of amino-PAHSs generates direct acting mutagens (94-101).
Photolysis of 2-aminofluorene convertsit into 2-nitrosofluorene, 2-nitrofluorene, and 2-
amino-9-fluorenone (94, 96, 100, 101) (Figure 14). Both the nitro and nitrosofluorenes are
direct acting mutagens.

Photolysis of 1-aminopyrene (AP) was first reported to produce the direct acting mutagen 1-
nitropyrene and several other unidentified photoproducts (95, 99). A more careful
examination of the photochemical reaction products reveals that 1-nitrosopyrene, 1-
hydroxyaminopyrene and some pyrene-quinone dimers are also formed in addition to 1-
nitropyrene (102). Therefore, a progressive photo-oxidation mechanism is proposed. In this
mechanism, the formation of 1-hydroxyaminopyreneis of particular interest because thisis
also the reactive intermediate that can form DNA covalent adducts from the enzymatic
reduction of nitro-PAHSs (18, 22, 33-35). Indeed, irradiation of AP together with calf thymus
DNA, some AP-DNA covalent adducts are detected (102) (Figure 15).

Halogenated PAHSs (chloro and bromo-PAHS) are also detected in the environment and are
found to be carcinogenic (19). So far there has been neither phototoxicity study nor study of
their photochemical reaction appeared in the literature.

In conclusion, the way the photochemical reaction of various PAHs proceeds depends on the
structure of the PAHs themselves, the number of fused rings, the arrangement of the rings,
the substituent type and position, as well as the coexisting molecules and solvents.

JEnviron Sci Health C Environ Carcinog Ecotoxicol Rev. Author manuscript; available in PMC 2013 October 30.
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IV. PAH MOLECULAR PHOTOTOXICITY

Light-induced toxicity of PAHs has been recognized some seventy years ago (103). Some of
the early studies focused on the impact of light and PAH on the development of cancer
(104-107). Later on, more work have been directed toward the study of the molecular
mechanism of phototoxicity of PAHs (40, 73, 95, 97, 101, 108-118). A review article on the
effects of near ultraviolet radiation on the toxicity of PAHs in animals and plants appeared
in 1996 (46).

When referring to phototoxicity, it includes both the acute toxicity that ultimately leadsto
cell death and the genotoxicity that ultimately leads to tumor formation and other genotoxic
diseases such as teratology. The source of phototoxicity should come from damages to
cellular components caused by reactive intermediates due to photo-excitation of PAHS.
Therefore, the study of phototoxicity mechanism on the molecular level is herereferred to as
molecular phototoxicity.

In principle, PAHs can absorb light energy and be excited to the first and upper excited
singlet states (Sq, S, ...). Molecules in the upper singlet excited electronic states relax
quickly to the S; state by giving up heat energy. PAH molecules in the excited singlet state
can lose its energy by emitting a photon and return to the ground state (fluorescence) or
intersystem crossing to the triplet state T; (ISC), which can in turn loses its energy by
emitting a photon and return to ground state (phosphorescence). There are other pathways
that can lead to energy loss of the excited state molecule such asinterna conversion,
electron or energy transfer to other molecules, etc. All these pathways except electron or
energy transfer should be harmless to cells. Energy transfer to other molecules may invoke a
series of excited state reactions of that molecule it transfers energy to. Transfer of an
electron to other molecules can produce free radical speciesthat are usually reactive toward
biological macromolecules. In addition to these pathways, excited state PAH molecules
(both in singlet and triplet states) can react with other co-existing moleculesin avariety of
ways. The most common co-existing molecul es are oxygen, solvent, and other biologically
important molecules such as proteins, nucleic acids, cell membrane components, ions, amino
acids and coenzymesin the cell. Several examples of the excited-state reactions are given in
Figure 16. As aresult of the reaction, singlet oxygen, superoxide radical, PAH radical, DNA
radical, oxygenated PAH reactive intermediates, or other reactive intermediates are formed
and can damage cellular constituents, resulting in either acute toxicity or genotoxicity.
Depending on the degree of the damages and to which biological macromolecule isthe
damage, the damage can (i) be repaired and becomes harmless, (ii) lead to cell death since
the damage is too severe to be repaired or (iii) lead to mutation if the damage isto the
genetic code DNA.

From a mechanistic point of view, there are two pathways resulting in phototoxicity: (i)
dynamic phototoxicity: damages to cells during photo-transformation of chemical species.
Thisincludes excited state energy transfer to biological macromolecules resulting in high
energy biological molecules, electron transfer to produce both a PAH and a biological
molecule free radical, production of short-lived reactive intermediates such as singlet
oxygen, superoxide free radical, and chemically reactive species; (ii) toxic photoproducts:
during photolysis, some relatively light-stable compounds such as quinones, nitro-PAHs are
produced and they may be toxic both with or without metabolic or light activation. These
two pathways are summarized in Figure 17.

Light-induced damages to cell membranes, proteins, and DNA by many other molecules
have been observed (119-121). Irradiation of a PAH molecule, anthracene, together with

JEnviron Sci Health C Environ Carcinog Ecotoxicol Rev. Author manuscript; available in PMC 2013 October 30.
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human serum albumin resulted in covalent binding of anthracene to protein and caused
protein-protein cross-links, and to cell membrane vialipid peroxidation (115). Evidences for
cell membrane damages by irradiation of B[a]P, anthracene, or 1-nitropyrene mixed with
cellswere also reported (111, 112, 116). Asit issummarized by Arfsten et al in their review
of PAH phototoxicity (46), DNA isthe chief target for photo-induced damages by PAHSs.
Although proteins and cell membranes can be important photo-damage targets for PAHS,
much work have concentrated on DNA damages. Thisis possibly due to the carcinogenic
nature of PAH molecules, which have usually been associated with DNA covalent adduct
formation after metabolic activation.

Possible DNA damages by light and a chemical are: (i) single strand cleavage, (ii) double
strand cleavage, (iii) deletion of abase (depurination/depyrimidation), (iv) oxidation of
guanine to 8-hydroxy or 8-oxoguanine, (v) thymine-thymine dimer formation, (vi) DNA
covalent adduct, (vii) DNA-DNA cross-links, and (viii) DNA-protein cross-links. Most of
these damages can be repaired without leading to mutation. To date, severa types of DNA
damages by the combination of PAHs and light have been studied: formation of PAH-DNA
covalent adducts, DNA single strand cleavage, depurination/depyrimidation, and formation
of oxidative product 8-hydroxyguanine.

A. Light-Induced PAH-DNA Covalent Adduct Formation

It was reported in 1964 that PAH-DNA covalent adduct can be formed through metabolic
activation (122). In the same year, TS O and Lu first reported that irradiation of

radioactive 3H-labeled B[a] P by light (>300 nm or > 340 nm) can induce the formation of
covalent B[a]P-DNA adduct (123). A follow-up experiment on studying chemical linkage of
B[a]P with DNA induced by light irradiation in the presence of various chemicals also
confirmed that irradiation on the mixture of dibenz[a,c]anthracene or dibenz[a,h]anthracene
with DNA in aqueous solutions can form covalent DNA adducts (124). The use of light of
>300 nm confirms that PAH, not DNA, is excited to the excited state to facilitate the
photochemical reaction that produces PAH-DNA covalently linked products. In 1975,
covalent linked anthracene-DNA adduct was reported if human skin or monkey kidney
epithelial cells and anthracene are irradiated together (125). In 1983, Sinha and Chignell
(115) reported that covalent anthracene-DNA adduct is detected if anthracene and human
serum albumin are irradiated together. The amount of anthracene bound to DNA depends on
the time of irradiation, but not on the presence of oxygen.

In the 1970s, two groups attempted to study PAH-DNA adduct structure using model
photochemical reaction systems by irradiating afree DNA base with a PAH moleculein
organic solvents (126, 127). Irradiation of B[a]P with 1-methylcytosine in methanol-acetone
mixture produced 6-(1-methylcytos-5-yl)-B[a] P (127), a product by joining the most
reactive carbon (C-6) of B[a]P with 1-methylcytosine' s C-5 carbon as shown in Figure 18.

Irradiation of anthracene with 1-methylcytosine produced two products, with one being 5-
(anthracen-9-yl1)-1-methylcytosine and the other unidentified (126) (Figure 19).

Irradiation of B[a] P with thymine gives 1-(benzo[&] pyren-6-yl)thymine by linking the C-6 of
B[a]P with thymine’'s N-1 nitrogen (126) (Figure 20). However, whether these structures of
anthrancene with 1-methylcytosine or B[a] P with thymine/1-methylcytosine are related to
their photo-induced DNA adduct derived from double helical DNA remains to be seen.

It was attempted to compare the photo-induced PAH-DNA adduct with the metabolic PAH-
DNA adduct. Direct isolation of PAH-DNA adducts from the cell or even from oligomer
DNA isdifficult. Therefore, no light-indcued PAH-DNA adducts have been isolated and

JEnviron Sci Health C Environ Carcinog Ecotoxicol Rev. Author manuscript; available in PMC 2013 October 30.
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characterized so far. Hoard et a (128) and Strniste et a (75) have attempted to compare
B[a]P-DNA adduct from both enzymatic and light-activation pathways. Upon irradiation

of 14C-labeled B[a]P with single strand DNA, the DNA was enzyme digested and the
adducts were compared using HPL C with the microsome-metabolized B[a] P adducts.
Although these adducts elute at the same region on HPL C, they can potentially be very
different in terms of chemical structure. Another observation is that the light-induced B[a] P-
DNA adducts appear to be oxygen dependent.

Recently, another method to analyze PAH-DNA photo-adducts was developed using dialysis
and UV absorption spectra (129). 1-Hydroxypyrene (HP) and calf thymus DNA were
irradiation together for a period of time before the mixture was dialyzed in semi-permeable
membrane tubes that allow small molecules (unbound HP or its photoproducts and other
DNA fragments) to diffuse into the solution and only the DNA bound HP remains in the
solution within the dialysis tube. The absorption spectra of the light-irradiated or non-
irradiated (dark control) solutionsin the dialysis tubes are recorded. If HP-DNA covalent
adduct is formed, the light-irradiated solution should have the absorption features for both
HP and DNA. Indeed, after irradiation and dialysis, about 30% of the original HP absorption
remained in the dialysis tube together with DNA (129). One restriction for this method is if
the PAH chromophore in the PAH-DNA adduct does not have a distinct absorption at
wavelengths >280 nm, its absorption will be interfered by the absorption of DNA bases and
cannot be easily identified. This method also requires a high photochemical reaction yield
since there must be a high enough concentration for PAH-DNA adducts to be detected by
the spectrophotometric instrument (usually in uM range). In comparison to the conventional
method for detecting DNA adducts via metabolism, the 32P-postlabeling technique, thisis a
much |less sensitive technique.

In an effort to study the HP-DNA covalent adduct, HP and an eight-base pair duplex
oligodeoxynucleotide, d(5'-GCTAGGGC-3')/d(5-GCCCTAGC-3'), were irradiated together
by UVA light. It produced three products shown on the HPL C chromatogram that carry both
the absorbance of HP and DNA (129). However, where and how HP is bound to DNA
remains unsolved.

In addition to HP, DNA covalent adducts of 1-hydroxy-B[a]P, 1-aminopyrene, 6-
aminochrysene, and 3-aminofluoranthene are detected if they are irradiated together with
DNA by UVA light (102, 130). However, none of these covalent adducts have been
characterized structurally. Mutagenesis study of the light-induced PAH-DNA covalent
adducts and structural comparison of these adducts with the PAH-DNA adducts from
metabolic activation would be interesting.

In vivo, the formation of PAH-DNA covalent adducts by light irradiation and metabolic
activation could be competing factorsif light is available for PAHs that arein the cell. In
this case, it should be simultaneously subject to enzymatic oxidation and undergo light-
induced degradation. Actually, it isfound that irradiation of a PAH, B[a]P or 7,12-dimethyl-
BA whileitisin the cells, tends to lower the amount of DNA covalent adducts formed by
enzymatic activation (75, 116, 117, 131). The authors attributed this decrease of the amount
of enzymatic PAH-DNA adducts mainly to the photodegradation of the PAHs. However, it
is possible that formation of light-induced DNA covalent adducts, which should be different
from the enzyme-activated DNA covalent adducts, competes with the enzyme-activated
formation of DNA covalent adducts.

JEnviron Sci Health C Environ Carcinog Ecotoxicol Rev. Author manuscript; available in PMC 2013 October 30.
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B. Light-Induced DNA Single Strand Cleavage by PAHs

Another form of DNA damage by the combination of light and PAHs is DNA single strand
cleavage. Strniste et al first observed that irradiation of light and B[a]P mixed with PM2
DNA caused it to convert from the supercoiled form to the relaxed circular form (75). Saito
et al discovered that irradiation of 1-nitropyrene and related compounds with Chinese
hamster cells caused DNA strand cleavage (132) and Utsumi et a found that the
combination of 7,12-dimethyl-BA and near UV light caused more single strand cleavage of
the DNA in the cell than without near UV light irradiation (133). Later, Kagan et al
discovered that two different compounds, anthracene (116) and 1-nitropyrene (91), can
cause pBR322 DNA to convert from supercoiled form to relaxed circular form upon
irradiation. The photo-induced nicking of supercoiled DNA by 1-nitropyrene or anthracene
can occur under either aerobic or anaerobic conditions, with the former being stronger in
causing DNA single strand cleavage (91). The authors suggested that hemolysis of various
cells due to the combination of light irradiation and the presence of a PAH could also be due
to DNA damages in addition to damages to the cell membrane. DNA covalently bound
B[a] P diolepoxide adduct can also cause laser light (355 nm) induced DNA cleavage (134).
In fact, laser light-induced DNA single strand cleavage by covalently linked B[a]P
diolepoxide has been used for mapping where B[a] P diolepoxide is bound to the DNA chain
(135-138).

A systematic light-induced DNA single strand cleavage study has been carried out for
various PAHs using UVA light and ®X174 plasmid DNA (69, 129, 139-142). In these
experiments, the amount of DNA single strand cleavage depends on both light and PAH
doses. Therefore, by fixing the light dose at 170 Jcm? (1 hour irradiation), arelative DNA
photocleavage efficiency indicator, Cys, the concentration at which 25% of the original
supercoiled DNA is converted into relaxed, open circular DNA upon the combination of a
PAH and light irradiation is determined. The Cyg can be used for comparing relative DNA
photocleavage efficiency for various PAHs. The smaller the Cys values, the more efficient is
aPAH toward DNA single strand cleavage.

Asshownin Table 1, the DNA photocleavage efficiency (Cys) depends on both (i) the
structure of the PAHs and (ii) the ring size and arrangement of the rings. A larger ring does
not necessarily mean higher DNA photocleavage efficiency. The three-ring anthranceneisa
stronger DNA photocleaver than the four-ring pyrene, but is similar to the four-ring
chrysene and BA and the five ring B[a] P (140). The presence of a substituent such as
hydroxy, amino, bromo, and nitro, generally increases the DNA photocleavage efficiency
for anthracene, pyrene, and B[&] P, but not for chrysene. Metabolic products of B[a]P are all
more efficient in causing DNA photocleavage (142). In other words, metabolic oxidation of
PAHSs into phenolic derivatives may not be a detoxification process, as one would think.
Rather, the metabolites can be more phototoxic than the original PAH molecules
themselves. Methyl substitution on BA has an interesting effect on their DNA photocleavage
efficiency. Methyl substitution at 4, 5, 6, 8, 9, 10 positions does not affect the photocleavage
efficiency for BA, but methyl substitution at other positions, especially at 7 and 12 positions,
decreases the photocleavage efficiency for BA. This structure-photocleavage efficiency
relationship match the HOMO-LUMO gap of these methyl substituted BAs (69).

From knowing the photochemical reaction of these PAHSs as discussed earlier, one can
imagine that the DNA photocleavage efficiency hasto do with how the photoreaction of
these PAHSs proceeds in agueous solutions. Compounds that can easily be oxidized to
guinones, such as anthracene, BA, B[a] P, and chrysene, have lower Cyg (high efficiency)
than those that are more difficult to be oxidized. Also, the presence of a hydroxy, bromo,
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nitro, or amino substituent in PAHs usually enhances their DNA photocleavage efficiency,
possibly due to enhanced photochemical reaction of the substituted PAHSs.

For example, methyl-substitution at the 7 or 12 position of BA blocks the formation of 7,12-
BA-quinone and thus greatly reduces the photocleavage efficiency of BA (69). Presence of a
9-nitro group in anthracene facilitates the nitrite-mediated rearrangement reaction to form
anthraquinone (56), thus enhances the DNA photocleavage of anthracene. Presence of the 1-
hydroxy or 1-amino group in pyrene greatly enhances their photodegradation reaction in
comparison to pyrene and these two compounbds are al'so more efficient in causing DNA
photocleavage than pyrene (102, 129, 130).

Nitro-PAHSs can also induce DNA single strand cleavage upon irradiation. Table 2 lists some
of the recent results. Presence of a nitro group peri to two hydrogen atomsin a PAH
enhances its ability to cause DNA photocleavage. 9-Nitroanthracene, 7-nitro-BA, 5
methyl-7-nitro-BA, 12-methyl-7-nitro-BA are better DNA photocleavers than their
respective parent PAHs anthracene, BA, 5-methyl-BA, 12-methyl-BA, respectively under
the same conditions. Mono nitro-substituted pyrenes, whose nitro group per7 to one
hydrogen atom, are worse DNA photocleavers than the parent PAH pyrene. Asitis
discussed earlier, orientation of the nitro group governs the photochemical reaction rate and
the formation of intermediates, and photoproducts. The DNA cleavage data clearly indicates
a strong linkage between the photochemical reaction activity of the nitro-PAHs and their
DNA photocleavage efficiency. Thisis possibly due to the nitro rearrangement reaction
discussed above for nitro-PAHs with the nitro group perpendicular to the aromatic ring (56,
89, 90). Combining with the observation that PAHs that can easily convert to quinones are
strong DNA photocleavers, DNA photocleavage by PAHs in general is closely related to
their photochemical reaction rate, photochemical reactivity, and formation of reactive
intermediates.

Solvents and coexisting chemicals can play an important role for light-induced DNA
cleavage by PAHSs. Since the solubility for PAHs in water is generally not good (47), the
presence of an organic solvent can increase the solubility of amost all PAHs and thus
increase their effective concentration. As aresult, it may increase the efficiency of PAHs
causing DNA single strand photocleavage. Actually, increasing the amount of
dimethylformamide, dimethylsulfoxide, or methanol up to 20% in water increases the
amount of DNA single strand photocleavage by pyrene. Thisis presumably due to better
pyrene solubility with increasing organic solvent concentration. However, it generally
decreases the DNA cleavage efficiency for the water-soluble HP and AP (under working
concentrations) with the increasing amount of the organic solvent used (141, 143). It is
believed that these organic solvents can act both as a quencher for DNA photocleavage and
a solvent to help to dissolve the PAH. Co-existing chemicals such as biologically important
ions (141, 143), other added quenchers (69, 129, 139-142, 144), and amino acids (139) can
either enhance or inhibit the light-induced DNA cleavage by PAHSs. Therefore, how the
chemical present affect the DNA photocleavage by PAHs depends on how they affect the
photochemical process of a particular PAH.

Mechanistic studies reveal that singlet oxygen, superoxide and other radicals intermediates,
including possible PAH radicals, are involved in causing DNA single strand photocleavage
by PAHs (69, 91, 129, 140). Both an oxygen-dependent and an independent pathway cause
the DNA photocleavage. From PAH to PAH, the involvement of one or the other reactive
speciesin DNA photocleavage can be different. In summary, the efficiency of light-induced
DNA cleavage by PAHSsis closely related to the photochemical reaction of the PAHs and
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the present of chemicals or solvents that affect the photochemical reaction or the production
of reactive intermediates.

C. Other DNA Damages by the Combination of Light and PAHs

The third type of DNA damage induced by the combination of light and PAHs isthe
oxidation of guanine into 8-hydroxy or 8-oxoguanine. Exposure of mammalian cellsto
B[a]P and fluorescent light induces 3-10 fold more 8-hydroxyguanine formation than it is
carried out with B[a] P but without light (113). A similar observation by UVA light
irradiation of B[a]P mixture with calf thymus DNA or with cultured human epidermoid
carcinoma cells was reported by another group (145). These studies also pointsto the
involvement of superoxide anion during the oxidation of guanine.

There are also evidences that DNA base deletion isa DNA damage induced by the
combination of PAHs and light. Alkaline treatment enhances the amount of single strand
cleavages in some cases (75). However, there has been no quantitative or qualitative analysis
for thistype of damage.

V. PERSPECTIVES

PAHSs are a class of environmental contaminants that are present in the air, aquatic systems,
and sentiments. Understanding of the environmental fate and their toxic mechanism to the
ecological systemsisimportant. Environmental fate of these compounds are linked to
degradation/transformation by light, microorganisms, and other chemical reactionsin the
solid-state (sentiment) or solution. Light-transformation of these compounds can lead to
either detoxification by degradation to small and less harmful molecules or to more toxic
species by transformation into oxidation products that can be better photosensitizers
(quinones) or direct acting mutagens (amino to nitro-PAHS).

Photo-oxidation of the basic PAH moieties: 2-ring: naphthalene (53), 3-ring: anthracene
(57-60, 69, 72), phenanthrene (54, 55), 4-ring: BA (69, 70), pyrene (67, 68), and 5-ring:
B[a]P (65, 66), can produce respective quinones, ring opening products, or hydroxy-
substituted products. Photo-oxidation products of other basic PAH molecules such as
azulene (2-ring), fluoranthene (4-ring), chrysene (4-ring), and larger ring PAHSs (>5-ring)
has not been reported, although they are also found as popular contaminants. One
speculation is that their photodegradation is more complex due to their special ring
arrangement. In azulene, it is afive-carbon ring bridged together with a seven-carbon ring
and in fluoranthene three benzene rings are connected together by afive-carbon ring. This
kind of ring connectivity does not allow the formation of quinones that are usually more
stable photochemically that enablesisolation and characterization. Larger ring PAHs are
relatively rare and their photoproducts can be more complex due to greater complexity of
the rings. Photo-oxidation of some nitro (56, 82, 84, 86, 88-90, 146), amino (94-96, 102),
and hydroxy (71) PAHs aso lead to quinones. In addition to quinones, hydroxy (53, 65, 67,
93), carboxy (53), hydroxymethyl and formyl-PAHs for methyl substituted PAHs (70) are
also detected among the photolysis products. Quinones are known reactive oxygen species
sensitizers (28, 31, 147, 148). On the other hand, quinones are relatively stable compounds
against photo-oxidation. There is no appreciable degradation if 7,12-BA-quinoneis
irradiated with UVA light (170 Jcm?/h) for eight hours. During the irradiation, 7,12-BA-
guinone can cause DNA strand cleavage (69). Therefore, these quinones are potentially
more phototoxic.

Another aspect of the PAH photoproducts, whether quinones or hydroxy-substituted
derivatives, isthat they are more water-soluble. The concentration of these compoundsin
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the aguatic systems can be much higher than the PAHs themselves in the agueous media.
Therefore, they are potentially more toxic toward aquatic organisms because of the higher
concentrations.

PAH molecules entering the cell usually undergo metabolism to form more water-soluble
species before they are excreted. The metabolic products, usually the hydroxy-derivatives of
the parent PAHSs, are thought to be less mutagenic than the parent compound. However, 1-
hydroxypyrene, the metabolic product of pyrene, isfound to be very strong DNA
photocleavers (129) and more phototoxic (144). In addition, the hydroxy derivatives of
B[a]P are also more efficient in causing DNA photocleavage (142). Therefore, metabolism
of PAHs into hydroxy-PAHs may not be a detoxification process.

During the photodegradation of the PAHSs, whether in aquatic or cellular environment, free
radical intermediates and reactive oxygen species are produced and they can damage cellular
congtituents. Although this review focuses on the damage to DNA, damages to proteins or
cell membranes may also be contributing factors to phototoxicity. Especially, the light-
induced formation of PAH-DNA covalent adducts deserves specia attention, e. g., the high
yield of the photo-induced PAH-DNA covaent adduct formation. More than 30% of HPis
covalently linked to calf thymus DNA upon UVA irradiation (129). Early studies also
indicate that similar amount of amino-PAHSs can be covalently linked to DNA upon UVA
light irradiation (130). Using the much more sensitive 32P-post-labeling technique, an early
result indicates that 7,12-dimethyl-BA can form DNA-covalent adducts (unpublished
results). It indicates that light-induced PAH-DNA covalent adducts could be a popular
phenomenafor all the PAH molecules, although the degree of photobinding can be different
significantly. So far there is no structural data available yet for the photo-induced PAH-
DNA covalent adduct. However, one may imagine that the light-induced PAH-DNA
covalent adducts must be different from those metabolic PAH-DNA adducts due to different
reaction mechanisms. Because of the structural differences, they may have a different
mutagenicity activity. Nonetheless, photo-transformation of PAHs is another activation
pathway in addition to the known metabolic activation pathway of PAHs that transforms
relatively harmless inert PAH molecules into monstrous reactive intermediates.

PAHSs are environmental contaminants exist in food, air, water, soil and sediment (1-7).
Some commercial medicines contain PAHs as well. For example, coal tar, acomplex
mixture of PAHs, iswidely used in creams, ointments, lotions, and shampoos and for the
treatment of psoriasis (6, 149). Topical application of coal tar on the skin followed by
ultraviolet light radiation, known as the Goeckerman therapy for psoriasis, has an increased
risk of developing cancer (149). It has been shown that UVB radiation and coal tar have an
additive effect on inducing metabolizing enzyme activities and DNA adduct formation in the
mouse skin (43). Roofers and highway asphalt workers also have a high risk to be exposed
to both PAHs and light at the same time (150). It is known that PAHs can induce skin cancer
(6, 151, 152). Since human skin is exposed to light, it is of particular importance and
significance to investigate human health risks posed by exposure to the combination of
PAHs and light.
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Chemical structures and ring numbering systems for representative PAHs
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Photochemical reaction of naphthalene in aqueous solution
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Photo-oxidation of 7,12-dimethylbenz|[a]anthracene in aqueous solution
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Photo-oxidation of pyrene in solution
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Figure7.
Photo-oxidation of benzo[a]pyrene in agueous solution or benzene
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Figure8.
Photo-oxidation of 1-hydroxypyrene in agueous solution

JEnviron Sci Health C Environ Carcinog Ecotoxicol Rev. Author manuscript; available in PMC 2013 October 30.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Yu Page 29

o O 0o o]
\V, N/
H N H H N
Nitro group peri to two hydrogen atoms: Nitro group peri to one hydrogen atom:
perpendicular to the ring parallel to the ring

Figure9.
Nitro group orientation relative to the aromatic ring
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Figure 10.
Photo-transformation of 9-nitroanthracene
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Figure 11.
Photo-transformation of 6-nitrobenzo[a] pyrene
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Figure 12.
Photo-transformation of 7-nitrobenz[a]anthracene and its methyl derivatives
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Figure13.
Photo-transformation of 1-nitropyrene
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Figure 14.
Photo-oxidation of 2-aminofluorene in aqueous solution

JEnviron Sci Health C Environ Carcinog Ecotoxicol Rev. Author manuscript; available in PMC 2013 October 30.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

NHOH

NH, NO NO,

IDNA

DNA covalent adduct

Photochemical Oxidation N ) Enzymatic Nitro-Reduction

Figure15.
Photo-oxidation of 1-aminopyrene in aqueous solution
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Figure 16.
Excited state photophysics and photochemistry of PAHs
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Figure 17.
Dynamic phototoxicity and formation of toxic photoproducts
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Figure 18.
Photoreaction of benzo[a] pyrene with 1-methylcytosine
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Figure 19.
Photoreaction of anthracene with 1-methylcytosine
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Figure 20.
Photoreaction of benzo[a] pyrene with thymine
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Table 1
Relative DNA single strand cleavage efficiencies (Cos) for selected PAHs in aqueous solutions (10 mM
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sodium phosphate at pH 7 in 4% dimethylformamide).

PAH Number of Rings | Co5 (MM) | Reference
Naphtahlene 2 Rings n. d. (240)
2-Hydroxycarbazole ~100 (140)
Anthracene 3Rings 8.3 (240)
9-Nitroanthracene 0.83 (140)
Pyrene 4Rings 51 (240)
1-Aminopyrene 4.2 (140)
1-Hydroxypyrene 0.36 (129)
1-Nitropyrene 9.9 (140)
1-Bromopyrene 4.0 (240)
Chrysene 5.2 (140)
6-Aminochrysene 60 (240)
1,4-Chrysenequinone 5.8 (140)
3-Aminofluoranthene 32 (240)
Benz[a]anthracene (BA) 18 (69)
1-Methyl-BA 60 (69)
2-Methyl-BA 74 (69)
3-Methyl -BA 34 (69)
4-Methyl-BA 12 (69)
5-Methyl-BA 13 (69)
6-Methyl-BA 20 (69)
7-Methyl-BA ~100 (69)
7-Hydroxymethyl-BA ~100
8-Methyl-BA 18 (69)
9-Methyl-BA 17 (69)
10-Methyl-BA 12 (69)
11-Methyl-BA 42 (69)
12-Methyl-BA 93 (69)
12-Hydroxymethyl-BA ~100
7,12-Dimethyl-BA ~100 (69)
BA-7,12-dione 11.8 (69)
Benzo[a]pyrene (B[a]P) 5Rings 6.0 (240)
1-Hydroxy-B[a]P 0.6 (142)
3-Hydroxy-B[a]P 25 (142)
6-Acetoxy-B[a]P 1.3 (142)
7-Hydroxy-B[a]P 0.1 (142)
9-Hydroxy-B[a]P 13 (142)

JEnviron Sci Health C Environ Carcinog Ecotoxicol Rev. Author manuscript; available in PMC 2013 October 30.




1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

PAH Number of Rings | Cy5 (MM) | Reference
B[a]P-3,6-quinone 39
B[&]P-1,6-quinone 25

B[a]P-7,8-dihydrodiol 11
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Relative DNA single strand cleavage efficiencies (Cos) for selected nitro-PAHs in aqueous solutions (10 mM

Table 2

sodium phosphate at pH 7 in 10% dimethylformamide).

PAH Nitro-orientation | Cos (UM) | Reference
9-Nitroanthracene Perpendicular 0.83 (240)
Anthracene 8.3 (140)
7-Nitro-BA Perpendicular 2.8 (90)
Benz[a]anthracene 18 (90)
5-Methyl-7-Nitro-BA Perpendicular 52 (90)
5-Methyl-BA 13 (90)
12-Methyl-7-Nitro-BA Perpendicular 52 (90)
12-Methyl-BA 85 (90)
1-Nitropyrene Parallel 78 (90)
2-Nitropyrene Parallel >100 (90)
4-Nitropyrene Parallel >100 (90)
Pyrene 60 (143)
1-Nitro-B[&] P-t-7,8-dihydrodiol Parallel >100 (90)
3-Nitro-B[a] P-t-7,8-dihydrodiol Parallel >100 (90)
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