1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny Yd-HIN

NATIG,

o
R HE

s sy,
D

10

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Cancer Lett. 2013 June 28; 334(1): 46-55. doi:10.1016/j.canlet.2012.11.041.

POLYCHLORINATED BIPHENYLS (PCBS) AS INITIATING
AGENTS IN HEPATOCELLULAR CARCINOMA
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Abstract

PCBs are carcinogens, but for many decades it was assumed that PCBs may not possess initiating
activity. Initiation is a process that involves changes in the DNA sequence, often, but not
exclusively produced through DNA adduction by a reactive compound or reactive oxygen species
(ROS). DNA adducts can be detected by 32P-postlabeling, a method that Dr. Ramesh Gupta co-
developed and refined. Today these types of assays together with other mechanistic studies
provide convincing evidence that specific PCB congeners can be biotransformed to genotoxic and
therefore potentially initiating metabolites. This review will provide an overview of our current
knowledge of PCBs genotoxic potential and mechanism of action, emphasizing the contributions
of Dr. Ramesh Gupta during his tenures at the Universities of Kentucky and Louisville.
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1. Introduction to PCBs and the process of carcinogenesis

Polychlorinated biphenyls (PCBs), widely used as plasticizers, flame retardants, lubricants,
and for many other applications, are no longer commercially produced in the USA, but still
in use in closed applications. PCBs are mixtures of the total 209 possible congeners which
differ in the number and position of chlorines on the biphenyl rings (Figure 1). Due to their
chemical stability, PCBs have become ubiquitous as environmental and human
contaminants. In rodents, PCB mixtures are complete carcinogens, producing lesions
primarily in the liver [28, 52, 92], but other organs are also affected. Examination of the
mortality rate of the Japanese Yusho PCB poisoning victims 40 years after the event found
increased risk for all types of cancer, liver cancer, and lung cancer in men, but only for liver
cancer in women [68]. A similar 24-year follow-up study of Taiwanese Yucheng PCB
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poisoning victims found increased mortality from liver disease, but no increase in liver
cancer [104]. However, since in both cases a coexposure to PCDFs, PCB heat degradation
products, occurred, the relative contributions of PCBs or PCDFs to the observed long term
effects remain elusive. PCBs are classified as probable human carcinogens, but one of the
congeners, 3,3’,4,4’,5-pentachlorobiphenyl (PCB126), is now classified by the International
Agency of Research on Cancer (IARC) as a human carcinogen [38] and a new, complete
reevaluation of PCBs is currently under way.

Chemcial carcinogensis is a multistep process. The first step, initiation, is a heritable,
irreversible change in the DNA sequence or quantity. A single exposure to an initiator may
be sufficient if the mutagenic changes occur in oncogenes and/or tumor suppressor genes.
The second step, promotion, provides a growth advantage to such initiated cells, and
requires repeated, long term exposure to the promoter. Promaotion is a non-genotoxic process
and, up to a certain point, reversible. The final step, progression, is characterized by
increasing changes in the karyotype and a phenotypic change of the cells from preneoplastic
to benign and further to malignant. It is assumed that compounds that are clastogens
(chromosome breaking) or aneugens (causing changes in chromosome number) may be
involved in progression. Experiments with multistage carcinogenesis models have shown
that some compounds may act as an initiator or promoter, but not both [29, 35, 113]. In that
case consecutive exposure to both types of carcinogens is required. In the case of PCBs it
appears now that some congeners, particularly higher chlorinated ones, are efficacious
promoters while others, the lower chlorinated congeners, more prone to be biotransformed
and thereby bioactivated, are potential initiators [49]. In this publication we will describe the
evidence for initiating activity of PCBs and discuss some, but not all, possible mechanisms.

2. Compounds may require metabolic activation to reactive intermediates
and/or byproducts to act as initiators: example lower chlorinated biphenyls

Often a compound itself has no initiating activity, but a metabolite or degradation
intermediate or byproduct may. PCBs, especially those PCBs with more chlorine atoms, are
fairly resistant to chemical or metabolic attack, which along with their lipophilicity, poor
water solubility, and low vapor pressure, contributes to their propensity for accumulation
and biomagnification. This also means that they are not very reactive themselves and
therefore were generally seen as not being genotoxic. Recent results with lower chlorinated
biphenyls have changed this perception.

The 209 PCB congeners vary greatly in their propensity for metabolic attack, the first line of
which is monooxygenation by members of the cytochrome P-450 (CYP) superfamily. This
can theoretically produce no less than 837 possible monohydroxylated products [77]. The
enzymatic hydroxylation may occur via a “direct insertion” mechanism or via the
intermediacy of an arene oxide [4, 5, 26, 43, 100, 111]. Epoxides are usually fairly reactive,
electrophilic species. The number of chlorines present determines stability, i.e. the greater
the number of chlorines, the more stable the arene oxide intermediates.

Monohydroxylated PCBs may undergo an additional hydroxylation catalyzed primarily by
cytochromes P-450 producing di-hydroxylated PCB derivatives [53]. Depending on the
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relative position of the hydroxyl groups, catechols (ortho position) or hydrogquinones (para
position) may be formed (Figure 2). The further oxidation of PCB catechols and
hydroquinones may be catalyzed by peroxidases [1, 66], prostaglandin synthase [106] or
other enzymes and non-enzymatic processes, yielding highly reactive electrophilic PCB
quinones [1, 106]. Alternatively, hydroxylated PCBs may be substrates for glucuronidation
[101] and sulfonation [19, 47, 48], resulting in less reactive, more easily excretable
metabolites.

Arene oxides and quinones are chemically reactive metabolites and therefore prime suspects
for having initiating activity since they may be direct acting genotoxic intermediates. But
sometimes it is not the compound itself but a byproduct that is producing the carcinogenic
damage. The autoxidation/enzymatic oxidation of a PCB hydrogquinone may produce
reactive oxygen species (ROS; oxygen ions and peroxides) [1, 66]. ROS are considered to
be active in initiation, promotion, and progression [44] and evidence for their involvement in
PCB-related genotoxicity will be discussed later.

Many higher chlorinated PCB congeners are potent and/or efficacious inducers of xenobiotic
metabolizing enzymes [69], a change that may alter the metabolism of endogenous or other
exogenous compounds. For example, PCBs induce CYPs in the liver which may change the
metabolism of endogenous estrogen to more harmful estrogen catechols [37] or ROS
producing estrogen quinones [10]. However, these possible indirect mechanisms will not be
addressed further in this review.

3. Pathways to an initiated cell

Initiation involves a change in the DNA sequence or quantity, i.e. either a gene mutation,
chromosome mutation (breaks, rearrangements), or genome mutation (change in the number
of chromosomes). Different pathways may result in these types of changes (Figure 3). A
reactive compound or metabolite may bind covalently to the DNA forming a DNA-adduct or
ROS may react with and damage the DNA. If not repaired, these adducts may cause
misreading by polymerases resulting in a gene mutations like basepair changes. Non-
covalent interactions of a compound, for example by intercalation, may also cause gene
mutations, particularly insertions or deletions of basepairs [2, 24, 93]. ROS and other DNA-
reactive chemicals may also cause DNA strand breaks. Reactive compounds or
intermediates or ROS may also damage DNA-related proteins like topoisomerases, tubulin,
etc. The result may be DNA strand breaks and errors in chromosome distribution during
mitosis. Changes in gene regulation of such proteins, for example of telomerase, may also
result in DNA alterations. These gene, chromosome, and genome mutations may result in
the formation of an initiated cell, the first step in carcinogenesis.

A multitude of assays have been developed to detect compounds which cause mutations by
interacting with DNA or protein. Several of these assays were used to examine the genotoxic
potential of PCBs and possible mechanisms. A brief description of the results and their
interpretation is provided below.
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4. Adduct formation of PCBs with DNA and protein — experimental results

4.1. 32p postlabeling

A method to identify covalent binding of a compound specifically with DNA is the 32P-
postlabeling technique. This highly sensitive method was developed by Randerath and
Gupta [31] and further improved by Gupta, particularly for the detection of ROS damage to
the DNA [32]. A major advantage of this technique is that it does not require prior
knowledge of the structure of the adducts or labeled test compounds. A disadvantage is that
the chemical nature of the adducts cannot be identified easily unless standards are available.

The first publication with 32P-postlabeling and PCBs appeared in 1989. In monolayer
cultures of human Chang liver cells, low levels of photo-induced 2,2/,4,4’,5,5’-
hexachlorobiphenyl (PCB153) DNA adducts could be detected within 30 minutes of
incubation using the 32P-postlabeling method [11]. The results showed the fast transfer of
PCB153 into the cell nucleus. Most of the compound was bound to nuclear protein, only a
very small amount of the photo-induced adducts was associated with purine nucleotides.

In 1995 it was reported that after exposure of primary fetal rat and quail egg hepatocytes and
human HepG2 hepatoma cells to 3,3’,4,4’-tetrachlorobiphenyl (PCB77), a significant level
of DNA adducts was seen, i.e. 37 with quail and 20 adducts per 10° nucleotides with the rat
and human cells [18]. Interestingly, the level of EROD (CYP1A1) activity did not correlate
with the level of adduct formation, suggesting that other CYPs may have been involved in
the bioactivation of PCB77. Also, although the major adduct was the same for all 3 species,
there were species-specific adducts with each cell type, another indication for different
activation pathways. Northern blot analysis showed hybridization with CYPIAL, 2B1 and
3A1 mRNA in fetal rat hepatocytes, CYP3A and 1A mRNA in HepG2, and a CYP2 type
mRNA closely related to homolog rat CYP2E or CYP2C in fetal quail hepatocytes [17].
Adduct analysis using different CYPs from supersomes for bioactivation should now be able
to identify the most potent activation pathway, but this mehod was not available at that time.
Aroclor 1254 (Aroclors are commercial PCB mixtures produced from about 1930-1979) did
not produce significant levels of adducts [18]. However, in human primary hepatocytes from
5 different donors, 4-monochlorobiphenyl (PCB3) and, to a lesser degree Aroclors 1016 and
1254 produced a significant increase in DNA adducts [9]. Noteworthy is that the level of
adduct formation differed strongly from donor to donor, from single digits to 36 to over 200
adducts per 109 nucleotides, indicating huge inter-individual differences in susceptibility to
DNA damage by PCBs. Differing CYP activity levels may be responsible for this variation,
although differences in other enzymes may also play a role.

Starting in the mid 1990s, a cooperation between Drs. Robertson and Gupta produced a
series of reports with PCBs and the 32P-postlabeling technique. To gain more insight into
the metabolic activation pathway, Mitch McLean, a graduate student in their laboratories,
incubated PCB3 with hepatic microsomes from rats treated with 3-methylcholanthrene (3-
MC), a CYP1A and 1B inducer, or phenobarbital (PB), which induces CYP2B. The
formation of 5 different mono- and 3 dihydroxy-metabolites was reported [53]. Incubation
of 15 different mono- and dichlorinated biphenyls with deoxyguanosine (dG) in vitro
resulted in 1-8 different dG adducts with each PCB, except 2,3'- and 2,4’-dichlorobiphenyl,
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but a microsomal activation system plus an oxidation system with horseradish peroxidase
and hydrogen peroxide (HRP/H»05) was required [54]. This gave an indication that it is not
a primary CYP metabolite, but rather secondary oxidation products, possibly semiquinones
or quinones, that are the most DNA-reactive species. Only 4-mono-, 3,4-di- and 3,5-
dichlorobiphenyl also produced some (fewer) adducts in the absence of HRP/H,0,,
suggesting that these congeners build DNA-reactive epoxide intermediates. Additional
experiments conducted by another jointly mentored graduate student, Greg Oakley, showed
that these PCB congeners do not form adducts with dC or dT, and only 3,4-dichlorobiphenyl
formed adducts with dA [67]. With calf thymus DNA, the adduction rate was about 60-80%
lower than with dG. Tri-chlorinated congeners produced I-higher adduct levels than di- or
monochlorinated biphenyls, i.e. 3,4,5-tri > 3,4-di > 2-mono or 3-monochlorobiphenyl. Since
it was suspected that a semiquinone or quinone is the ultimate reactive intermediate,
experiments with synthesized hydroguinones and para-quinones of the 3 monochlorinated
biphenyls as well as 3,4-di and 3,4,5-trichlorobiphenyl were performed. In these assays a
strong pH dependency of adduct formation was observed, with an optimum at pH 9.5 with
the hydroquinones and pH 5.0 with the para-quinones, and the least reactivity at pH 7.2 [3].
The mechanisms of activation of PCB-derived (hydro)quinones to semiquinone free radicals
and the effect of pH on these reactions have been subsequently examined in details [94-96].

Daria Pereg, a graduate student in the Robertson and Gupta laboratories, examined the
extent and limits of bioactivation of PCBs with a series of synthetic mono- to
hexachlorinated biphenyls. Those PCBs were exposed to liver microsomes from rat, mouse
and humans in the presence of calf thymus DNA. Adduct formation was seen with
congeners containing 1-3 chlorines, but not above [70]. 2-monochlorobiphenyl produced
similar adduct patters with all 3 microsomal systems, while 4-mono-, 3,4-dichloro and 3,4,5-
trichlorobiphenyl showed similar patterns with two of the three microsomal systems. With
4,4’-dichlorobiphenyl a different adduct pattern was seen for each microsomal system. The
rat microsomal system had a higher CYP activity than the human system and produced
higher levels of DNA adducts. Co-chromatography of adducts derived from synthetic PCB3-
para-quinone with DNA with those from metabolically activated PCB3 DNA adducts
showed that one of the adducts was in common. These results indicate that most lower
chlorinated biphenyls can be bioactivated by mammalian livers, including humans, to DNA-
binding metabolites and at least some of these metabolites are probably quinones. The
reactivity of PCB-quinones with isolated DNA was further demonstrated in a quantitative
study with synthetic PCB-quinones using HPLC/ESI-MS/MS and 32P-postlabeling. These
experiments obtained 3 — 1200 adducts per 108 nucleotides, a stunningly high level of
adduct formation [116]. Most adducts were found with guanosine, and even though 32P-
postlabeling was the much more sensitive method, the authors reported that it nevertheless
“severely underestimated” the number of adducts compared to the MS technique.

Not all adducts in the experiments described above may be derived from covalent binding of
a PCB metabolite to DNA. The dihydroxy/quinone metabolites are redox pairs and during
the oxidation of dihydroxy-biphenyls to the quinone, superoxide is formed [55]. To analyze
whether reactive oxygen species (ROS) are involved, Dr. Gupta and his coworkers
developed a new newly, highly sensitive, 32P-postlabeling assay for 8-oxo-deoxyguanosine
(8-0x0dG) [15]. The incubation of 3,4-dichloro-2’,5’-dihydroxybiphenyl with calf thymus
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DNA in the presence of the breast tissue-associated enzyme, lactoperoxidase, and H,O,
resulted in a significant increase in ROS-induced DNA damage to 253 8-oxodG per 108
nucleotides compared to 118 per 108 in the solvent controls [66]. Addition of CuCl, instead
of lactoperoxidase/H,05 resulted in a 10x higher level (2669 per 106 nucleotides). FeCl;
was ineffective. Catalase and sodium azide reduced, while superoxide dismutase and
particularly glutathione substantially increased 8-oxodG formation. These results
demonstrate that biotransformation of lower chlorinated biphenyls can result in the
production of free radicals and oxidative DNA damage. Dr. Gupta further improved the 32p-
postlabeling method so that it is now possible to detect a large number of different types of
ROS-derived nucleotide modulations [76]. Using this technique and Cu?*-mediated
activation of different PCB metabolites incubated with DNA, over a dozen novel polar
oxidative DNA adducts were observed [98]. These adducts were chromatographically
similar for all active agents, but different metabolites had different potency. The highest
adduct levels were observed with the hydroquinones (55 to 142 polar oxidation adducts/106
nucleotides), while up to 40% lower levels were seen with PCB catechols and no significant
increase with monohydroxylated and quinone metabolites. The PCB29-HQ (2,4,5-trichloro-)
was unusually potent, but otherwise the oxidative DNA damage was inversely related to the
chlorination level. Experiments with various scavengers suggest that H,O,, singlet oxygen,
hydroxyl radical, and superoxide may be involved in this PCB-mediated oxidative DNA
damage and that copper plays a major role in the ROS generation [98].

One of these unusual adducts formed by oxidative DNA damage is M1dG [3-(2’-deoxy-
beta-D-erythro-pentofuranosyl)-pyrimido[1,2-a]-purin-10(3H)-one]. A single exposure to
PCB153 or PCB126 or a mixture of the two did not increase the level of M1dG adducts in
rats [41]. However, exposure for 1 year to 1000 ng/kg/day of PCB126 resulted in M1dG
adduct accumulation in the liver. PCB153 alone had no effect, but coexposure to equal
amounts of PCB153 and PCB126 resulted in dose-dependent increases in M1dG adduct
accumulation even with the lower dose of 300 ng/kg/day. Varying the dose of PCB153 with
a fixed dose of PCB126 showed a dose-dependent effect of PCB153. These results are
consistent with the results from cancer bioassays that demonstrated a synergistic effect
between PCB126 and PCB153 [65]. This positive correlation between M1dG adducts and
liver carcinogenesis needs further study to test a cause and effect relationship, which would
suggest that these PCB congeners are carcinogenic through ROS production and ROS-
mediated DNA damage.

Overall these 32P-postlabeling experiments show that lower chlorinated PCBs are
metabolized by microsomal systems and liver cells to highly reactive species, probably
epoxides, quinones, and various reactive oxygen species, that can efficiently modify
nucleotides and DNA which may lead to mutations, while higher chlorinated PCBs may
produce hepatocarcinogensis through ROS-mediated DNA damage.

4.2. Radioactive labeled PCBs for the detection of DNA and protein adducts

A second, older method to detect covalent binding of a test compound to cellular
macromolecules uses 14C or 3H-labeled compounds. This technique is frequently used in in
vivo assays with rodents to gain information about the ADME (absorption-distribution-
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metabolism-excretion) of a compound, but can also provide valuable information about
mechanistic aspects when used in vitro or with cells.

Steve Safe and coworkers published a series of papers in the 1970s about PCB-binding to
macromolecules. Using 3H-PCB3 and rat liver microsomes for metabolic activation they
found strong covalent binding to protein and RNA [110]. They suspected an arene oxide as
the binding intermediate since they observed an NIH shift of the isotope [111]. PCB3 was
easier to oxidize by microsomes than 4’-monohydroxy-PCB3 (4’OH-PCB3).Also, protein
binding by PCB3, but not by 4OH-PCB3 metabolites, was greatly reduced if CYP1A was
inhibited. Microsomes from 3-MC-treated animals which are rich in CYP 1A produced
higher protein binding levels than microsomes from untreated animals [13]. These results
suggest the existence of at least 2 reactive intermediates, one of them an arene oxide, a
second one that does not depend on CYP1A for its formation. If DNA or polynucleotides
were added to the incubation mixture, strong binding to poly(G) was seen and some binding
to poly(A), accompanied by a reduction of protein binding [111]. Both nucleotides are more
nucleophilic than the other nucleotides since they possess a primary amine moiety, which
may be involved in the PCB binding. To test if metabolic activation and binding to proteins
and DNA could also occur in cells, the group exposed Chinese hamster ovary cells to 3H-
PCB3. They observed the formation of hydroxylated metabolites and covalent binding to
macromolecules [109]. Even though 85% of binding was to proteins, the specific binding to
DNA was 3.5 times higher than to protein and 1.4 times higher than to RNA, suggesting that
PCB3 may very well be activated to DNA damaging metabolites.

To gain more insight into the chemical nature of the adducted PCB, Hesse and coworkers
incubated 14C-PCB4 (2,2’-dichloro-) with PB-induced liver microsomes in a carefully
controlled time study. They observed linearly increasing binding over a time span of 120
minutes [36, 88]. Since monohydroxy-metabolites were formed within 10 minutes and
disappeared quickly during the next 10 minutes and because glutathione strongly reduced
protein adduct formation, they concluded that “there is strong evidence that the majority of
bound PCB4 metabolites do not originate from arene oxides, but from other reactive species,
possibly semiquinones or quinones”. They even quantified the contribution of arene oxides,
if any, to no greater than 25% [36].

Shimada and coworkers also employed 14C-PCBs to analyze their metabolic activation and
covalent binding to proteins [85, 87]. They observed that some lower chlorinated congeners
(3 chlorines or less) are better activated to covalent binding species by 3-MC inducible
CYPs, while those with 4 chlorines were better substrates for PB inducible CYPs [86, 88].
In the in vitro system with microsomal proteins PCBs bound to cytochrome P-450 reductase
and cytochrome P-450, but not cytochrome bs. If cytosolic proteins were present as well,
strong binding to many cytosolic proteins was observed and it was hypothesized that
cysteine moieties were the major binding sites [86, 89].

The question whether PCBs with 6 or more chlorines can be metabolically bioactivated to
covalent binding species remains controversial. Several groups did not see protein binding
with PCB153 (2,2/,4,4’,5,5’-hexachlorobiphenyl) and a microsomal activation system [36,
88], others observed efficient binding to protein and DNA in vitro and even into the nuclear
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fraction of liver cells in vivo [14, 64]. In an in vivo experiment with rats, about 70% of the
bound PCB153 was bound to protein, 30% to DNA, and nothing to RNA. Overall PCB153
is more likely to bioaccumulate, but congeners with 2 free adjacent carbon atoms, like
PCB136 (2,2/,3,3’,6,6’-hexachlorobiphenyl) are more prone to be biotransformed and to
bind to macromolecules, in this case RNA > protein > DNA [57]. Similarly experiments
with PCB77 (3,3',4,4’-tetrachlorobiphenyl) and PCB47 (2,2,4,4’-tetrachlorobiphenyl)
showed higher accumulation of PCB47 in adipose tissue, but higher levels and covalent
binding of PCB77 in the liver and blood, including erythrocytes [90, 91]. A study with 14C-
radiolabeled PCB3 and PCB77 in mice found significant amounts of both PCBs in various
tissues, with liver > kidneys > lung [71]. Bound PCBs were mostly localized in the cytosol
or organelles, less in the microsomes, and significant amounts of PCB3 and PCB77 were
covalently bound to proteins in the nucleus of the liver of these animals, with PCB3 >>
PCB77. There was also a substantial covalent binding of these PCBs to liver DNA, but it
was below the significance level. In addition, significant binding of PCB3 and PCB77 to
hemoglobin of peripheral red blood cells was observed [102]. Binding levels peaked 3-6h
after IV injection with PCB3 and after 18h with PCB77. Calculation of the molecular
weights indicated that part of the hemoglobin adducts were likely due to binding of an arene
oxide metabolite while others were most likely due to binding of a PCB quinone.

The observation that PCB52 formed quinonoid protein adducts in the liver and brain of
exposed rats indicates that a major bioactivation pathway for PCBs leads indeed to reactive
quinones and that these metabolites can reach and bind to proteins and probably DNA in
such distant and protected tissues as our brain [46].

Protein binding of PCB quinones occurs preferably to cysteines, but also to arginine and
histidine [1]. Binding of PCB metabolites to proteins, including nuclear proteins, was
observed in vitro and in vivo. If binding inhibits the function of an essential DNA-related
protein, this may lead to DNA strand breaks or chromosome mis-segregation. It is therefore
noteworthy that binding of PCB3 quinone to topoisomerase |, a nuclear protein that is
essential for proper DNA maintenance and replication, was observed [7, 8, 99]. Thus,
besides binding to DNA, PCB quinones bind to cellular proteins, a process that may also
lead to genotoxicity and cancer initiation.

5. Mutation Induction by PCBs - experimental results

Adduct formation is only the first step in cancer initiation. It has to be followed by a change
in the DNA sequence or quantity. Unfortunately, very few reports directly correlate a type of
DNA adduct with a specific type of mutation, and none exist for PCBs. However,
correlation between the propensity of a metabolite to produce adducts and to result in some
form of mutation may allow careful conclusions about the causal relationship between those
two events.

5.1. DNA strand breaks and chromosome maldistribution

DNA strand breaks and anomalous segregation of chromosomes represent major forms of
genotoxicity and can be induced by DNA and protein adduction.
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The COMET assay measures migration of genomic DNA in an electrical field, which may
be increased by compounds that produce DNA strand breaks and alkali-labile sites. ., This
assay showed a positive response with PCB52 and PCB77 in human lymphocytes [78], and
PCB101 and PCB118 in fish cells in vitro [51]. A modified version of the COMET assay
indicated ROS as the DNA breaking species in the fish cells. In human HL60 promyelocytic
leukemia cells, the redox cycling pair PCB3-hydroquinone and PCB3-p-quinone both
induced COMETS [112]. The hydroquinone required cellular myeloperoxidase activity for
COMET induction, while the quinone’s ability to induce COMETSs was independent of the
peroxidase activity. For both compounds about half of the breaks were due to ROS, while
the other half was most likely produced by a direct interaction of the quinone with the DNA
or DNA-related proteins.

The micronucleus assay detects chromosome breaks and chromosome loss. PCB 153, 138,
101, and 118 induced micronuclei in fish cells in vitro [51] and PCB-contaminated soil from
industrial or irrigation sites induced micronuclei in plant species [12, 97]. However, no
increase was seen after exposure of human lymphocytes and human keratinocytes to
commercial PCB mixtures in vitro [6, 105]. This unresponsiveness could be the result of
incomplete metabolic activation. When V79 Chinese hamster lung fibroblasts were exposed
to the 3 mono-, 2 dihydroxy-, and 2 quinone metabolites of PCB3, PCB3 itself was negative
in the assay, but the mono- and, more efficiently the dihydroxylated and quinoid metabolites
induced micronuclei formation [115]. The para-quinone produced micronuclei mostly by
chromosome breaks, the monohydroxylated and to a lesser extent the other metabolites
mostly by chromosome loss, pointing towards different mechanisms of genotoxicity. The
highly reactive quinone may interact with the DNA directly, or with DNA maintenance
proteins like topoisomerase, leading to chromosome breaks, while the other compounds may
react with the cytoskeleton or other proteins involved in chromosome distribution.

Recent results indicate that telomeres, the very ends of chromosomes, are particularly
sensitive to DNA damage since telomeres are not efficiently repaired. Severely shortened
telomeres cause a cellular crisis and after this the emergence of immortal cells with aberrant
karyotypes, believed to be created by the stickiness of chromosome ends with short
telomeres, fusion of chromosomes and missegregation during following cell divisions [30].
Several PCB congeners and PCB3 p-quinone induce telomere shortening, the congeners
most likely by reducing telomerase activity, the PCB3-quinone most likely via ROS
generation [39, 83, 84]. This area of research is only in its infancy.

Most studies with rats and commercial PCB mixtures did not find chromosome aberrations
in bone marrow or spermatogonia, while studies with fish were positive [reviewed in [49]].
Sargent, however, did report chromosome breaks and rearrangements in human lymphocytes
exposed to Arochlor 1254 or PCB77 or PCB153 [79, 80]. PCB52 was negative, but a
combination of PCB52 with PCB77 acted synergistically, producing more aberrations than
the sum. Similar results were obtained in bone marrow and liver cells of rats treated with
PCB52 and PCB77 in vivo [56, 79, 81]. Besides chromosome aberrations, an increase in
polyploid cells was observed in V79 hamster cells in vitro, where PCB52 and PCB105 were
strong inducers of aberrant mitosis, while PCB77 and PCB153 were inactive [40]. In
addition, a strong synergistic action was seen when PCB105 (2,3,3,4,4’-
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pentachlorobiphenyl) was combined with the spindle poison triphenyltin, indicating an
interaction with the cytoskeleton as mechanism of this effect [40]. Interestingly,
hydroguinones of PCB2 and PCB3, but not the PCB3 3,4-catechol or the PCB1
hydroquinone, induced an up to 90% polyploidization of V79 cells [25]. Further studies
indicate an interaction of these metabolites with the cytoskeleton. These results point to a
strict structure-dependency in the genotoxicity of PCB-metabolites.

Sister chromatid exchanges (SCE) are formed only during the S-phase of the cell cycle at/
near the replication fork by a double strand break and reciprocal rejoining of the strands. A
positive linear relationship was observed between cell transformation in vitro and SCE
induction indicating the potential value of this short term test for genotoxicity testing. Of
three individual and a concordance of 0.59 was seen for SCE induction and rodent
carcinogenicity [73, 114], PCB congeners that were tested in vitro for SCE induction (4-
monochloro, 2,2’,5,5’- and 3,3’,4,4’-tetrachlorobiphenyl, i.e. PCB3, 52,and 77, respectively),
none was positive [25, 80]. However, in human lymphocytes, 2,3,7,8-
Tetrachlorodibenzodioxin (TCDD), 2,3,4,7,8-pentachlorodibenzofuran (PenCDF) and
PCB126 (3, 3',4,4’,5-pentachlorobiphenyl), three potent AhR agonists, significantly
increased the frequency of SCEs with almost the same dose-relationship with respect to their
TEQ and they acted in an additive way with other SCE-inducers [59]. Also, two of five
methylsulfonate metabolites of PCBs (MSF-PCBSs), i.e. 3-MSF-2,2",4’ 5,5’ and 4-MSF-2,2/,
3,4’ 5-PenCB, enhanced SCE levels in lymphocytes in vitro, although very high doses (>5
ppm) were needed to produce significant effects [60]. Of several monochlorinated biphenyl
metabolites, only the PCB3-3,4-catechol induced SCE in V79 cells, while the structurally
closely related PCB1, PCB2, or PCB3-hydroquinones were negative, supporting a very strict
structure-activity relationship for SCE induction [25]. These results suggest that most PCB
congeners and their metabolites may not be efficient inducers of SCE, but that their enzyme-
inducing activity may make cells more susceptible to the effect of other endogenous or
exogenous compounds.

5.2. Gene mutations

Bacterial mutation assays like the Ames test rely on extracellular metabolic activation and
are therefore often not appropriate for compounds with multistep activation pathways or
short lived active intermediates. Not surprisingly, most bacterial mutagenicity tests with
commercial PCB mixtures or the few congeners that were tested were negative [49].

In vitro gene mutation assays with mammalian cells used PCB mixtures or a few congeners
and were always negative [33]. However, the cell lines used in such mutation studies like the
Chinese hamster lung fibroblast (V79), Chinese hamster ovary fibroblast (CHO), and mouse
lymphoma (L5178Y) cell lines, have only very limited or no biotransformation capability.
To overcome this problem, a series of synthetic PCB3 metabolites was tested in the V79
gene mutation assay [115]. Both the ortho (3,4-) and para- (2,5-) quinone efficiently induced
mutations at the HPRT locus, while none of the tested mono- or dihydroxylated metabolites
or PCB3 itself were mutagenic. This is in agreement with the hypothesis that the PCB
quinones are genotoxic and potentially initiating carcinogens.
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To analyze the mutagenic activity of PCB3, a transgenic in vivo assay was employed. The
BigBlue rat (Stratagene) is a transgenic rat that Male rats were treated weekly for 4 weeks
with i.p. injections of 3-carries multiple copies of an indicator gene. methylcholantrene (3-
MC), PCB3, 4-OH-PCB3 or vehicle alone (corn oil) and killed after a period of additional
10 days. The mutation frequency per 100,000 pfu was 1.7 in negative control, and 8.8 (3-
MC), 4.8 (PCB3), and 4.0 (4-HO-PCB3) [45]. This mutation statistically significant.
Moreover, in these from predominantly transitions to predominant treatment groups the
mutation spectrum was altered similar, but smaller effect, causing a doubling of the mutation
rate that was below the level of statistical significance [45]. This demonstrates that this PCB
congener is mutagenic in vivo in the target organ, the liver. Unfortunately, these results
cannot definitely point out the ultimate mutagenic species, but narrows the possibilities to an
ortho- or para-quinone, an epoxide or ROS. All indications from other assays point towards
adduct formation by a quinone, most likely the ortho (3,4-) quinone as a highly likely
culprit.

5.3. In vivo initiation test

Very few assays exist that examine the initiating activity of a compound in vivo. In the
mouse two-stage skin carcinogenesis model, the commercial PCB mixture Arochlor 1254,
with predominantly tetra- and pentachlorainted biphenyls, acted as a weak tumor initiator
[16]. In the rat liver initiation assay, the Solt Farber protocol with male F344 rats, Aroclor
1254 and the congeners PCB153, PCB52, and PCB47 showed only negative results [34]. A
possible explanation for this is that PCB congeners with four or more chlorine atoms are
poor substrates for metabolic activation. Therefore lower chlorinated biphenyl congeners,
more easily biotranformed to potential reactive and genotoxic metabolites were tested for
their ability to induce preneoplastic foci. The tested PCB congeners included PCB3 (4-Cl-,),
PCB12 (3,4-diCl-) and PCB38 (3,4,5-triCI-BP) [21]. No nodules were apparent in animals
in the vehicle control group, or groups receiving PCB12 or PCB38 as initiators. However,
the PCB3 induced grossly visible nodules in 50% of the rats treated. In a second experiment
PCB15 (4,4’-diCl-), PCB77 (3,3,4,4-tetraCl-), PCB52 (2,2/,5,5'-tetraCl-BP) and a
combination of PCB77& PCB52 all increased the number of foci per cm? in the liver, with
PCB15 >> PCB52 > PCB77 > PCB52/77 [21]. The conclusion from these experiments is
that lower chlorinated PCBs are able to initiate hepatocarcinogenesis in the rat, but from
these few congeners tested, a strict structure-activity relationship could not be assigned.

A series of experiments with synthetic PCB3 metabolites were tested in an effort to
determine the metabolic activation pathway and the ultimate initiating agent [23]. Test
compounds included the 2-OH-, 3-OH-, 4-OH-, 2,3-diOH-, 3,4-diOH-, 2,5-diOH-, 2,3-
quinone, 3,4-quinone, and 2,5-quinone metabolites of PCB3. The 4-OH- and 3,4-quinone
metabolites of PCB3 significantly increased the number of foci/cm3, the number of foci per
liver and the focal volume (% of liver), while none of the other PCB3 metabolites had a
significant effect [22]. These results point towards the 3,4-ortho-quinone of PCB3 as the
ultimate initiating metabolite in rat liver.
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6. Relevance — evidence for DNA damage by PCBs in nature and humans

Human epidemiological studies and observations in nature may alert us to the possible
carcinogenic activity of a compound. Laboratory experiments can provide indications for
initiating activity of a compound, the type of genotoxicity, and are essential to elucidate the
activation pathway and mechanism(s) of action. The missing link between these two types
of studies, epidemiology and laboratory research, are biomonitoring studies in animals and
humans. Most of these focus on the detection and quantification of a compound in biological
samples. With PCBs some, few attempts were made to detect genotoxic damage in humans
and wildlife and to relate it to exposure.

6.1. DNA strand breaks and chromosome number changes in biospecimens

Very few studies exist that address genotoxicity in PCB-exposed wildlife species. Among
these, increased levels of micronuclei were observed in several fish species after exposure to
commercial PCB mixtures or to PCBs and dichlorodiphenyltrichloroethane (DDT) in
contaminated areas [reviewed in [49]].

Some epidemiological studies observe abnormal karyotypes in workers exposed to PCBs
[42, 103], while others reported negative effects [20]. The challenge with human studies is
that workers and other contaminated population groups are usually exposed to multiple
compounds, while their exposure to the study compound may vary greatly.

SCE is an assay that may be useful for human bi omonitoring purposes since it is easy to
perform using blood peripheral lymphocytes, but it may have limited sensitivity [108]. Such
biomonitoring studies from the 1980s and 1990s reported higher SCE levels in peripheral
lymphocytes of PCB exposed workers and of victims of the 1978 (Yu-Cheng) rice oil PCB
poisoning in Taiwan [42, 50]. Usually the effects were only visible after a long occupational
exposure or co-exposure to cigarette smoke. Recent short term exposure to PCBs in a fire
did not elevate SCE levels [20]. Sometimes the basic SCE level was not elevated, but cells
were “sensitized”, i.e. demonstrated SCE if a second compound like a-naphthoflavone
(ANF) was added [63]. Interestingly, several concentrations of a reconstructed
organochlorine mixtures of PCBs, polychlorinated dibenzodioxins (PCDDs),
polychlorinated dibenzofurans (PCDFs), DDT and others similar to the ones found in
humans around 1990 induced SCE in vitro and enhanced SCE induction by ANF in cultured
lymphocytes [61]. The ECgq for SCE induction by this mixture was only 3 times higher than
the average concentration in healthy humans at that time. Recent studies did not find
elevated SCE levels in the lymphocytes of teachers in a PCB-contaminated school [107].
Also, a retesting of Yusho patients who had been contaminated with PCB in rice oil in 1968
did not show elevated SCE levels even though their blood still had seven times higher toxic
equivalent (TEQ) levels than in healthy Japanese controls, indicating he continuous presence
of PCDDs, PCDFs, and coplanar PCBs [62]. This suggests that the legacy of “weathererd”
PCBs does not produce SCE in the current human population.
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6.2. Detection and monitoring of adduct formation

Measuring DNA and protein adduction by an environmental compound in tissues form
wildlife or humans is a challenging task, but would be extremely helpful for pollution
biomonitoring and to provide to connection between exposure and toxic effects. Only the
very sensitive 32P-postlabeling technique could provide such data.

A pollution biomonitoring study for the river Rhone, France, found different numbers and
patterns of DNA adducts in the livers of carp upstream and downstream of a PCB
incineration plant, suggesting different kinds of exposure [72]. However, since no chemical
analysis of the tissue, water, or soil from the collection sites was performed, no statement
about the chemical nature of he adducts can be made. A study with English sole collected
from different sites in the Puget Sound, Washington, USA, found a highly significant
correlation between the concentration of total PCBs in the liver and the hepatic DNA adduct
level [58]. Similarly, a study with crayfish from the river Meuse, Netherlands, found a
strong positive correlation between DNA adducts in the hepatopancreatic tissues and body
burden of PCB28, PCB52, PCB101, but not with the higher chlorinated congeners PCB118,
PCB138, PCB153, PCB180 [82].

The detection of DNA adducts in human samples is even more challenging due to the
limitation of available tissue, the usually extremely low exposure levels to the test
compound, and the existence of co-exposures that are related to lifestyle choices and
environment. Thus Gallagher and coworkers did not see elevated DNA adduct levels in the
placentas of hon-smoking Taiwanese women who had been exposed to PCBs and
polychlorinated dibenzofurans compared to non (less)-exposed non-smoking women from
Taiwan or the USA [27]. They also measured arylhydrocarbon hydroxylase (AHH) activity
in these tissues and found similar levels in placentas from American smokers and Taiwanese
PCB-exposed non-smokers, but higher DNA adduct levels only in the American smoker
samples, indicating that AHH induction alone is not sufficient to increase DNA adduct
levels. Most recently Dr. Gupta and coworkers analyzed 108 samples from Inuit in Canada
for PCB levels in blood and polar and lipophilic DNA adducts in white blood cells. This
population is exposed to PCBs through their diet of whale blubber and other seafood.
Although they observed an apparent accumulation of specific adducts with increasing PCB
levels, no definite association could be made [74]. Inuit diet is also rich in selenium. A
follow-up study with 83 Inuit samples found a negative correlation in the high ratio of
Se/PCB group with 8-oxo0-dG and total adducts, suggesting that high blood selenium levels
may have a protective effect against oxidative DNA damage [75]. These studies demonstrate
the complexity of human biomonitoring studies, while also showing that they can provide us
with valuable information about individual susceptibility and/or protective factors.

7. Summary and Conclusions

The above results clearly demonstrate that lower chlorinated biphenyls may be readily
bioactivated to reactive intermediates, arene oxides and particularly quinones, with the
generation of ROS. These reactive species can interact with DNA and with protein forming
covalently bound adducts which are most likely the cause for the observed gene,
chromosome, and genome mutations. There are indications for adduct formation and
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mutagenesis in human and environmental biospecimens, highlighting the relevance of
laboratory research to provide advanced warning and an understanding of possible
mechanisms of bioactivation. Such research may also inform and aid in the design of
efficient tools for biomonitoring, treatment, and chemoprevention. Dr. Ramesh Gupta had a
significant influence in advancing these goals by developing highly sensitive methods for
DNA adduct detection which he and his coworkers then successfully applied in PCB
research [3, 41, 54, 66, 67, 70, 74, 75, 98]. This research has significantly advanced our
understanding of the mechanisms of cancer initiation by PCBs.
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Chemical Structures of PCBs

1duosnuely Joyny vd-HIN

wdudsnuel Joyny vd-HIN

Cancer Lett. Author manuscript; available in PMC 2014 June 02.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

wdudsnuel Joyny vd-HIN

Ludewig and Robertson

PCB3 (4-monochloroblphenyl)

/N

Monohydroxy-PCB3 / \ / \

(OH-PCB3)

PCB3-Epoxides

Dihydroxy-PCB3 l l l
(OH),-PCB3 HO OH HO OH
2.3-catchol 3.4-catechol

OH
2.5-hydroquinone

Enzymatic or l
autoxidation lg ROS ROS

l ROS l
PCB3-Quinones

2.3-ortho- 2.5-para- 3.4-ortho-quinone

Figure 2.
Biotransformation pathways of PCB3

Cancer Lett. Author manuscript; available in PMC 2014 June 02.

Page 22



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

wdudsnuel Joyny vd-HIN

Ludewig and Robertson

Intercalating
compound

N Y4

Reactive
compound

| Transcription Regulator |

N

adducts or strand breaks

DNA

adduct, under-, overexpression

Protein

\

| Protein malfunction |

= 7

Nucleotide mis-Incorporation,

strand breaks

Chromosome
mis-segregatiion

Figure 3.
Pathways to Initiation

N\

/

Mutation

Gene -Chromosome - Genome

N/

Initiated Cell

Cancer Lett. Author manuscript; available in PMC 2014 June 02.

Page 23



