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Abstract

The metabolism of polychlorinated biphenyls (PCBs) is complex and has an impact on toxicity
and thereby assessment of PCB risks. A large number of reactive and stable metabolites are
formed in the processes of biotransformation in biota in general and in humans in particular. The
aim of this document is to provide an overview of PCB metabolism and to identify metabolites of
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concern and their occurrence. Emphasis is given to mammalian metabolism of PCBs and their
hydroxyl, methylsulfonyl, and sulfated metabolites, especially those that persist in human blood.
Potential intracellular targets and health risks are also discussed.
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Introduction

Polychlorinated biphenyls (PCBs) are a class of industrial chemicals that were mass-
produced globally from the late 1920s until their commercial production was banned,
initially by the Toxic Substances Control Act (TSCA) in the United States in 1979, as a
reaction to increasing numbers of reports of PCBs in humans and concern for adverse
human health effects.

The commercial production of PCBs involved the batch chlorination of biphenyl with
chlorine gas in the presence of a catalyst, resulting in the formation of complex mixtures
containing a range of PCBs rather than just individual congeners (Erickson, 1997, Hansen,
1999, Erickson and Kaley, 2011). Typically, these PCB mixtures were sold under various
trade names (such as Aroclor in the U.S., Kanechlor in Japan, or Clophen in Germany),
often with numerical designations indicating percent chlorine by weight (e.g., Aroclor 1254
is 54% and Clophen A60 is 60%) (Silberhorn et al., 1990).

PCBs were used in a wide variety of applications that resulted in release to the environment.
Open-ended applications included their uses as plasticizers in rubber and resins, in
carbonless copy paper, in adhesives, in wax extenders, in dedusting agents, in paints, and in
inks, while nominally closed system uses were in hydraulic fluids, heat-transfer fluids, and
in lubricants. Finally, closed system uses of PCBs were primarily in capacitors and in
transformers (Kimbrough et al., 1989). The estimated world production of PCBs has been
variously estimated from about 1.2 million tons to 2 million tons, of which 0.2 to 0.4 million
tons have become “environmentally available” (Tanabe, 1988, ATSDR, 2000). PCBs can
now be detected all over the planet, from highly populated areas to the arctic region
(Christensen et al., 2010, Gutleb et al., 2010, Macdonal et al., 2000, Ockenden et al., 2001,
Wethington and Hornbuckle, 2005, Hu et al., 2010a). Although different for each congener,
their resistance towards chemical and biological degradation explains their environmental
persistence and omnipresence more than thirty years after their withdrawal from commercial
mass production. From a public health perspective, this widespread distribution of PCBs
indicates the need for a thorough understanding of the potential adverse effects associated
with the parent congeners and their metabolites. This is of particular importance for
populations living near, or eating fish from, PCB reservoirs such as the Great Lakes area, the
Hudson River in New York or the area around Anniston, Alabama, a former Monsanto
production site of PCBs (Custer et al., 2010, Fitzgerald et al., 2008, Goncharov et al., 2010,
Goncharov et al., 2011, Silverstone et al., 2012).
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PCBs that are the substrates for metabolic attack in exposed individuals arise from two
sources. The major source of PCBs for the general population is the food supply (Feinberg
et al., 2011, Schecter et al., 2010). A second and often overlooked source of exposure to
PCBs is city air and the air of buildings that were constructed using PCBs in sealants,
caulking, and other building materials (Ludewig et al., 2008, Persoon et al., 2010). Among
these airborne PCBs are also most of the recently discovered nonlegacy PCBs, PCBs that are
unintentionally formed as by-products during the manufacture of paints and dyes that are
currently sold (Hu and Hornbuckle, 2010, Rodenburg et al., 2010a, Grossman, 2013).

PCB:s in the food supply tend to be more highly chlorinated and are therefore poorer
substrates for metabolic attack, while airborne PCBs tend to be more volatile, and possess
fewer chlorine atoms (McFarland and Clarke, 1989, Robertson and Ludewig, 2011). The
former group is longer lived/ more persistent, while the latter one, often referred to as
transient or episodic, is composed of PCBs with comparatively short half-lives that are
relatively quickly metabolized (Hansen, 2001, Zhao et al., 2010, Robertson and Ludewig,
2011). However, to date the metabolism of PCBs and the physiologic fate of the individual
metabolites remain poorly understood.

Many biologic effects of PCBs are receptor-mediated (Luthe et al., 2008), including the
well-described characteristics of PCBs as inducers of xenobiotic metabolism (Parkinson et
al., 1983, Safe et al., 1985). On the other hand, PCB metabolism is generally regarded as a
detoxication process due to the fact that a large proportion of all hydroxylated PCB
metabolites (OH-PCBs) being formed are excreted from the body as such or after
conjugation (Birnbaum, 1983, Ohta et al., 2015). However, it has become apparent that a
variety of PCB toxication processes involves or depends on the metabolism of parent PCBs
or their metabolic progeny. Electrophilic metabolic intermediates such as arene oxides may
cause harm through their reactions with protein, DNA, or lipids (Pereg et al., 2001, Morck et
al., 2002). In the event that OH-PCBs are further oxidized to (semi)quinones, these highly
reactive species may also form covalent adducts with proteins, DNA and other endogenous
compounds (Lin et al., 2000, Pereg et al., 2001, Robertson and Gupta, 2000, Song et al.,
20009, Srinivasan et al., 2002, Amaro et al., 1996). Additionally, metabolites like OH-PCBs,
PCB sulfates, and PCB methyl sulfones (MeSO,-PCBs) might be equally persistent as
parent congeners and elicit their own toxicities.

In this review, we will attempt to emphasize the often overlooked issues of metabolism of
PCBs and the role metabolism and metabolites play in toxication processes.

Environmental sources of PCBs

Traditional manufactured PCBs

Based on differences in their number of chlorine substituents, PCB congeners can be
subdivided into semivolatile and relatively nonvolatile, with the higher chlorinated PCBs
(HC-PCBs) typically being less volatile. These differences are also key determinants for
their environmental availability and their routes of exposure. The majority of airborne PCBs
found in major cities in the United States are lower-chlorinated ones (LC-PCBSs) containing
four or less chlorine substituents (Hu et al., 2010a, Persoon et al., 2010, Wethington and
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Hornbuckle, 2005). Both LC-PCBs and HC-PCBs were contained in traditionally
manufactured commercial PCB products, however, HC-PCBs have a higher potential for
bioaccumulation and biomagnification along the food chain (Barron et al., 1994, Troisi et
al., 2001). As a result, human populations are typically exposed to less volatile, HC-PCBs
via contaminated food, particularly fish (Domingo and Bocio, 2007, Weintraub and
Birnbaum, 2008). Epidemiological studies have revealed a correlation between the
consumption of contaminated fish and increased serum concentrations of such PCBs
(Weintraub and Birnbaum, 2008).

Airborne PCBs

Although all PCBs are semivolatile, the LC-PCBs are most commonly reported. The highest
concentrations of airborne PCBs are found in indoor air and in industrial and densely
populated urban areas, for example in the cities of Chicago, Milwaukee, Toronto,
Philadelphia and New York (Breivik et al., 2007, Hu et al., 2010a, Ockenden et al., 2001,
Wethington and Hornbuckle, 2005, Sun et al., 2006, Du et al., 2009, Melymuk et al., 2012).
The twenty most abundant of these airborne PCBs are summarized in Table 1. Volatilization
of airborne PCBs is temperature dependent and can result in their release from
environmental or industrial reservoirs, such as rivers, lakes, landfills or contaminated
building materials (Persoon et al., 2010, Desborough and Harrad, 2011, Zhang et al., 2011,
Simcik et al., 1999, Achman et al., 1993, Hsu et al., 2003, Rudel and Perovich, 2009).

Human populations are more likely being exposed to lower-chlorinated, airborne PCBs by
inhalation, rather than by ingestion (Harrad et al., 2009, Robertson and Ludewig, 2011).
Indoor inhalation exposure to PCBs is of concern in schools and other buildings that were
built in the 1950s and 1960s, as demonstrated by a number of studies investigating indoor
exposure to PCBs in the United States and Europe (Herrick, 2010, Herrick et al., 2004,
Maclntosh et al., 2012, Gabrio et al., 2000, Jamshidi et al., 2007, Harrad et al., 2010, Zhang
et al., 2011). During this time, the caulking and other building materials used in construction
contained high levels of PCBs and affected buildings still represent a major source for
chronic inhalation exposures. A German study reporting measurements of several indicator
PCBs in indoor air of contaminated schools found high concentrations of the lower-
chlorinated PCB congeners 28 and 52 (Gabrio et al., 2000). Moreover, there was a
significant correlation between PCB exposure and increased blood concentrations of PCBs
in teachers who had worked in these contaminated school buildings. Another study reported
a correlation between indoor PCB levels and serum PCB concentrations in residents in the
Hudson River area (Fitzgerald et al., 2011). The public health relevance of indoor inhalation
exposure is further highlighted by several studies indicating that indoor air concentrations of
PCBs significantly exceeded those determined in their respective outdoor environments
(Jamshidi et al., 2007, Menichini et al., 2007).

Nonlegacy PCBs

The common perception that PCBs are long-banned industrial contaminants that are no
longer produced is unfortunately misleading. In recent years, it has been conclusively shown
that non-Aroclor, or nonlegacy PCBs contaminate the environment of homes and cities and
accumulate in the bodies of exposed populations. In 2008, the lowa Superfund Research
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Program (ISRP) published the results of a large-scale air toxics monitoring program,
demonstrating for the first time that PCB 11 (3,3’di-chlorobiphenyl), a non-Aroclor PCB
that has been previously detected in New York/ New Jersey harbor surface and waste water
(Litten et al., 2002), was ubiquitous in Chicago (Hu et al., 2008) and in Cleveland (Persoon
et al., 2010) air. Since that initial discovery, researchers have reported the presence of
nonlegacy PCBs in air samples around the world and it has been revealed that the most
likely source of these contaminants is volatilization from common household paint (Basu et
al., 2009, Choi et al., 2008). In 2010, a study of PCBs in pigments manufactured and sold as
colorants in household paint revealed the presence of more than 50 nonlegacy PCBs (Hu and
Hornbuckle, 2010). PCB 11 was the most commonly detected congener but many other
PCBs, including several dioxin-like PCBs, were also highly abundant. Yellow, green, blue,
and red pigments also contained PCB congeners, while white, black, and brown did not. The
distinctive pattern of PCB congeners in the different pigments was an important clue to the
chemical manufacturing processes that inadvertently produced these unwanted byproducts.
Since then additional studies have shown the widespread presence of non-Aroclor PCBs in
the environment and in consumer products. Their presence is most likely due to use of paint
and pigments containing PCBs.

Even though they are only being discovered now, non-Aroclor PCBs have been present in
the environment for at least 80 years, as evidenced by the presence of paint pigment derived
PCBs in sediment core samples from the Great Lakes (Hu et al., 2011). As opposed to the
Aroclor PCBs, however, PCB congeners associated with pigments are not exhibiting strong
declines in the environment. And unlike Aroclors, these PCB congeners are still legally
produced and distributed in the public. At this point, it has become clear that pigments are
an important source of PCBs into the environment, especially into air but there are probably
other sources. Theoretically, PCBs can be unintentionally produced from any chemical
process that involves carbon, chlorine, and elevated temperatures or catalysts (Rudel and
Perovich, 2009, Erickson, 2001). Consequently, many consumer products, including
building materials that have been manufactured involving these chemical processes, might
be tainted with PCBs which are eventually released into the environment (Rodenburg et al.,
2010b, Shang et al., 2014).

Despite this knowledge, human uptake, metabolism and toxic response to PCB 11 and other
nonlegacy PCBs remains poorly understood. Initial laboratory studies with animals and
plants have demonstrated the potential of PCB 11 to become bioavailable to humans through
inhalation and to be accessible for biotransformation (Hu et al., 2013, Zhu et al., 2013, Hu et
al., 2012, Hu et al., 2010b, Hu et al., 2014). In 2013, PCB 11 was reportedly detected in
human serum for the first time, thereby further emphasizing the need for a better
understanding of the exposure, metabolism and toxicities of nonlegacy PCBs (Marek et al.,
2013b).

PCB metabolism and relevant classes of PCB metabolites

Nomenclature of PCB metabolites

PCB metabolite nomenclature is based on PCB structure as originally numbered by
Ballschmiter and coworkers (Ballschmiter et al., 1993). The Ballschmiter system assigns

Crit Rev Toxicol. Author manuscript; available in PMC 2015 April 02.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Grimm et al.

Page 6

congeners in ascending numerical order according to their chlorination status beginning with
monochlorinated PCBs and ending with the only decachlorinated congener, PCB 209.
Accordingly, it is not possible to derive the nomenclature from the correct IUPAC name of
the metabolite. A short stepwise guidance for abbreviations of hydroxyl, methylsulfonyl,
sulfate, and glucuronic acid metabolites of PCBs can be derived from the nomenclature
system originally proposed for OH-PCBs and MeSO,-PCBs (Maervoet et al., 2004). Step 1:
Identify the Ballschmiter number of the PCB as if no substituents are attached to the
molecule and note which one of the two phenyl rings is carrying the primed chlorine
positions. Step 2: A functional group (e.g. hydroxyl (-OH), methylsulfonyl (-MeSO,) or
sulfate (-OSO37)) is given a non-primed or a primed number depending on the position
where it is attached to the biphenyl moiety. Examples of full metabolite nomenclature are
given in Tables 2 and 3. Eight-hundred-thirty-seven mono-hydroxylated metabolites are
theoretically possible from the 209 PCB congeners, and this would also be true of the
analogous PCB sulfates and PCB glucuronides derived from OH-PCBs. These OH-PCB
congeners are listed in Table 2. In Table 3, those OH-PCBs identified in human plasma are
listed together with their suggested or experimentally determined parent PCB congeners
(Sjodin et al., 1998).

PCB metabolism

The rate and extent of PCB metabolism depends on the number and positions of chlorines in
the molecule (Kato et al., 1980, Matthews and Anderson, 1975, Mills et al., 1985,
Schnellmann et al., 1985). Overall, the fewer number of chlorine atoms on biphenyl, the
faster the metabolism. Also, availability of vicinal non-chlorine substituted positions,
especially in meta- and para-positions of the biphenyl core, increases the chances of
cytochrome P450 (CYP) mediated transformation (Mills et al., 1985). Consequently, the fate
of individual PCBs within the human body depends on their structural properties.
Conventional HC-PCBs are fairly resistant towards biotransformation reactions and due to
their high lipophilicity, they tend to be retained in adipose tissues or in plasma where they
can be frequently detected at high concentrations of more than 10 pg/g lipid weight
(Fangstrom et al., 2002, Kutz et al., 1991). LC-PCBs, by contrast, are often transiently
detected in serum and their rapid disappearance is assumed to be related to their higher
susceptibility for metabolic conversion (Robertson and Ludewig, 2011, Hansen, 1999)

The main pathways for PCB metabolism are shown in Figure 1 (Safe, 2001, Letcher et al.,
2000), with enzymes involved suggested. The initial step includes the oxidation of PCBs to
OH-PCBs by hepatic cytochromes P-450 (CYP) enzymes (Bergman et al., 1994b, Matthews
and Kato, 1979). Structurally different PCB congeners may be metabolized by different
enzymes of the CYP superfamily. Non-ortho substituted (so called co-planar or dioxin-like)
PCB congeners are metabolized predominately by CYP1A enzymes, while multiple ortho-
substituted PCBs are substrates for CYP2B enzymes (Kaminsky et al., 1981, Lu et al., 2013,
Lu and Wong, 2011, McGraw and Waller, 2006, Waller et al., 1999, Warner et al., 2009).
These observations are also confirmed by more efficient binding of structurally related
PCBs to appropriate cytochrome P-450 isoforms (Hrycay and Bandiera, 2003, Kania-
Korwel et al., 2008a).
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Depending on the PCB congener, the initial CYP-dependent monooxygenation can result
from direct electrophilic addition of oxygen or may involve the formation of a transient
reactive arene oxide (Guengerich, 2001, Jerina and Daly, 1974, Preston et al., 1983). In fact,
OH-PCBs are most easily formed from PCBs with 2,3-, 2,5- and 2,6-dichlorination or 2,3,6-
trichlorination patterns or PCB epoxides where the phenyl ring has none or a lower number
of chlorine atom substituents in any position except the 4-position. PCB congeners with 4-,
3,4-, 3,5, 2,4,5-, 2,3,4,6- or 2,3,5,6- chlorine substitutions are less efficiently metabolized
and they tend to form epoxides between a chlorine substituted carbon and an unsubstituted
carbon. Each of the epoxides will yield two isomeric OH-PCBs. While OH-PCBs with at
least one unsubstituted carbon next to the phenol group appear to be rapidly eliminated from
organisms, including humans, the chlorine may undergo a 1,2-shift (Guroff et al., 1967)
yielding rearranged polychlorobiphenylols. OH-PCBs with neighboring chlorine substituted
carbons to the phenol group are retained in the blood (Letcher et al., 2000).

Transient PCB epoxides may also form adducts with biomacromolecules, isomerize to
mono-hydroxy PCBs or hydrolyze to form PCB dihydrodiols (McLean et al., 1996b,
McLean et al., 1996a, Kaminsky et al., 1981). Alternatively, PCB epoxides may react with
glutathione (GSH) to form a dihydro-glutathione-hydroxyl-substituted PCB metabolite that
can form a fully aromatic PCB glutathione conjugate through the loss of water (Figure 1)
(Letcher et al., 2000, Bakke et al., 1983, Bakke et al., 1982). Each PCB undergoing this type
of metabolism will yield two PCB glutathione conjugates. These GS-PCBs are degraded in a
stepwise fashion to the corresponding cysteine conjugates that may be N-acetylated to form
mercapturic acids, a route of degradation known as the mercapturic acid pathway (Bakke et
al., 1982, Letcher et al., 2000). The corresponding PCB thiols are formed via cysteine S
conjugate p-lyase catalyzed cleavage of the C-S bond in the cysteine conjugate. The PCB
thiols are methylated and oxidized in two steps to sulfoxides and finally to the
corresponding MeSO,-PCBs, highly hydrophobic Lewis bases (Kallenborn and Huhnerfuss,
2001).

OH-PCBs have also been shown to undergo multiple oxidation reactions leading to more
than a single hydroxyl substituent on the biphenyl structure (Bergman et al., 1994b, James,
2001). Alternatively, the formation of dihydroxylated PCB metabolites can be directly
catalyzed from parent PCBs by CYP2B enzymes (Lu et al., 2013, McLean et al., 19963,
Waller et al., 1999). Dihydroxylation can result in the formation of catechols and other
hydroquinones (McLean et al., 1996a), that possess toxicological relevance in that they
promote oxidative stress (Song et al., 2008b). OH-PCBs also represent substrates for
conjugation reactions catalyzed by sulfotransferases (SULTSs) or UDP-glucuronosyl
transferases (UGTS) to yield their respective sulfate or glucuronic acid conjugates (Daidoji
et al., 2005, Dhakal et al., 2012, Matthews and Kato, 1979).

Chirality of PCB metabolites

Nineteen PCBs and their metabolites are optically active (or chiral) because they exist as

stable rotational isomers, called atropisomers, that are non-superimposable mirror images of
each other (Lehmler et al., 2010, Mannschreck et al., 1985, Pittmann et al., 1989, Pittmann
et al., 1986). Only non-coplanar PCBs with three or four ortho-chlorine substituents possess
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sufficient torsional strain to facilitate the formation of stable atropisomer pairs that can be
separated chromatographically (Kaiser, 1974, Norstrom et al., 2006, Haglund, 1996). PCBs
84, 91, 95, 132, 136, 149, 174 and/ or their metabolites have been shown to accumulate
enantioselectively in mammalian tissues (Lehmler et al., 2010), in birds (J6rundsdottir et al.,
2006), in plants (Zhai et al., 2011) and in humans (Ellerichmann et al., 1998, Hovander et
al., 2004).

Theoretically, 456 of the 837 possible mono-hydroxylated PCB metabolites are chiral
(Nezel et al., 1997). These atropisomers may or may not be generated in a 1:1 ratio, but the
metabolites, like PCB atropisomers, seem to have different half-lives in animal tissues and
in biota (PUttmann et al., 1989, Larsson et al., 2004, Larsson et al., 2002, Chu et al., 2003a).
The atropselective formation of chiral OH-PCBs has been shown both in vivo (Kania-
Korwel et al., 2008b, Kania-Korwel et al., 2012) and in vitro (Kania-Korwel et al., 2011,
Wu et al., 2011, Lu et al., 2013, Wu et al., 2013a, Wu et al., 2014, Wu et al., 2013b, Zhai et
al., 2013b). The recently identified OH-PCB metabolites of five chiral PCBs, PCB 91, 95,
132, 136, and 149, are chiral themselves, but were not previously identified in
environmental samples, including human blood, due to the lack of authentic standards. The
atropselective formation of these OH-PCBs results in changes of enantiomeric fractions of
the parent compound (Warner et al., 2009). It was demonstrated using pure atropisomers,
that biotransformation of (=)-PCB 136 leads to the formation of single enantiomer of 5-OH-
PCB 136, while the biotransformation of (+)-PCB 136 results in the formation of the other
enantiomer of that major metabolite (Wu et al., 2011). Considering that pure PCB
atropisomers can elicit different toxicological responses (Pessah et al., 2009, Lehmler et al.,
2005, Yang et al., 2014), these findings may have implications for risk assessment
associated with those metabolites. Optically active MeSO,-PCBs identified in humans and
laboratory animals to date are atropisomers of 5’-MeSO,-PCB 132 and 3-MeSO,-PCB 149
(Ellerichmann et al., 1998, Norstrom et al., 2006).

Reactive (epoxide and (semi)quinone) PCB intermediates

Hepatic microsomes are capable of metabolizing lower chlorinated biphenyls, mono-, di-,
and trichlorobiphenyls to catechols and hydroquinones (Robertson and Gupta, 2000,
McLean et al., 1996a, Oakley et al., 1996). Likewise, the potential for microsomal formation
of PCB catechols derived from penta- and hexachlorinated PCBs (e.g. PCB 136) was
demonstrated (Lu et al., 2013, Wu et al., 2013a, Wu et al., 2014). One-electron oxidation of
a PCB hydroquinone or catechol, or single-electron reduction of a PCB quinone, results in a
semi-quinone radical with subsequent formation of reactive oxygen species (e.g. superoxide
anion radical, hydrogen peroxide, and hydroxyl radical) and the PCB quinone (Song et al.,
2008a, Song et al., 2008b). In addition to the potential for generation of toxic oxygen
species, the metabolic pathways of PCBs may include the formation of electrophilic PCB
arene oxides and quinones that may bind to nucleophilic sites on cellular macromolecules
(Robertson and Gupta, 2000, Lin et al., 2000, Qin et al., 2013, Wangpradit et al., 2009,
James, 2001). In fact, a large number of in vitro studies have demonstrated adduct formation
of PCBs and their metabolites, in particular PCB quinones, to proteins, RNA, DNA or lipids
(Robertson and Gupta, 2000, Morck et al., 2002, Ludewig, 2001, Klasson Wehler et al.,
1989, Klasson Wehler et al., 1993, Zhao et al., 2004).
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Even though most evidence of PCB adduct formation points towards a primary involvement
of LC-PCBs, there is limited evidence available supporting the potential of HC-PCBs for
adduct formation with DNA/RNA and/or protein. An in vivo study in mice demonstrated
covalent binding of 2,2’,3,3°,6,6’-hexachlorobiphenyl (PCB 136) to RNA, proteins, and
DNA in liver, muscle, and kidneys and of 2,2°,4,4’,5,5’- hexachlorobiphenyl (PCB 153) to
RNA and proteins in liver (Morales and Matthews, 1979). Another study showed binding of
PCB 153 to nuclear proteins and DNA in livers of treated rats (Daubeze and Narbonne,
1984). Further evidence of the presence of reactive intermediates of PCBs forming reaction
products with biomolecules is the observation that non-extractable residues are present after
exposure to radiolabeled PCBs (Pereg et al., 2001, Klasson Wehler et al., 1989, Klasson
Wehler et al., 1993, Morck et al., 2002, Tampal et al., 2003). However, the identity of these
adducts have so far only been poorly characterized, although two classes of PCB
electrophiles, arene oxides and (semi)quinones, appear to be involved. The binding to lipids
appears to involve phospholipids (Morck et al., 2002).

The ability of eight mono- to hexachlorinated biphenyls to form DNA adducts following
bioactivation with hepatic microsomes from different species (rat, mouse, and human) was
investigated (Pereg et al., 2002). Interestingly, only the lower chlorinated congeners with up
to three chlorine atoms were capable of DNA adduction. Based on structural identification
of PCB adducts to DNA, the suggested formation of DNA adducts involves PCB quinone
metabolites (Zhao et al., 2004).

Binding indices have shown 15- to 30-fold greater binding of PCBs to peptides than to DNA
(Pereg et al., 2001). Protein adduction is initiated through a reaction of the PCB metabolites
with nitrogen and sulfur nucleophiles (Amaro et al., 1996). Sulfur nucleophiles are much
more reactive with PCB-derived electrophiles than nitrogen nucleophiles. Therefore one
would predict that protein sulfhydryls would be a preferred target (both on the basis of
reactivity and abundance). In addition, using glutathione (GSH) as a target peptide, two
distinctive, structure-dependent mechanisms by which PCB quinones are capable of forming
protein adducts were revealed (Song et al., 2009). While PCB quinones without chlorine
substituents in the quinone ring typically undergo a Michael addition to form a GSH adduct,
GSH adduction of PCB quinones with chlorine substituents in the quinone ring tends to
involve nonenzymatic displacement of such chlorines. Lin et al. reported an implied
involvement of reactive quinones in the liver and brain of rats exposed to 2,2°,5,5’-
tetrachlorobiphenyl (PCB 52) (Lin et al., 2000). The adducts seemed to be unstable in vivo
since the estimated half-life of the adducts was 2.5-fold shorter than the turnover rate of
liver cytosolic protein.

Altogether, it is evident that PCBs are precursors of biomacromolecule adducts. This has
most clearly been shown for the lower chlorinated biphenyls, but a number of studies on
higher chlorinated biphenyls confirm the possibility of adduct formation. This is mediated
by the metabolic formation of reactive intermediates, arene oxides, and (semi)quinones.

Hydroxylated PCB metabolites

Some OH-PCBs are stable (and extractable) metabolites that are retained in the body.
Approximately 40 different OH-PCBs have been identified in human blood as first reported
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by Bergman (Bergman et al., 1994a) and thereafter in a series of other studies (Marek et al.,
2013b, Quinete et al., 2014, Park et al., 2008, Park et al., 2007, Park et al., 2009), as well as
in blood from wildlife (Fangstrom et al., 2005a, Letcher et al., 2000, Gutleb et al., 2010).
There are 837 possible OH-PCB congeners (Table 2); the chemical structures of several that
have been commonly detected in human blood (Table 3) are shown in Figure 2. All of these
have 5 or more chlorines. Human plasma or serum concentrations of these most abundant
OH-PCB congeners, as determined in human populations from Canada, the Faroe Islands,
Latvia, the Netherlands, Nicaragua, Russia, Slovakia, and Sweden, are given in Table 4. All
studies, except for the study of humans from the Russian Arctic, provided comparisons with
PCB 153, the most abundant PCB congener. The OH-PCBs are present in concentrations
similar in range as many PCB congeners, except for those PCBs that are the most prevalent/
persistent. Since OH-PCBs in the blood are reversibly bound to proteins, their accumulation
is not lipid dependent (Gutleb et al., 2010, Purkey et al., 2004). Therefore it is more correct
to report concentrations in serum or plasma on the basis of fresh weights. However, for
comparative reasons the concentrations are often provided based on lipid weight. It was
shown that the OH-PCB congener concentrations may reach median concentrations of 2—
300 ng/g fat, with individual levels up to 940 ng/g lipid weight (Table 4). Comparisons with
plasma levels of PCB 153 indicate the high prevalence of various OH-PCBs. In fact, plasma
concentrations of the most abundant OH-PCB congeners reach about 30% of those
determined for PCB 153, with a variation among studies of 11-82%. The practical
implication is that OH-PCBs present at the highest concentrations always exceed the
concentrations of a large number of individual PCB congeners.

OH-PCBs are efficiently transferred from the maternal to the fetal blood via the placenta
(Guvenius et al., 2003, Meerts et al., 2002, Morse et al., 1996, Soechitram et al., 2004). In
fact, the transplacental transfer seems to be more efficient for the OH-PCBs (Lucier et al.,
1978) than for the PCBs (Gallenberg et al., 1990, Ring et al., 1988) themselves. This is most
likely due to a lower relative lipid content in the blood of the fetus. It is also necessary to
consider this difference in maternal-fetal transfer from a risk perspective. On the other hand,
basically no, or a very limited, transfer of OH-PCBs occurs from mothers to their nursing
children via the milk, which was shown both in laboratory animals (Meerts et al., 2002,
Morse et al., 1996) and in humans (Malmberg et al., 2004, Fangstrom et al., 2005, Guvenius
et al., 2002). The concentrations of PCB 153 in mother’s milk have been shown to be almost
three orders of magnitude higher than those determined for 4-OH-PCB 187, the most
common OH-PCB. This partitioning behavior is presumably due to the more polar and less
lipophilic characteristics of the OH-PCBs.

To date, the in vivo formation of OH-PCBs from LC-PCBs has not been extensively
characterized and deserves further scientific attention. Initial studies using rats exposed to
PCB 11 by inhalation exposure, however, clearly indicate their rapid hydroxylation and
subsequent elimination (Hu et al., 2014, Hu et al., 2013). While many OH-PCB metabolites
are good substrates for conjugation reactions (James, 2001), the ease of formation of
glucuronic acid and sulfate conjugates is highly structure-dependent, an observation that is
supported by the persistence of certain OH-PCBs in serum (Tampal et al., 2002, Liu et al.,
2009, Bergman et al., 1994b, Gutleb et al., 2010). In addition, both conjugation reactions,
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glucuronidation and sulfation, may be inhibited by OH-PCBs (Ekuase et al., 2011, James,
2001, Kester et al., 2000, Liu et al., 2006, Liu et al., 2011, Liu et al., 2009, Schuur et al.,
1998b, van den Hurk et al., 2002, Wang et al., 2006).

PCB methyl sulfones

About 60 MeSO,-PCBs have been detected in environmental samples (Letcher et al., 2000).
The precursor PCB congeners are well known for all MeSO,-PCBs that so far have been
identified in humans and in wildlife. All the 22 MeSO,-PCB metabolites that have been
structurally identified, and their parent PCB congeners, are listed in Table 5. In addition,
recent data show the occurrence of up to fifty or more MeSO,-PCB congeners in human
serum, but so far the majority of these are still not structurally identified (Hovander et al.,
2006). Studies on the formation and retention of MeSO»-PCBs in humans and wildlife
published through 1999 were reviewed in detail by Letcher and co-workers (Letcher et al.,
2000).

Given their neutral lipophilic character, MeSO,-PCBs are present primarily in body lipids.
In humans, MeSO,-PCBs that have been identified are generally present only at low
concentrations, 1% or less compared to the PCB concentrations. They accumulate with high
selectivity in certain tissues, such as liver and lung (Letcher et al., 2000, Bergman et al.,
1979, Larsson and Bergman, 1998). The MeSO,-PCB concentrations are notably high in the
liver of mammals (Larsson and Bergman, 1998, Bergman et al., 1994b) and likewise, human
livers have been shown to accumulate MeSO,-PCBs (Weistrand and Noren, 1997,
Ellerichmann et al., 1998). The majority of these metabolites have the MeSO» substituent in
the meta-position of their respective biphenyl ring. The binding characteristics of MeSO,-
PCBs in liver tissue have not been elucidated, but 4-MeSO,-PCBs that accumulate in lung
bronchial epithelium of rodents were specifically located in non-ciliated cells, the Clara
cells, which contain uteroglobin, alternatively known as PCB binding protein (Lund et al.,
1985, Lund et al., 1987). This accumulation in the lung may be seen as an excretion pathway
for the MeSO,-PCBs. However, if transported up the airways they may be swallowed and
possibly reabsorbed from the gut. Data on human concentrations of MeSO,-PCBs are
summarized in Table 6.

PCB sulfates

A number of studies have been published that identified OH-PCBs as substrates and
inhibitors for recombinant human sulfotransferases SULT1A1, SULT1E1, and SULT2A1
(Ekuase et al., 2011, Kester et al., 2000, Liu et al., 2006, Wang et al., 2006). Moreover, the
susceptibility of several OH-PCBs to serve as substrates or inhibitors for rat SULT1A1 and
rat SULT2A3, the presumptive rat homolog for human SULT2A1, was assessed (Liu et al.,
2009). The majority of the OH-PCBs examined were found to be excellent substrates for
certain SULT isoforms while being inhibitors for others. A general conclusion of these
studies on structure-activity relationships was that 4’-hydroxylated PCBs without chlorine
substituents in the adjacent 3’ or 5’ positions were typically substrates for SULT1A1 and
inhibitors for SULT2AL, whereas OH-PCBs possessing the 3’,5’-dichloro-4’hydroxy
substitution pattern were usually identified as substrates for SULT2A1 and inhibitors of
SULT1AL. The latter group also constitutes the most potent inhibitors of SULT1E1 (Kester
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et al., 2000). Based on the small number of OH-PCBs with only a single chlorine atom in a
position ortho to the phenol that have been examined to date, they appear to have more
subtle and complex interactions with family 1 and 2 SULTSs that affect substrate/inhibitor
specificities of the enzymes.

However, evidence for the formation of PCB sulfates in vivo was lacking until sulfate ester
metabolites derived from PCB 3 were recently detected in serum and urine samples
collected from male Sprague-Dawley rats exposed to PCB 3 by intraperitoneal injection or
inhalation (Dhakal et al., 2013, Dhakal et al., 2012, Dhakal et al., 2014). Interestingly, PCB
sulfates appeared to be major metabolites in these studies, far outweighing glucuronidation.
Moreover, the most abundant PCB sulfate in serum was identified as 4’-OSO3™-PCB 3 and
its serum concentrations greatly exceeded those determined for 3°’-OSO3™-PCB 3 and 2’-
0SO037-PCB 3, thereby indicating the 4’ position on the unsubstituted aryl ring as a primary
target for oxidation and subsequent sulfation reactions. In addition, serum concentrations of
4’-0S037-PCB 3 were approximately 60-fold higher than those of its hydroxylated
precursor, 4’-OH-PCB 3. Thus, this indicated that sulfation is a major metabolic pathway for
this lower-chlorinated OH-PCB in the rat. The presence of sulfate metabolites derived from
PCB 3 has also been confirmed in poplar plants (Zhai et al., 2013a).

PCB metabolite associated toxicities

Despite the fact that xenobiotic metabolism is primarily regarded as a detoxication process,
there is increasing evidence that various classes of PCB metabolites exhibit their own
toxicities, including carcinogenic, neurologic and endocrine effects (Brouwer et al., 1999,
Knerr and Schrenk, 2006, Silberhorn et al., 1990, Tilson and Kodavanti, 1998). These
findings raise important questions such as whether many of the toxic effects previously
attributed to parent PCBs are in fact caused by their metabolites. In this section, we attempt
to summarize the scientific evidence for the involvement of PCB metabolites in PCB-
associated toxicities with an emphasis on carcinogenesis and thyroid disruption.

Reactive (epoxide and (semi)quinone) PCB intermediates

PCBs have recently been classified as “carcinogenic to humans” by the International
Agency for Research on Cancer (IARC) (Lauby-Secretan et al., 2013). While this
classification was based on positive correlation between PCB exposure and incidences of
melanoma and limited evidence of an involvement in the development of breast cancer and
non-Hodgkin lymphoma, exposure to PCBs has also been correlated with an increased
incidence of other malignancies including hepatocellular carcinoma and lung cancer
(Onozuka et al., 2009, Todaka et al., 2009). In addition, exposure to several Aroclor PCB
mixtures resulted in the formation of thyroid neoplasms in male Sprague-Dawley rats, a
finding that is in agreement with similar in vivo studies (Mayes et al., 1998, Vansell et al.,
2004). Although for a long time PCBs were thought to be strictly promoting carcinogens, a
lower chlorinated congener (PCB3) was shown to induced point mutations in rat livers in
vivo (Lehmann et al., 2007), and, in agreement with this, recent evidence suggests that
particularly the lower-chlorinated congeners can be oxidized to genotoxic metabolites, such
as arene oxides and quinone species (Espandiari et al., 2003, Espandiari et al., 2004,
Robertson and Ludewig, 2011). In fact, the quinone metabolites of PCB3 increase gene
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mutations in vitro at low micromolar concentrations (Zettner et al., 2007), induce strand
breaks (Xie et al., 2010), bind to and inhibit the nuclear protein topoisomerase 11 (Bender et
al., 2006, Bender and Osheroff, 2007, Srinivasan et al., 2001, Srinivasan et al., 2002) and
reduce telomerase activity resulting in shortened chromosomal telomeres in cells in culture
(Jacobus et al., 2008). Interestingly, only the para-dihydroxy metabolite of PCB3 induced
polyploidization and only the ortho-dihydroxy metabolite caused sister chromatid exchanges
(Flor and Ludewig, 2010) indicating a binding to other, so far unidentified cellular proteins,
as mediators of these genotoxic effects. While adduction of PCB metabolites to DNA and
DNA-related proteins may not be the primary target of PCB adduction, it may have a
profound impact on the carcinogenicity observed with PCB exposure. The metabolic
activation pathway of PCB 3 to its ultimate carcinogenic species was demonstrated in a rat
model (Espandiari et al., 2004). In this study, which examined several PCB3 metabolites, a
probable proximate carcinogen, the para-hydroxylated 4’-OHPCB 3 and an ultimate
carcinogen, the 3,4-benzoquinone PCB 3, were identified as cancer initiating compounds.
PCB associated DNA-adduction is described in more detail in the respective section of this
review. In contrast to LC-PCBs, the tumor promoting activity of certain PCB mixtures has
been partially attributed to their enzyme-inducing properties (Alvares et al., 1977, Knerr and
Schrenk, 2006). The fact that the higher-chlorinated congeners are generally better inducers
than LC-PCBs might explain the synergistic carcinogenicity of PCB mixtures as opposed to
individual congeners that was observed in previous in vivo studies (Hansen, 1998, Sleight,
1985). Another mechanism by which hydroxylated, and potentially quinone metabolites of
PCBs exert tumor promoting activity is through inhibition of gap junctional intercellular
communication (Machala et al., 2004). For a more detailed discussion of the genotoxicity of
PCBs, please see (Lehmann et al., 2007, Ludewig et al., 2008, Senthilkumar et al., 2011).

Besides their involvement in carcinogenesis, reactive PCB metabolites have been shown to
induce oxidative stress, resulting in profound cytotoxic effects observed in vitro. For
example 4-OH-PCB 11 was capable of inducing cytotoxic effects in immortalized human
prostate epithelial cells (Zhu et al., 2013). The mechanism of cytotoxicity resulting in
decreased cell viability was demonstrated to involve an OH-PCB dependent increase in the
formation of reactive oxygen species, in particular intracellular superoxide and
hydroperoxides.

Hydroxylated PCB metabolites

While PCBs in general are known endocrine disruptors that can target various endocrine
systems, including the estrogen and thyroid systems, hydroxylated PCBs also appear to be
toxicologically relevant key players in PCB mediated endocrine disruption. For example,
certain OH-PCBs have been shown to interact with the estrogen receptor, acting either as
receptor agonists or antagonists (Connor et al., 1997, DeCastro et al., 2006, Krishnan and
Safe, 1993, Ma and Sassoon, 2006, Machala et al., 2004). Interestingly, several hydroxyl
LC-PCBs had up to 100% higher efficacy than estradiol (Machala et al., 2004). Although
they were much less potent than estradiol, they acted in an additive mode. A study
investigating the estrogenic activity in human serum of men exposed to PCBs indicated a
distinct and congener-dependent pattern, with higher-chlorinated congeners being strictly
antiestrogenic and lower-chlorinated ones exerting estrogenic effects (Pliskova et al., 2005).
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This finding was in agreement with previous observations in vivo indicating that LC-PCBs
were more estrogenic than higher-chlorinated congeners, which could be a result of their
increased potential for metabolic conversion (Bitman and Cecil, 1970, Hansen, 1998). Also,
exposure of ovarian cells to ng/ml amounts of PCB3 or its hydroxylated metabolites
increased secretion of estradiol, an effect that was caused by an increase in aromatase
activity and which was most pronounced with the dihydroxy PCB3 (Ptak et al., 2005, Ptak et
al., 2006). In addition to exerting direct estrogenic and antiestrogenic effects through
receptor binding or increased estrogen production, OH-PCBs have also been shown to
induce estrogenicity indirectly through inhibition of the estrogen sulfotransferase (i.e.,
SULTI1E1) (Kester et al., 2000, Kester et al., 2002). Inhibition of this SULT isoform slows
down the rate of inactivation of estrogens by sulfation and thus results in increased levels of
the active hormones.

OH-PCBs have also been identified as one class of PCB metabolites that act as disruptors of
thyroid homeostasis (Meerts et al., 2002, Morse et al., 1996, Meerts et al., 2004) and a clear
relationship between elevated OH-PCB levels and decreased thyroid hormone levels has
been observed in animal (Dallaire et al., 2009, Otake et al., 2007, van den Berg et al., 1988,
Morse et al., 1993) and human (Kato et al., 2004) studies. Serum hypothyroxinemia is
among the most frequently reported adverse health effects in human populations exposed to
PCBs (Kodavanti and Curras-Collazo, 2010, Patrick, 2009). Alongside observed direct
thyroid effects in wildlife, these observations led to the classification of PCBs as thyroid-
disrupting chemicals (TDCs) (Knerr and Schrenk, 2006, Mayes et al., 1998, Pearce and
Braverman, 2009). Due to the role of thyroid hormones as stimulants and regulators for
cellular proliferation and differentiation, thyroid disruption is particularly critical during
human fetal development (Patrick, 2009, Giera et al., 2011). Serum concentrations of both
the pro-hormone L-thyroxine (T4) and the active hormone triiodothyronine (T3) are
extremely low (3.5-6.5 pM free T3, 0.9-2.8 nM total T3, 10-23 pM free T4, 58-161 nM
total T4) and even small changes in these concentrations can result in developmental
toxicities (Patrick, 2009). Neurodevelopmental effects of alterations in thyroid hormones
have been observed in infants and laboratory animals as a result of subclinical maternal
hypothyroidism during the first trimester of pregnancy, and include decreased cognitive and
motor function, mental retardation, and low 1Q scores (Vermiglio et al., 2004, Zoeller and
Rovet, 2004). Epidemiological studies report visual recognition deficits, impaired executive
functioning and speech problems as adverse neurodevelopmental effects in PCB-exposed
populations (Jugan et al., 2010, Pearce and Braverman, 2009). In adults, subclinical
hypothyroidism primarily affects lipid metabolism and is associated with increased serum
lipid concentrations and a higher incidence of obesity (Asvold et al., 2007, Patrick, 2009).
These effects may also contribute to the increased risk of cardiovascular effects such as
atherosclerosis and myocardial infarction that was observed in PCB exposed populations
(Razvi et al., 2008).

Interestingly, while most studies report negative correlations between PCB and thyroid
hormone levels, fewer studies indicate positive correlations, particularly between serum
PCB levels and free thyroid hormone concentrations (Bloom et al., 2009, Langer et al.,
2008). In addition, a few studies report no correlation between elevated plasma PCB and
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thyroid hormone levels (Jugan et al., 2010). These findings indicate that thyroid effects may
not just be related to the extent of the exposure but are in fact congener- or metabolite-
dependent. In vivo animal models clearly indicate a negative correlation between PCB
concentrations and T4 levels (Jugan et al., 2010, Meerts et al., 2002, Meerts et al., 2004).
PCBs have been suggested to affect the thyroid homeostatic system at various stages in a
congener-dependent manner and there is increasing evidence for distinct roles of various
classes of PCB metabolites.

A suggested major contributing mechanism in environmental contaminant induced
hypothyroxinemia is the displacement of T, from its binding sites on the thyroid hormone
transport protein transthyretin (TTR) (Kodavanti and Curras-Collazo, 2010). As opposed to
parent PCBs, all OH-PCBs retained in human and wildlife blood seem to be competitors for
T4 binding sites on TTR (Brouwer et al., 1998, Malmberg et al., 2004, Darnerud et al., 1996,
Gutleb et al., 2010). In addition, the binding potencies of OH-PCBs have been shown to be
up to an order of magnitude greater than the binding of T4 (Rickenbacher et al., 1986,
Chauhan et al., 2000). Moreover, TTR has been suggested to facilitate the transport of
bound ligands across the blood-brain barrier and the placenta and thus, binding to TTR may
also play a role in the distribution of OH-PCBs to the placenta and the brain (Brouwer et al.,
1998, Lans et al., 1993, Mortimer et al., 2012). In fact, exposure of pregnant mice to PCBs
resulted in elevated serum and brain levels of OH-PCBs in the developing fetus (Meerts et
al., 2002, Meerts et al., 2004, Morse et al., 1995, Morse et al., 1996). After birth, the OH-
PCBs in brain were no longer detected, suggesting an increased susceptibility exists in this
highly sensitive moment of brain development (Jacobson et al., 1990, Boucher et al., 2009,
Darras, 2008).

Another potential mechanism by which OH-PCBs interfere with thyroid homeostasis is
represented by the inhibition of SULT-catalyzed sulfation of thyroid hormones (Schuur et
al., 1998a), since OH-PCBs are a well-known class of substrates and inhibitors of a variety
of sulfotransferase enzymes (Liu et al., 2009, Ekuase et al., 2011, Kester et al., 2000, Kester
et al., 2002, Wang et al., 2006).

OH-PCBs also possess neurotoxic potential (Pessah et al., 2006, Londono et al., 2010,
Sharma and Kodavanti, 2002) in that they have been shown to interact more potently with
the RyR receptors than parent compounds (Pessah et al., 2006) and they have been shown to
affect the Cap+ homeostasis in neuronal cells (Londono et al., 2010). More recently it was
revealed that OH-PCB induced muscle dysfunction actually depends on their interactions
with RyR receptors (Niknam et al., 2013).

PCB methyl sulfones

The selective tissue retention of MeSO,-PCBs in lung tissue has been hypothesized to be at
least partially accountable for respiratory problems in Yusho patients (Kato et al., 1995). In
liver, several MeSO,-PCBs have been found to induce microsomal drug metabolizing
enzymes, and in some cases metabolites were even more potent than the respective parent
compounds (Kato et al., 1995, Kato et al., 1999, Kato et al., 1997). In particular, certain
MeSO,-PCBs were capable of inducing CYP2B1, CYP2B2, CYP3A2, and CYP2C6 (Kato
et al., 1995). In addition, they were strong inhibitors of CYP11B1, an enzyme that is
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required in corticosterone biosynthesis and antagonists for the glucocorticoid receptor,
which further indicated their potential as endocrine disruptors (Johansson et al., 1998). The
MeSO,-PCBs may also induce UDP-glucuronosyltransferase (Kato et al., 2000), which in
turn was hypothesized to affect the thyroid hormone homeostasis (Kato et al., 2000). Finally,
MeSQO,-PCBs are also capable of reducing thyroid hormone levels in laboratory animals
(Kato et al., 1998, Kato et al., 1999, Kato et al., 2000). These effects, were observed both in
mink dams and also in their offspring, where metabolites were transferred from mothers
(Lund et al., 1999).

PCB sulfates

While OH-PCBs have long been known as a class of competitive ligands for TTR, we have
recently demonstrated that PCB sulfates represent another group of high-affinity ligands for
the T4-binding sites on the protein (Grimm et al., 2013). Interestingly, the sulfates bound
with similar or higher affinity than their corresponding OH-PCBs, which for the first time
indicated a potential toxicological significance of PCB sulfates in thyroid hormone
disruption. This increased affinity as compared to OH-PCBs may be the result of the
presence of the anionic sulfate group, which resembles the alanyl moiety on T4 and is
assumed to facilitate hydrogen bonding interactions with lysine residues in the T4 binding
site. Authentic PCB sulfate standards were not available until relatively recently (Li et al.,
2010), and this may explain the lack of previous mechanistic studies on their biological
and/or toxicological potential.

Toxicological relevance of PCB metabolites and research needs

So why should we care about the formation and physiologic fate of PCB metabolites,
particularly those derived from the more readily metabolized LC-PCBs?

First, due to their environmental persistence and widespread occurrence, traditionally
manufactured PCBs remain a public health hazard. Even though human exposure levels
appear to be overall declining (Jugan et al., 2010), the measured PCB concentrations can
vary greatly between exposed individuals, from almost undetectable to peak concentrations
of more than 100 pg/g lipid weight (Langer et al., 2008). Assuming an average plasma lipid
concentration of 7.35 g/l (El Majidi et al., 2014) and an average molecular weight of 300
g/mol for PCBs, these 31 measurements translate into plasma PCB concentrations from the
picomolar to low micromolar range (2.45 puM). OHPCB and MeSO,-metabolite
concentrations are frequently correlated to parent PCB levels and are typically one to two
orders of magnitude below PCB concentrations, a finding that is reflective of the relative
resistance toward bioconversion exhibited by mostly HC-PCBs (Letcher et al., 2000, Marek
et al., 2013b).

Second, recent evidence for the omnipresence of lower-chlorinated and/or nonlegacy PCBs
in our environment and the increasing evidence for their associated toxicities, clearly
indicate their role as chemicals of interest from a public health perspective. A target group
of particular concern are school children daily exposed to lower-chlorinated, airborne PCBs
in older buildings built primarily in the 1950s and 1960s (Herrick, 2010, Herrick et al.,
2004, Maclntosh et al., 2012). As opposed to HC-PCBs, these LC-PCBs are readily
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metabolized which may be the primary reason, why the parent congeners are typically
present only at very low to undetectable concentrations (Hansen, 2001, Robertson and
Ludewig, 2011). Low blood levels are often misinterpreted as an indication for low exposure
and therefore low relevance when in fact they should be taken as an indication of
continuous, steady-state, and therefore potentially significant overall exposure to compounds
that have a high propensity to be bioactivated to potentially harmful metabolites. To date
research has revealed four groups of potentially toxic metabolites of primarily these LC-
PCB:s: i: reactive metabolic intermediates from PCBs, particularly the quinones; ii:
hydroxylated PCB metabolites, iii: PCB methyl sulfones and iv: PCB sulfates.

While there is substantial evidence for the formation and toxic potential of these metabolites
derived from both in vitro and in vivo studies, the extent of their formation and exposure
levels in human populations have not yet been explored. However, considering air PCB
concentrations of up to of 5.5 ng/m3, for example in Chicago (Hu et al., 2010a, Persoon et
al., 32 2010), and several hundred to thousand ng/m3 in indoor air of schools (Herrick et al.,
2004, Liebl et al., 2004) and evidence for the presence of certain lower-chlorinated, airborne
PCBs, such as PCB 11, in plasma of exposed populations (Marek et al., 2013b), quantitative
assessment of LC-PCB and metabolite exposure levels is highly desirable.

It is not yet possible to assess human exposure to reactive metabolic intermediates of PCBs
(arene oxides, semiquinones, quinones or their bound residues) even though the neutral,
lipophilic MeSO,-PCB congeners may be taken as a measure of arene oxide formation.
Moreover, it is relevant to assess human levels of OH-PCBs and their conjugated PCB
metabolites, such as MeSO,-PCBs, PCB sulfates, and PCB glucuronides, since the parent
PCB congeners are in many cases present only at trace concentrations or remain
undetectable. The major OH-PCBs are present at concentrations in the same range as many
of the PCB congeners and hence relevant for exposure assessments to PCBs. MeSO,- PCBs
have strong tissue and cell specific retention leading to higher local (cellular) concentrations
than general tissue levels. The physiological fates and biological activities of PCB sulfates
are still relatively poorly understood and additional studies will be required to assess their
significance in PCB metabolism and toxicities.

Research needs for reactive (epoxide and (semi)quinone) PCB intermediates

PCB adducts with DNA and proteins in humans may be impossible to identify. Risks of
adduct formation to DNA and other biomacromolecules can therefore only fully be assessed
indirectly if we know the complete PCB congener profile and concentration pattern of the
individual exposure to PCBs. This requirement is primarily based on the need for
concentration data for lower chlorinated biphenyls and other congeners that are rapidly
metabolized and therefore disappearing in humans despite often continuous, ongoing
exposure from the 33 environment (Grossman, 2013). Exposures to lower chlorinated
biphenyls would be primarily through inhalation of contaminated air in cities, buildings or
locations near PCB-contaminated waste sites (Herrick, 2010, Hu and Hornbuckle, 2010, Hu
et al., 2010a, MaclIntosh et al., 2012, Marek et al., 2013b). The majority of exposures to
PCB:s in the general population, however, is thought to arise through dietary sources
(Domingo and Bocio, 2007). Food as source for LC-PCBs is often overlooked, but may be
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high for certain food items such as plant oils, possibly due to airborne exposure onto crops
or from contaminated sewage sludge used as fertilizer (Ludewig et al., 2007). However,
since most HC-PCBs biomagnify in the food chain and they are therefore the major
contributors to dietary PCB exposure. HC-PCBs also bioaccumulate in humans resulting in
the observed age-dependent increase in body burden over a lifetime. For these congeners it
would seem possible to model the reactive intermediate concentrations based on internal
concentrations of PCB congeners. The exposure to LC-PCBs with short half-lives may have
a small impact on the total PCB body burden at any given time, but may well be the major
source of PCBs that form reactive intermediates (Robertson and Gupta, 2000, Robertson and
Ludewig, 2011). The formation of reactive intermediates, arene oxides, semi-quinones, and
quinones, is therefore related to PCB concentration patterns in individuals. Other important
questions relate to organand species-specificity of activation pathways and therefore
likelihood of adduct formation. As described above, the chlorination pattern of a PCB
congener determines the substrate specificity for CYP forms which in turn my influence
organ and cell-specific formation of oxidized metabolites. In addition, cells with specific
oxidizing enzymes, like myeloperoxidase in bone marrow cells, may be most likely to
produce reactive quinone metabolites and therefore more likely to form DNA and protein
adduct (Xie et al., 2010). Understanding of these specific enzyme requirements may
elucidate the mechanism of the observed organ-specific carcinogenicity of 34 PCBs. Finally,
an understanding of the activation pathway and mechanisms of toxicity will enable the
development of chemoprotective regiments. Potential toxicities of the reactive intermediates
are thus 1. directly related to the internal PCB congener concentrations including those from
short-lived lower chlorinated congeners that can only be estimated by assessing the external
exposures, 2. affected by species, organ and cell-specific bioactivation capacities, and 3.
determined by the cellular consequences of the adduction to a specific macromolecule. Data
for all three parameters are currently incomplete, thereby preventing true data-driven risk
assessment.

Research needs for OH-PCBs

Human populations can be exposed to OH-PCBs by two different sources. While metabolic
conversion of PCBs was for a long time considered the only source of OH-PCBs, it has also
been demonstrated that OH-PCBs were originally present in Aroclors and they are still
present in detectable amounts in the environment (Bergman et al., 1994b, Marek et al.,
2013a, Matthews and Kato, 1979). Moreover, little or no data exist about OH-PCBs in our
foodstuffs. OH-PCBs are either excreted as such or as their conjugates, or they may be
further metabolized to dihydroxylated PCBs. However, some of the OH-PCBs are strongly
retained in blood as protein bound phenolic metabolites with reasonably long half-lives
(Bergman et al., 1994b, Malmberg et al., 2004, Oberg et al., 2002). Considering that OH-
PCBs formed from internal PCB congeners lead to a continuous exposure to these
metabolites, it should be possible to model some OH-PCB concentrations based on known
PCB levels in a healthy normal human. However, since OH-PCB congeners can be present
in high concentrations (10% — 30% of the PCB level) which are often higher than many of
the individual PCB congeners (Marek et al., 2013b, Hisada et al., 2013, Nomiyama et al.,
2010), it is relevant to determine the concentrations of these metabolites and 35 potential
sources separately. The goal is primarily to promote dose-response linkages between effects
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of the OH-PCBs and their concentrations, a research field that needs further development.
Assessing PCB induced adverse health effects for many toxic endpoints can be improved by
including data on human concentrations and effects of OH-PCBs.

Research needs for PCB methyl sulfones

In contrast to the retained OH-PCB metabolites, MeSO,-PCBs are neutral metabolites that
are present at much lower concentrations in humans than OH-PCBs (<4% of the dominant
OH-PCB congener) (Bergman et al., 1979, Letcher et al., 2000). MeSO,-PCBs have specific
and strong tissue or even cell specificity, particularly in the liver and lung (Bergman et al.,
1979, Larsson and Bergman, 1998, Letcher et al., 2000). Whether or not this translates into
organ and cell specific toxic effects has not been fully investigated. Another difference
between methylsulfone and OH PCBs is that the MeSO,-PCBs are the final product of the
most rapidly metabolized PCB congeners which consequently are present in humans only at
trace or even non-detectable concentrations. Since these metabolites derive from exposure to
some of the most rapidly metabolized PCB congeners, they may serve as markers for
exposure to these congeners and of the non-quantifyable arene oxide and quinone
metabolites of these PCBs.

Research needs for PCB sulfates

Although the toxicological relevance of PCB sulfation is not yet known, a variety of in vitro
and in vivo studies suggest that the formation of PCB sulfates is a potentially significant
metabolic pathway for LC-PCBs in humans (Dhakal et al., 2012, Dhakal et al., 2014, Ekuase
etal., 2011, Grimm et al., 2013, Liu et al., 2006, Liu et al., 2011, Liu et al., 2009, Zhai et al.,
2013a). The 36 fact that, in the past, human serum has been almost exclusively analyzed for
parent PCBs and only recently for their hydroxylated metabolites indicates that overall PCB
exposure levels in exposed populations may have been underestimated, at least with respect
to the LC-PCBs (Hovander et al., 2000, Marek et al., 2013b, Dirtu and Covaci, 2010). Thus
development of sulfate metabolites in urine or blood as biomarker of exposure to LC-PCBs
is a promising avenue to obtain realistic exposure data for humans in their natural
environments.
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Summary of PCB metabolism and associated toxicities

Although many biologic effects of parent PCBs are receptor-mediated, including
the well-described characteristics of PCBs as inducers of xenobiotic
metabolism, other PCB toxication processes involve the metabolism of PCBs
themselves or their metabolic progeny.

PCBs are in general metabolized via initial oxidation to arene oxides, but may
also undergo direct insertion of hydroxyl groups. These reactions, catalyzed by
CYPs, are regio- and stereo-selective. Retention of PCB atropisomers in tissues,
for example, may be highly enantioselective.

Reactive electrophilic PCB metabolites, arene oxides, semi-quinones and
quinones, may form adducts to biomacromolecules, i.e. proteins, DNA, RNA
and lipids.

The major stable PCB metabolites are polychlorobiphenylols (OH-PCBs) that
are, depending on their structure, either rapidly metabolized, excreted or
retained in certain compartments in the body, primarily the blood.

Major OH-PCB congeners derived from HC-PCBs that are found in blood are
present in concentrations similar to the most persistent individual PCB
congeners. They are also more 37 easily than the parent compounds transferred
via the placenta to the fetus.

PCB congeners with non-chlorinated meta-/para-positions and chlorinated
neighboring ortho-/meta-positions and a slowly reacting second phenyl ring are
rapidly metabolized; these PCB congeners form OH-PCBs and MeSO,-PCBs.

Several MeSO,-PCBs are accumulated in a highly tissue-specific manner,
especially in liver and lung.

Recent evidence supports sulfation as a major metabolic pathway for LC-PCBs
invitro and in vivo, and provides initial evidence for biological activity of the
resulting sulfate ester metabolites.

Conjugated PCB metabolites such as PCB sulfates and glucuronides may have
been overlooked classes of PCB metabolites in the past and total PCB exposure
levels, particularly to LC-PCBs in exposed populations, may have been
underestimated. Novel procedures to reliably quantify PCB sulfates and
potentially other conjugated metabolites, such as glucuronic acid derivatives, in
human serum could fill this significant gap in the literature and could help to
more accurately estimate human exposure levels.
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Figure 1.
General metabolic scheme for a representative lower-chlorinated PCB congener, PCB 3.

Enzymes involved in the metabolism are indicated by the letters A, B and D-N with the
letter C indicating non-enzymatic transformations. Enzymes suggested for these
transformations are listed as follows: A, Cytochrome P-450 (CYP) enzyme system, Direct
insertion in meta position; CYP2B (rodents); B, Cytochrome P-450 enzyme system;
CYB2B1 (rodents); CYP3A4 (humans); Non-coplanar PCBs: CYB2B, 2C, 3A ; C, Non-
enzymatic reaction; D, Glutathione Stransferase; E, Epoxide hydrolase; F, Dihydrodiol
dehydrogenase (AKR1C); G, Autooxidation and/or Peroxidases; H, y—Glutamyl
transpeptidase, then cysteinylglycine dipeptidase; I, Cysteine S-conjugate p-lyase; J, Thiol S
methyltransferase; K, CYP and/or FAD-containing monooxygenases (FMO); L, UDP-
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glucuronosyl transferase (UGT); M, Sulfotransferase (SULT); N, Cysteine S-conjugate N-
acetyltransferase
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Figure 2.
Chemical structures of the most common OH-PCB congeners present in human blood (c.f.

Table 2). The full names of the five OH-PCBs are: 2,3,3’,4’,5-pentachloro-4-biphenylol (4-
OH-PCB 107); 2,2°,3",4,4’,5- hexachloro-3-biphenylol (3’-OH-PCB 138); 2,2°,3,4’,5,5’-
hexachloro-4-biphenylol (4-OH-PCB 146); 2,2°,4,4’,5,5’- hexachloro-3-biphenylol (3-OH-
PCB 153) and 2,2’,3,4’,5,5’,6 - heptachloro-4-biphenylol (4-OH-PCB 187).
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The twenty most frequently detected PCB congeners in air and their potential sources

Table 1

Major Sources

Paint pigments

Detection in

Human serum

52 Aroclors 1016, 1242, 1248, 1254 Y Y
20/28 Aroclors 1016, 1242, 1248 Y Y
11 Pigment and dye production Y Y
95 Aroclor 1254 Y Y
31 Aroclors 1016, 1242, 1248 Y Y
18/30 Aroclors 1016, 1242 Y Y
8 Aroclors 1221, 1016, 1242 Y Y
61/70/74/76  Aroclors 1242, 1248, 1254 Y Y
3 Aroclor 1221 Y Y
4 Aroclor 1221, 1016, 1242 Y Y
90/101/113  Aroclor 1254 Y Y
21/33 Aroclors 1016, 1242 Y Y
16 Aroclors 1016, 1242 (>3%) Y Y
15 Aroclors 1016, 1242 Y Y
110 Aroclor 1254 Y Y
17 Aroclors 1016, 1242 (>3%) ND Y
49/69 Aroclors 1016, 1248 (>3) ND Y
83/99 Aroclor 1254 ND Y
118 Aroclor 1254 Y Y

1) Congeners were ranked by frequency of occurrence in analyzed air samples.

2) For the co-eluting peaks, the bolded congeners are believed to be primary congeners.

3) Y: detected; ND: non-detectable
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List of all possible mono-OH-PCB congeners, showing the calculated pKa values and octanol:water
coefficients of the un-ionized tate

[ol3 Compound? pKal 'sg
2—Ch|orobiphenyl5
1 3-OH-PCB 1 8.36 4.07
2 4-OH-PCB 1 8.77 4.07
4.044
3 5-OH-PCB 1 9.29 4.04
4 6-OH-PCB 1 9.79 4.05
5 2'-OH-PCB 1 10.63 4.03
6 3-OH-PCB 1 9.81 4.03
7 4-OH-PCB 1 9.55 4.05
3-Chlorobiphenyl
2-OH-PCB 2 9.1 4.04
9 4-OH-PCB2 7.89 4.07
10 5-OH-PCB 2 9.05 4.03
11 6-OH-PCB 2 9.99 4
12 2'-OH-PCB 2 10.49 3.99
13 3'-OH-PCB 2 9.85 4
14 4'-OH-PCB 2 9.41 4.01
4-Chlorobiphenyl
15 2-OH-PCB 3 9.74 4
16 3-OH-PCB 3 8.33 4.04
17 2'-OH-PCB 3 10.5 3.98
9.482 | 3,512
18 3'-OH-PCB 3 9.87 3.98
9.622 | 3.802
19 4'-OH-PCB 3 9.42 3.97
9.712 | 3.772
9613 | 3.773
4,044
2,2'-Dichlorobiphenyl
20 3-OH-PCB 4 8.26 4.82
21 4-OH-PCB4 8.69 481
22 5-OH-PCB 4 9.19 4.79
23 6-OH-PCB4 9.86 4.78
2,3-Dichlorobiphenyl
24 4-OH-PCB 5 7.2 4.83
25 5-OH-PCB 5 8.43 4.82
26 6-OH-PCB 5 9.17 4.78
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[ol3 Compound? pKal 'sg
27 2'-OH-PCB 5 10.52 4.78
28 3'-OH-PCB 5 9.75 4.8
29 4'-OH-PCB 5 9.5 4.79
2,3-Dichlorobiphenyl
30 3-OH-PCB 6 8.3 4.8
31 4-OH-PCB 6 8.71 4.77
32 5-OH-PCB 6 9.23 4.75
33 6-OH-PCB 6 9.67 4.76
34 2'-OH-PCB 6 9.14 4.77
35 4'-OH-PCB 6 7.98 481
8.173 | 4.213
36 5'-OH-PCB 6 8.95 4.77
37 6'-OH-PCB 6 10.01 4.76
2,4-Dichlorobiphenyl
38 3-OH-PCB 7 6.81 4.78
39 5-OH-PCB 7 7.71 4.8
40 6-OH-PCB 7 8.92 4.77
41 2'-OH-PCB 7 10.53 4.76
42 3-OH-PCB 7 9.76 4.75
43 4-OH-PCB 7 9.51 4.77
2,4'-Dichlorobiphenyl
44 3-OH-PCB 8 8.31 4.77
45 4-OH-PCB 8 8.73 4.77
8.703 | 4573
46 5-OH-PCB 8 9.24 4.75
47 6-OH-PCB 8 9.68 4.75
48 2'-OH-PCB 8 9.77 4.76
49 3'-OH-PCB 8 8.23 4.79
2,5-Dichlorobiphenyl
50 3-OH-PCB 9 7.49 4.8
51 4-OH-PCB 9 7.2 4.83
52 6-OH-PCB 9 8.28 4.75
53 2'-OH-PCB 9 10.52 4.77
54 3'-OH-PCB 9 9.75 4.75
55 4'-OH-PCB 9 9.5 4.78
9.253 | 4.173
4,634
2,6-Dichlorobiphenyl
56 3-OH-PCB 10 7.73 4.82
57 4-OH-PCB 10 791 4.84
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[ol3 Compound? pKal 'sg
58 2'-OH-PCB 10 10.66 4.78
59 3'-OH-PCB 10 9.71 4.8
60 4'-OH-PCB 10 9.47 4.8
4634
3,3-Dichlorobiphenyl
61 2-OH-PCB 11 8.99 4.75
62 4-OH-PCB 11 7.84 4.77
8.233 | 4.203
63 5-OH-PCB 11 8.99 4.73
64 6-OH-PCB 11 9.87 471
3,4-Dichlorobiphenyl
65 2-OH-PCB 12 8.25 4.75
66 5-OH-PCB 12 7.47 4.79
67 6-OH-PCB 12 9.12 4.76
68 2'-OH-PCB 12 10.39 4.75
69 3'-OH-PCB 12 9.81 4.75
70 4'-OH-PCB 12 9.37 4.77
9.263 | 4.213
3,4'-Dichlorobiphenyl
71 2-OH-PCB 13 9 4.73
72 4-OH-PCB 13 7.85 4.75
73 5-OH-PCB 13 9.01 4.72
74 6-OH-PCB 13 9.88 4.7
75 2'-OH-PCB 13 9.63 4.71
76 3'-OH-PCB 13 8.27 4.74
3,5-Dichlorobiphenyl
77 2-OH-PCB 14 8.48 4.75
78 4-OH-PCB 14 6.35 4.8
6.943 | 4.273
79 2'-OH-PCB 14 10.38 4.74
80 3'-OH-PCB 14 9.79 4.75
81 4'-OH-PCB 14 9.35 4.76
6.942 | 4.272
4,4'-Dichlorobiphenyl
82 2-OH-PCB 15 9.64 4.68
83 3-OH-PCB 15 8.29 4.73
2,2',3-Trichlorobiphenyl
84 4-OH-PCB 16 7.13 5.24
85 5-OH-PCB 16 8.32 5.15
86 6-OH-PCB 16 9.24 5.22
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[ol3 Compound? pKal 'sg
87 3'-OH-PCB 16 8.2 5.19
88 4'-OH-PCB 16 8.64 5.2
89 5'-OH-PCB 16 9.13 5.16
90 6'-OH-PCB 16 9.74 5.2
2,2 4-Trichlorobiphenyl
91 3-OH-PCB 17 6.71 5.25
92 5-OH-PCB 17 7.61 5.14
93 6-OH-PCB 17 8.99 5.17
94 3'-OH-PCB 17 821 5.15
95 4'-OH-PCB 17 8.65 5.26
96 5'-OH-PCB 17 9.14 5.22
97 6'-OH-PCB 17 9.75 51
2,2'5-Trichlorobiphenyl
98 3-OH-PCB 18 7.4 5.19
99 4-OH-PCB 18 7.12 5.17
100 6-OH-PCB 18 8.36 5.23
101 3'-OH-PCB 18 8.2 5.15
102 4'-OH-PCB 18 8.64 5.26
103 5'-OH-PCB 18 9.13 5.21
104 6'-OH-PCB 18 9.74 5.11
2,2',6-Trichlorobiphenyl
105 3-OH-PCB 19 7.64 5.23
106 4-OH-PCB 19 7.87 5.18
107 3'-OH-PCB 19 8.16 5.21
108 4'-OH-PCB 19 8.65 5.19
109 5-OH-PCB 19 9.08 5.15
110 6'-OH-PCB 19 9.89 5.22
2,3,3-Trichlorobiphenyl
111 4-OH-PCB 20 7.15 5.19
112 5-OH-PCB 20 8.37 5.16
113 6-OH-PCB 20 9.05 5.12
114 2'-OH-PCB 20 9.02 5.2
115 4'-OH-PCB 20 7.93 5.18
116 5'-OH-PCB 20 8.89 5.16
117 6'-OH-PCB 20 9.9 51
2,3,4-Trichlorobiphenyl
118 5-OH-PCB 21 6.85 53
119 6-OH-PCB 21 8.3 5.27
120 2'-OH-PCB 21 10.41 5.2
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121 3-OH-PCB 21 9.7 5.16
122 4'-OH-PCB 21 9.46 5.23
2,3,4'-Trichlorobiphenyl
123 4-OH-PCB 22 7.16 5.18
124 5-OH-PCB 22 8.38 5.17
125 6-OH-PCB 22 9.06 5.11
126 2'-OH-PCB 22 9.65 51
127 3'-OH-PCB 22 8.17 5.15
2,3,5-Trichlorobiphenyl
128 4-OH-PCB 23 5.66 5.32
129 6-OH-PCB 23 7.66 5.26
130 2'-OH-PCB 23 10.4 5.12
131 3'-OH-PCB 23 9.69 5.17
132 4'-OH-PCB 23 9.45 5.26
2,3,6-Trichlorobiphenyl
133 4-OH-PCB 24 6.35 5.32
134 5-OH-PCB 24 6.87 53
135 2'-OH-PCB 24 1054 | 5.21
136 3-OH-PCB 24 9.65 | 5.16
137 4'-OH-PCB 24 9.42 5.22
2,3'4-Trichlorobiphenyl
138 3-OH-PCB 25 6.75 5.18
139 5-OH-PCB 25 7.65 5.15
140 6-OH-PCB 25 8.81 51
141 2'-OH-PCB 25 9.03 511
142 4'-OH-PCB 25 7.94 5.23
7.773 | 4793
143 5'-OH-PCB 25 8.9 5.23
144 6'-OH-PCB 25 9.91 5.12
2,3',5-Trichlorobiphenyl
145 3-OH-PCB 26 7.43 5.14
146 4-OH-PCB 26 7.14 5.18
147 6-OH-PCB 26 8.17 5.17
148 2'-OH-PCB 26 9.02 5.12
149 4'-OH-PCB 26 7.93 5.22
150 5'-OH-PCB 26 8.89 5.21
151 6'-OH-PCB 26 9.9 5.12
2,3',6-Trichlorobiphenyl
152 3-OH-PCB 27 7.67 5.15
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153 4-OH-PCB 27 7.86 5.18
154 2'-OH-PCB 27 9.17 5.21
155 4'-OH-PCB 27 7.9 5.18
156 5'-OH-PCB 27 8.84 5.15
157 6'-OH-PCB 27 10.04 511
2,4,4'-Trichlorobiphenyl
158 3-OH-PCB 28 6.76 5.14
159 5-OH-PCB 28 7.66 5.17
160 6-OH-PCB 28 8.82 5.1
161 2'-OH-PCB 28 9.66 5.12
162 3'-OH-PCB 28 8.18 5.17
2,4,5-Trichlorobiphenyl
163 3-OH-PCB 29 595 | 5.29
164 6-OH-PCB 29 7.43 5.26
165 2'-OH-PCB 29 10.41 5.12
166 3'-OH-PCB 29 9.7 5.19
167 4'-OH-PCB 29 9.46 5.27
2,4,6-Trichlorobiphenyl
168 3-OH-PCB 30 6.18 | 5.29
169 2'-OH-PCB 30 10.55 5.13
170 3-OH-PCB 30 9.66 5.17
171 4'-OH-PCB 30 9.44 5.27
5.224
2,4' 5-Trichlorobiphenyl
172 3-OH-PCB 31 7.45 5.15
173 4-OH-PCB 31 7.16 5.2
174 6-OH-PCB 31 8.18 511
175 2'-OH-PCB 31 9.65 5.12
176 3'-OH-PCB 31 8.17 5.16
2,4' 6-Trichlorobiphenyl
177 3-OH-PCB 32 7.69 5.15
178 4-OH-PCB 32 7.87 5.19
179 2'-OH-PCB 32 9.79 51
180 3'-OH-PCB 32 8.13 5.15
2,3',4'-Trichlorobiphenyl
181 3-OH-PCB 33 8.25 5.15
182 4-OH-PCB 33 8.68 5.27
8.333 [ 5,013
183 5-OH-PCB 33 9.18 | 5.23

Crit Rev Toxicol. Author manuscript; available in PMC 2015 April 02.

Page 46



1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Grimm et al.
[ol3 Compound? pKal 'sg
184 6-OH-PCB 33 957 | 5.1
185 2'-OH-PCB 33 828 | 5.21
186 5'-OH-PCB 33 737 | 518
187 6'-OH-PCB 33 915 | 5.12
2,3',5'-Trichlorobiphenyl
188 3-OH-PCB 34 8.24 | 5.15
189 4-OH-PCB 34 8.66 | 5.27
190 5-OH-PCB 34 917 | 5.24
191 6-OH-PCB 34 955 | 5.1
192 2'-OH-PCB 34 852 | 5.19
193 4-OH-PCB 34 643 | 52
6572 | 4.742
6.713 | 4.743
3,3'4-Trichlorobiphenyl
194 2-OH-PCB 35 8.13 | 5.17
195 5-OH-PCB 35 741 | 515
196 6-OH-PCB 35 901 | 511
197 2'-OH-PCB 35 888 | 5.11
198 4-OH-PCB 35 78 | 523
7.822 | 4.742
7.823 | 4.743
199 5'-OH-PCB 35 895 | 5.23
200 6'-OH-PCB 35 977 | 5.14
8.563 | 4.863
3,3',5-Trichlorobiphenyl
201 2-OH-PCB 36 836 | 5.11
202 4-OH-PCB 36 629 | 5.8
6.722 | 4.832
6.783 | 4.833
203 2'-OH-PCB 36 887 | 5.1
204 4-OH-PCB 36 778 | 5.24
7.862 | 4.872
7.863 | 4.873
205 5'-OH-PCB 36 893 | 523
206 6'-OH-PCB 36 9.76 | 5.15
3,4,4'-Trichlorobiphenyl
207 2-OH-PCB 37 814 | 5.12
208 5-OH-PCB 37 743 | 5.15
209 6-OH-PCB 37 902 | 513
210 2'-OH-PCB 37 952 | 5.13
211 3-OH-PCB 37 823 | 5.19
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3,4,5-Trichlorobiphenyl
212 2-OH-PCB 38 7.62 5.26
213 2'-OH-PCB 38 10.27 5.13
214 3'-OH-PCB 38 9.75 5.2
215 4'-OH-PCB 38 9.32 5.26
3,4',5-Trichlorobiphenyl
216 2-OH-PCB 39 8.38 511
217 4-OH-PCB 39 6.31 5.18
6.812 | 4.842
5.224
218 2'-OH-PCB 39 9.51 5.15
219 3'-OH-PCB 39 8.21 5.2
p,2',3,3-Tetrachlorobipheny
220 4-OH-PCB 40 7.08 5.89
221 5-OH-PCB 40 8.26 5.89
222 6-OH-PCB 40 9.12 5.86
P,2',3,4-Tetrachlorobipheny!|
223 5-OH-PCB 41 6.75 5.87
224 6-OH-PCB 41 8.37 5.85
225 3'-OH-PCB 41 8.15 5.88
226 4'-OH-PCB 41 8.6 5.93
227 5-OH-PCB 41 9.08 5.92
228 6'-OH-PCB 41 9.64 5.85
p,2',3,4'-Tetrachlorobipheny
229 4-OH-PCB 42 7.09 5.9
230 5-OH-PCB 42 8.28 591
231 6-OH-PCB 42 9.13 5.86
232 3'-OH-PCB 42 6.65 5.86
233 5'-OH-PCB 42 7.55 5.88
234 6'-OH-PCB 42 8.88 5.84
P,2',3,5-Tetrachlorobipheny!|
235 4-OH-PCB 43 5.58 591
236 6-OH-PCB 43 7.74 | 5.85
237 3'-OH-PCB 43 8.14 5.89
238 4'-OH-PCB 43 8.59 5.94
239 5'-OH-PCB 43 9.07 5901
240 6'-OH-PCB 43 9.63 5.86
p,2',3,5'-Tetrachlorobipheny
241 4-OH-PCB 44 7.08 5.9
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242 5-OH-PCB 44 8.26 5.9
243 6-OH-PCB 44 9.12 5.86
244 3'-OH-PCB 44 7.34 5.87
245 4'-OH-PCB 44 7.07 5.9
246 6'-OH-PCB 44 8.25 5.85
P,2',3,6-Tetrachlorobipheny/|
247 4-OH-PCB 45 6.31 5.9
248 5-OH-PCB 45 6.77 5.88
249 3'-OH-PCB 45 8.1 5.88
250 4'-OH-PCB 45 8.6 5.93
251 5'-OH-PCB 45 9.02 5.92
252 6'-OH-PCB 45 9.78 5.87
p,2',3,6'-Tetrachlorobipheny
253 4-OH-PCB 46 7.09 5.89
254 5-OH-PCB 46 8.22 5.89
255 6-OH-PCB 46 9.27 5.87
256 3'-OH-PCB 46 758 | 5.88
257 4'-OH-PCB 46 7.82 5.92
p,2',4,4'-Tetrachlorobipheny
258 3-OH-PCB 47 6.66 5.87
259 5-OH-PCB 47 7.56 5.9
260 6-OH-PCB 47 8.89 5.87
P,2',4,5-Tetrachlorobipheny!|
261 3-OH-PCB 48 5.85 5.88
262 6-OH-PCB 48 7.51 5.85
263 3'-OH-PCB 48 8.15 5.89
264 4'-OH-PCB 48 8.6 5.93
265 5'-OH-PCB 48 9.08 591
266 6'-OH-PCB 48 9.64 | 5.86
p,2',4,5'-Tetrachlorobipheny
267 3-OH-PCB 49 6.65 5.87
268 5-OH-PCB 49 7.55 5.9
269 6-OH-PCB 49 8.88 | 5.87
270 3'-OH-PCB 49 7.35 5.89
271 4'-OH-PCB 49 7.08 5.91
272 6'-OH-PCB 49 8.26 5.84
P,2',4,6-Tetrachlorobipheny!|
273 3-OH-PCB 50 6.09 5.87
274 3'-OH-PCB 50 8.11 5.88
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275 4'-OH-PCB 50 8.61 5.93
276 5'-OH-PCB 50 9.03 591
277 6'-OH-PCB 50 9.79 5.86
P,2',4,6'-Tetrachlorobipheny
278 3-OH-PCB 51 6.61 5.87
279 5-OH-PCB 51 7.5 5.87
280 6-OH-PCB 51 9.03 5.85
281 3'-OH-PCB 51 7.59 5.89
282 4'-OH-PCB 51 7.83 5.93
p,2',5,5'-Tetrachlorobipheny
283 3-OH-PCB 52 734 | 5.89
284 4-OH-PCB 52 7.07 591
285 6-OH-PCB 52 825 | 5.84
P,2',5,6'-Tetrachlorobipheny
286 3-OH-PCB 53 7.3 5.87
287 4-OH-PCB 53 7.08 5.9
288 6-OH-PCB 53 8.41 5.85
289 3'-OH-PCB 53 7.58 5.88
290 4'-OH-PCB 53 7.82 5.93
P,2',6,6'-Tetrachlorobipheny
291 3-OH-PCB 54 7.54 5.89
292 4-OH-PCB 54 7.83 5.92
P,3,3',4-Tetrachlorobiphenyl|
293 5-OH-PCB 55 6.79 5.87
294 6-OH-PCB 55 8.19 5.85
295 2'-OH-PCB 55 8.92 5.85
296 4'-OH-PCB 55 7.89 5.92
297 5'-OH-PCB 55 8.84 5.9
298 6'-OH-PCB 55 9.79 5.87
P,3,3',4'-Tetrachlorobipheny
299 4-OH-PCB 56 7.11 591
300 5-OH-PCB 56 8.32 5.9
301 6-OH-PCB 56 895 | 5.87
302 2'-OH-PCB 56 8.17 5.84
303 5'-OH-PCB 56 731 5.88
304 6'-OH-PCB 56 9.03 5.84
P,3,3',5-Tetrachlorobiphenyl|
305 4-OH-PCB 57 5.61 5.88
306 6-OH-PCB 57 7.55 5.85
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307 2'-OH-PCB 57 8.91 5.83
308 4'-OH-PCB 57 7.87 5.92
309 5'-OH-PCB 57 8.83 5.9
310 6'-OH-PCB 57 9.78 5.88
p,3,3',5'-Tetrachlorobipheny
311 4-OH-PCB 58 7.1 591
312 5-OH-PCB 58 8.31 5.9
313 6-OH-PCB 58 8.93 5.88
314 2'-OH-PCB 58 8.4 5.83
315 4'-OH-PCB 58 6.38 5.9
P,3,3',6-Tetrachlorobipheny|
316 4-OH-PCB 59 6.3 5.88
317 5-OH-PCB 59 6.81 5.86
318 2'-OH-PCB 59 9.06 5.86
319 4'-OH-PCB 59 7.85 5.92
320 5'-OH-PCB 59 8.78 591
321 6'-OH-PCB 59 9.92 5.87
P,3,4,4'-Tetrachlorobipheny/|
322 5-OH-PCB 60 6.81 5.86
323 6-OH-PCB 60 8.2 5.84
324 2'-OH-PCB 60 9.55 5.85
325 3'-OH-PCB 60 8.12 5.89
P,3,4,5-Tetrachlorobipheny!
326 6-OH-PCB 61 6.81 5.92
327 2'-OH-PCB 61 10.3 5.87
328 3'-OH-PCB 61 9.64 5.9
329 4'-OH-PCB 61 9.41 5.93
5.814
P,3,4,6-Tetrachlorobipheny!
330 5-OH-PCB 62 5.33 5.94
331 2'-OH-PCB 62 10.44 5.87
332 3'-OH-PCB 62 9.6 5.9
333 4'-OH-PCB 62 9.39 5.94
P,3,4', 5-Tetrachlorobipheny!|
334 4-OH-PCB 63 5.62 5.88
335 6-OH-PCB 63 7.56 5.83
336 2'-OH-PCB 63 9.54 5.87
337 3'-OH-PCB 63 8.11 5.9

P,3,4',6-Tetrachlorobipheny|
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338 4-OH-PCB 64 6.31 5.89
339 5-OH-PCB 64 6.82 5.87
340 2'-OH-PCB 64 9.68 | 5.86
341 3'-OH-PCB 64 8.07 5.9
P,3,5,6-Tetrachlorobipheny!
342 4-OH-PCB 65 4.81 5.95
343 2'-OH-PCB 65 10.43 | 5.87
344 3'-OH-PCB 65 9.59 5.89
345 4'-OH-PCB 65 9.37 5.94
P, 3',4,4'-Tetrachlorobipheny
346 3-OH-PCB 66 6.7 5.88
347 5-OH-PCB 66 7.6 5.9
348 6-OH-PCB 66 8.7 5.87
349 2'-OH-PCB 66 8.18 5.83
350 5'-OH-PCB 66 7.33 5.89
351 6'-OH-PCB 66 9.04 5.87
P.3',4,5-Tetrachlorobipheny|
352 3-OH-PCB 67 5.89 5.86
353 6-OH-PCB 67 7.31 5.84
354 2'-OH-PCB 67 8.92 5.84
355 4'-OH-PCB 67 7.89 591
356 5'-OH-PCB 67 8.84 5.89
357 6'-OH-PCB 67 9.79 5.89
P,3',4,5'-Tetrachlorobipheny
358 3-OH-PCB 68 6.69 5.88
359 5-OH-PCB 68 7.59 5.9
360 6-OH-PCB 68 8.69 5.87
361 2'-OH-PCB 68 8.41 5.85
362 4'-OH-PCB 68 6.39 5.91
6.302 | 5.332
6.303 | 5.333
P, 3',4,6-Tetrachlorobipheny/|
363 3-OH-PCB 69 6.12 5.86
364 2'-OH-PCB 69 9.07 5.84
365 4'-OH-PCB 69 7.87 5.92
366 5'-OH-PCB 69 8.8 5.9
367 6'-OH-PCB 69 9.93 5.88
P, 3',4' 5-Tetrachlorobipheny
368 3-OH-PCB 70 7.39 5.89
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369 4-OH-PCB 70 7.11 5.92
370 6-OH-PCB 70 8.06 5.84
371 2'-OH-PCB 70 8.17 5.83
372 5'-OH-PCB 70 7.31 5.89
373 6'-OH-PCB 70 9.03 5.87
P, 3',4' 6-Tetrachlorobipheny
374 3-OH-PCB 71 7.63 5.9
375 4-OH-PCB 71 7.82 5.92
376 2'-OH-PCB 71 8.32 5.84
377 5-OH-PCB 71 7.27 5.88
378 6'-OH-PCB 71 9.17 5.84
P,3',5,5'-Tetrachlorobipheny
379 3-OH-PCB 72 7.37 5.9
380 4-OH-PCB 72 7.09 591
381 6-OH-PCB 72 8.05 | 5.84
382 2'-OH-PCB 72 8.4 5.85
383 4'-OH-PCB 72 6.38 | 5.91
P,3',5',6-Tetrachlorobipheny
384 3-OH-PCB 73 7.62 5.9
385 4-OH-PCB 73 7.81 5.93
386 2'-OH-PCB 73 855 | 5.84
387 4'-OH-PCB 73 6.36 5.89
P, 4,4' 5-Tetrachlorobipheny!|
388 3-OH-PCB 74 5.9 5.85
389 6-OH-PCB 74 7.32 5.83
390 2'-OH-PCB 74 9.55 5.88
391 3'-OH-PCB 74 8.12 5.9
P 4,4' 6-Tetrachlorobipheny/|
392 3-OH-PCB 75 6.14 | 5.86
393 2'-OH-PCB 75 9.69 5.87
394 3-OH-PCB 75 8.08 5.9
,3',4',5"-Tetrachlorobipheny
395 3-OH-PCB 76 8.19 5.89
396 4-OH-PCB 76 8.62 5.93
397 5-OH-PCB 76 9.12 591
398 6-OH-PCB 76 9.45 5.85
399 2'-OH-PCB 76 7.66 5.85
,3',4,4'-Tetrachlorobipheny
400 2-OH-PCB 77 8.03 5.84
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401 5-OH-PCB 77 7.37 5.9
402 6-OH-PCB 77 8.9 5.87
B,3',4,5-Tetrachlorobipheny!|
403 2-OH-PCB 78 7.51 5.83
404 2'-OH-PCB 78 8.77 5.85
405 4'-OH-PCB 78 7.75 5.92
6.362 | 5.282
406 5'-OH-PCB 78 8.89 5.9
407 6'-OH-PCB 78 9.65 5.88
,3',4,5'-Tetrachlorobipheny
408 2-OH-PCB 79 8.01 5.85
409 5-OH-PCB 79 7.35 5.89
410 6-OH-PCB 79 8.89 5.87
411 2'-OH-PCB 79 8.26 5.86
412 4'-OH-PCB 79 6.26 591
6.363 | 5.283
,3',5,5'-Tetrachlorobipheny
413 2-OH-PCB 80 8.25 5.86
414 4-OH-PCB 80 6.24 5.91
B,4,4' 5-Tetrachlorobipheny/|
415 2-OH-PCB 81 7.52 5.84
416 2'-OH-PCB 81 9.41 5.87
417 3'-OH-PCB 81 8.17 5.89
2|2',3,3',4-Pentachlorobiphenyl
418 5-OH-PCB 82 6.69 6.55
419 6-OH-PCB 82 8.26 6.51
420 4'-OH-PCB 82 7.04 6.57
421 5'-OH-PCB 82 8.22 6.57
422 6'-OH-PCB 82 9.02 6.53
2|2',3,3',5-Pentachlorobiphenyl
423 4-OH-PCB 83 5.53 6.56
424 6-OH-PCB 83 7.63 6.51
425 4'-OH-PCB 83 7.03 6.57
426 5'-OH-PCB 83 8.2 6.58
427 6'-OH-PCB 83 9.01 6.53
2|2',3,3',6-Pentachlorobiphenyl
428 4-OH-PCB 84 6.26 6.59
429 5-OH-PCB 84 6.72 6.55
430 4'-OH-PCB 84 7.04 6.59
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431 5'-OH-PCB 84 8.16 6.57
432 6'-OH-PCB 84 9.16 6.54
2|2',3,4,4'-Pentachlorobiphenyl
433 5-OH-PCB 85 6.7 6.54
434 6-OH-PCB 85 8.27 6.52
435 3'-OH-PCB 85 6.6 6.52
436 5'-OH-PCB 85 7.5 6.54
437 6'-OH-PCB 85 8.77 6.52
212',3,4,5-Pentachlorobiphenyl
438 6-OH-PCB 86 6.89 6.5
439 3'-OH-PCB 86 8.09 6.56
440 4'-OH-PCB 86 8.55 6.61
441 5-OH-PCB 86 9.02 6.58
442 6'-OH-PCB 86 9.52 6.53
2|2',3,4,5'-Pentachlorobiphenyl
443 5-OH-PCB 87 6.69 6.54
444 6-OH-PCB 87 8.26 6.52
445 3'-OH-PCB 87 7.29 6.55
446 4'-OH-PCB 87 7.03 6.56
447 6'-OH-PCB 87 8.15 6.51
212',3,4,6-Pentachlorobiphenyl
448 5-OH-PCB 88 5.23 6.53
449 3-OH-PCB 88 8.05 | 6.57
450 4'-OH-PCB 88 8.56 6.62
451 5'-OH-PCB 88 8.97 6.58
452 6'-OH-PCB 88 9.67 6.52
2|2',3,4,6'-Pentachlorobiphenyl
453 5-OH-PCB 89 6.65 6.55
454 6-OH-PCB 89 8.41 6.51
455 3'-OH-PCB 89 7.53 6.57
456 4'-OH-PCB 89 7.78 6.6
2|2',3,4',5-Pentachlorobiphenyl
457 4-OH-PCB 90 5.55 6.54
458 6-OH-PCB 90 7.64 6.52
459 3-OH-PCB 90 6.59 6.54
460 5'-OH-PCB 90 7.49 6.55
461 6'-OH-PCB 90 8.76 6.53
2|2',3,4',6-Pentachlorobiphenyl
462 4-OH-PCB 91 6.27 6.57
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463 5-OH-PCB 91 6.73 6.57
464 3'-OH-PCB 91 6.55 6.54
465 5'-OH-PCB 91 7.45 6.56
466 6'-OH-PCB 91 891 6.53
2',3,5,5'-Pentachlorobiphenyl
467 4-OH-PCB 92 5.53 6.54
468 6-OH-PCB 92 7.63 6.52
469 3'-OH-PCB 92 7.28 6.55
470 4'-OH-PCB 92 7.02 6.58
471 6'-OH-PCB 92 8.13 6.52
2',3,5,6-Pentachlorobiphenyl
472 4-OH-PCB 93 4.77 6.55
473 3-OH-PCB 93 8.04 | 6.58
474 4'-OH-PCB 93 8.55 6.62
475 5-OH-PCB 93 8.96 6.58
476 6'-OH-PCB 93 9.66 6.53
2',3,5,6'-Pentachlorobiphenyl
477 4-OH-PCB 94 5.55 6.57
478 6-OH-PCB 94 7.79 6.5
479 3'-OH-PCB %4 7.52 6.57
480 4'-OH-PCB 94 7.77 6.61
2',3,5',6-Pentachlorobiphenyl
481 4-OH-PCB 95 6.26 6.58
482 5-OH-PCB 95 6.72 6.56
483 3-OH-PCB 95 724 | 658
484 4'-OH-PCB 95 7.03 6.59
485 6'-OH-PCB 95 8.3 6.51
2',3,6,6'-Pentachlorobiphenyl
486 4-OH-PCB 96 6.27 6.57
487 5-OH-PCB 96 6.68 6.56
488 3'-OH-PCB 96 748 | 6.58
489 4'-OH-PCB 96 7.78 6.6
2',3,4' 5'-Pentachlorobiphenyl
490 4-OH-PCB 97 7.04 6.56
491 5-OH-PCB 97 8.22 6.57
492 6-OH-PCB 97 9.02 6.53
493 3-OH-PCB 97 5.79 6.53
494 6'-OH-PCB 97 7.4 6.51

2',3,4',6'-Pentachlorobiphen

4
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495 4-OH-PCB 98 7.05 6.59
496 5-OH-PCB 98 8.17 6.57
497 6-OH-PCB 98 9.17 6.53
498 3'-OH-PCB 98 6.03 6.54
2',4,4' 5-Pentachlorobiphenyl
499 3-OH-PCB 99 5.81 6.51
500 6-OH-PCB 99 7.41 6.5
501 3'-OH-PCB 99 6.6 6.54
502 5'-OH-PCB 99 7.5 6.55
503 6'-OH-PCB 99 8.77 6.52
2',4,4' 6-Pentachlorobiphenyl
504 3-OH-PCB 100 6.04 6.54
505 3'-OH-PCB 100 6.57 6.55
506 5'-OH-PCB 100 7.46 6.56
507 6'-OH-PCB 100 8.92 6.53
2',4,5,5'-Pentachlorobiphenyl
508 3-OH-PCB 101 5.79 6.52
509 6-OH-PCB 101 7.39 6.51
510 3'-OH-PCB 101 7.29 6.54
511 4'-OH-PCB 101 7.03 6.59
512 6'-OH-PCB 101 8.14 6.52
2',4,5,6'-Pentachlorobiphenyl
513 3-OH-PCB 102 5.76 6.54
514 6-OH-PCB 102 7.56 6.49
515 3-OH-PCB 102 7.53 6.56
516 4'-OH-PCB 102 7.78 6.61
2',4,5',6-Pentachlorobiphenyl
517 3-OH-PCB 103 6.03 6.54
518 3-OH-PCB 103 725 | 6.56
519 4'-OH-PCB 103 7.04 6.58
520 6'-OH-PCB 103 8.31 6.52
2',4,6,6'-Pentachlorobiphenyl
521 3-OH-PCB 104 5.99 6.55
522 3'-OH-PCB 104 7.49 6.56
523 4'-OH-PCB 104 7.79 6.62
3,3',4,4'-Pentachlorobiphenyl
524 5-OH-PCB 105 6.75 6.53
525 6-OH-PCB 105 8.08 6.51
526 2'-OH-PCB 105 8.06 6.49

Crit Rev Toxicol. Author manuscript; available in PMC 2015 April 02.

Page 57



1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Grimm et al.
[ol3 Compound? pKal 'sg
527 5'-OH-PCB 105 7.27 6.54
528 6'-OH-PCB 105 8.93 6.51
23,3',4,5-Pentachlorobiphenyl
529 6-OH-PCB 106 6.69 6.46
530 2'-OH-PCB 106 8.8 6.51
531 4'-OH-PCB 106 7.84 6.57
532 5'-OH-PCB 106 8.78 | 6.55
533 6'-OH-PCB 106 9.68 6.53
2J3,3',4',5-Pentachlorobipheny|
534 4-OH-PCB 107 5.57 6.54
535 6-OH-PCB 107 7.44 6.51
536 2'-OH-PCB 107 8.05 6.5
537 5'-OH-PCB 107 7.25 6.52
538 6'-OH-PCB 107 8.92 6.51
2J3,3',4,5'-Pentachlorobipheny|
539 5-OH-PCB 108 6.73 6.54
540 6-OH-PCB 108 8.07 6.51
541 2'-OH-PCB 108 8.3 6.51
542 4'-OH-PCB 108 6.34 6.55
23,3',4,6-Pentachlorobiphenyl
543 5-OH-PCB 109 5.27 6.5
544 2'-OH-PCB 109 8.96 6.51
545 4'-OH-PCB 109 7.81 6.58
546 5'-OH-PCB 109 8.74 6.57
547 6'-OH-PCB 109 9.82 6.53
2|3,3',4',6-Pentachlorobiphenyl
548 4-OH-PCB 110 6.26 6.57
549 5-OH-PCB 110 6.76 6.55
550 2'-OH-PCB 110 821 6.51
551 5'-OH-PCB 110 7.21 6.54
552 6'-OH-PCB 110 9.06 6.54
2|3,3',5,5"-Pentachlorobiphenyl
553 4-OH-PCB 111 5.55 6.54
554 6-OH-PCB 111 7.43 6.51
555 2'-OH-PCB 111 8.29 6.52
556 4'-0OH-PCB 111 6.33 6.55
23,3',5,6-Pentachlorobiphenyl
557 4-OH-PCB 112 4.76 6.53
558 2'-OH-PCB 112 895 | 6.51
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559 4'-OH-PCB 112 7.8 6.59

560 5-OH-PCB 112 8.72 6.58

561 6'-OH-PCB 112 9.81 6.54
2|3,3',5',6-Pentachlorobiphenyl

562 4-OH-PCB 113 6.24 6.57

563 5-OH-PCB 113 6.75 6.56

564 2'-OH-PCB 113 8.44 6.52

565 4'-OH-PCB 113 6.31 6.57
23,4,4' 5-Pentachlorobiphenyl

566 6-OH-PCB 114 6.7 6.48

567 2'-OH-PCB 114 9.43 6.52

568 3'-OH-PCB 114 8.06 6.54
213,4,4' 6-Pentachlorobiphenyl

569 5-OH-PCB 115 5.28 6.52

570 2'-OH-PCB 115 9.57 6.53

571 3'-OH-PCB 115 8.02 6.55
4,3,4,5,6-Pentachlorobiphenyl

572 2'-OH-PCB 116 10.32 6.5

573 3'-OH-PCB 116 9.54 6.59

574 4'-OH-PCB 116 9.33 6.61
23,4',5,6-Pentachlorobiphenyl

575 4-OH-PCB 117 4.77 6.54

576 2'-OH-PCB 117 9.56 6.53

577 3'-OH-PCB 117 8.01 6.55
2|3',4,4',5-Pentachlorobiphenyl

578 3-OH-PCB 118 5.84 6.51

579 6-OH-PCB 118 721 6.5

580 2'-OH-PCB 118 8.06 6.5

581 5'-OH-PCB 118 7.27 6.53

582 6'-OH-PCB 118 8.93 6.52
2|3',4,4',6-Pentachlorobiphenyl

583 3-OH-PCB 119 6.08 6.54

584 2'-OH-PCB 119 8.22 6.51

585 5'-OH-PCB 119 7.22 6.53

586 6'-OH-PCB 119 9.07 6.51
2|3',4,5,5"-Pentachlorobiphenyl

587 3-OH-PCB 120 5.83 6.51

588 6-OH-PCB 120 7.2 6.49

589 2'-OH-PCB 120 8.3 6.5
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590 4'-OH-PCB 120 6.34 | 6.56
2|3',4,5',6-Pentachlorobiphenyl

591 3-OH-PCB 121 6.06 6.54

592 2'-OH-PCB 121 8.45 6.52

593 4'-OH-PCB 121 6.32 6.55
213,3',4',5'-Pentachlorobiphenjyl

594 4-OH-PCB 122 7.06 6.56

595 5-OH-PCB 122 8.26 6.56

596 6-OH-PCB 122 8.83 6.53

597 2'-OH-PCB 122 7.55 6.5
213',4,4' 5'-Pentachlorobiphenyyl

598 3-OH-PCB 123 6.64 6.52

599 5-OH-PCB 123 7.54 6.55

600 6-OH-PCB 123 8.59 6.51

601 2'-OH-PCB 123 7.56 6.5
213',4'5,5'-Pentachlorobiphenyl

602 3-OH-PCB 124 7.33 6.53

603 4-OH-PCB 124 7.05 6.57

604 6-OH-PCB 124 7.95 6.51

605 2'-OH-PCB 124 7.55 6.49
213',4'5',6-Pentachlorobiphenyyl

606 3-OH-PCB 125 7.57 6.56

607 4-OH-PCB 125 7.77 6.6

608 2'-OH-PCB 125 7.7 6.51
3|3',4,4',5-Pentachlorobipheny!l

609 2-OH-PCB 126 7.41 6.49

610 2'-OH-PCB 126 7.91 6.5

611 5'-OH-PCB 126 7.31 6.53

612 6'-OH-PCB 126 8.79 6.51
3|3',4,5,5'-Pentachlorobipheny!l

613 2-OH-PCB 127 7.39 6.5

614 2'-OH-PCB 127 8.15 6.5

615 4'-OH-PCB 127 6.21 6.53
2,%'3,3',4,4'-Hexachlorobiphefyl

616 5-OH-PCB 128 6.64 7.13

617 6-OH-PCB 128 8.15 7.11
2,2',3,3',4,5-Hexachlorobiphenyl

618 6-OH-PCB 129 6.78 7.04

619 4'-OH-PCB 129 6.99 7.18
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620 5'-OH-PCB 129 8.16 7.2
621 6'-OH-PCB 129 8.9 7.12
2,2'3,3',4,5'-Hexachlorobiphefyl
622 5-OH-PCB 130 6.63 7.15
623 6-OH-PCB 130 8.14 7.12
624 4'-OH-PCB 130 5.49 7.13
5.042 | 6.172
625 6'-OH-PCB 130 7.53 7.11
2,2',3,3',4,6-Hexachlorobiphenyl
626 5-OH-PCB 131 5.17 7.11
627 4'-OH-PCB 131 7 7.17
628 5-OH-PCB 131 8.11 7.2
629 6'-OH-PCB 131 9.05 | 7.11
2,2'3,3'4,6'-Hexachlorobiphefyl
630 5-OH-PCB 132 659 | 7.14
631 6-OH-PCB 132 8.29 7.1
632 4'-OH-PCB 132 6.22 7.16
633 5'-OH-PCB 132 6.67 7.14
2,2'3,3',5,5'-Hexachlorobiphefyl
634 4-OH-PCB 133 5.48 7.13
635 6-OH-PCB 133 7.52 7.1
2,p',3,3',5,6-Hexachlorobipheryl
636 4-OH-PCB 134 4.7 7.17
637 4'-OH-PCB 134 6.99 7.17
638 5'-OH-PCB 134 8.1 7.2
639 6'-OH-PCB 134 9.05 7.12
2,2'3,3',5,6'-Hexachlorobiphefyl
640 4-OH-PCB 135 5.49 7.14
641 6-OH-PCB 135 7.68 7.1
642 4'-OH-PCB 135 6.21 7.17
643 5'-OH-PCB 135 6.66 7.15
2,%'3,3',6,6'-Hexachlorobiphefyl
644 4-OH-PCB 136 6.22 7.16
645 5-OH-PCB 136 6.62 7.15
2,2',3,4,4' 5-Hexachlorobiphenyl
646 6-OH-PCB 137 6.79 7.07
647 3'-OH-PCB 137 6.54 7.12
648 5'-OH-PCB 137 7.44 7.2
649 6'-OH-PCB 137 8.66 7.12
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2,2'3,4,4' 5'-Hexachlorobiphenyl

650 5-OH-PCB 138 6.64 7.18

651 6-OH-PCB 138 8.15 7.13

652 3'-OH-PCB 138 5.75 7.11

653 6'-OH-PCB 138 7.29 7.08
2,p',3,4,4' 6-Hexachlorobipheryl

654 5-OH-PCB 139 5.18 7.11

655 3'-OH-PCB 139 6.51 7.13

656 5'-OH-PCB 139 7.4 7.2

657 6'-OH-PCB 139 8.81 7.12
2,2'3,4,4',6'-Hexachlorobiphefyl

658 5-OH-PCB 140 6.6 7.15

659 6-OH-PCB 140 8.3 7.11

660 3'-OH-PCB 140 5.98 7.12
2,9',3,4,5,5'-Hexachlorobiphernyl

661 6-OH-PCB 141 6.78 7.05

662 3'-OH-PCB 141 7.23 7.17

663 4'-OH-PCB 141 6.98 7.22

664 6'-OH-PCB 141 8.03 7.1
2,p',3,4,5,6-Hexachlorobipherjyl

665 3'-OH-PCB 142 8 7.25

666 4'-OH-PCB 142 8.51 7.21

667 5'-OH-PCB 142 8.92 7.17

668 6'-OH-PCB 142 9.56 7.12
2,2',3,4,5,6'-Hexachlorobiphenyl

669 6-OH-PCB 143 6.94 7.05

670 3'-OH-PCB 143 7.47 7.15

671 4'-OH-PCB 143 7.73 7.23
2,p',3,4,5' 6-Hexachlorobiphernyl

672 5-OH-PCB 144 5.17 7.11

673 3'-OH-PCB 144 7.19 7.16

674 4'-OH-PCB 144 6.99 7.22

675 6'-OH-PCB 144 8.19 7.1
2,p',3,4,6,6'-Hexachlorobipherjyl

676 5-OH-PCB 145 5.14 7.08

677 3'-OH-PCB 145 7.43 7.16

678 4'-OH-PCB 145 7.74 7.23
2,2'3,4'5,5'-Hexachlorobiphefyl
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679 4-OH-PCB 146 5.49 7.19
5.042 | 6.232
680 6-OH-PCB 146 7.53 7.1
681 3'-OH-PCB 146 5.73 7.11
682 6'-OH-PCB 146 7.28 7.08
2,p',3,4',5,6-Hexachlorobipheryl
683 4-OH-PCB 147 473 7.12
684 3'-OH-PCB 147 6.49 7.14
685 5'-OH-PCB 147 7.39 7.19
686 6'-OH-PCB 147 8.8 7.11
2,2'3,4'5,6'-Hexachlorobiphefyl
687 4-OH-PCB 148 5.51 7.14
688 6-OH-PCB 148 7.69 7.1
689 3'-OH-PCB 148 5.97 7.14
2,2'3,4'5',6-Hexachlorobiphefyl
690 4-OH-PCB 149 6.22 7.2
691 5-OH-PCB 149 6.67 7.17
692 3'-OH-PCB 149 5.7 7.13
693 6'-OH-PCB 149 7.45 7.1
2,2'3,4',6,6'-Hexachlorobiphefyl
694 4-OH-PCB 150 6.23 7.18
695 5-OH-PCB 150 6.63 7.15
696 3'-OH-PCB 150 5.93 7.12
2,p',3,5,5',6-Hexachlorobipheryl
697 4-OH-PCB 151 4.72 7.23
698 3'-OH-PCB 151 7.18 7.15
699 4'-OH-PCB 151 6.98 7.21
700 6'-OH-PCB 151 8.19 7.11
2,2',3,5,6,6'-Hexachlorobiphenyl
701 4-OH-PCB 152 4.73 7.11
702 3'-OH-PCB 152 7.42 7.16
703 4'-OH-PCB 152 7.73 7.23
2,2'4,4'5,5'-Hexachlorobiphefyl
704 3-OH-PCB 153 5.75 7.15
705 6-OH-PCB 153 7.29 7.09
2,2'4,4'5,6'-Hexachlorobiphefyl
706 3-OH-PCB 154 5.71 7.12
707 6-OH-PCB 154 7.46 7.1
708 3'-OH-PCB 154 5.98 7.15
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[ol3 Compound? pKal 'sg
2,2'4,4',6,6'-Hexachlorobiphenyl

709 3-OH-PCB 155 5.94 7.15
2,8,3',4,4' 5-Hexachlorobiphenyl

710 6-OH-PCB 156 6.59 7.1

711 2'-OH-PCB 156 7.95 7.09

712 5'-OH-PCB 156 7.21 7.18

713 6'-OH-PCB 156 8.81 7.16
2,3,3',4,4' 5'-Hexachlorobiphefyl

714 5-OH-PCB 157 6.69 7.18

715 6-OH-PCB 157 7.97 7.13

716 2'-OH-PCB 157 7.44 7.09
2,8,3',4,4' 6-Hexachlorobipheryl

717 5-OH-PCB 158 5.22 7.12

718 2'-OH-PCB 158 8.1 7.1

719 5'-OH-PCB 158 7.16 7.19

720 6'-OH-PCB 158 8.95 7.14
2,,3',4,5,5'-Hexachlorobiphernyl

721 6-OH-PCB 159 6.58 7.09

722 2'-OH-PCB 159 8.18 7.11

723 4'-OH-PCB 159 6.29 7.2
2,B,3',4,5,6-Hexachlorobipheryl

724 2'-OH-PCB 160 8.84 7.11

725 4'-OH-PCB 160 7.76 7.17

726 5'-OH-PCB 160 8.68 7.17

727 6'-OH-PCB 160 9.7 7.11
2,8,3',4,5' 6-Hexachlorobipheryl

728 5-OH-PCB 161 521 7.11

729 2'-OH-PCB 161 8.33 7.1

730 4'-OH-PCB 161 6.27 7.2
2,$,3',4',5,5'-Hexachlorobiphefyl

731 4-OH-PCB 162 5.52 7.18

732 6-OH-PCB 162 7.33 7.1

733 2'-OH-PCB 162 7.43 7.09
2,8,3',4',5,6-Hexachlorobipheryl

734 4-OH-PCB 163 4.72 7.12

735 2'-OH-PCB 163 8.09 7.11

736 5'-OH-PCB 163 7.15 7.17

737 6'-OH-PCB 163 8.94 7.14
2,3,3',4'5',6-Hexachlorobiphefyl
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738 4-OH-PCB 164 6.21 7.21
739 5-OH-PCB 164 6.7 7.16
740 2'-OH-PCB 164 7.59 7.1
2,8,3',5,5',6-Hexachlorobipheryl
741 4-OH-PCB 165 4.71 7.13
742 2'-OH-PCB 165 8.32 7.11
743 4'-OH-PCB 165 6.26 7.19
2,B,4,4'5,6-Hexachlorobipheryl
744 2'-OH-PCB 166 8.16 6.94
745 3'-OH-PCB 166 7.57 6.95
2,3'4,4'5,5'-Hexachlorobiphefyl
746 3-OH-PCB 167 5.78 7.13
747 6-OH-PCB 167 7.09 7.08
748 2'-OH-PCB 167 7.44 7.12
2,3'4,4'5',6-Hexachlorobiphenyl
749 3-OH-PCB 168 6.02 7.16
750 2'-OH-PCB 168 7.6 7.09
3,3',4,4'5,5'-Hexachlorobiphefyl
751 2-OH-PCB 169 7.29 7.11
2,2'13,3',4,4' 5-Heptachlorobiphgnyl
752 6-OH-PCB 170 6.67 7.55
753 5'-OH-PCB 170 6.58 7.65
754 6'-OH-PCB 170 8.04 7.62
2,2'13,3',4,4',6-Heptachlorobiphgnyl
755 5-OH-PCB 171 5.12 7.6
756 5-OH-PCB 171 6.54 7.65
757 6'-OH-PCB 171 8.19 7.63
2,2'13,3',4,5,5'-Heptachlorobiphgnyl
758 6-OH-PCB 172 6.66 7.57
759 4'-OH-PCB 172 5.44 7.65
4732 | 6552
760 6'-OH-PCB 172 7.41 7.62
2,213,3'4,5,6-Heptachlorobiphgny!l
761 4'-OH-PCB 173 6.95 7.68
762 5'-OH-PCB 173 8.05 7.67
763 6'-OH-PCB 173 8.94 7.6
2,213,3',4,5,6'-Heptachlorobiphg¢nyl
764 6-OH-PCB 174 6.83 7.49
765 4'-OH-PCB 174 6.17 7.68
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[ol3 Compound? pKal 'sg

766 5-OH-PCB 174 6.61 7.65
2,2'13,3',4,5',6-Heptachlorobiphgnyl

767 5-OH-PCB 175 511 7.6

768 4'-OH-PCB 175 5.45 7.66

769 6'-OH-PCB 175 7.58 7.62
2,2'13,3',4,6,6'-Heptachlorobiphgnyl

770 5-OH-PCB 176 5.08 7.56

771 4'-OH-PCB 176 6.18 7.67

772 5-OH-PCB 176 6.57 7.66
2,2'3,3',4,5',6'-Heptachlorobiphgnyl

773 5-OH-PCB 177 6.53 7.65

774 6-OH-PCB 177 8.18 7.63

775 4'-OH-PCB 177 4.68 7.62
2,2'13,3',5,5',6-Heptachlorobiph¢nyl

776 4-OH-PCB 178 4.67 7.64

77 4'-OH-PCB 178 5.44 7.66

778 6'-OH-PCB 178 7.57 7.61
2,2'13,3',5,6,6'-Heptachlorobiphgnyl

779 4-OH-PCB 179 4.68 7.6

780 4'-OH-PCB 179 6.17 7.67

781 5'-OH-PCB 179 6.56 7.65
2,2'13,4,4',5,5'-Heptachlorobiphgnyl

782 6-OH-PCB 180 6.67 7.61

783 3'-OH-PCB 180 5.69 7.64

784 6'-OH-PCB 180 7.18 7.61
2,213,4,4'5,6-Heptachlorobiphgnyl

785 3'-OH-PCB 181 6.45 7.64

786 5'-OH-PCB 181 7.34 7.65

787 6'-OH-PCB 181 8.7 7.63
2,2'3,4,4',5,6'-Heptachlorobiphgnyl

788 6-OH-PCB 182 6.84 | 7.56

789 3'-OH-PCB 182 5.92 7.65
2,2'13,4,4'5',6-Heptachlorobiphenyl

790 5-OH-PCB 183 5.12 7.64

791 3'-OH-PCB 183 5.65 7.64

792 6'-OH-PCB 183 7.34 7.61
2,2'13,4,4',6,6'-Heptachlorobiphenyl

793 5-OH-PCB 184 5.09 7.6

794 3'-OH-PCB 184 5.88 7.65

Crit Rev Toxicol. Author manuscript; available in PMC 2015 April 02.

Page 66



1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Grimm et al.
[ol3 Compound? pKal 'sg
2,213,4,5,5',6-Heptachlorobiphgny!l
795 3'-OH-PCB 185 7.13 7.66
796 4'-OH-PCB 185 6.94 7.69
797 6'-OH-PCB 185 8.08 7.49
2,213,4,5,6,6'-Heptachlorobiphgnyl
798 3'-OH-PCB 186 7.37 7.66
799 4'-OH-PCB 186 7.69 7.69
2,2'13,4',5,5',6-Heptachlorobiphgnyl
800 4-OH-PCB 187 4.68 7.65
4.082 | 6.772
801 3'-OH-PCB 187 5.64 7.64
802 6'-OH-PCB 187 7.33 7.61
2,2'13,4'5,6,6'-Heptachlorobiphg¢nyl
803 4-OH-PCB 188 4.69 7.64
804 3-OH-PCB 188 5.87 7.65
2,3B',4,4'5,5'-Heptachlorobiphgnyl
805 6-OH-PCB 189 6.47 7.6
806 2'-OH-PCB 189 7.33 7.6
2,3[3',4,4'5,6-Heptachlorobiphgnyl
807 2'-OH-PCB 190 7.99 7.59
808 5'-OH-PCB 190 7.1 7.65
809 6'-OH-PCB 190 8.84 7.63
2,3B',4,4'5',6-Heptachlorobiphenyl
810 5-OH-PCB 191 5.16 7.62
811 2'-OH-PCB 191 7.48 7.61
2,3§3',4,5,5',6-Heptachlorobiphgnyl
812 2'-OH-PCB 192 8.22 7.61
813 4'-OH-PCB 192 6.22 7.66
2,3B',4'5,5',6-Heptachlorobiphg¢nyl
814 4-OH-PCB 193 4.67 7.64
815 2'-OH-PCB 193 7.47 7.61
2,2'B,3',4,4',5,5'-Octachlorobiphenyl
816 6-OH-PCB 194 6.56 8.04
2,2'B,3',4,4'5,6-Octachlorobiphenyl
817 5'-0H CB 195 6.48 8.14
818 6'-0H CB 195 8.08 8.09
2,2'B,3',4,4'5,6'-Octachlorobiphenyl
819 6-OH-PCB 196 6.72 7.97
820 5'-OH-PCB 196 5.06 8.14
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2,2'B,3',4,4',6,6'-Octachlorobiphenyl

821 5-OH-PCB 197 5.03 8.1
2,2'B,3'4,5,5',6-Octachlorobiphenyl

822 4'-OH-PCB 198 5.4 8.14

823 6'-OH-PCB 198 7.46 7.98
2,2'B,3'4,5,5',6'-OctachlorobipHenyl

824 6-OH-PCB 199 6.71 7.97

825 4'-OH-PCB 199 4.63 8.15
2,2'B,3'4,5,6,6'-Octachlorobiphenyl

826 4'-OH-PCB 200 6.13 8.14

827 5'-OH-PCB 200 6.51 8.16
2,2'B,3',4,5',6,6'-OctachlorobipHenyl

828 5-OH-PCB 201 5.02 8.02

829 4'-OH-PCB 201 4.64 8.15
2,2'B,3',5,5',6,6'-Octachlorobiphenyl

830 4-OH-PCB 202 4.63 8.12
2,2'8,4,4'5,5',6-Octachlorobiphenyl

831 3'-OH-PCB 203 5.59 8.14

832 6'-OH-PCB 203 7.23 7.98
2,2'B,4,4'5,6,6'-Octachlorobiphenyl

833 3-OH-PCB 204 5.82 8.14
2,3,p',4,4'5,5',6-Octachlorobiphenyl

834 2'-OH-PCB 205 7.37 8.06

2,2',313',4,4'5,5',6-Nonachlorobighenyl

835 6'-OH-PCB 206 6.61 8.19

2,2',313',4,4'5,6,6'-Nonachlorobighenyl

836 5'-OH-PCB 207 497 8.23

2,2'3]3',4,5,5',6,6'-Nonachlorobighenyl

837 4'-OH-PCB 208 4.59 8.25

LI'aken from Rayne and Forest (2010) unless otherwise denoted.

ZI'aken

3Calculated from Advanced Chemistry Development (ACD) I-Lab Web Service using ACD/pKa 8.03 or ACD/LogP 8.02 as appropriate.

4Calculated LogP values from Bradbury et al. (1996).

from (Tampal et al., 2002).

Page 68

Parent congeneric PCB nomenclature consistent with Ballschmiter (1980) and EPA on-line list. See Mills et al. (2007) for a comparison of
congener nomenclatures.
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Table 3

Polychlorinated biphenylols (OH-PCBs) identified in human plasma and their suggested parent compound.
Parent compounds in bold as determined by Sjodin and coworkers (Soechitram et al., 2004).

1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Parentcompound

Abbreviation Structure via epoxide via

or direct insertion 1,2-shift
5'-OH-PCB 66 3-OH-2',4,4' 5-tetraCB PCB 66 PCB 68
4'-OH-PCB 79 4-OH-3,3',4',5-tetraCB PCB 79 PCB 77
3'-OH-PCB 85 3-0OH-2,2',3',4,4'-pentaCB PCB 85 PCB 105 PCB 82
4'-OH-PCB 120 4-OH-2'3,4',5,5'-pentaCB PCB 120 PCB 118
4'-OH-PCB 101 4-OH-2,2',4'5,5'-pentaCB PCB 101 PCB 99
3-OH-PCB 118 3-OH-2,3',4,4' 5-pentaCB PCB 118 PCB 107 PCB 126
4-OH-PCB 107 4-OH-2,3,3',4',5-pentaCB PCB 107 PCB 105, PCB 118
4'-OH-PCB 108 4-OH-2'3,3',4' 5-pentaCB PCB 108 PCB 105
4-OH-PCB 134 4-OH-2,2',3,3'5,6-hexaCB PCB 134 PCB 131
4'-OH-PCB 97 4-OH-2,2',3,4',5'-pentaCB PCB 97 PCB 99
3'-OH-PCB 184 3-OH-2,2',3',4,4'6,6'-heptaCB PCB 184 PCB 176
3-OH-PCB 153 3-OH-2,2'4,4'5,5'-hexaCB PCB 153 PCB 146 PCB 167
4-OH-PCB 146 4-OH-2,2',3,4'5,5'-hexaCB PCB 146 PCB 138, PCB 153
3',4-diOHCB 90 3'4 —diOH-2,2',3,4' 5-pentaCB
2'4 —diOH-PCB 107 | 2'4 -diOH-2,3,3',4',5-pentaCB PCB 105 PCB 118
4'-OH-PCB 127 4-OH-3,3',4',5,5'-pentaCB PCB 127 PCB 126
3'-OH-PCB 138 3-OH-2,2,3',4,4' 5-hexaCB PCB 138 PCB 130 PCB 157
4'-OH-PCB 130 4-0OH-2,2',3,3',4',5-hexaCB PCB 130 PCB 138 PCB 128
4-OH-PCB 163 4-OH-2,3,3'4'5,6-hexaCB PCB 163 PCB 158
4-OH-PCB 178 4-OH-2,2',3,3'5,5',6-heptaCB PCB 178 PCB 175
3'-OH-PCB 182 3-OH-2,2',3',4,4'5',6-heptaCB PCB 182 PCB 174 PCB 180
3'-OH-PCB 183 3-OH-2,2',3',4,4' 5,6'-heptaCB PCB 183 PCB175 PCB 191
4'-OH-PCB 175 4-OH-2,2',3,3',4'5,6'-heptaCB PCB 175 PCB 183 PCB 171
4-OH-PCB 187 4-OH-2,2'3,4'5,5',6-heptaCB PCB 187 PCB 183
4'-OH-PCB 159 4-OH-2',3,3',4',5,5'-hexaCB PCB 159 PCB 156
4-OH-PCB 162 4-OH-2,3,3'4'5,5-hexaCB PCB 162 PCB 157
4-OH-PCB 177 4-OH-2,2',3,3',4'5,6-heptaCB PCB 177 PCB 171
4-OH-PCB 202 4-OH-2,2',3,3'5,5',6,6'-octaCB PCB 202 PCB 201
3'-OH-PCB 180 3-OH-2,2',3',4,4'5,5'-heptaCB PCB 180 PCB 172 PCB 189
4'-OH-PCB 172 4-OH-2,2',3,3',4',5,5'-heptaCB PCB 172 PCB 170 PCB 180
4-OH-PCB 193 4-OH-2,3,3'4'5,5',6-heptaCB PCB 193 PCB 191
4,3'-diOH-PCB 187 4,3-diOH-2,2',3,4'5,5'6-heptaCB PCB 187 PCB 183
4,4'-diOH-PCB 178 4,4'-diOH-2,2',3,3'5,5',6-heptaCB PCB 183
3'-OH-PCB 203 3-OH-2,2',3'4,4'5,5',6'-octaCB PCB 203 PCB 198 PCB 205
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Parentcompound

Abbreviation Structure via epoxide via

or direct insertion 1,2-shift
4'-OH-PCB 198 4-OH-2,2',3,3',4'5,5',6'-octaCB PCB 198 PCB 195 PCB 203
4'-OH-PCB 199 4-OH-2,2',3,3',4'5,5',6-octaCB PCB 199 PCB 196
4,4'-diOH-PCB 202 4,4'-diOH-2,2',3,3',5,5',6,6'-0ctaCB
4'-OH-PCB 208 4-OH-2,2',3,3',4'5,5',6,6'-nonaCB PCB 208 PCB 207

Crit Rev Toxicol. Author manuscript; available in PMC 2015 April 02.

Page 70



Page 71

Grimm et al.

(0TT-02) ¥ (cz-g9) et (91-5'0) G°C (Lz-v) o1 (8z-1) v  (§9-600>) Gz ST ewseld piod
(00z-12) 95 (67-21) 2 (81-5°0) 5°€ (19-9) 1 (Le-1) 5 (s1-2) 5 ST [eusalEW  TO/000C 0T '9U3PIMS
(007-GT) 2§ (8v—5) 1 (-1 ¢ (62-2) 9 (8-91)GC (cz-sT1)gs o1 pRELENTOIIET S
(089-¥5) 6Tz (0eT-22) 8% (Le-G)eT (052-8) O¥ (ov-5v) 1T (¥8-€) ve 01 8I0ysS "N JamoT]
(0L9-v2) T€T (8,59 v¢ (ce-2) g6 (L9-2) 8T (81-5T) G (zz-s1)9 0T ewse|d p1od  96/€66T IABUNN
64 epeued
(0zz-6v) 00T (Lz-6) 91 y  qubu
(19-9) T Tz v g\l a[ewsay 2002 gy ENDeEAIN
(61-2¢) ¥9 (65-¥T) 92 (zz<9) 1 (1e-£'6) ¥1 g p
(091-Tv) 56 (v8-0¢) v (65-6'6) 92 (0g1-22) 28 g plues [eusaTRW 1y UPIMS
(0T7-92) 29 (28-¢€1) 08 (08T-€1) Y (ez-puzsL 6 ewseld piod
(0gz-6T) €9 (-L9) 1T (011-2'9) T (0z—pu)se 06 [euielew  20/100z 9 SPUEMAUWEN dUL
(0021-0z8) 026 (0ev-99) 0z (08z-9T) 25  (ovs—29) 09T  (0ez-62)v.  (022-28)06z 9z o4OM
(0gz-00T) 09T  (19-€2) ¥€ (8z-¢1)zT (eo-11)1e  (ee-16)8T  (05T-1€)28 6T oM aew 66T oy BT
(0001-082) 057 (082-29) 89 (1s-11) 0z (06z€9)99  (89-¥T) 82 (06z-22)8s  z1  o4OM
(06e-0zT) 022 (OTT-VS) ¥2 (te-19)st  (ovi—zn)ee  (sbs2) oz (oT1-6T)9e oz oMO afew 66T gy USPIMS
(09v-0s1) 062 (02-€V) €6 (osy-82)18 o1  qubm
(eL-€T) 0g (cL1-v) Tv (65-0) 9€ o1 g\l a[ewsay 66T o USPIMS
(ooet-sz) ot (o—21)66  (00T-6T) €z (08—6'7)89  (0£T-02) 1€  (085-G'8) OET  2v (4K 2) uappiyd  10/0002
(oos1-66) 05 (009-6) 05T  (0gz-8'9)Te  (095-2z) 88  (09z-52)ee  (00E-L'9)¥S 1S [eUIBTEW  G6/V66T £ SPUEISI 901e4
(052-52) 51T (69-LT) 8¢ (8e-€) ¥T (85-8) €2 (05-9) 81 (05e-¥) v1 15 ewse|d piod
(062-€t) 00T (6v-L) 02 (€T-+v1) g (Lz-g) ot (9z-€71) £ (8s-80)0T 1§ [euieew  00/g66T g SPUEMAUWAN dUL
(0022-00T) 026 (00ST-TT) OET (ov6-2'9) €2 (o12-2€)e9 2zt alew/s|eway 39N0|YedIIN
(oozT-19) 0V (092-GT) 8 (¢6-5'9) 9¢ (r8-G60)92  SLT aJew/alewsa) 1002 Mupias/aodons
Ty BDIAOIS
181 €51 avT 8eT 20T
£7-90d 90d-HO-¥ g90d-HO-£  80d-HO-¥  90d-HO-§  €0d-HO-b N ed®A Anunoo

Author Manuscript

v alqel

Author Manuscript

Author Manuscript

‘seale |ea1ydesBoab Juaiayip 1e suewny wody ewseld ul £GT-gD pue sgdd-HO Jo (ybiam pidij 6/6u) suoneausdouod (xew-uiw) abuel pue ueipsin

Author Manuscript

Crit Rev Toxicol. Author manuscript; available in PMC 2015 April 02.



Page 72

Grimm et al.

' ‘18pUeAJOH) :

(9002 ) ARy
! "|e 19 JapueAOH) :
(900Z "1 ) 0T

¢ ““Ie 19 Jabuepues) :
(¥00z "I pues) ~

: [ 18 SNIUBANY)) :
(€002 "I 1UBAND) ~

*(z00Z “1e 18 nepues)
:(900Z “1e 18 eApEND)
:(5002 “'|e 18 JanopsIET) :
‘(¥00z “|e 18 J8IBIN) :
(0002 “"[e 18 UIpols) :
(T00Z "2 18 JewbeH) :

: “Ie 19 wonsbuey) :
(as00z “I 2) -

1 $30UBJ3JaY

"anjeA g2d ybiy yum uasoyo mm_QEmma

ueswl J1118W089

¢

(€002 18 18 SNIUBAND) pue (£00Z “*[e 18 WeLIYd80S) 0} Bulp1odoe 9,sz"( 18 JUSIL0D pIdi| 10} PSZI|BWIOU Usad Sey Smn_nm

SY9aM 9g-TE :a1e| pue Syaam £T—6 :Ales ‘awi Aoueubald ©

abuel ajnusdlad LPOE-YIOT ‘Yruowy/s|eaw ysty ZT < ybiy pue yiuow/sfes T-0 = Moj :ysty A1ney Jo uondwinsuod o) Buiploase sdnosb ui cmu_>_n_no

‘A1annoadsal ‘ybiy pue moj ‘suoiienuaduod £5TgDd 01 Buipiodde papiAlp ale sdnoib mz_._.S

Jeak mc__QEmm@

'pajoslep Jou = pru

(09v—v2) o¥T  (06v—00T) 06T  (0Se-28) 06T  (O¥E—26) 0LT  (026-002) 082 ST  ubly  ofew/erewsd €007 TTY ‘BONRIV UBISSNY

18T €qT T 8€T 20T
€47-90d 940d-HO-v g0d-HO-€ 940d-HO-v 90d-HO-.€ 90d-HO-v N el®A Anunod

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Crit Rev Toxicol. Author manuscript; available in PMC 2015 April 02.



1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Grimm et al.

Table 5

Page 73

PCB methyl sulfone (MeSO,-PCBs) identified in humans and their parent compounds are indicated. Chiral

MeSQ,-PCBs are marked with an x in the table.

Structure Abbreviation Chiral Parent
MeSO,-CBs | compound
3-MeS0,-2,2",4" 5-tetraCB 3-MeS0,-PCB 49 PCB 49
4-MeS0,-2,2°,4",5-tetraCB 4’-MeS0O,-PCB 49 PCB 49
3-MeS0,-2,2",5,5 -tetraCB 3-MeS0O,-PCB 52 PCB 52
4-MeS0,-2,2",5,5 -tetraCB 4-MeS0,-PCB 52 PCB 52
3-MeS0,-2,4",5,6-tetraCB 5-MeS0O,-PCB 64 PCB 64
4-MeS0,-2,3,4" 6-tetraCB 4-MeSO,-PCB 64 PCB 64
3-MeS0,-2,3",4",5-tetraCB 3-MeS0O,-PCB 70 PCB 70
4-MeS0,-2,3",4" 5-tetraCB 4-MeS0O,-PCB 70 PCB 70
3-MeS0,-2,2",3",4",5-pentaCB 3’-MeSO,-PCB 87 PCB 87
4-MeS0,-2,2",3",4",5-pentaCB 4’-MeSO,-PCB 87 PCB 87
3-MeS0,-2,2",4°,5,6-pentaCB 5-MeSO,- PCB 91 X PCB 91
4-MeS0,-2,2",3,4",6-pentaCB 4-MeSO,- PCB 91 X PCB 91
3-MeS0,-2,2",4",5,5 -pentaCB 3"-MeS0,-PCB 101 PCB 101
4-MeS0,-2,2",4°,5,5"-pentaCB 4’-MeS0O,-PCB 101 PCB 101
3-MeS0,-2,2",3",4,5,6-hexaCB 5-MeS0,-PCB 132 X PCB 132
4-MeS0,-2,2",3,3",4",6-hexaCB 4"-MeS0O,-PCB 132 X PCB 132
3-MeS0,-2,2",3",4",5,5"-hexaCB 3-MeS0,-PCB 141 PCB 141
4-MeS0,-2,2",3",4°,5,5 -hexaCB 4"-MeSO,-PCB 141 PCB 141
3-MeS0,-2,2",4°,5,5",6-hexaCB 3-MeSO,-PCB 149 X PCB 149
4-MeS0,-2,2",3,4",5",6-hexaCB 4-MeS0O,-PCB 149 X PCB 149
3-MeS0,-2,2",3",4°,5,5",6-heptaCB | 5-MeSO,-PCB 174 X PCB 174
4-MeS0,-2,2",3,3",4",5",6-heptaCB | 4-MeSO,-PCB 174 X PCB 174
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