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1. Introduction
Exposure to estrogens has long been recognized as a risk factor for developing a variety of
human cancers. To understand how estrogens can initiate the series of events leading to
cancer, it is necessary to view estrogens as chemical carcinogens, rather than as hormones
acting through receptor-mediated events.

Chemical carcinogens are characterized by a lack of common structural features. Most of
them, approximately 95%, are metabolically activated to electrophilic forms that react
covalently with the nucleophilic groups of DNA, RNA and protein (Miller and Miller, 1966,
1981a, 1981b). The remaining 5% are direct electrophilic alkylating agents that do not need
metabolic activation. Thus, the common feature of chemical carcinogens is represented by
their electrophilicity. Based on present knowledge and cellular functions, it is logical to
assert that only the reaction of carcinogens with DNA generates the critical, irreversible
mutations that lead to cancer initiation.
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Many fundamental principles of chemical carcinogenesis have been elucidated by studying
polycyclic aromatic hydrocarbons (PAH), which are a class of chemicals that comprise very
strong carcinogens. PAH were among the first compounds to be isolated from the
environment and found to be carcinogenic (Cook et al., 1933; Hieger, 1930). Early on,
theoretical studies suggested the K-region of PAH, which has a phenanthrene-like double
bond, to be a critical reactive site (Pullman and Pullman, 1955). The K-region epoxides,
however, showed little, if any, carcinogenic activity in laboratory animals (Sims, 1967) or
ability to form DNA adducts (Baird et al., 1973), and this hypothesis was then disregarded.

The enhanced binding of a benzo[a]pyrene (BP) metabolite, the 7,8-dihydrodiol, to DNA,
compared to the parent BP (Borgen et al., 1973), led Sims, Grover, Jerina and others in 1974
to propose the metabolic activation of PAH to ultimate carcinogenic metabolites by
formation of the very electrophilic bay region diol epoxides (Jerina and Daly 1974, 1977;
Sims et al., 1974; Sims and Grover, 1981). At the same time, it was determined that radical
cations of BP and other potent PAH carcinogens were also capable of binding to DNA.
Therefore, they were postulated to be ultimate carcinogenic metabolites of PAH (Cavalieri
and Auerbach, 1974; Cavalieri and Roth 1976; Cavalieri et al., 1976; Fried, 1974; Fried and
Schumm, 1967; Wilk et al., 1966; Wilk and Girke, 1972).

More recently, an extremely weak mechanism of metabolic activation for aromatic
compounds has been determined for benzene (Cavalieri et al., 2002; Zahid et al., 2010b), the
parent compound of aromatic chemistry, naphthalene (Saeed et al., 2007a, 2009a), and
natural (Cavalieri et al., 1997; Li et al., 2004; Saeed et al., 2005b; Stack et al., 1996; Zahid
et al., 2006) and synthetic (Jan et al., 1998; Saeed et al., 2005a, 2005b, 2009b) estrogens. In
this mechanism, the aromatic compounds are metabolized to phenols; the phenols are further
metabolized to catechols, which are then oxidized to the ultimate carcinogenic ortho-
quinone metabolites. Reaction of the quinones with DNA produces specific adducts that
generate mutations leading to initiation of cancer (see below Fig. 16) (Cavalieri and Rogan,
2011).

In this review, we will describe and discuss the mechanism of metabolic activation of
estrogens that leads to the initiation of cancer, a mechanism that was discovered by building
on the insights developed through studies of PAH carcinogenesis. Therefore, we will
describe in detail the mechanism of metabolic activation by cytochrome P450, which
catalyzes the oxidative metabolism of most carcinogens. Then, we will discuss the insights
learned from studies of PAH carcinogenesis. These topics will set the stage for describing
and discussing the mechanism of cancer initiation by estrogens. Finally, we will describe
how knowledge of the mechanism of cancer initiation by estrogens provides the basis for
approaches to the prevention of human cancer.

2. Cytochrome P450
a. Mechanism of oxygen transfer from cytochrome P450 to substrates as determined by
using fluorobenzo[a]pyrenes

i. Fluorobenzo[a]pyrenes as probes for determining the mechanism of
metabolic activation by cytochrome P450—BP consists of five condensed benzene
rings, which afford 12 carbon atoms with different electron densities and double bonds
displaying some ethylenic character (Fig. 1). The greatest reactivity of BP with electrophiles
occurs at C-6, followed by C-1 and C-3 (Cavalieri and Calvin, 1971, 1972). In BP radical
cation (BP+.), it is again C-6 that displays by far the major reactivity with nucleophiles
(Blackburn et al., 1974; Caspary et al., 1973; Cavalieri and Auerbach, 1974; Cremonesi et
al., 1989; Jeftic and Adams, 1970; Johnson and Calvin, 1973; Menger et al., 1976; Rochlitz,
1967; Stack et al., 1995; Wilk et al., 1966; Wilke and Girke, 1972). C-1 and C-3 follow in
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decreasing order (Cavalieri and Calvin, 1971, 1972; Cremonesi et al, 1989). Experimental
data indicate that the spin density in the high occupied molecular orbitals of BP+., which
follows the same pattern as the charge density, is greater at C-6, followed by C-1 and C-3
(Sullivan et al., 1985). These experiments are corroborated by molecular orbital calculations
in BP (Loew, et al., 1978; Shipman, 1978) and BP+. (Cavalieri et al., 1993; Mulder et al.,
2003). The overall data suggest that electrophilic and nucleophilic substitution in BP and
BP+., respectively, should occur most easily at C-6, C-1 and C-3, in decreasing order.
Furthermore, calculation of the bond orders of BP, 6-FBP, 1-FBP and 3-FBP display the
highest electron density in the 4,5- double bond, followed by the 11,12-, 9,10- and 7,8-
double bond (Cavalieri et al., 1993; Mulder et al., 2003).

When BP is metabolized by cytochrome P450, two classes of primary metabolites are
obtained, BP phenols and BP dihydrodiols (Fig. 1) (Croy et al., 1976; Holder et al., 1974;
Yang, et al., 1977). The major phenol obtained is 6-OHBP (Lesko et al., 1975; Lorentzen et
al., 1975; Nagata et al., 1974). This metabolite is not isolated, however, because it is
autoxidized to the secondary metabolites BP 1,6-, 3,6- and 6,12- quinone (Fig. 1). The other
major phenol of BP is 3-OHBP, whereas the minor phenols obtained are 1-OHBP, 7-OHBP
and 9-OHBP. The very small yield of 1-OHBP is presumably due to restrictions imposed by
the binding site of the enzyme (Alpert and Cavalieri, 1980).

The second class of metabolites formed by BP is constituted by three dihydrodiols, BP -
4,5-, 7,8- and 9,10- dihydrodiol (Fig. 1). The dihydrodiols are obtained via two enzymatic
steps, namely, formation of a BP epoxide, followed by hydrolysis catalyzed by epoxide
hydrolase, to yield the dihydrodiol. The metabolic formation of dihydrodiols follows the
same order as the calculated bond orders (see above), with the exception of the 11,12-
dihydrodiol, which is not observed in the metabolism of BP, possibly due to hindrance of the
binding site of the enzyme.

Fluorination of BP at C-6, C-1 and C-3 generated excellent probes for determining the
mechanism by which the oxygen activated by cytochrome P450 is transferred from the
enzyme to the substrate (Cavalieri et al., 1988b; Mulder et al., 2003). Combined studies of
the chemistry of BP and 6-FBP, as well as the metabolism and molecular orbital calculations
of BP, 6-FBP, 1-FBP and 3-FBP, enabled us to determine the mechanism of oxygen transfer
by cytochrome P450 to BP to form 6-OHBP, 3-OHBP and 1-OHBP (Cavalieri et al., 1988b;
Cremonesi et al., 1989; Mulder et al., 2003). Metabolism of 6-FBP by cytochrome P450
(Buhler et al., 1983; Cavalieri et al., 1988b), horseradish peroxidase (Cavalieri et al., 1988a)
or prostaglandin H synthase (Cavalieri et al., 1988a) yielded the same metabolites as those
obtained from BP (Cavalieri et al., 1988a, 1988b; Buhler et al., 1983). Displacement of the
fluoro substituent from 6-FBP+. can occur only after attack by the activated nucleophilic
oxygen (see below) of the enzyme. In fact, nucleophilic acetoxy substitution of 6-FBP+.,
obtained by oxidation of 6-FBP with manganic acetate, takes place exclusively at C-6, with
displacement of the fluoro ion (Cremonesi et al., 1989). In addition, reaction of the
synthesized BP radical cation perchlorate (BP+. C104

−) with water yields the BP 1,6-, 3,6-
and 6,12- quinones analogously to BP+. formed in the metabolism of BP by cytochrome
P450 (Cremonesi, P. et al., 1994). In contrast, typical electrophilic reactions of 6-FBP with
the electrophiles trifluoro-deuteriated acetic acid (CF3COOD) or pyridinium bromide
perbromide yield 1,3-dideuteriated 6-FBP or a mixture of 1-Br-6-FBP and 3-Br-6-FBP,
respectively, with retention of the fluoro substituent at C-6 (Cremonesi et al., 1989).

The calculated electron and charge densities in 6-FBP and 6-FBP+. resemble those of BP
and BP+., respectively, with the exception of C-6, which is positively charged in 6-FBP and
even more so in 6-FBP+.. This is due to the electron-withdrawing effect of the fluoro
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substituent (Mulder et al., 2003). These values are in agreement with the electrophilic
chemistry of 6-FBP and the nucleophilic chemistry of 6-FBP+..

As previously suggested (Groves et al., 1981; Marnett et al., 1986), the remarkable reactivity
of the activated oxygen of cytochrome P450 is attributed to an electrophilic oxo-Fe4+

porphyrin radical cation ([Fe4+=O]+., see Fig. 4 below) (Groves et al., 1981; Marnett et al.,
1986). The first step in the metabolism of 6-FBP to produce the 1,6 - 3,6- and 6,12- quinone
is the transfer of one electron from 6-FBP to [Fe4+=O]+. with formation of 6-FBP+. and
Fe4+=O (Fig. 2). The nucleophilic oxygen of Fe4+=O reacts at C-6 of 6-FBP+. with
subsequent removal of the fluoro ion. Then, the oxo-BP radical is oxidized by Fe4+, with
formation of an oxo-BP cation. Nucleophilic attack of water on the carbocation produces the
3,6-dihydroxyBP, which by autoxidation yields the corresponding BP-3,6-quinone. The
BP-1,6-quinone and BP-6,12-quinone are formed analogously (not shown in Figure 2).
Therefore, removal of the fluoro substituent from C-6 can occur only by formation of an
intermediate 6-FBP+. and attack of a nucleophilic oxygen of cytochrome P450. The fluoro
substituent in 6-FBP cannot be removed by attack of an electrophilic oxygen of cytochrome
P450 because the electrophilic oxygen cannot react with the positively charged C-6 in 6-
FBP. Therefore, this demonstrates that the metabolite BP-3,6-quinone (and the BP-1,6- and
6,12-quinone, not shown in Figure 2) derive from attack of a nucleophilic oxygen in
cytochrome P450 (Mulder et al., 2003).

Formation of the BP-1,6-quinone and BP-3,6-quinone from 1-FBP and 3-FBP, respectively,
occurs by removal of the fluoro ion from C-1 or C-3, respectively (Mulder et al., 2003). This
can occur only by an initial one-electron oxidation of 1-FBP or 3-FBP by the activated
perferryl oxygen of cytochrome P450, with formation of 1-FBP+. or 3-FBP+., respectively.
Analogously to 6-FBP+. (Fig. 2), attack of the nucleophilic oxygen of cytochrome P450 on
1-FBP+. or 3-FBP+. yields BP-1,6-quinone or BP-3,6-quinone, respectively. Therefore, the
minor metabolite 1-OHBP of BP and the abundant metabolite 3-OHBP of BP arise via
oxygenation of 1-BP+. and 3-BP+., respectively.

Calculations of the bond orders of BP, 6-FBP, 3-FBP and 1-FBP show that the greatest
electron density is in the 4,5- double bond, followed by the 11,12-, 7,8- and 9,10- in
decreasing order (Mulder et al., 2003). The metabolic formation of dihydrodiols occurs at
the same double bonds, with the exception of the 11,12-double bond, in which restriction is
imposed by the enzyme binding site (Alpert and Cavalieri, 1980). These results lead us to
hypothesize that the three dihydrodiols are obtained from abstraction of a π electron from
one of these double bonds by the [Fe4+=O]+. of cytochrome P450, as illustrated for the
formation of BP-7,8-dihydrodiol (Fig. 3). This is followed by a non-concerted oxygen
rebound to the radical or cation of the double bond and subsequent closure, with formation
of an epoxide. Hydrolysis of the epoxide, catalyzed by epoxide hydrolase, leads to the
formation of BP-7,8-dihydrodiol (Fig. 3).

In summary, the metabolites formed by cytochrome P450-catalyzed oxidation of BP are
obtained by abstraction of an initial π electron from BP by the [Fe4+=O]+. of cytochrome
P450, with formation of BP+. and Fe4+=O. This is followed by transfer of the nucleophilic
oxygen of Fe4+=O to C-6, C-3 and C-1, the most electropositive positions in BP+., to form
6-OHBP (and then the three quinones formed by its autoxidation), 3-OHBP and 1-OHBP,
respectively. Furthermore, if the BP+. is located on the 4,5-, 7,8- or 9,10- double bond, the
BP-4,5-, 7,8-, or 9,10-oxide is formed. Addition of water, catalyzed by epoxide hydrolase,
yields the respective dihydrodiol.

ii. Mechanism of oxygen transfer from cytochrome P450 to substrates—
Characterization of the critical intermediates in the mechanism of oxygen transfer from
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cytochrome P450s to specifically fluorinated BPs has enabled us to understand in a unified
way the oxygenation of a variety of substrates. The overall reaction of cytochrome P450,
monooxygenation, is represented as follows:

where one oxygen atom of O2 oxidizes the substrate RH and the other oxygen is reduced to
H2O. Two electrons and two protons are involved in the activation and cleavage of the O2 to
yield the oxygenated substrate and H2O. The catalytic cycle presented in Figure 4 shows the
mechanism of O2 activation and the mechanism of oxygen transfer from cytochrome P450
to the substrate. The cycle begins with low-spin six-coordinate Fe3+ in the resting phase (1,
Fig. 4), which has a cysteine thiolate and H2O as axial ligands. The binding of the substrate
RH gives rise to the high-spin five-coordinate derivative (2), with a higher reduction
potential than (1). This is necessary to facilitate the electron transfer from cytochrome P450
reductase and yield the higher-spin five-coordinate Fe2+ (3). This intermediate is capable of
binding O2 to form the ternary Fe2+/RH/O2 complex (not shown in Fig. 4). Binding of O2
presumably produces a low-spin six-coordinate Fe3+ intermediate, with a peroxy radical as
the sixth ligand (4). One-electron reduction by cytochrome P450 reductase or cytochrome b5
produces the peroxy anion (5). Addition of two protons leads to cleavage of the O-O bond to
form H2O and the perferryl Fe4+. This reactive species, formally the Fe5+, more likely
corresponds to an Fe4+ porphyrin radical cation (Dawson, 1988; Groves et al., 1981; Marnett
et al., 1986). An alternative pathway to produce directly the intermediate (6) from the high-
spin Fe3+ (2), called the peroxide shunt, can occur in the presence of a peroxide cofactor that
can donate an oxygen atom (Fig. 4).

The first step for substrates containing non-bonded or electrons consists of donation of an
electron by the substrate RH to the perferryl oxygen radical cation (6), with formation of
RH+. and Fe4+=O (7, Fig. 4). This is followed by attack of the nucleophilic oxygen of (7) on
RH+. to yield (8) and subsequent formation of the oxygenated substrate ROH and the Fe3+

porphyrin (9).

When substrates, such as aliphatic compounds, contain only σ electrons, a mesomeric
perferryl oxygen (10) is postulated, in which one electron of the Fe4+=O (6) neutralizes the
radical cation and the other electron yields an oxygen radical (10). This oxygen radical
intermediate, which is capable of abstracting a hydrogen atom from the substrate RH
(Groves and McClusky, 1978), can be considered nucleophilic (Lewis et al., 1989). Oxygen
rebound from the Fe4+-OH (11) occurs with the carbon radical, R., within a caged pair
(Atkinson et al., 1994; Ortiz de Montellano and Stearns, 1987) to yield the oxygenated
substrate ROH and the Fe3+ porphyrin (9).

In conclusion, for substrates containing non-bonded or π electrons, the electrophilic
perferryl oxygen species (6) is converted to a nucleophilic oxygen species (7) by abstraction
of one electron from the substrate. Instead, for compounds having only σ electrons, the
cytochrome P450 oxygen species would be a mesomeric perferryl oxygen (10) capable of
abstracting a hydrogen atom to form a carbon radical that leads to carbon hydroxylation.

b. Location of cytochrome P450 in the endoplasmic reticulum and nucleus of cells
The ultimate carcinogenic PAH radical cation metabolites are highly reactive and must be
formed in close proximity to the nucleophiles with which they react. This requirement posed
a problem for understanding how PAH radical cations might play a role in carcinogenesis.
The problem was resolved, however, in the early 1970s, when cytochrome P450 activity was
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detected in rat liver nuclei (Kasper, 1971; Khandwala and Kasper, 1973). Indeed, purified
rat liver nuclei were found to have the capacity to covalently bind the PAH BP, 7,12-
dimethylbenz[a]anthracene (DMBA) and 3-methylcholanthrene (MC) to DNA (Rogan and
Cavalieri, 1974). Injection of the rats with MC to induce cytochrome P450 activity raised
the level of binding of BP and DMBA to DNA approximately 4-fold (Rogan and Cavalieri,
1974) and that of MC, 7-methylbenz[a]anthracene, dibenz[a,h]anthracene or
benz[a]anthracene (BA) 3 to 10-fold (Rogan et al., 1976). The enzymic binding activity was
shown to be contained in the inner nuclear envelope (Rogan et al., 1976). The ability of the
nuclei to bind PAH to DNA was subsequently confirmed in another laboratory (Vaught and
Bresnick, 1976).

The amount of cytochrome P450 in the nucleus is about 10% of that present in microsomes
prepared from the same rat liver cells (Rogan et al., 1976). Most of the PAH that enters a
cell is likely to be metabolized to nonreactive, water-soluble products for excretion. These
studies showed, however, that if PAH travel to the cell nucleus, the cytochrome P450
present there can catalyze formation of PAH metabolites that covalently bind to DNA.
Metabolic activation by one-electron oxidation can occur because of the proximity between
the DNA, PAH and nuclear cytochrome P450. This was demonstrated by identification of
the depurinating DNA adduct BP-6-N7Gua after incubation of BP with purified rat liver
nuclei (Cavalieri et al., 1990a).

Formation of a PAH-DNA adduct by one-electron oxidation requires the PAH to intercalate
in the DNA and develop a physical complex with the DNA as a preliminary step to produce
a covalent bond. The very low level of binding of BP, DMBA or dibenzo[a,l]pyrene
(DB[a,l]P) to single-stranded DNA or RNA, compared to their binding to double-stranded
DNA, demonstrates the requirement for this initial physical complex (Devanesan et al.,
1993; Li et al., 1995; Rogan et al., 1993).

One can propose a model for the binding of PAH to DNA by one-electron oxidation. In this
model, the PAH would bind to cytochrome P450 nearby in the nuclear envelope, and the
cytochrome P450 would catalyze one-electron oxidation of the PAH to form its radical
cation. This reactive intermediate would then diffuse toward the DNA, where it could be
intercalated. Once there, reaction could occur at one of the nucleophilic sites of Ade or Gua.
The much lower level of binding to denatured DNA or RNA, which are less well-structured
nucleic acids than native DNA, would arise because the PAH radical cation could not
achieve the proper orientation for a transition state that can yield the adducts observed with
double-stranded DNA.

This mechanism is possible only if the radical cation can diffuse from the nuclear
membrane-bound cytochrome P450 to the DNA binding site faster than the radical cation
decays. The time required for diffusion can be estimated by taking into account typical
diffusion coefficients of PAH and similar molecules in aqueous systems. By this method, the
time required for a PAH radical cation to diffuse 1 micron would be on the order of 0.5 ×
10−3s (Cavalieri and Rogan, 1998). If a radical cation can survive that long, it could be
generated at the cytochrome P450 binding site and react with the DNA. The radical cations
of BP and 6-CH3BP stabilized by anions such as perchlorate or fluoroborate in acetonitrile
have half-lives ranging from less than 1 min to a few min, respectively (Cavalieri et al.,
1985). Although radical cations generated in a cell nucleus would not be as stabilized as the
ones above, it is reasonable to assume that they live long enough to travel from nuclear
cytochrome P450 to DNA (Cavalieri and Rogan, 1998).
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3. Ultimate carcinogenic metabolites of aromatic hydrocarbons
The approach to understanding the mechanisms of cancer initiation is based on several lines
of investigation. These include metabolic studies, identification and quantification of DNA
adducts, the relationship of DNA adducts to oncogenic mutations, and carcinogenicity
experiments in various target organs.

The two major mechanisms of metabolic activation of PAH are formation of radical cations
(Cavalieri and Auerbach, 1974; Cavalieri and Roth, 1976; Cavalieri, et al., 1976, 1990a,
2005; Devanesan et al., 1993; Fried, 1974; Fried and Schumm, 1967; Rogan et al., 1990,
1993; Wilk, et al., 1966; Wilk and Girke, 1972) and bay region diol epoxides (Conney,
1982; Dipple et al., 1984; Gelboin, 1980; Jerina and Daly, 1974, 1977; Sims and Grover,
1981; Sims et al., 1974). Some PAH are activated by both of these major mechanisms and
some by only one of these two mechanisms. For example, activation of the very potent PAH
DB[a,l]P proceeds via formation of both the radical cation and the diol epoxide (Fig. 5)
(Cavalieri et al., 2005; Todorovic et al., 2005). DB[a,l]P is activated by cytochrome P450 or
peroxidases to form radical cations with charge mainly localized at C-10. Reaction of this
intermediate with DNA nucleophiles can lead to cancer initiation. In the diol epoxide
pathway, DB[a,l]P proceeds via formation of an 11,12-epoxide, catalyzed by cytochrome
P450, followed by hydrolysis catalyzed by epoxide hydrolase to the proximate carcinogenic
metabolite, the 11,12-dihydrodiol. In turn, this metabolite is converted by cytochrome P450
to the ultimate carcinogenic metabolite DB[a,l]P-11,12-diol-13,14-epoxide. Covalent
binding of this metabolite to DNA can lead to the initiation of cancer.

A third important mechanism of metabolic activation of the aromatic hydrocarbons benzene,
naphthalene and estrogens is due to the formation of ultimate carcinogenic electrophilic o-
quinones (see Section 9) (Cavalieri and Rogan, 2011)

a. PAH radical cations
Development of the chemistry of PAH radical cations has provided evidence that these
intermediates play a very important role in cancer initiation by the most potent PAH
(Cavalieri and Rogan, 1985, 1992, 1998). Radical cations of unsubstituted and methyl-
substituted PAH have been generated by iodine oxidation (Cavalieri and Roth, 1976;
Cavalieri et al., 1976; Hanson et al., 1998), manganic acetate oxidation (Cremonesi et al.,
1989, 1992a; Rogan et al., 1980), and electrochemical oxidation (RamaKrishna et al., 1992a,
1992b, 1993a, 1993b; Rogan et al., 1988), with subsequent binding to a nucleophile.
Furthermore, radical cations of BP and derivatives have been isolated as radical cation
perchlorates after oxidation with iodine in the presence of silver perchlorate (Cremonesi et
al., 1994; Stack et al., 1995).

Removal of one electron from the π system generates a radical cation (Fig. 6), in which the
positive charge can be mainly localized at an unsubstituted carbon atom (Path 1) or adjacent
to a methyl group (Path 2). Nucleophilic attack at the position of highest charge density in
Path 1 produces an intermediate radical that is further oxidized to an arenium ion to
complete the substitution reaction. When the charge is localized adjacent to the methyl
group (Path 2), loss of a methyl proton generates a benzylic radical intermediate, which is
rapidly oxidized to a benzylic carbenium ion with subsequent trapping by a nucleophile.

The physico-chemical properties of PAH radical cations are very important for
demonstrating that these intermediates play a major role in the covalent binding to DNA
catalyzed by cytochrome P450 and peroxidases. The rationale for asserting that radical
cations play a primary role in metabolic activation of PAH derives from common features
that belong to the most potent carcinogenic PAH, such as BP, DB[a,l]P, DMBA and MC.
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These common characteristics are (1) a relatively low ionization potential (IP), which allows
easy removal of one electron with formation of a relatively stable radical cation; (2) charge
localization in the radical cation that renders this intermediate specifically and efficiently
reactive toward nucleophiles; and (3) optimal geometric configuration that allows formation
of appropriate intercalating physical complexes with DNA, thus favoring formation of
covalent bonds with DNA.

i. Ionization potential—The ease of formation and relative stability of PAH radical
cations is related to their IP. Above a certain IP, the radical cation is unstable due to the
more difficult removal of one electron by cytochrome P450 or peroxidase, and it is unable to
react with nucleophilic groups in DNA. In contrast, for PAH with lower IP, the radical
cations are sufficiently stable to undergo reaction with cellular nucleophiles. Approximately
7.35 eV is the cut-off IP above which a radical cation is not sufficiently stable for reaction.
This value is based on the level of DNA binding for a series of PAH with IP ranging from
8.19 eV (phenanthrene) to 6.68 eV (6,12-dimethylanthanthrene), catalyzed by horseradish
peroxidase or prostaglandin H synthase (Cavalieri et al., 1983; Devanesan, et al., 1987). A
similar cut-off IP for cytochrome P450 can be assumed. Therefore, the IP of a PAH serves
as one guideline as to whether or not a PAH can be metabolically activated to a radical
cation ultimate carcinogenic metabolite.

ii. Charge localization—A relatively low IP is a necessary, but not sufficient,
prerequisite for activation of a PAH to its ultimate radical cation. Another important factor
that must be considered is the localization of charge in the PAH radical cation. Condensation
of benzene rings to form PAH reduces the delocalization of the π electrons found in
benzene, resulting in positions of unequal charge localization. The extent of unequal
distribution depends also on the symmetry of the condensed benzene rings. For example, the
PAH perylene, which has a low IP but is highly symmetric, is not carcinogenic because the
charge is not localized in its radical cation and the molecule does not react with
nucleophiles. Typically, the meso-anthracenic positions in PAH have high electron charge.
When one electron is removed to form a radical cation, the meso-anthracenic position with
the highest charge density in the neutral molecule will have the highest positive charge in
the radical cation. For example, in BP, C-6 is the position with the greatest electron density
and the highest reactivity with electrophiles in the neutral molecule (Cavalieri and Calvin,
1971). In BP radical cation, C-6 has the lowest electron density and the highest reactivity
with nucleophiles (Cavalieri and Auerbach, 1974; Cremonesi et al., 1989; Jeftic and Adams,
1970; Rochlitz, 1967; Wilk et al., 1966; Wilke and Girke, 1972). Therefore, the relatively
low IP for BP, 7.23 eV, and charge localization at C-6 render this molecule susceptible to
forming a BP radical cation with reactivity to nucleophiles.

Radical cations of unsubstituted- and methyl-substituted PAH have been obtained by
oxidation of the PAH with iodine, manganic acetate or electrochemical oxidation and
subsequent trapping with nucleophiles (see above). Specificity of the reactivity of radical
cations derives from charge localization in one or a few carbon atoms of the PAH that are, in
general, the meso-anthracenic position(s). Development of the radical cation chemistry of
PAH has allowed designation of the position(s) of specific reactivity of PAH radical cations.
For BP and DB[a,l]P, the charge in the radical cation is mainly at C-6 and C-10, respectively
(Cremonesi et al., 1989, 1992a). Nucleophilic substitution occurs regiospecifically at those
positions with subsequent formation of an intermediate radical (Fig. 6, Path 1). This
intermediate is rapidly oxidized to an arenium ion with loss of a proton to complete the
substitution reaction.

When the charge is mainly localized at a carbon atom adjacent to a methyl group, as in 6-
methylBP, loss of a methyl proton is favored by the partial alignment of the C-H bond with
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the adjacent p-orbital (Fig. 6, Path 2, and Fig. 7). The benzylic radical formed is rapidly
oxidized to a carbenium ion that reacts with a nucleophile (Cremonesi et al., 1989). When
the positive charge in the radical cation is located adjacent to an ethyl group, such as in 6-
ethylBP (Fig. 7), reaction cannot occur at the benzylic methylene because the C-H bond is
much less favorably aligned with the adjacent p-orbital than the C-H bond of 6-methylBP.
This less favorable alignment does not cause deprotonation, and subsequently nucleophilic
attack cannot occur at the benzylic methylene group (Cavalieri and Roth, 1976; Tolbert et
al., 1990). On the contrary, perfect alignment between the methylene group and the p-orbital
occurs in the strong carcinogen MC, because the condensation of cyclopentadiene to the BA
moiety forces the CH2 to align optimally with the p-orbital at the meso-anthracenic position
(Fig. 7). The fact that meso-anthracenic ethyl-substituted PAH are not carcinogenic (Pataki
and Balic, 1972), whereas the corresponding methyl derivatives are carcinogenic, provides
further evidence that radical cations of these compounds play the primary role in their
metabolic activation.

iii. Optimal geometric configuration—An important factor for PAH to display
carcinogenic activity is related to the geometry of the molecule. In general, carcinogenic
activity is found in PAH containing three to seven condensed rings (Arcos and Argus,
1974). A more precise requirement concerning the geometric characteristics of PAH is the
presence of an angular ring, for example, in the BA series. This ring is essential for eliciting
carcinogenic activity, regardless of whether it is aromatic or aliphatic (Arcos and Argus,
1974; Cavalieri et al., 1990b). Optimal geometric configuration of PAH is essential for
forming the preliminary, appropriate intercalation complexes with DNA that are a
prerequisite for the formation of a covalent bond with nucleophilic groups (Lesko et al.,
1968). A strong piece of evidence for the formation of these intercalation physical
complexes was derived from the demonstration that depurinating DNA adducts formed from
radical cations of BP, DMBA or DB[a,l]P can be observed with double-stranded DNA, but
not with single-stranded DNA or RNA (Cavalieri et al., 2005; Devanesan et al., 1993; Li et
al., 1995; Rogan et al., 1993).

b. PAH diol epoxides
Formation of bay region diol epoxides is the second major mechanism of metabolic
activation of PAH (Fig. 5). We report here some of the data concerning three moderately
potent carcinogens, namely, 5-methylchrysene, BA and dibenz[a,h]anthracene (Fig. 8). The
experimental data for these compounds are consistent with activation through the diol
epoxide pathway.

All of the experimental data concerning the mechanism of cancer initiation by 5-
methylchrysene are consistent with activation by the diol epoxide pathway. This compound
has an IP too high to be activated via the radical cation pathway (Table 1). Studies of the
metabolism, mutagenicity and carcinogenicity of 5-methylchrysene and its monofluorinated
derivatives (Amin et al., 1985, 1987; Hecht et al., 1978a, 1978b, 1979a, 1979b) clearly
indicate that the 1,2-diol-3,4-epoxide of 5-methylchrysene is the key ultimate carcinogenic
metabolite of this compound. Characterization of the DNA adducts of 5-methylchrysene
formed in vitro and in vivo was also consistent with the diol epoxide mechanism of
activation (Melikian et al., 1982, 1983; Peltonen et al., 1991; Reardon et al., 1987).

Dibenz[a,h]anthracene also has an IP too high for this compound to be activated via the
radical cation pathway (Table 1). This symmetrical compound can form not only the bay-
region 3,4-diol-1,2-epoxide, but also the 3,4:10,11-bis-diol-1,2-epoxide (Carmichael et al.,
1993; Fuchs et al., 1993a, 1993b). When the metabolism, mutagenicity, carcinogenicity and
formation of DNA adducts of this compound were studied, all of the results indicated that it
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is activated via the diol epoxide pathway (Fuchs et al., 1993a, 1993b; Lecoq et al., 1991,
1992; Platt, et al., 1990). One study suggests that the 3,4:10,11-bis-diol-1,2-epoxide is the
most important for the carcinogenicity of this compound (Carmichael et al., 1993).

For BA, its IP is high and precludes activation of this compound via the radical cation
pathway (Table 1). BA is activated metabolically by the diol epoxide mechanism at the bay
region (C1-C4) by mouse skin and rat liver microsomes (MacNicoll et al., 1980; Thakker et
al., 1979a, 1979b). The major DNA adduct formed in mouse skin treated with BA was
derived from the anti-3,4-diol-1,2-epoxide metabolite (Cooper et al., 1980). The anti-
BA-3,4-diol-1,2-epoxide had greater tumor-initiating activity or carcinogenicity in mouse
skin and mouse lung than BA-3,4-diol, which had greater activity than that of the parent
compound, BA (Levin et al., 1978; Wislocki et al., 1979). Other types of data, for example,
on genotoxicity and mutagenicity, are consistent with metabolic activation by the diol
epoxide pathway.

4. PAH-DNA adducts in target organs
Carcinogens react with DNA to form two types of adducts: stable adducts and depurinating
adducts. Investigators in chemical carcinogenesis have always considered only stable
adducts, which remain in DNA unless removed by repair. These adducts are usually detected
by the 32P-postlabeling technique (Reddy and Randerath, 1986), but they have not always
been identified. The stable adducts are formed when the activated PAH reacts at the
exocyclic amino group of Ade or Gua. Instead, when reaction occurs at the N3 or N7 of Ade
or the N7 or sometimes C8 of Gua, the glycosyl bond becomes destabilized and subsequent
depurination occurs (Cavalieri et al., 1990a; Rogan et al., 1988).

In the Watson-Crick model of DNA (Fig. 9), the Gua is hydrogen-bonded to cytosine and
Ade is hydrogen-bonded to thymine. The backbone of the DNA is composed of deoxyribose
and phosphate groups. The Gua has an exocyclic 2-NH2 nucleophilic group that can react
with electrophilic groups of carcinogens to form stable adducts (Fig. 9, hollow arrow). For
Ade, reaction of an electrophile with the nucleophilic exocyclic 6-NH2 group also forms a
stable adduct (Fig. 9, hollow arrow); however, if reaction occurs at N7 or sometimes C8 of
Gua, or at the N3 or N7 of Ade, depurinating adducts are obtained (Fig. 9, solid arrows).
Following the reaction at the N3 of Ade, destabilization of the glycosyl bond occurs via
formation of an intermediate oxocarbenium ion, with subsequent depurination and
generation of an apurinic site in the DNA (Fig. 9). To determine the role of DNA adducts in
cancer initiation, it is essential to identify and quantify the stable and depurinating adducts
formed in target tissues.

a. Benzo[a]pyrene
The first PAH-DNA adducts to be identified were the adducts of BP. One of the major
pieces of evidence for the diol epoxide mechanism of activation of PAH was the
identification of the stable adducts formed in vitro and in mouse skin by reaction of BP diol
epoxide (BPDE) with the 2-NH2 group of Gua (Koreeda et al., 1978; Sims et al., 1974).
Formation of adducts by one-electron oxidation was demonstrated by identification of the
depurinating adduct BP-6-N7Gua after activation of BP in the presence of DNA by
horseradish peroxidase (Rogan et al., 1988) or cytochrome P450 in rat liver microsomes or
nuclei (Cavalieri et al., 1990a). Subsequently, complete profiles of the depurinating and
stable BP-DNA adducts formed by rat liver microsomes or rat liver nuclei, or in mouse skin
were determined (Fig. 10) (Chen et al., 1996; Devanesan et al., 1992, 1996; Rogan et al.,
1993).
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When BP was activated by rat liver microsomes in the presence of DNA, 68% of the total
adducts were depurinating adducts, with only 4% of them arising via the diol epoxide
pathway (Fig. 10) (Chen et al., 1996). Of the 32% stable adducts, 26% was the BPDE-10-
N2dG adduct and 6% were unidentified stable adducts. When BP-7,8-dihydrodiol was
activated by microsomes, 93% of the adducts were stable adducts, with 90% being
BPDE-10-N2dG and 3% were unidentified. When anti-BPDE was reacted with DNA in
vitro, 98% of the adducts were stable adducts, almost exclusively the BPDE-10-N2dG (Fig.
10) (Chen et al., 1996).

Qualitative and quantitative comparison of the adducts was obtained by treating mouse skin
with BP, its proximate carcinogenic metabolite BP-7,8-dihydrodiol or the ultimate
carcinogenic metabolite BPDE (Fig. 10). This comparison had several purposes, which
included discovering the relative amounts of stable vs depurinating adducts and the relative
abundance of depurinating Ade vs Gua adducts. BP forms both stable (29%) and
depurinating (71%) adducts in mouse skin (Chen et al., 1996). The depurinating adducts are
BP-6-C8Gua (34%), BP-6-N7Gua (10%), BP-6-N7Ade (22%), BPDE-10-N7Gua (2%) and
BPDE-10-N7Ade (3%), whereas the stable BPDE-10-N2dG adduct constitutes 23%, and the
remaining 6% are unidentified stable adducts (Fig. 10). Most of the adducts after treatment
with BP are depurinating adducts formed by one-electron oxidation (66%), whereas the
stable adducts are mostly formed by the diol epoxide, with the major one being BPDE-10-
N2dG (23%).

BP-7,8-dihydrodiol forms more stable adducts (63%) in mouse skin than depurinating
adducts (37%, Fig. 10) (Chen et al., 1996), but the amount of depurinating adducts (1.17
µmol/mol DNA-P) is very similar to the amount of depurinating adducts formed after
treatment with BP (1.47 µmol/mol DNA-P). Treatment of mouse skin with anti-BPDE
yields fewer depurinating adducts (0.62 µmol/mol DNA-P) than with its precursor BP or
BP-7,8-dihydrodiol. The stable adducts formed by BP, BP-7,8-dihydrodiol and anti-BPDE
are mainly BPDE-10-N2dG, and the ratio of the amount of total stable adducts is 1 (0.62,
BP):3 (1.97, BP-7,8-dihydrodiol):80 (46.9, BPDE), respectively. The carcinogenicity of
these three compounds is proportional to the amount of depurinating adducts formed in
mouse skin, with BP and BP-7,8-dihydrodiol displaying similar potency in mouse skin, and
anti-BPDE much less active (Cavalieri et al., 1980; Chouroulinkov et al., 1976; Levin et al.,
1976a, 1976b, 1977a, 1977b; Slaga et al., 1976, 1977). In contrast, the carcinogenicity bears
no relationship to the amount of total stable adducts, since the less carcinogenic anti-BPDE
forms much higher levels of stable adducts than BP or BP-7,8-dihydrodiol (Fig. 10) (Chen et
al., 1996).

b. Dibenzo[a,l]pyrene
Analysis of the adducts formed by DB[a,l]P after activation by rat liver microsomal
cytochrome P450 (Fig. 11) serves as a guideline for studies of adducts formed in the target
organs mouse skin and rat mammary gland. Analogously to BP, the major adducts obtained
(85%) are depurinating adducts (Li et al., 1995). In contrast to BP, in which the depurinating
adducts arise almost exclusively from BP radical cation, the depurinating adducts of
DB[a,l]P are formed almost equally from the radical cation and diol epoxides. A second
difference, compared to BP, is that with DB[a,l]P the predominant depurinating adducts are
Ade adducts, whereas BP forms twice as much Gua as Ade depurinating adducts (Figs. 10
and 11) (Chen et al., 1996; Li et al., 1995).

Microsomal activation of DB[a,l]P-11,12-dihydrodiol produces (±)-syn-DB[a,l]PDE-14-
N7Ade as the predominant depurinating adduct (18%) (Fig. 11) and 81% stable adducts (Li
et al., 1995). The level of stable DB[a,l]P adducts was 16-fold higher than the level of stable
adducts formed by DB[a,l]P itself (112 vs 6.8 µmol/mol DNA-P, Fig. 11) (Li et al., 1995).

Cavalieri and Rogan Page 11

Mol Aspects Med. Author manuscript; available in PMC 2015 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Similar results were obtained when (±)-syn-DB[a,l]PDE was reacted with DNA (Fig. 11),
21% (±)-syn-DB[a,l]PDE-14-N7Ade and 78% stable adducts. Instead, the (±)-anti-
DB[a,l]PDE produced 99.5% stable adducts (Fig. 11). The (±)-anti-DB[a,l]PDE formed six-
fold more stable adducts than the (±)-syn-DB[a,l]PDE did.

The DNA adducts formed in mouse skin treated with DB[a,l]P, DB[a,l]P-11,12-dihydrodiol,
(±)-syn-DB[a,l]PDE, or (±)-anti-DB[a,l]PDE have also been analyzed (Fig. 12). DB[a,l]P
forms virtually only depurinating adducts (99%), of which 81% are Ade adducts (Cavalieri
et al., 2005). The DB[a,l]P radical cation forms 75% of the depurinating adducts, and 24%
are depurinating adducts formed by the diol epoxide. When mouse skin is treated with
DB[a,l]P-11,12-dihydrodiol, a similar total amount of adducts (23.8 µmol/mol DNA-P) is
formed, but the stable adducts are 20% and their level is 24 times higher than from the
parent compound (Fig. 12). The major depurinating adduct formed by DB[a,l]P-11,12-
dihydrodiol is (±)-syn-DB[a,l]PDE-14-N7Ade (69%) and the (±)-anti-DB[a,l]PDE-14-
N7Ade is 6%, while the N7Gua adducts total 5%. Treatment of mouse skin with (±)-syn-
DB[a,l]PDE produces twice as many total adducts, of which 68% are stable adducts and
25% is the (±)-syn-DB[a,l]PDE-14-N7Ade and 7% is the (±)-syn-DB[a,l]PDE-14-N7Gua
(Cavalieri et al., 2005). A similar amount of total adducts (42.9 µmol/mol DNA-P) is
obtained in mouse skin treated with (±)-anti-DB[a,l]PDE. In this case, 97% are stable
adducts, 2% are (±)-anti-DB[a,l]PDE-14-N7Ade and 1% the (±)-anti-DB[a,l]PDE-14-
N7Gua (Cavalieri et al., 2005).

When rat mammary gland is treated with DB[a,l]P, a smaller amount of adducts (8.6 µmol/
mol DNA-P) is obtained. Of these, 2% are stable adducts and the depurinating adducts
formed by DB[a,l]P radical cation are 75% of total adducts, with 57% Ade adducts. In
addition, 23% of the total adducts is (±)-syn-DB[a,l]PDE-14-N7Ade (Fig. 12) (Cavalieri et
al., 2005). The stable adducts formed by DB[a,l]P activated by rat liver microsomes and in
both mouse skin and rat mammary gland treated with DB[a,l]P have been identified
(Todorovic et al., 2005). In both of the target organs, mouse skin and rat mammary gland,
DB[a,l]P forms predominantly depurinating adducts with 1–2% stable adducts. The
depurinating adducts are formed by both the radical cation and diol epoxide, but 75% of the
adducts arise from the radical cation.

c. 7,12-Dimethylbenz[a]anthracene
Activation of DMBA by rat liver microsomes in the presence of DNA produces 89–99%
depurinating adducts formed by one-electron oxidation (Devanesan et al., 1993;
RamaKrishna et al., 1992b). The depurinating adducts are regiospecific at the 12-methyl
group, with four times as much 7-methylbenz[a]anthracene (MBA)-12-CH2-N7Ade formed
as 7-MBA-12-CH2-N7Gua (Devanesan et al., 1993; RamaKrishna et al., 1992b). When the
trans-3,4-dihydrodiol metabolite of DMBA is activated by rat liver microsomes in the
presence of DNA, the major adduct is formed by the diol epoxide of DMBA (Bigger et al.,
1978; Devanesan et al., 1993). When mouse skin is treated with DMBA, 99% of the adducts
are depurinating adducts formed by oneelectron oxidation (Fig. 13) (Devanesan et al., 1993),
and 79% of these depurinating adducts have the DMBA bound to the N7 of Ade, whereas
20% have DMBA bound to the N7 of Gua (Devanesan et al., 1993). The major stable adduct
formed in mouse skin treated with DMBA corresponds to an adduct formed by the diol
epoxide metabolite of DMBA (Devanesan et al., 1993). Stable adducts, however, constitute
less than 1% of the total adducts formed in mouse skin. Thus, the predominant DMBA
adducts derive from the radical cation of DMBA, with regiospecific reactivity at the 12-
methyl group.
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5. Correlation of depurinating PAH-DNA adducts with oncogenic mutations
The profiles of DNA adducts determined for BP, DB[a,l]P and DMBA (Figs. 10–13)
suggest that the oncogenic mutations formed in mouse skin papillomas induced by these
PAH are generated by mis-repair of apurinic sites derived from the loss of depurinating
adducts (Table 2). Mouse skin papillomas initiated with DMBA, DB[a,l]P, DB[a,l]P-11,12-
dihydrodiol, (±)-anti-DB[a,l]PDE or BP were harvested, and mutations in exons 1 and 2 of
the c-Harvey (H)-ras oncogene were investigated (Chakravarti et al., 1995). DMBA induces
the c-H-ras codon 61 A → T mutation (CAA → CTA) (Brown et al., 1990; Chakravarti et
al., 1995; Quintanilla et al., 1986). This correlates with the predominant formation of the
N7Ade depurinating adduct of DMBA (Fig. 13). After initiation by DB[a,l]P, papillomas
have the A → T mutation at codon 61, and all of the papillomas initiated by DB[a,l]P-11,12-
dihydrodiol or (±)-anti-DB[a,l]PDE contain the same mutation (Chakravarti et al., 1995). As
seen in Figures 11 and 12, N7Ade and N3Ade adducts are the predominant depurinating
adducts of DB[a,l]P, and the N7Ade adducts are the predominant depurinating adducts of
DB[a,l]P-11,12-dihydrodiol. In contrast, BP forms more depurinating Gua (46%) than Ade
(25%) adducts (Fig. 10). This PAH produces twice as many G → T mutations at codon 13 as
A → T mutations at codon 61 in the c-H-ras oncogene (Table 2) (Chakravarti et al., 1995).

Bulky stable adducts have low mutagenic potential and are estimated to induce 1–3%
mutations at the site of adduction (Rodriquez and Loechler, 1993; Shibutani et al., 1993).
Apurinic sites were postulated to be important mutagenic DNA lesions that can initiate
carcinogenesis (Loeb and Preston, 1986), although it was not known then that bulky
carcinogens like PAH can form high proportions of depurinating adducts. Mutagenesis by
noncoding lesions produces G → T and A → T transversions (Miller, 1983). These
mutations occur by DNA mis-replication across apurinic sites with most frequent insertion
of A opposite the lesion (Schaaper et al., 1983; Strauss, 1985). For example, BP mostly
produces G → T transversions in codon 13 of the c-H-ras oncogene in mouse skin tumors
(Table 2) (Chakravarti et al., 1995; Colapietro et al., 1993). Based on the greater formation
of depurinating Gua (46%) compared to Ade (25%) adducts of BP (Chen et al., 1996), the G
→ T transversions can be attributed to loss of the depurinating Gua adducts, generation of
apurinic sites and mis-replication at these sites (Fig. 14). In depurination, the glycosyl bond
between the adducts and deoxyribose is cleaved (Fig. 9), leading to loss of the adduct and
formation of an apurinic site. In the next round of DNA replication, the most likely base to
be inserted opposite the apurinic site is Ade, as demonstrated with bacterial and some
mammalian DNA polymerases (Cai et al., 1993; Ide et al., 1992; Klinedinst and Drinkwater,
1992; Loeb and Preston, 1986; Sagher and Strauss, 1983). When the coding strand of DNA
is then replicated, a T is often inserted opposite the new A. This results in the G → T
transversion observed in codon 13 of the c-H-ras oncogene. When an Ade adduct is lost by
depurination, leaving an apurinic site in the DNA, the preferential insertion of Ade in the
opposite DNA strand leads to an A → T transversion at the site of the adduct.

Other results support this hypothesis. In Drosophila melanogaster, methyl methanesulfonate
produced A → T and G → T transversions caused by depurination of 3-methylAde and 7-
methylGua, followed by mis-replication at the resulting apurinic sites (Nivard et al., 1992).
Mutations in the lacI gene of Escherichia coli treated with (±)-anti-BPDE have also been
investigated. The predominant G → T transversions were attributed to formation of the
depurinating BPDE-N7Gua adduct and mis-replication at apurinic sites (Bernelot-Moens et
al., 1990). Six stereoisomers of the stable BPDE-N6dA adduct were inserted at position 2 of
the human N-ras codon 61 (CAA) in an 11-base oligonucleotide. In E. coli, these adducts
induced only A → G mutations (Chary et al., 1995)) and not the A → T transversions found
in codon 61 in mouse skin tumors initiated with BP (Table 2) (Chakravarti et al., 1995;
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Colapietro et al., 1993). This result supports the view that the codon 61 A → T mutation in
PAH-induced tumors does not derive from a stable deoxyadenosine adduct.

About 10,000 apurinic sites are formed spontaneously per cell per day or ca. 1,700 in 4 h
(Lindahl and Nyberg, 1972). The amount of depurinating adducts detected in mouse skin
treated with BP, DMBA or DB[a,l]P, along with the estimated number of cells in the treated
area of skin, provide conservative estimates of apurinic sites of ca. 25,000 for BP, ca. 40,000
for DMBA and ca. 200,000 for DB[a,l]P formed during the 4 h of treatment with the PAH
(Figs. 10–13) (Cavalieri et al., 2005; Chen et al., 1996; Devanesan et al., 1993; Rogan et al.,
1993). Hence, depurinating BP, DMBA or DB[a,l]P adducts generate 10–100 times more
apurinic sites than those spontaneously formed per cell during the 4 h.

The apparent nonrepair may be due to excessive apurinic sites beyond the repair capacity of
the cells or to the presence of stable adducts interfering with error-free repair. Translesional
replication studies of stable adducts (Rodriguez and Loechler, 1993; Shibutani et al., 1993)
and abasic sites (Sagher and Strauss, 1983) in vitro, and the correspondence between
misincorporated bases and mutations identified in vivo with stable adducts (Eisenstad et al.,
1982) and abasic sites (Klinedinst and Drinkwater, 1992) suggest that mis-replication could
play a critical role in the induction of mutations by DNA adducts.

The correlation between depurinating adducts and mutations has also been observed in
preneoplastic tissue (Chakravarti et al., 2000). Preneoplastic mutations have been detected
by PCR amplification of the c-H-ras gene in PAH-treated mouse skin. For example, 81% of
the adducts formed in mouse skin treated with DB[a,l]P are depurinating Ade adducts
(Cavalieri et al., 2005). These adducts are converted within 12 h into preneoplastic
mutations (Chakravarti et al., 2000), which are overwhelmingly (90%) A → G transitions.
The rapid induction of preneoplastic mutations occurs while replication is repressed and
base excision repair is induced by the treatment of the skin with the PAH (Gill et al., 1991;
Sawyer et al., 1988). Therefore, these mutations appear to be induced by error-prone repair
(Chakravarti et al., 2000).

Error-prone repair of apurinic sites can occur much more quickly than mis-replication of
apurinic sites (Fig. 14). In mis-replication, two rounds of DNA replication must occur for
the mutation to be fixed in the DNA (Fig. 14, left). In error-prone repair, only one round of
replication is needed to fix a mutation (Fig. 14, right). Therefore, depending on their cell
cycle, cells can undergo one round of DNA replication and cell division within 12–24 h,
thereby fixing a mutation generated by error-prone repair of an apurinic site.

Qualitative and quantitative study of various carcinogen adducts and mutations induced in
ras oncogenes should yield further insight into the role of apurinic sites in cancer initiation.

6. Carcinogenicity of PAH and derivatives in the target organs mouse skin
and rat mammary gland

Identification and quantification of DNA adducts formed by PAH and their correlation with
oncogenic mutations (see above) can provide some orientation in delineating the
mechanism(s) of tumor initiation of PAH and their derivatives. Carcinogenicity experiments
with PAH can also provide very useful guidelines on the mechanism(s) of metabolic
activation of various PAH. Such studies can suggest, for example, whether or not the diol
epoxide pathway plays a role in the metabolic activation of a certain PAH.

One avenue to obtain information on the mechanism of metabolic activation is to compare
the carcinogenicity of the parent compound to its dihydrodiol that leads to the bay region
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diol epoxide and to the diol epoxide itself. The assumption is that the diol epoxide should be
more carcinogenic than the proximate dihydrodiol and, in turn, the dihydrodiol more potent
than the parent compound in dose-response carcinogenicity studies.

A second method to obtain critical information consists of comparing the parent compound
to a fluoro-substituted PAH in which the fluoro group occupies one of the sites of the diol
epoxide, thereby blocking this pathway of activation. If the diol epoxide pathway is the
exclusive mechanism of activation, the fluoro compound should be inactive.

A third approach consists of comparing the carcinogenicity of PAH and derivatives in the
two target organs mouse skin and rat mammary gland (Table 1). The assumption in these
studies is that activation by radical cations is predominant in the rat mammary gland because
peroxidases catalyzing this mechanism of activation are very abundant there.

Following the first approach, when BP and BP-7,8-dihydrodiol were compared in mouse
skin by initiation-promotion and repeated application, the two compounds had similar
activity (Cavalieri et al., 1980; Chouroulinkov et al., 1976; Levin et al., 1976a, 1976b,
1977b; Slaga et al., 1976). The (-)-BP-7,8-dihydrodiol enantiomer that leads to the most
active anti-BPDE is no more potent than BP in mouse skin (Levin et al., 1977b; Slaga et al.,
1977). In turn, the BPDEs are less carcinogenic than the parent BP or BP-7,8-dihydrodiol
(Slaga et al., 1976, 1977).

DB[a,l]P is the most potent carcinogen among the dibenzo[a]pyrene isomers (Cavalieri et
al., 1989) and is the most potent PAH (Higginbotham, et al., 1993). At high doses, the
tumor-initiating activity of DB[a,l]P and DB[a,l]P-11,12-dihydrodiol, the proximate
metabolite leading to the bay region diol epoxide, are similar in mouse skin (Cavalieri et al.,
1991), but at low doses the 11,12-dihydrodiol is much less active than DB[a,l]P (Cavalieri et
al., 1994; Gill et al., 1994; Higginbotham et al., 1993). The diol epoxides, syn- and anti-
DB[a,l]PDE, are much weaker than DB[a,l]P and its 11,12-dihydrodiol (Cavalieri et al.,
1994; Gill et al., 1994). Furthermore, syn-DB[a,l]PDE is a stronger tumor initiator than its
congener, anti-DB[a,l]PDE (Cavalieri et al., 1994; Gill et al., 1994). Thus, these
experiments clearly indicate that the diol epoxide pathway is not the exclusive pathway of
activation for BP and DB[a,l]P.

The second approach, in which a fluoro substituent in the bay region blocks formation of the
diol epoxide, has been applied to BP, DMBA and MC. The moderate-weak activity of 7-
FBP, 8-FBP and 10-FBP in mouse skin and rat mammary gland indicates that other
mechanisms are involved in the metabolic activation of these compounds (Cavalieri et al.,
1988c). In fact, these derivatives of BP are not metabolized to their dihydrodiols at the
double bond in which the fluoro group is substituted. Metabolism of 8-FBP and 9-FBP
yields the same metabolites as BP, with the exception of the 7,8-dihydrodiol from 8-FBP
and the 9,10-dihydrodiol from 9-FBP (Chou and Fu, 1984). Thus, the carcinogenic
activation of these fluoro compounds is not initiated by the diol epoxide pathway.

The tumorigenicity experiment of DMBA versus DMBA-3,4-dihydrodiol, the proximate
metabolite in the diol epoxide pathway of activation, indicates that the latter is a more potent
initiator than the parent compound (Slaga et al., 1979). This result would suggest that the
diol epoxide plays a major role in the activation of DMBA. The DMBA-3,4-dihydrodiol,
however, can also be activated via a radical cation. Therefore, the tumorigenic effect of the
3,4-dihydrodiol could arise from both mechanisms of activation, formation of a diol epoxide
and a radical cation. Saturation of the angular benzo ring in which the diol epoxide of
DMBA is formed leads to 1,2,3,4-tetrahydroDMBA (Table 1). This compound is a relatively
potent carcinogen (Cavalieri et al., 1990b; DiGiovanni et al., 1982), indicating that its
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activation does not occur via the bay-region diol epoxide pathway. Furthermore, the diol
epoxide mechanism cannot play a role in the weak carcinogenic activity of 1-FDMBA, 2-
FDMBA or 4-FDMBA, in which formation of the diol epoxide is hindered by the fluoro
substituent (Cavalieri et al., 1990b; DiGiovanni et al., 1982; Harvey and Dunne, 1978). By
the same rationale, the carcinogenicity of 8-FMC and 10-FMC in rat mammary grand (Table
1) (Cavalieri et al., 1988c) suggests that diol epoxides do not play a role in the metabolic
activation of these compounds.

The third approach is to compare carcinogenic activity in the two target organs mouse skin
and rat mammary gland. In these studies, the assumption is that rat mammary gland tissue
has abundant peroxidases and little cytochrome P450, whereas mouse skin has more
cytochrome P450. Another factor plays an important role in assessing the mechanism of
carcinogenic activation of the PAH listed in Table 1, namely the IP. Above a certain IP,
activation by radical cations is not operative, due to the more difficult removal of one
electron and the formation of a less stable radical cation. The cut-off IP above which
activation by radical cations is not operative has been proposed to be about 7.35 eV
(Cavalieri et al., 1983). This value was generated based on the level of binding to DNA of a
series of PAH with IP ranging from 8.19 to 6.68 eV catalyzed by horseradish peroxidase
(Cavalieri et al., 1983) or prostaglandin H synthase (Devanesan et al., 1987). Thus, in these
carcinogenicity experiments, PAH with high IP should be activated by the diol epoxide and
should be active only in mouse skin. In contrast, PAH with IP below 7.35 eV can be
activated by both mechanisms and should be carcinogenic in both mouse skin and rat
mammary gland.

The PAH 5-methylchrysene and dibenz[a,h]anthracene are potent carcinogens in mouse skin
(Hecht et al., 1974; Hoffman, 1974; IARC, 1973, 1983), but are inactive in rat mammary
gland (Cavalieri et al., 1988d), as predicted by their relatively high IP (Table 1). BA, which
has a relatively high IP and is a borderline carcinogen in mouse skin, is inactive in rat
mammary gland (Cavalieri et al., 1988d; IARC, 1973, 1983). 7-Methylbenz[a]anthracene,
which has an IP value near the cut-off of 7.35eV (Table 1), is a potent carcinogen in mouse
skin (Stevenson and Von Haam, 1965; Wislocki et al., 1982) and very weakly active in rat
mammary gland (Cavalieri et al., 1988d). BP-7,8-dihydrodiol and DB[a,l]P-11,12-
dihydrodiol, which have relatively high IP of 7.49 and 7.79 eV, respectively, are activated
by monooxygenation to form diol epoxides and would be expected to be non-carcinogenic
or weakly carcinogenic in the rat mammary gland, in which cytochrome P450 is at a very
low concentration or not present. BP-7,8-dihydrodiol has been found to be a mammary
carcinogen in the rat, although weaker than the parent BP (Cavalieri et al., 1988c). This
effect could be due to the ability of peroxidases to catalyze epoxidation at the bay region
double bond (Dix and Marnett, 1983; Marnett, 1990). Thus, the carcinogenic activity of the
dihydrodiol in the mammary gland does not contradict the proposed cut-off of about 7.35
eV, above which PAH cannot be activated to effective radical cations. In summary,
carcinogenicity experiments in mouse skin and rat mammary gland can provide some
orientation in delineating the mechanisms of cancer initiation by PAH and their derivatives.

7. Mechanism of cancer initiation by the most potent PAH carcinogens
Determination of the mechanisms of cancer initiation by the most potent PAH carcinogens
BP, DB[a,l]P, DMBA and MC is based on several lines of investigation, which include
metabolism studies, dose-response carcinogenicity experiments, identification and
quantification of DNA adducts, and the relationship of these adducts to oncogenic
mutations.
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a. Benzo[a]pyrene
Metabolism of BP in vitro and in vivo has established that the bay region diol epoxide is
involved in the formation of DNA adducts of BP. BP forms three types of metabolites (Fig.
1). The phenols, of which the 3-OHBP is the major one, followed by the 9-OHBP, 7-OHBP
and 1-OHBP; the quinones BP-1,6-, BP-3,6-, and BP-6,12-quinone; and the BP-4,5-,
BP-7,8- and BP-9,10-dihydrodiol (Alpert and Cavalieri, 1980; Holder et al., 1974; Selkirk et
al., 1974; Yang, 1977). The presence of the metabolite BP-7,8-dihydrodiol led various
investigators to propose that the ultimate carcinogenic metabolite of BP was the BP-7,8-
dihydrodiol-9,10-epoxide, which yielded both in vitro and in vivo BPDE-10-N2dG as a
major adduct (Sims et al., 1974). Tumorigenicity data do not support the hypothesis that the
diol epoxide pathway is the exclusive mechanism of activation because the proximate
BP-7,8-dihydrodiol stereoisomers, in particular the (−)enantiomer, are not more
carcinogenic in mouse skin than the parent compound. Furthermore, the most active ultimate
carcinogenic metabolite, (+)-anti-BPDE, is much less carcinogenic than BP and BP-7,8-
dihydrodiol (Cavalieri et al., 1980; Chouroulinkov et al., 1976; Levin et al., 1976a, 1976b,
1977a, 1977b; Slaga et al., 1976, 1977). Therefore, other mechanisms of metabolic
activation must be involved.

The electrophilic radical cations of BP can play a role in the metabolic activation of BP
because it has a relatively low IP (7.23 eV, Table 1). In addition, the radical cation has
charge localized at C-6 (Cavalieri and Auerbach, 1974; Cremonesi et al., 1989; Jeftic and
Adams, 1970; Rochlitz, 1967; Wilk et al., 1966; Wilk and Girke, 1972) that renders this
position reactive toward the nucleophilic groups of Ade and Gua (RamaKrishna et al.,
1992c; Rogan et al., 1988). After having synthesized the DNA adducts of BP formed both
by both the radical cation and the diol epoxide (Chen et al., 1996; RamaKrishna et al.,
1992c; Rogan et al., 1988), a thorough analysis of these adducts formed in mouse skin has
led to the determination that most of the adducts are depurinating adducts (71%) and only
29% are stable adducts, of which 23% are BPDE-10-N2dG (Fig. 10) (Chen et al., 1996).

Among the depurinating adducts, 66% are formed by the radical cation and only 5% by the
diol epoxide pathway. When mouse skin is treated with anti-BPDE, a smaller amount of
depurinating adducts than with BP, 0.6 µmol/mol DNA-P vs. 1.5 µmol/mol DNA-P,
respectively, but a much larger amount of stable adducts is formed, 47 µmol/mol DNA-P vs
0.6 µmol/mol DNA-P, respectively (Chen et al., 1996). Since anti-BPDE is much less
carcinogenic than BP, these results clearly indicate that the level of stable adducts is not
related to the carcinogenic activity.

The relevance of depurinating adducts to the mechanism of tumor initiation is seen in the
correlation of these adducts with mutations formed in the H-ras oncogene in mouse skin
papillomas initiated with BP (Table 2) (Chakravarti et al., 1995; Colapietro et al., 1993).
Depurinating Gua and Ade adducts comprise 46% and 25%, respectively, of the total BP-
DNA adducts formed in mouse skin (Fig. 10). Ras mutations formed in DNA from 54% of
the papillomas display G → T transversions in codon 13, while 15% of the papillomas
exhibit A → T transversions in codon 61 ) (Chakravarti et al., 1995; Colapietro et al., 1993).
Thus, the mutations correlate with the depurinating adducts, but have no relationship to the
stable adducts formed by BP.

In conclusion, the mechanism of tumor initiation by BP is dictated by the depurinating
adducts of Gua and Ade, predominantly formed by the BP radical cation (Fig. 10). The
correlation of depurinating adducts and mutation data for BP suggests that the tumor-
initiating activity of BP-7,8-dihydrodiol and anti-BPDE could be also based on their
depurinating Ade and Gua adducts (Fig. 10), but the demonstration of this hypothesis can be
obtained only by correlating these adducts with oncogenic mutations.
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b. Dibenzo[a,l]pyrene
Metabolism of DB[a,l]P produces three major metabolites, and one of them is
DB[a,l]P-11,12-dihydrodiol, a proximate carcinogenic metabolite in the diol epoxide
pathway (Devanesan et al., 1990). One-electron oxidation of DB[a,l]P by manganic acetate
(Cremonesi et al., 1992a) or by electrochemical oxidation in the presence of dG or dA
(RamaKrishna et al., 1993b) affords a radical cation with charge localization at C-10,
followed by specific reaction with nucleophiles at this carbon atom. Identification and
quantification of the depurinating and stable adducts have been pivotal for understanding the
pathways of activation of DB[a,l]P. In fact, in vitro, in mouse skin and in the rat mammary
gland, the preponderant adducts are the depurinating ones (Figs. 11 and 12), and among
these adducts loss of Ade represents the predominant event with DB[a,l]P, DB[a,l]P-11,12-
dihydrodiol and the DB[a,l]P diol epoxides (Cavalieri et al., 2005; Li et al., 1995).

Studies of the H-ras oncogene mutations in mouse skin papillomas induced by DB[a,l]P,
DB[a,l]P-11,12-dihydrodiol or anti-DB[a,l]PDE indicate that these compounds produce
exclusively A → T mutations at codon 61 (Table 2) (Chakravarti et al., 1995). Thus, a
correlation between ras mutations and Ade depurinating adducts suggests that these
mutations arise from unrepaired apurinic sites.

Comparative tumorigenicity studies of DB[a,l]P, DB[a,l]P-11,12-dihydrodiol, syn-
DB[a,l]PDE and anti-DB[a,l]PDE indicate that DB[a,l]P is slightly more potent than the
11,12-dihydrodiol and much more potent than the two diol epoxides (Cavalieri et al., 1991,
1994; Gill et al, 1994; Higginbotham et al., 1993). Therefore, the diol epoxide pathway does
not appear to play a major role in the carcinogenicity of DB[a,l]P. Furthermore, the least
tumorigenic metabolite, anti-DB[a,l]PDE, forms by far the greatest amount of stable adducts
both in vitro (Li et al., 1995) and in vivo (Cavalieri et al., 2005), suggesting that these
adducts do not play a significant role in tumor initiation. While the stable adducts are mainly
formed by the diol epoxide pathway (Li et al., 1995; Todorovic et al., 2005), the
depurinating adducts arise mainly in mouse skin and rat mammary gland via the radical
cation pathway. Thus, tumor initiation by DB[a,l]P is mainly due to depurinating Ade
adducts formed by DB[a,l]P radical cation and by the diol epoxide pathway.

c. 7,12-Dimethylbenz[a]anthracene
Evidence for the predominant metabolic activation of DMBA via the radical cation pathway
derives in part from observations concerning the carcinogenic activities of BA and its
alkylated derivatives, and the physico-chemical properties of their radical cations (Cavalieri
and Roth, 1976; RamaKrishna et al., 1992a, 1992b). The parent compound BA is a
borderline carcinogen (Dipple et al., 1976), but substitution of a methyl group at C-7 leads
to substantially increased carcinogenicity (Dunning and Curtis, 1960; Stevenson and Von
Haam, 1965; Wislocki et al., 1982). Among the methyl-substituted BA, the 7-methyl and
12-methyl are the most active, followed by the 6-methyl and 8-methyl derivatives. The
remaining methyl derivatives are inactive. Substitution of BA with two methyl groups at the
7- and 12-meso-anthracenic positions leads to DMBA, one of the most potent carcinogens
(Dipple et al., 1976). Although less potent than DMBA, 1,2,3,4-tetrahydroDMBA is also a
strong carcinogen, despite being fully saturated in the angular ring and, thus, unable to be
activated by the diol epoxide pathway (Cavalieri et al., 1990b; DiGiovanni et al., 1982).
Electrochemical oxidation of 1,2,3,4-tetrahydroDMBA in the presence of dG or dA yields
numerous adducts, which include the ones at the 12-methyl and 7-methyl groups that are
similar to those obtained with DMBA under similar conditions (Mulder et al., 1996).

Both in vitro and in mouse skin, 99% of the DMBA-DNA adducts formed are depurinating
adducts, in which DMBA is regiospecifically bound through the 12-methyl to the N-7 of
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Ade (79%) or Gua (20%) (Fig. 13) (Devanesan et al., 1993; RamaKrishna et al., 1992b). The
stable adducts contribute a very minor proportion (1%); and are mostly formed via the diol
epoxide pathway (Cheng et al., 1988a, 1988b; Vericat et al., 1991). The specificity of
binding of DMBA at the 12-methyl group to the DNA bases correlates well with the results
of carcinogenicity experiments. When the two methyl groups of DMBA are substituted with
ethyl groups, the resulting 7,12-(C2H5)2BA is not carcinogenic (Pataki and Balic, 1972).
The inactivity of the ethyl-substituted compound is consistent with the lack of nucleophilic
substitution at the benzylic methylene group of the radical cation of an ethyl PAH (Fig. 7)
(Tolbert et al., 1990). Furthermore, 7-CH3-12-C2H5BA is a much weaker carcinogen than
DMBA, whereas 7-C2H5-12-CH3BA displays a carcinogenic activity similar to that of
DMBA (Pataki and Balic, 1972). These data clearly suggest that the 12-methyl group plays
the major role in the carcinogenic activity of DMBA.

DMBA-3,4-dihydrodiol, precursor to the bay region diol epoxide, has been found among the
numerous metabolites of DMBA (Chou et al., 1981) and has been shown to be a more potent
tumor initiator in mouse skin than the parent DMBA (Slaga et al., 1979). The tumorigenicity
of the 3,4-dihydrodiol can be attributed to adducts formed by both its diol epoxide and
radical cation (since this compound has chemical properties similar to 1,2,3,4-
tetrahydroDMBA).

DMBA consistently produces A → T transversions in codon 61 of the H-ras oncogene in
mouse skin tumors (Table 2) (Brown et al., 1990; Chakravarti et al., 1995; Quintanilla et al.,
1986). Based on the preponderant formation of the N7Ade adduct of DMBA (79%)
(Devanesan et al., 1993), the A → T transversions can be attributed to loss of the N7Ade
adducts, generation of apurinic sites, and error-prone repair at these sites. The same A → T
transversion in codon 61 is observed in papillomas induced by 1,2,3,4-tetrahydroDMBA
(Chakravarti et al., 1995). The adducts formed by this carcinogen have not been identified,
but, as stated above, electrochemical oxidation of 1,2,3,4-tetrahydroDMBA in the presence
of dG and dA yields methyl-substituted depurinating adducts similar to those obtained with
DMBA (Mulder et al., 1996). Thus, it is anticipated that 1,2,3,4-tetrahydroDMBA, which
cannot form a bay region diol epoxide, is metabolically activated mostly by the radical
cation at the 12-methyl group, like DMBA, forming a preponderance of N7Ade adducts that
generate apurinic sites in DNA.

In conclusion, based on the several lines of evidence described above, DMBA initiates
tumors by forming radical cations that bind specifically at the 12-methyl group
preponderantly to the N7 of Ade.

d. 3-Methylcholanthrene
MC is a very potent carcinogen in mouse skin and rat mammary gland (Cavalieri et al.,
1978, 1988c, 1988d). This compound has a relatively low IP (Table 1). The charge
localization in its radical cation at position 12b (Fig. 15) causes it to react specifically at C-1
with various nucleophiles (Cavalieri and Roth, 1976), including Ade, dA and dG (Li et al.,
1996). The specific reaction at C-1 competes successfully with the reaction at the meso-
anthracenic position C-6, due to the complete alignment of the C-H bond of the C-1
methylene with the adjacent aromatic p-orbital as a result of geometric constraints (Fig. 7).
This molecular characteristic, which is unique to the MC radical cation, is responsible for
the mechanism of cancer initiation by this compound.

In the metabolism of MC by rat liver microsomes, MC is not converted to the proximate
metabolite MC-9,10-dihydrodiol, precursor to the bay region diol epoxide. Only the major
metabolites of MC, 1-hydroxyMC and 2-hydroxyMC, yield metabolically the 9,10-
dihydrodiol (Shou and Yang, 1990; Thakker et al., 1978a, 1978b). These results imply that
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formation of the ultimate bay region diol epoxide from MC requires four distinct steps,
namely hydroxylation at C-1, epoxidation at the 9,10-double bond, enzymatic hydrolysis to
form the 9,10-dihydrodiol, and, finally, epoxidation at the 7,8-double bond.

Tumor-initiating activity in mouse skin shows that the activity of the two diastereomeric 1-
hydroxyMC-9,10-dihydrodiols is no greater than that of the parent compound MC
(Chouroulinkov et al., 1979; Levin et al., 1979), while 1-hydroxyMC is less active than MC
and the two 1-hydroxyMC-9,10-dihydrodiols. The proximate metabolite 1-hydroxyMC is
also consistently much less carcinogenic than MC in mouse skin (Cavalieri et al., 1978;
Sims, 1967) and rat mammary gland (Cavalieri et al., 1988d). Furthermore, the 8-FMC and
10-FMC, which cannot be activated by the diol epoxide pathway, are carcinogenic in the rat
mammary gland (Gill et al., 1994).

Activation of MC by rat liver microsomes yielded 91% depurinating adducts, of which 87%
were MC-1-N7Ade, 4% MC-1-N3Ade and 3% MC-1-N7Gua (Li et al., 1996). The
remaining 6% were unidentified stable adducts. These results clearly indicate that the
predominant depurinating adducts arise from the MC radical cation and most of the adducts
contain Ade.

All of the results obtained suggest that the main molecular characteristic in the initiation of
cancer by MC is the activation of C-1 in MC radical cation and reaction with the
nucleophilic groups of Ade and Gua to form depurinating adducts.

8. Conclusions on PAH
The most significant research on PAH has been centered around initiation, the process
involving the reaction of ultimate carcinogenic PAH metabolites with DNA. The two major
types of carcinogenic metabolites are PAH radical cations and diol epoxides.

A key aspect of understanding PAH carcinogenesis has been to elucidate the mechanism of
oxygen transfer by cytochrome P450. Specific PAH, in particular fluorinated BPs, have been
critical in determining how this oxygen transfer occurs. Development of the PAH radical
cation chemistry revealed that radical cation intermediates are the precursors of PAH
oxygenated metabolites, such as the diol epoxides. Whether ultimate carcinogenic PAH
radical cations or PAH diol epoxides are metabolically formed depends on the physico-
chemical properties of the PAH and the enzymes involved. Among the PAH radical cations
and diol epoxides, the radical cations are the ultimate carcinogenic metabolites that play the
predominant role in the initiation of cancer by the very potent carcinogens BP, DB[a,l]P,
DMBA and MC.

Cancer initiation by PAH occurs when PAH radical cations and/or diol epoxides react with
DNA to form specific adducts. In general, PAH diol epoxides tend to form stable adducts
that remain in DNA unless removed by repair. In contrast, PAH radical cations
predominantly form depurinating adducts that are lost from DNA, leaving mutagenic
apurinic sites. The resulting mutations can lead to the initiation of cancer. The depurinating
PAH-DNA adducts are the critical adducts in the initiation of cancer by BP, DB[a,l]P,
DMBA and MC. This insight was revealed by the correlation between depurinating PAH-
DNA adducts and cancer-causing mutations in the target organs mouse skin and rat
mammary gland.

Detailed knowledge of the mechanism of cancer initiation by PAH has provided the
information necessary to understand how natural estrogens can become chemical
carcinogens and initiate various types of human cancer.
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9. Hormonal and nonhormonal mechanisms of estrogen carcinogenesis
Two mechanisms have been hypothesized for the role of estrogens in the induction of
cancer: one is hormonal and the other is nonhormonal. In the hormonal mechanism, which
occurs in hormone-dependent organs, estrogens bind to the estrogen receptor (ER) to
generate a variety of signals that stimulate cell proliferation (Nandi et al., 1995; Preston-
Martin et al., 1990). This event takes place during cancer promotion and progression.
Although hormonal effects can mediate cell proliferation, a genotoxic event is necessary to
produce mutations, the permanent genetic change at the origin of cancer. In a nonhormonal
mechanism, estrogens can act as chemical carcinogens and initiate mutations and cancer via
formation of estrogen-DNA adducts (Cavalieri et al., 2000, Cavalieri and Rogan, 2010,
2011).

The scientific community does not accept estrogens as chemical carcinogens, mostly
because these compounds were not found to induce mutations in bacterial and mammalian
test systems, presumably because the reactive estrogen quinones either were not formed or
could not reach the target DNA (Drevon et al., 1981; Lang and Redmann, 1979, 1993; Li,
1993; Nandi, 1978). These results have led scientists to classify estrone (E1) and estradiol
(E2) as epigenetic carcinogens that function mainly by stimulating abnormal cell
proliferation via ER-mediated processes (Dickson and Stancel, 2000; Feigelson and
Henderson, 1996; Furth, 1982; Li, 1993; Li and Li, 1990; Nandi et al., 1995). The stimulated
cell proliferation would create more opportunities for mutations leading to carcinogenesis
(Feigelson and Henderson, 1996; Hahn and Weinberg, 2002; Li and Li, 1990). The ER-
mediated events can be involved in accelerating the process of carcinogenesis, but they do
not play a critical role in cancer initiation, because the hypothetical mutations obtained
during cell proliferation are random. The discovery that specific oxidative metabolites of
estrogens, catechol estrogen quinones (see below), react with DNA led to and supports the
hypothesis that estrogens can become endogenous chemical carcinogens by generating the
mutations leading to the initiation of cancer (Cavalieri and Rogan, 2010, 2011). This
paradigm suggests that specific, critical mutations generate abnormal cell proliferation
leading to cancer, rather than ER-mediated abnormal cell proliferation giving rise to random
mutations (Dickson and Stancel, 2000; Feigelson and Henderson, 1996; Furth, 1982; Li and
Li, 1990; Nandi, 1978; Nandi et al., 1995). The specificity of the critical mutations derives
from the preliminary intercalating physical complex between estrogen and DNA before
formation of a covalent bond between them. This has been demonstrated by studying the
mechanism of cancer initiation of the human carcinogen diethylstilbestrol (DES) (Saeed et
al., 2009b).

10. Common mechanism of cancer initiation by estrogens and other
compounds containing one or two benzene rings

A mechanism of metabolic activation, which produces extremely weak ultimate
carcinogens, involves estrogens and other aromatic compounds with one or two benzene
rings. In this mechanism, the benzene ring of the compounds is enzymatically oxidized to
yield a phenol (Fig. 16). A second hydroxylation leads to production of a catechol, followed
by a third oxidation to afford the electrophilic ultimate carcinogenic ortho-quinone
metabolite. This metabolite can react with DNA by Michael addition to form predominantly
the depurinating DNA adducts at the N-3 of Ade and N-7 of Gua (Fig. 16). These adducts
detach from DNA, leaving behind a DNA with apurinic sites. Erroneous repair of the
apurinic sites gives rise to mutations that could initiate cancer. Evidence has been provided
that this unifying mechanism of activation occurs with benzene (Cavalieri et al., 2002b;
Zahid et al., 2010b), naphthalene (Saeed et al., 2007a, Saeed et al., 2009a), the natural
estrogens E1 and E2 (Cavalieri et al., 1997; Dwivedy et al., 1992; Li et al., 2004; Saeed et
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al., 2005b, 2007b; Stack, et al., 1996; Zahid et al., 2006), the synthetic estrogens DES
(Hinrichs et al., 2011; Saeed et al., 2009b) and hexestrol (HES) (Jan et al., 1998; Saeed et
al., 2005a, 2005b), and dopamine (Cavalieri et al., 2002b; Zahid et al., 2010b; 2011b) (Fig.
16).

a. Natural and synthetic estrogens
Oxidation of catechol estrogens to semiquinones and then to quinones is a pathway that can
initiate cancer by natural estrogens, as well as synthetic estrogens such as the human
carcinogen DES (Herbst et al., 1971) and its hydrogenated derivative HES. These
compounds, similarly to the natural estrogens, are carcinogenic in the kidney of Syrian
golden hamsters (Li et al., 1983; Liehr et al., 1985); the major metabolites are their catechols
(Blaich et al., 1990; Haaf and Metzler, 1985; Liehr et al., 1985; Metzler and McLachlan,
1981). The catechols are easily oxidized to catechol quinones. The catechol quinones of
DES and HES have chemical and biochemical properties similar to those of E1(E2)-3,4-Q;
namely, they form N3Ade and N7Gua adducts after reaction with DNA (Fig. 16), and
depurination of the N7Gua adduct occurs rather slowly, analogously to the respective
adducts of the natural E1(E2)-3,4-Q (Hinrichs et al., 2011; Jan et al., 1998; Saeed et al.,
2005a, 2005b, 2009b).

Therefore, the catechol quinones of DES and HES appear to be the critical initiators of
cancer by these synthetic estrogens. In turn, these results support the hypothesis that
E1(E2)-3,4-Q may be endogenous cancer initiators.

b. Benzene and naphthalene
Oxidation of catechols to semiquinones and quinones is not only the mechanism of cancer
initiation for natural and synthetic estrogens, but could also be the mechanism of cancer
initiation for the leukemogen benzene. It has long been known that benzene causes acute
myelogenous leukemia in humans (Paxton, 1996; Rinsky et al., 1987). Metabolites of
benzene include catechol (1,2-dihydroxybenzene, CAT) and hydroquinone (1,4-
dihydroxybenzene) (Sabourin et al., 1989; Snyder and Kalf, 1994). CAT and hydroquinone
can accumulate in bone marrow (Greenlee et al., 1981; Rickert et al., 1979), where they can
be oxidized by peroxidases, including myeloperoxidase and prostaglandin H synthase
(Sadler et al., 1988). The resulting CAT quinone can produce DNA adducts. In fact,
oxidation of CAT by horseradish peroxidase, tyrosinase, or phenobarbital-induced rat liver
microsomes in the presence of DNA yields the depurinating adducts CAT-4-N7Gua and
CAT-4-N3Ade (Fig. 16) (Cavalieri et al., 2002b; Zahid et al., 2010b). Thus, formation of
depurinating adducts specifically at the N-7 position of Gua and N-3 position of Ade by 1,4-
Michael addition of benzene-1,2-quinone to DNA suggests that benzene-1,2-quinone may
play a critical role in cancer initiation by benzene.

Inhalation of naphthalene has been found to induce olfactory epithelial neuroblastomas in 5–
10% of male and female rats chronically exposed to naphthalene for two years (NTP, 2000).
The only logical mechanism of activation of naphthalene is analogous to the one described
above for natural and synthetic estrogens, and benzene. In fact, naphthalene-1,2-quinone
reacts with DNA to yield analogous depurinating N3Ade and N7Gua adducts in vitro and in
vivo (Fig. 16) (Saeed et al., 2007a; Saeed et al., 2009a).

In conclusion, the catechol quinones of natural and synthetic estrogens, benzene and
naphthalene react with DNA by 1,4-Michael addition to form predominantly depurinating
N3Ade and N7Gua adducts. With all of these compounds, the N3Ade adduct depurinates
instantaneously from DNA, whereas the N7Gua adduct depurinates slowly, with a half-life
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of a few hours. These common features may lead to the initiation of cancer by these
compounds.

11. Metabolism and genotoxicity of estrogens
In addition to the evidence of a common mechanism of metabolic activation of estrogens
with other weak carcinogens (Fig. 16), experiments on estrogen metabolism, formation and
analysis of DNA adducts, mutagenicity, cell transformation and carcinogenicity have led to
and support the hypothesis that the reaction of specific estrogen metabolites, preponderantly
the electrophilic catechol estrogen-3,4-quinones, with DNA can generate the critical
mutations to initiate breast, prostate and other human cancers (Cavalieri and Rogan, 2010,
2011).

Metabolic formation of estrogens derives from aromatization of androstendione and
testosterone, catalyzed by CYP19 (aromatase), to afford E1 and E2, respectively (Fig. 17).
E1 and E2 are interconverted by 17β-hydroxy steroid dehydrogenase. The excess of
estrogens obtained is stored as estrone sulfate (Fig. 17). Estrogens are metabolized by two
main pathways: formation of the 16α-OHE1(E2) (not shown in Fig. 17) and formation of the
catechol estrogens 2-OHE1(E2) and 4-OHE1(E2) (Fig. 17) (Zhu and Conney, 1998).
CYP1A1 catalyzes hydroxylation of E1 and E2 preferentially at C-2, whereas CYP1B1
catalyzes hydroxylation almost exclusively at C-4 (Hayes et al., 1996; Spink et al., 1994,
1998). The two catechol estrogens can be inactivated by conjugation to glucuronides and
sulfates, especially in the liver (not shown in Fig. 17). In extrahepatic tissues, the most
common path of conjugation of catechol estrogens is O-methylation catalyzed by catechol-
O-methyltransferase (COMT) (Männistö and Kaakkola, 1999; Yager, 2013). Oxidation of
the catechol estrogens to E1(E2)-2,3-quinone (Q) and E1(E2)-3,4-Q catalyzed by cytochrome
P450 or peroxidase (Fig. 17) becomes more competitive when the activity of COMT is low.

Oxidation of semiquinones to quinones can also be obtained by molecular oxygen (Fig. 17).
Reduction of estrogen quinones to semiquinones by cytochrome P450 reductase completes
the redox cycle (Fig. 17). In this process, the molecular oxygen is reduced to superoxide
anion radical, and then converted by superoxide dismutase to hydrogen peroxide. In the
presence of Fe2+ the hydrogen peroxide is transformed to hydroxyl radical. Reaction of the
hydroxyl radical with lipids affords lipid hydroperoxides (Kappus, 1985), which can act as
unregulated cofactors for the oxidation of catechol estrogens by cytochrome P450. Thus,
redox cycling can be a major contributor to the formation of catechol estrogen quinones,
which are the ultimate carcinogenic metabolites of estrogens.

4-OHE1(E2) are more potent carcinogens than 2-OHE1(E2) (Li and Li, 1987; Liehr et al.,
1986; Newbold and Liehr, 2000). This property cannot be attributed to formation of
hydroxyl radicals from redox cycling, because the 2-OHE2 and 4-OHE2 have the same
redox potential (Cavalieri, 1994; Mobley et al., 1999). The greater carcinogenic activity of
4-OHE2 is related to the much higher levels of depurinating DNA adducts formed by the
E2-3,4-Q compared to the E2-2,3-Q (Fig. 18) (Zahid et al., 2006). Different mechanisms of
adduction are responsible for the different reactivity. E2-3,4-Q reacts via a proton-assisted
1,4-Michael addition (Stack et al., 2008), whereas the E2-2,3-Q rearranges to para-quinone
methide, which reacts then via a 1,6-Michael addition (Bolton and Shen, 1998).

Following the formation of catechol estrogen quinones (Fig. 17), they can be inactivated by
conjugation with glutathione (GSH). A second inactivating pathway for the quinones is
reduction to their respective catechols by quinone reductase (Gaikwad et al., 2007; Gaikwad
et al., 2009c), a protective enzyme that can be induced by a variety of compounds (Talalay
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et al., 2003). If all the protective processes are insufficient, the catechol estrogen quinones
can react with DNA to form predominantly depurinating adducts.

12. Depurinating estrogen-DNA adducts in the etiology of cancer
Carcinogens react with DNA to yield two types of adducts: stable adducts and depurinating
adducts. Investigators in chemical carcinogenesis have always considered only stable
adducts, which remain in DNA unless removed by repair. These adducts are usually detected
by the 32P-postlabeling technique, but their structure has not always been identified. In
general, metabolically activated PAH and estrogens predominantly produce adducts with
DNA at the N-7 of Gua and N-3 and N-7 of Ade, the most nucleophilic sites of Gua and Ade
(Pullman and Pullman, 1981) with destabilization of the glycosyl bond and subsequent
depurination.

The first evidence that depurinating DNA adducts play a major critical role in cancer
initiation was obtained from a correlation between the level of depurinating PAH-DNA
adducts and oncogenic H-ras mutations in mouse skin papillomas (Chakravarti et al., 1995).
The potent carcinogens DMBA (Devanesan et al., 1993) and DB[a,l]P (Cavalieri et al.,
2005; Todorovic et al., 2005) yield predominantly depurinating Ade adducts that induce A
to T transversions in codon 61 (Chakravarti et al., 1995). Instead BP produces twice as many
Gua depurinating adducts as Ade depurinating adducts (Rogan et al., 1993), corresponding
to twice as many codon 13 G to T transversions as codon 61 A to T transversions
(Chakravarti et al., 1995), respectively.

A similar correlation between the sites of formation of depurinating DNA adducts and H-ras
mutations was found in mouse skin and rat mammary gland treated with the ultimate
carcinogenic metabolite E2-3,4-Q (Chakravarti et al., 2001; Mailander et al., 2006). When
E1(E2)-3,4-Q react with DNA, they form 99% depurinating adducts, 4-OHE1(E2)-1-N3Ade
and 4-OHE1(E2)-1-N7Gua, by the 1,4-Michael addition mechanism (Fig. 17) (Cavalieri et
al., 1997, Li et al., 2004; Stack et al., 1996; Zahid et al., 2006), whereas E1(E2)-2,3-Q yield
much lower levels of 2-OHE1(E2)-6-N3Ade (Fig. 18) by the 1,6-Michael addition
mechanism that occurs after tautomerization of the E1(E2)-2,3-Q to the E1(E2)-2,3-Q
methide (Bolton and Shen, 1998; Zahid et al., 2006). The levels of DNA adducts formed by
the two catechol estrogen quinones are in agreement with the greater carcinogenicity of 4-
OHE1(E2) compared with the borderline carcinogenic activity of 2-OHE1(E2) (Li and Li,
1987; Liehr et al., 1986; Newbold and Liehr, 2000).

The major cancer initiating pathway is presented in Figure 19. E1 and E2 can be
metabolically converted to 4-OHE1(E2) by CYP1B1. Oxidation of the catechol estrogens
yields the corresponding E1(E2)-3,4-Q, which react with DNA to form small amounts of
stable adducts (~1%), which remain in the DNA unless removed by repair, and predominant
amounts of the depurinating adducts 4-OHE1(E2)-1-N3Ade and 4-OHE1(E2)-N7Gua (99%)
(Fig. 19), which detach from DNA, leaving behind apurinic sites. Errors in the repair of
these sites can lead to the critical mutations that initiate cancer.

13. Estrogens as mutagens
The ability of depurinating DNA adducts to generate mutations that can initiate cancer was
discovered by correlating the sites of H-ras mutations in mouse skin treated with one of
three potent carcinogenic PAH with the DNA base bonded to the PAH in adducts formed in
the skin (Chakravarti et al., 1995). This seminal discovery laid the groundwork for
investigating estrogens as mutagens.
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Early studies of E2 in in vitro mutagenesis assays failed to detect any activity, and the
estrogens were classified as epigenetic carcinogens (Liehr, 2000). Subsequently, more
appropriate and more sensitive assays have demonstrated that E2 and 4-OHE2 are, indeed,
mutagenic in mammalian cells. The clearest demonstration of mutagenicity by 4-OHE2 was
achieved by using the Big Blue® (BB®) rat2 embryonic cell line, which is transfected with
the lambda-LIZ vector. This enables the BB rat2 cells to detect mutations in the lacI and/or
cII genes. With multiple treatments of the cells with 4-OHE2, a dose-dependent, statistically
significant increase in mutant fraction (mutants/105 pfu) was observed, with 2.6 ± 1.3 in
controls to 4.5 ± 0.7 and 5.8 ± 0.3 at 100 and 200 nM, respectively (Zhao et al., 2006). The
reactive quinone formed from 4-OHE2, E2-3,4-Q, was similarly mutagenic. In contrast, no
mutagenicity was detected when the cells were treated with 2-OHE2. The spectrum of
mutations induced by 4-OHE2 in the BB rat2 cells contained a higher percentage of
mutations at A:T base pairs (ca. 24%) than the mutation spectrum in the controls (6%) (Zhao
et al., 2006). The mutagenic activity of 4-OHE2 provides additional evidence that
genotoxicity plays a role in estrogen-induced carcinogenesis.

The mutagenicity of E2-3,4-Q was first demonstrated in female SENCAR mice by treating a
shaved area of dorsal skin, excising the treated skin and determining the H-ras mutations
induced and the estrogen-DNA adducts formed (Table 3) (Chakravarti et al., 2001). Equal
amounts of the depurinating 4-OHE2-1-N3Ade and 4-OHE2-1-N7Gua adducts were
identified in the skin, representing more than 99% of the total adducts formed (Chakravarti
et al., 2001). Mutations were observed in the H-ras oncogene within 6–12 h after treatment.
A.T to G.C mutations predominated. The rapid appearance of mutations indicated that they
arose by error-prone repair of the apurinic sites generated by the depurinating estrogen-DNA
adducts.

Similar mutations were observed when female ACI rats were treated by intramammillary
injection of E2-3,4-Q (Table 3) (Mailander et al., 2006). Once again, the two depurinating
adducts, 4-OHE2-1-N3Ade and 4-OHE2-1-N7Gua, were formed in equal amounts and
represented more than 99% of the total adducts. H-ras mutations, mainly A.T to G.C, were
detected by 6–12 h. The abundant formation of depurinating adducts and early induction of
base excision repair (BER) genes following treatment with a carcinogen suggest that error-
prone BER could be the mechanism of induction of the mutations.

The mutagenicity of E2 and 4-OHE2 was investigated in female BB® rats, which carry the
lambda-LIZ vector in every cell, but are not affected biochemically or physiologically by it.
Following implantation of E2, 4-OHE2, or E2 plus 4-OHE2, the rats were sacrificed after 20
weeks and DNA from the inguinal mammary fat pads was analyzed for mutations in the cII
gene. The mutation spectrum of the rats receiving 4-OHE2 was different from that in the
group receiving E2 or the untreated group. The rats treated with 4-OHE2 exhibited a higher
fraction of mutations at A.T base pairs. Presumably, the level of mutations was so low that
mutations induced by the parent E2 could not be detected. Only the rats receiving 4-OHE2
had a significant number of A.T to G.C. mutations, while other mutations were observed in
all four treatment groups (Cavalieri et al. 2006). These results are consistent with the
hypothesis that 4-OHE2 contributes to mutagenesis in BB® rat mammary tissue.

In summary, 4-OHE2 and E2-3,4-Q have now been demonstrated to be mutagenic in vitro
and/or in vivo, whereas the marginally carcinogenic 2-OHE2 was not found to be mutagenic.
The mutational spectra were also consistent with those expected from the formation of
depurinating estrogen-DNA adducts and error-prone repair of the resulting apurinic sites.
Taken together, the results of mutagenesis studies support the hypothesis that estrogens
initiate mutations by a genotoxic pathway.
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If error-prone repair of apurinic sites generates mutations leading to cancer initiation,
genetic polymorphisms in BER enzymes could result in greater susceptibility to breast and
other cancers. Among the BER genes, the Arg399Gln polymorphic mutation in XRCC1
seems to account for an increased risk of breast cancer (Duell et al., 2001; Kim et al., 2002).
XRCC1 binds other BER proteins to participate in initial and late stages of repair (Vidal et
al., 2001). One study suggests that following exposure to aflatoxin B1, the polymorphism at
399 in XRCC1 makes the BER process more error-prone, leading to increased levels of
mutations (Lunn et al., 1999; Stark et al., 1988). Thus, XRCC1 could play a significant role
in the error-prone BER found in breast cancer. Polymorphisms in other BER genes could
also play a role.

14. Imbalance of estrogen metabolism in cancer initiation
The metabolism of estrogens through the catechol estrogen pathway is delineated by a
balanced set of activating and protective enzymes (homeostasis), which minimize the
oxidation of catechol estrogens to quinones and thus, their reaction with DNA (Fig. 17).
Disruption of homeostasis in estrogen metabolism with excessive formation of catechol
quinones can lead to cancer initiation. A variety of endogenous and exogenous factors can
disrupt estrogen homeostasis. These include diet, environment, lifestyle, aging and genetic
factors.

Overexpression of CYP19 (aromatase) in target tissues (Jefcoate et al., 2000; Miller and
O’Neill, 1987; Simpson et al., 1994) and/or the presence of unregulated sulfatase that
converts an excess of stored E1-sulfate to E1(Fig. 17) (Pasqualini et al., 1996; Santner et al.,
1984) imbalance the metabolism with excessive synthesis of estrogens.

Another factor that can imbalance estrogen homeostasis is the overexpression of the enzyme
CYP1B1, which converts E1(E2) predominantly to 4-OHE1(E2), the precursors to the major
ultimate carcinogenic metabolites E1(E2)-3,4-Q (Fig. 17) (Hayes et al., 1996; Lu et al., 2007,
2008; Spink et al., 1998). An analogous effect could be obtained by a lack or low level of
COMT activity due to polymorphic variation (Mitrunen and Hirvonen, 2003; Yager, 2013).
Insufficient activity of COMT would be translated into low levels of methylation of 4-
OHE1(E2) and subsequent increase of the competitive oxidation of 4-OHE1(E2) to
E1(E2)-3,4-Q (Fig. 17). Higher levels of E1(E2)-3,4-Q can also be obtained by
polymorphism in quinone reductase (NQO1) that leads to decreased conversion of quinones
to catechols (Fig. 17) (Singh et al., 2009). Similarly, higher levels of E1(E2)-3,4-Q can be
produced when there is a low cellular level of GSH, which is protective because it reacts
efficiently with the estrogen quinones.

Imbalances in estrogen metabolism have been observed in animal models for estrogen
carcinogenicity: the kidney of male Syrian golden hamsters (Cavalieri et al., 2001), the
prostate of Noble rats (Cavalieri et al., 2002a) and the mammary gland of ER-α knockout
mice (Devanesan et al., 2001). Imbalance of estrogen homeostasis has also been observed in
the breast tissue of women with breast cancer (Rogan et al., 2003; Singh et al., 2005).

a. Imbalance of estrogen homeostasis in the kidney of Syrian golden hamsters
The hamster is an excellent model for studying estrogen homeostasis, because implantation
of E1 or E2 in male Syrian golden hamsters induces 100% of renal carcinomas, but does not
induce liver tumors (Li et al., 1983). Therefore, comparison of the profile of estrogen
metabolites, conjugates and DNA adducts in the two organs, after treatment of the hamster
with E2, should provide information on the relative imbalance of estrogen homeostasis in the
two organs (Cavalieri et al., 2001). In the liver, more O-methylation of 2-OHE1(E2) was
observed, whereas more formation of E1(E2)-3,4-Q was detected in the kidney. These results
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suggest greater oxidation of catechol estrogens to E1(E2)-3,4-Q and less protective
methylation of 2-OHE1(E2) in the kidney. In another experiment, before the hamsters were
treated with E2, normal levels of GSH were depleted with L-buthionine (S,R)-sulphoximine,
an inhibitor of GSH synthesis. In this case, very low levels of catechol estrogens and
methoxy catechol estrogens were observed in the kidney compared with the liver, suggesting
little protective reduction of estrogen quinones to catechol estrogens in the kidney by
quinone reductase (Fig. 17). More importantly, the 4-OHE1(E2)-1-N7Gua depurinating
adduct, arising from reaction of E1(E2)-3,4-Q with DNA, was detected in the kidney, but not
in the liver (Cavalieri et al., 2001).

These results suggest that cancer initiation in the kidney occurs because of poor methylation
of the catechol estrogens, rendering more competitive the oxidation of catechol estrogens to
catechol quinones, as well as poor reduction activity to remove the estrogen quinones (Fig.
17). These two effects increase the levels of estrogen quinones that can react with DNA and
eventually initiate cancer.

b. Imbalance of estrogen homeostasis in the prostate of Noble rats
The male Noble rat is a good model for the study of prostate cancer. Treatment of these rats
with testosterone plus E2 induces ductal adenocarcinoma of the prostate in 100% of the
animals, whereas treatment with testosterone alone causes prostatic cancer in only 40% of
the animals (Bosland et al., 1995). The carcinomas arise in the dorsolateral and periurethral
regions of the prostate, but not in the ventral or anterior prostate. It is hypothesized that
estrogens initiate prostate cancer via formation of E1(E2)-3,4-Q, while testosterone promotes
cancer development (Bosland et al., 1995).

To study the role of estrogens in the initiation of prostate cancer, rats were treated with 6
µmol of 4-OHE2 or E2-3,4-Q/100g body weight for 90 min. The rats were then sacrificed
and the prostates were excised, separated into the four regions, extracted and analyzed by
high pressure liquid chromatography for estrogen metabolites and conjugates (Cavalieri et
al., 2002a).

After treatment with 4-OHE2, the two regions in which tumors do not develop (ventral and
anterior prostate) had higher levels of 4-methyoxyCE than the two areas in which
carcinomas were induced by treatment with E2 and testosterone (dorsolateral and
periurethral prostate). This finding suggests that the protective enzyme COMT is more
effective in the ventral and anterior prostate than in the other two regions. In addition, the
level of GSH conjugates was higher in the non-susceptible ventral and anterior prostate than
in the susceptible dorsolateral and periurethral prostate.

This could mean that the two non-susceptible regions have better protection at the catechol
level with greater COMT activity and also a better conjugative protection at the quinone
level with a higher level of GSH. The results verify that less E1(E2)-3,4-Q can react with
DNA.

When the rats were treated with E2-3,4-Q instead of 4-OHE2, the levels of GSH conjugates
and the 4-methoxyCE were produced in larger abundance in the two non-susceptible regions
than in the susceptible regions, suggesting more COMT activity at the catechol level and a
better conjugation at the quinone level. In addition, a more effective reduction of E2-3,4-Q
to 4-OHE2, presumably catalyzed by quinone reductase, could also be observed (Fig. 17) to
render the two regions not susceptible.

Cavalieri and Rogan Page 27

Mol Aspects Med. Author manuscript; available in PMC 2015 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



c. Imbalance of estrogen homeostasis in the mammary gland of ERKO/Wnt-1 mice
A novel model for breast cancer was established by crossing mice carrying the Wnt-1
transgene (100% of adult females develop spontaneous mammary tumors) with the ERKO
mouse line, in which the mice lack ER-α. Mammary tumors develop in these mice despite
the lack of functional ER-α (Bocchinfuso et al., 1999). To begin investigating whether
estrogen metabolite-mediated genotoxicity plays a critical role in the initiation of mammary
tumors, the pattern of estrogen metabolites and conjugates was analyzed in ERKO/Wnt-1
mice. Extracts of hyperplastic mammary tissue and mammary tumors were analyzed by
HPLC interfaced with an electrochemical detector (Devanesan et al., 2001). Picomole
amounts of 4-OHE1(E2) were detected, but their methoxy conjugates were not. Neither 2-
OHE1(E2) nor 2-OCH3E1(E2) was detected. However, the GSH conjugates of E1(E2)-3,4-Q
or their hydrolytic products (conjugates of cysteine and N-acetylcysteine) were detected in
picomole amounts in both tumors and hyperplastic mammary tissue, demonstrating the
formation of E1(E2)-3,4-Q. These preliminary findings indicate that estrogen homeostasis is
imbalanced in the mammary tissue; that is, the 2-OHE1(E2), the 2-OCH3E1(E2) and 4-
OCH3E1(E2) were not detected, but the GSH conjugates of E1(E2)-3,4-Q were. These results
are consistent with the abundant evidence that the E1(E2)-3,4-Q play the preponderant role
in the reaction with DNA and initiation of cancer.

d. Imbalance of estrogen homeostasis in the breast of women with breast carcinoma
A study of breast tissue from women with and without breast cancer provides key evidence
in support of the concept of altered estrogen homeostasis (Rogan, et al., 2003). In fact,
relative imbalances in estrogen homeostasis were observed in the analysis of women with
breast cancer (Fig. 20). Levels of E1 and E2 in women with carcinoma were somewhat
higher than those in controls. In women without cancer, a slightly larger amount of 2-
OHE1(E2) than 4-OHE1(E2) was observed. In women with carcinoma, the 4-OHE1(E2) were
three times more abundant than the 2-OHE1(E2). The 4-OHE1(E2) were also four times
higher than in women without cancer (p < 0.01). Furthermore, a slightly lower level of
methylation was observed for the catechol estrogens vs the controls. Levels of conjugates
were three times those in controls, suggesting a larger probability for the E1(E2)-2,3-Q and
E1(E2)-3,4-Q to react with DNA in the breast tissue of women with carcinoma. Levels of 4-
OHE1(E2) (p < 0.01) and quinone conjugates (p < 0.003) appear to be highly significant
predictors of breast cancer (Rogan et al., 2003).

Further evidence of imbalance in estrogen homeostasis derives from preliminary evidence
for the greater expression of estrogen-protective enzymes (COMT and NQO1) (Figs. 17, 21)
in breast tissue of women without breast cancer and higher expression of estrogen-activating
enzymes (CYP19 and CYP1B1) (Figs. 17, 21) in breast tissue of women with breast cancer
(Singh et al., 2005).

It is apparent from these animal and human studies that the oxidative stress leading to the
excessive formation of semiquinones and quinones from catechol estrogens (Fig. 17) is the
result of an imbalance of one or more enzymes involved in the maintenance of estrogen
homeostasis.

In addition to endogenous factors that can disrupt estrogen homeostasis, there are
environmental factors that can also imbalance estrogen metabolism. These factors include
substances we ingest through the nose, mouth and skin. For example, pesticides and
herbicides in the soil, pollutants in the air, cigarette smoke and contaminants in food can
affect estrogen metabolism with increased formation of catechol estrogen quinones. For
example, dioxin induces expression of the activating enzyme CYP1B1 (Fig. 17) (Lu et al.,
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2007, 2008). These compounds do not act as direct carcinogens themselves, but can make
the estrogens become carcinogenic by disrupting homeostasis.

15. Transformation of human breast epithelial cells lacking ER-α by
estrogens

Further evidence for the initiation of cancer by estrogen-DNA adducts has been provided by
the use of cultured human breast epithelial MCF-10F cells. These cells are an immortalized,
non-transformed ER-α-negative cell line. Treatment of these cells with E2 or 4-OHE2
generates the depurinating N3Ade and N7Gua estrogen-DNA adducts (Lu et al., 2007, 2008;
Saeed et al., 2007b). At doses of 0.007 nM to 3.5 µM, treatment with E2 or 4-OHE2 leads to
transformation of the cells as detected by their ability to form colonies in soft agar (Lareef et
al., 2005; Russo and Russo, 2004; Russo et al., 2003). These cells are transformed by
estrogens even in the presence of the anti-estrogen tamoxifen or ICI-182,780 (Russo and
Russo, 2004). The results indicate that transformation occurs through the genotoxic effects
of the estrogen metabolites. The 2-OHE2 metabolite induces these changes to a much
smaller extent. Implantation of estrogen-transformed MCF-10F cells, selected by their
invasiveness, into severely compromised immune-deficient mice produces tumors (Russo et
al., 2006).

These results demonstrate that ER-α-negative human breast epithelial cells are transformed
by the genotoxic effects of catechol estrogen quinones, supporting the hypothesis that
formation of specific estrogen-DNA adducts is the crucial event in the initiation of estrogen-
induced cancer.

16. Carcinogenic activity of estrogens in animal models
The carcinogenicity of estrogens was first demonstrated in laboratory animals. When male
Syrian golden hamsters were implanted with E1, E2, DES or HES, induction of kidney
tumors was obtained (Li et al., 1983). In a similar experiment, it was later discovered that 4-
OHE1(E2), but not 2-OHE1(E2) induced kidney tumors in the hamsters (Li and Li, 1987;
Liehr et al., 1986). In CD-1 mice, 4-OHE2 induced uterine adenocarcinomas after neonatal
exposure, while 2-OHE2 displayed borderline activity (Newbold and Liehr, 2000). The lack
or very low level of carcinogenicity of the 2-OHE1(E2) is consistent with the much smaller
capacity of the 2,3-quinones to react with DNA to produce adducts, compared with that of
the 3,4-quinones (Zahid et al., 2006). Nonetheless, the studies in the above animal models
did not clarify the questions about the role of ER-α-mediated events in cancer induction by
estrogens.

To address these questions, the ERKO/Wnt-1 mouse, a strain of transgenic mice with ER-α
knocked out was developed by Bocchinfuso et al (Bocchinfuso et al., 1999; Bocchinfuso and
Korach, 1997). Despite the presence of the Wnt-1 transgene, these mice were not expected to
develop mammary tumors because of the lack of ER-α. Instead, female ERKO/Wnt-1 mice
developed 100% mammary tumors, although at a slower rate than the parent female Wnt-1
mice (Bocchinfuso et al., 1999). The catechol estrogens 4-OHE1(E2) and the GSH
conjugates derived by reaction of E1(E2)-3,4-Q with GSH were detected in mammary tissue
from female ERKO/Wnt-1 mice, but no methoxy catechol estrogens were detected
(Devanesan et al., 2001), suggesting that these mice have little protection in the oxidation of
4-OHE1(E2) to the reactive quinones (Fig. 17).

To further understand the mechanism of cancer initiation by estrogens, female ERKO/Wnt-1
mice were ovariectomized at 15 days of age, removing the major source of estrogens, and
implanted with one of several doses of E2. Mammary tumors developed in a dose-dependent
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manner (Santen et al., 2003; Yue et al., 2003). Tumors were induced even after implantation
of E2 plus the anti-estrogen ICI-182,780 (Santen et al., 2009). Taken together, these results
offer strong evidence that estrogens initiate cancer via a genotoxic mechanism, rather than
estrogen receptor-mediated events.

17. Analysis of depurinating estrogen-DNA adducts in human subjects with
and without cancer

Development of noninvasive tests of cancer risk has been a major goal for decades. Analysis
of depurinating estrogen-DNA adducts, estrogen metabolites and estrogen conjugates
provides biomarkers of risk that are related to the first critical step in the initiation of a
number of prevalent human cancers.

a. Breast cancer
If estrogens initiate breast cancer by a genotoxic mechanism, formation of depurinating
estrogen-DNA adducts should be significantly higher in women at high risk for breast
cancer or diagnosed with the disease, compared to women at normal risk. In addition,
observation of higher levels of estrogen-DNA adducts in women at high risk for breast
cancer would suggest that formation of these adducts is a causative factor in the etiology of
breast cancer rather than a consequence of the disease.

To date, three studies have been conducted in women at normal or high risk for breast
cancer and those diagnosed with the disease. High risk women were those whose Gail
Model score estimated a 5-year risk > 1.66% (Gail et al., 1989). The Gail Model is used to
identify women at high risk for breast cancer. It is calculated based on age, age at menarche,
age at first birth, prior breast biopsies and atypical hyperplasia, and number of first degree
relatives (mother, sister, daughter) diagnosed with breast cancer.

In the first two studies, a spot urine sample (~50 ml) was collected from each subject,
partially purified by solid-phase extraction, and analyzed for 38 estrogen metabolites,
conjugates and depurinating DNA adducts (Table 4) (Gaikwad et al., 2008). The 38 analytes
were identified and quantified, and the ratio of the adducts 4-OHE1(E2)-1-N3Ade, 4-
OHE1(E2)-1-N7Gua and 2-OHE1(E2)-6-N3Ade to their respective metabolites and
conjugates was calculated for each subject (Fig. 22).

In the first study of 46 normal-risk women, 12 high-risk women and 17 women with breast
cancer, the ratio in normal-risk women was significantly lower than the ratios in the high-
risk (p < 0.001) and breast cancer (p < 0.001) groups (Gaikwad et al., 2008). In the second
study, similar differences were observed between the 40 normal-risk women, 40-high-risk
women and 40 women with breast cancer (both p < 0.001, Fig. 22) (Gaikwad et al., 2009b).

A third study was conducted with serum from 74 normal-risk women, 80 high-risk women
and 79 women with breast cancer. The larger number of subjects improved the reliability,
with p < 0.001 in comparing normal-risk women to either high-risk women or women with
breast cancer (Fig. 22) (Pruthi et al., 2012). Similar differences were observed when the
three categories of women were compared among premenopausal women and peri/
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postmenopausal women (Fig. 23) (Pruthi et al., 2012). Highly significant differences were
observed between normal-risk women and either high-risk women or women with breast
cancer. Menopausal status did not alter this finding.

The results obtained in serum samples were used to compare the sensitivity (women with
low risk) and specificity (women with high risk) of the assay and to select a cut-off ratio for
low risk (Fig. 24) (Pruthi et al., 2012). The sensitivity and specificity were maximized at an
adduct ratio of 77, which was selected as the cut-off point for low risk. For women with an
adduct ratio greater than 77, the odds of being at high risk for breast cancer were eight times
higher than for those with a ratio less than 77.

In all three studies the high ratios typically resulted from high levels of adducts and low
levels of metabolites and conjugates. In some samples, though, a high ratio resulted from an
average level of adducts and extremely low levels of metabolites and conjugates. This
indicated that a large proportion of the estrogen present had been metabolized into catechol-
estrogen quinones that reacted with DNA to form adducts.

In the ratio of depurinating DNA adducts to metabolites and conjugates (see Figure 22), the
4-OHE1(E2)-1-N3Ade and 4-OHE1(E2)-1-N7Gua adducts play the preponderant role (>
97%), while the small amounts of 2-OHE1(E2)-6-N3Ade play a minor role (< 3%). This is
due to the poor ability of E1(E2)-2,3-Q to react with DNA compared to E1(E2)-3,4-Q (Zahid
et al., 2006), and it correlates with the marginal carcinogenic activity of 2-OHE1(E2) in
animal models (Li and Li, 1987; Liehr et al., 1986; Newbold and Liehr, 2000).

Overall, the high ratios of estrogen-DNA adducts to metabolites and conjugates in women at
high risk for breast cancer is consistent with formation of these adducts being a causative
factor in the etiology of breast cancer.

b. Prostate cancer
To determine whether men with prostate cancer form high levels of depurinating estrogen-
DNA adducts, urine samples from men diagnosed with prostate cancer (n=7) or urological
conditions (n=4, erectile dysfunction or benign prostatic hypertrophy), as well as healthy
men, were analyzed to determine the presence of 4-OHE1(E2)-1-N3Ade, one of the major
depurinating estrogen-DNA adducts (Fig. 25) (Markushin et al., 2006).

Several detection methods were used to analyze the 20-ml urine samples. Each sample was
extracted by using affinity columns equipped with a monoclonal antibody (MAb), which
was specifically developed for the 4-OHE1(E2)-1-N3Ade adduct and highly discriminating
against closely related estrogen metabolites (Markushin et al., 2005). The extracts eluted
from the affinity column were analyzed by laser-excited low-temperature phosphorescence
spectroscopy (LTP) and by ultraperformance liquid chromatography-tandem mass
spectrometry (LC/MS/MS). In addition another aliquot of each urine sample was
lyophilized, extracted with methanol, pre-concentrated and analyzed by capillary
electrophoresis with field amplified sample stacking (CE/FASS) and detected by
absorbance-based electropherograms.

In Figure 25, the bars in the back row represent the concentration of 4-OHE1(E2)-1-N3Ade
determined by CE/FASS. Only the samples from the 11 subjects with prostate cancer or a
urological condition contain detectable 4-OHE1(E2)-1-N3Ade, with concentrations ranging
from 15–240 pmol adduct per mg of creatinine in the urine. The identity of the adducts was
confirmed by low temperature (77K) phosphorescence spectroscopy, as presented by the
middle row of bars in Figure 25. Examples of the phosphorescence spectra are shown in the
right inset of Figure 25 for subjects #1, #4 and #6, and the spectra are nearly
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indistinguishable from that of the standard 4-OHE1-1-N3Ade (red spectrum). This second
method of detection indicated concentrations of adducts in the range of 10–150 pmol per mg
creatinine. The five healthy control men had only background levels of the adducts.

LC/MS/MS was also used to validate the identification and quantification of the adducts in
the samples eluted from the immunoaffinity columns, as shown in the front row of bars in
Figure 25. The LC/MS/MS obtained for subject #11 is shown in the left inset to Figure 25.
The major peak of the chromatogram corresponds to the 4-OHE1-1-N3Ade adduct, with m/z
420.1. The upper spectrum corresponds to the daughter ions at m/z 296 and m/z 135.9
obtained by fragmentation of the parent ion.

Although the amount of adducts for each subject is similar in all three methods, the
concentration of adducts in the samples eluted from the immunoaffinity columns (LTP and
LC/MS/MS) was less than the concentration detected by CE/FASS. This was expected
because recovery of the 4-OHE1(E2)-1-N3Ade from the columns was 70–80% (Markushin
et al., 2005). In summary, detectable levels of 4-OHE1(E2)-1-N3Ade are excreted in the
urine of men with prostate cancer, as well as some other urological conditions, suggesting
that the depurinating adducts may be biomarkers for risk of developing prostate cancer.

A larger case-control study of men with and without prostate cancer was conducted, in
which urine samples were analyzed for 38 estrogen metabolites, conjugates and depurinating
DNA adducts. In this study of 14 men diagnosed with prostate cancer (age 50 or older) and
125 healthy control men (ages 45 to 83), a morning spot urine sample was collected and the
ratio of estrogen-DNA adducts to their respective estrogen metabolites and conjugates was
analyzed by using UPLC-MS/MS (Yang et al., 2009).

The ratio of depurinating estrogen-DNA adducts to estrogen metabolites and conjugates
(Fig. 26) was significantly higher (p < 0.001) in the men diagnosed with prostate cancer
(median = 57.34) than in the healthy control men (median = 23.39) (Yang et al., 2009). The
results of this study suggest that formation of depurinating estrogen-DNA adducts could
play a critical role in the etiology of prostate cancer and that the ratio could serve as a
potential biomarker for risk of developing prostate cancer.

c. Non-Hodgkin lymphoma
A similar study was conducted in men diagnosed with non-Hodgkin lymphoma (Gaikwad et
al., 2009a). The catechol quinones of E2 and benzene, a known inducer of leukemia and
lymphoma (Mehlman, 2006; Miligi et al., 2006; Steinmaus et al., 2008), induce proliferation
of human blood mononuclear cells, including those that give rise to leukemia and non-
Hodgkin lymphoma (Chakravarti et al., 2006). The 38 estrogen metabolites, conjugates and
depurinating DNA adducts were analyzed in urine samples from 15 men diagnosed with
non-Hodgkin lymphoma and 30 healthy control men by using UPLC-MS/MS (Fig. 27). Men
diagnosed with non-Hodgkin lymphoma had a median ratio of 86.0, whereas the control
men had a median ratio of 18.0, and the difference between the two groups was statistically
significant (p < 0.0007). These results suggest that formation of estrogen-DNA adducts may
play a critical role in the etiology of non-Hodgkin lymphoma.

d. Thyroid cancer
Greater exposure to estrogens may be a risk factor for developing thyroid cancer. Well-
differentiated thyroid cancer occurs most frequently in premenopausal women (Yu et al.,
2010), and women with thyroid cancer appear to be at greater risk of developing breast
cancer (Vassilopoulou-Sellin et al, 1999). To investigate the role of estrogen genotoxicity in
thyroid cancer, a spot urine sample was collected from 40 women diagnosed with thyroid
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cancer and 40 age-matched healthy control women (Zahid et al., 2013b). After partial
purification of an aliquot of each urine sample by solid phase extraction, 38 estrogen
metabolites, conjugates and depurinating DNA adducts were analyzed by using UPLC-MS/
MS, and the ratio of estrogen-DNA adducts to their respective metabolites and conjugates
was calculated for each sample (Fig. 28). The ratio differed significantly between cases (M
= 102.7) and controls (M = 13.5, p < 0.0001), demonstrating high specificity and sensitivity.
These results indicate that estrogen metabolism is unbalanced in women with thyroid cancer
and suggest that formation of estrogen-DNA adducts could play a role in the etiology of the
disease.

e. Ovarian cancer
The high ratio of estrogen-DNA adducts to estrogen metabolites and conjugates observed in
women at high risk for breast cancer (Gaikwad et al., 2008, 2009b; Pruthi et al., 2012), led
us to hypothesize that formation of estrogen-DNA adducts might play a critical role in the
initiation of gynecological cancers such as ovarian cancer. To investigate this hypothesis, a
case-control study was conducted with women diagnosed with ovarian cancer and healthy
control women who had never been diagnosed with cancer. A spot urine sample was
collected from 34 women diagnosed with ovarian cancer and 36 healthy control women.
After partial purification by solid phase extraction, an aliquot of each urine sample was
analyzed for 38 estrogen metabolites, conjugates and depurinating DNA adducts by using
UPLC-MS/MS, and the ratio of DNA adducts to metabolites and conjugates was calculated
(Fig. 29) (Zahid et al., 2013a). Almost all of the women diagnosed with ovarian cancer had
higher DNA adduct ratios (M=91.4 ± 43.1) than the healthy control women (M=24.7 ±
12.7), and the difference was highly significant (p < 0.0001). These results indicate that
estrogen metabolism is unbalanced in women with ovarian cancer and suggest that
formation of estrogen-DNA adducts could play a role in the etiology of ovarian cancer.

In addition, single nucleotide polymorphisms (SNPs) were measured in DNA purified from
saliva collected from the same subjects with and without ovarian cancer. The CYP1B1
(V432L) and COMT (V158M) polymorphisms were related to the adduct ratio and
diagnosis with ovarian cancer. The DNA adduct ratio was increasingly higher in women
with one and two high activity CYP1B1 alleles, showing a dose response relationship. In
women who were homozygous for the low activity COMT allele, the CYP1B1 high activity
allele was associated with a significantly increased DNA adduct ratio. The combination of
high-risk CYP1B1 and COMT alleles elevated the odds ratio of having ovarian cancer to
5.93 compared to having the low-risk CYP1B1 and COMT alleles. These results indicate
that unbalanced estrogen metabolism leading to formation of estrogen-DNA adducts is a
causative factor in the initiation of ovarian cancer.

In summary, unbalanced catechol estrogen metabolism is observed in women diagnosed
with breast cancer, thyroid cancer or ovarian cancer, as well as in men diagnosed with
prostate cancer or non-Hodgkin lymphoma. The observation of high estrogen-DNA adduct
ratios in women at high risk of breast cancer, along with a variety of results from other
studies of estrogen carcinogenesis, indicate that formation of estrogen-DNA adducts plays a
critical role in the etiology of these cancers.

18. Prevention of cancer by N-acetylcysteine and resveratrol acting through
antioxidant and enzyme-modulating properties

The metabolism of estrogens via the catechol estrogen pathway is characterized by a
balanced set of activating and protective enzymes (homeostasis). Homeostasis minimizes the
oxidation of catechol estrogens to quinones, which can react with DNA (Fig. 17).
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Imbalances in estrogen metabolism with excessive formation of catechol estrogen quinones
can lead to cancer initiation. Many factors can disrupt estrogen homeostasis, including diet,
environment, lifestyle, aging and genetic factors.

Five key estrogen-metabolizing enzymes participate in the catechol estrogen pathway. There
are two activating enzymes. One is CYP19 (aromatase), which converts androgens to
estrogens (Fig. 17). The second activating enzyme is CYP1B1, which converts E1(E2)
almost exclusively to 4-OHE1(E2) (Fig. 17). Further oxidation of 4-OHE1(E2) leads to
E1(E2)-3,4-Q, the predominant metabolites that can react with DNA and initiate cancer. The
protective enzymes are COMT, quinone reductase and glutathione-S-transferase (GST).
COMT catalyzes the methylation of catechol estrogens, thereby preventing their conversion
to semiquinones and quinones (Fig. 17) (Yager, 2013), whereas the quinone reductases
NQO1 and NQO2 reduce catechol estrogen quinones back to catechol estrogens (Gaikwad
et al., 2007, 2009c; Montano, et al., 2007).

Breast tissue from women who do not have breast cancer tended to have high levels of
expression of the protective enzymes COMT and NQO1 and low levels of CYP19 and
CYP1B1 (Figs. 17 and 21) (Singh et al., 2005). In contrast, non-tumor breast tissue from
women diagnosed with breast cancer tended to have high levels of the activating enzymes
CYP19 and CYP1B1, with low levels of the protective COMT and NQO1 (Figs. 17 and 21)
(Singh et al., 2005).

GSH reacts non-enzymatically with the catechol estrogen quinones, but the third protective
enzyme, GST, renders this reaction more efficient (Fig. 17), thereby preventing reaction of
the catechol estrogen quinones with DNA.

The abundance of catechol estrogen quinones available to react with DNA to form adducts
rests on the relative levels of activity of these five enzymes in cells. Balanced and
unbalanced estrogen homeostasis can be preserved or mitigated, respectively, by the use of
specific compounds, such as N-acetylcysteine (NAC) and resveratrol (Resv) (Fig. 32).

NAC is the acetyl derivative of the amino acid Cys, which is one component of the
antioxidant tripeptide GSH. Resv, 3,5,4′-hydroxystilbene, is a natural antioxidant present in
grapes and many other plants.

a. N-Acetylcysteine
The paradigm of cancer initiation by estrogens hinges on estrogen metabolism that involves
disrupted homeostatic balance between activating and deactivating enzymes (Fig. 17). NAC
can prevent damage to DNA by inhibiting formation of the electrophilic catechol estrogen
quinones and/or reacting with them. The antimutagenic and anticarcinogenic properties of
NAC are attributed to multiple protective mechanisms, including its nucleophilicity,
antioxidant activity and inhibition of DNA adduct formation.

Hydrolysis of NAC by acylase in the liver and gut yields Cys, the precursor to intracellular
GSH, guaranteeing replenishment of the critical tripeptide. Changes in GSH homeostasis
have been implicated in the etiology and progression of a variety of human diseases,
including cancer (Townsend et al., 2003). GSH cannot be used as a preventing agent
because it does not cross cell membranes. The use of Cys as a preventing agent is limited by
its toxicity in humans. In contrast, NAC has very low toxicity in humans and can cross the
blood-brain barrier (De Flora et al., 1995).

NAC reacts efficiently with the electrophilic E1(E2)-3,4-Q (Cao et al., 1998a, 1998b) to
prevent their reaction with DNA. When E2-3,4-Q or lactoperoxidase-activated 4-OHE2 was
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reacted with DNA in vitro, NAC inhibited formation of the adducts 4-OHE2-1-N3Ade and
4-OHE2-1-N7Gua in a dose-dependent manner (Fig. 33) (Zahid et al., 2007). In the reaction
of E2-3,4-Q with DNA, NAC inhibited adduct formation by reacting with the quinone itself,
and the maximum amount of inhibition was 68–70%. When the enzyme-activated 4-OHE2
was reacted with DNA, NAC inhibited adduct formation not only by reacting itself with the
quinone that was formed, but also by reducing E2-3,4-semiquinone back to 4-OHE2,
limiting the amount of E2-3,4-Q even further. These combined effects led to 83–84%
inhibition of adduct formation (Zahid et al., 2007). The greater level of inhibition observed
with lactoperoxidase-activated 4-OHE2 can be explained by reduction of the estrogen
semiquinone back to catechol, as also demonstrated by Samuni, et al. (Samuni et al., 2003).

In the oxidation of 4-OHE1(E2) to semiquinones and quinones, formation of the
depurinating adducts 4-OHE1(E2)-1-N3Ade and 4-OHE1(E2)-1-N7Gua by reaction of
E1(E2)-3,4-Q with DNA, the last reaction can be reduced or prevented by conjugation of the
quinone with GSH or with NAC (Fig. 34) (Zahid et al., 2010a). The NAC conjugate is also
produced by the mercapturic acid biosynthetic pathway, starting with 4-OHE1(E2)-2-SG,
followed by 4-OHE1(E2)-2-Cys and subsequent acetylation to 4-OHE1(E2)-2-NAC
(Boyland and Chasseaud, 1969).

Treatment of MCF-10F cells, which are immortalized but not transformed human breast
epithelial cells that lack ERα, with E2-3,4-Q or 4-OHE2 leads to formation of the
depurinating adducts 4-OHE2-1-N3Ade and 4-OHE2-1-N7Gua. This process is inhibited
when NAC is included in the culture medium (Fig. 35). In a dose response study, NAC
inhibited formation of both 4-OHE2-1-N3Ade and 4-OHE2-1-N7Gua adducts about 69% in
cells treated with E2-3,4-Q (Fig. 35A) (Boyland and Chasseaud, 1969). Even greater
inhibition was observed when the cells were treated with 4-OHE2, giving a maximum 85%
inhibition (Fig. 35B). Once again, the greater inhibition in cells treated with 4-OHE2 plus
NAC occurred because NAC not only reacted with E2-3,4-Q itself, but also reduced the
E2-3,4-semiquinone back to 4-OHE2(Samuni et al., 2003; Zahid et al., 2010a). An additional
effect of NAC arose from its role in supporting synthesis of GSH, which in turn can lead to
more NAC via the mercapturic acid biosynthesis pathway (Boyland and Chasseaud, 1969).

Similar results were observed when E6 immortalized mouse mammary cells were treated
with E2-3,4-Q or 4-OHE2 plus NAC (Venugopal et al., 2008). These cells contain ERα, but
the metabolism of 4-OHE2 and formation of DNA adducts occurred very similarly to that in
MCF-10F cells, which lack ERα. The E6 cells incubated with E2-3,4-Q or 4-OHE2 form
similar amounts of 4-OHE2-1-N3Ade and 4-OHE2-1-N7Gua adducts. Inclusion of
equimolar NAC in the medium reduced adduct formation from E2-3,4-Q about 70% and
about 90% when 4-OHE2 was used instead (Venugopal et al., 2008).

Inclusion of NAC in the medium along with 4-OHE2 or E2-3,4-Q also inhibited malignant
transformation of the E6 cells, as determined by colony formation in soft agar (Venugopal et
al., 2008). Inhibition of transformation with NAC was far more effective when the cells
were treated with 4-OHE2 than with E2-3,4-Q, once again confirming that the inhibitory
properties of NAC include both reacting with E2-3,4-Q and reducing E2-3,4-semiquinone
back to the catechol estrogen 4-OHE2(Boyland and Chasseaud, 1969; Samuni et al., 2003).

In summary, in the initiation of cancer by estrogens, NAC acts as an antioxidant by reducing
the semiquinone to catechol. NAC also acts as a preventing agent by keeping the cell
replenished with GSH and acting as an antimutagenic, anticarcinogenic agent by reacting
with E2-3,4-Q, thereby inhibiting formation of estrogen-DNA adducts.
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b. Resveratrol
Resv is found in various plants, including grapes and peanuts, and wine. This compound
exerts pleiotropic effects, which include chemoprevention in diverse in vitro and in vivo
systems (Aziz et al., 2003; Jang et al., 1997), modulation of CYP1A1 and CYP1B1 (Chang
et al., 2000; Chen et al., 2004; Chun et al., 1999; Guengerich et al., 2003), antimutagenic
and anticarcinogenic properties (Jang et al., 1997; Saiko et al., 2008), antioxidant and anti-
inflammatory properties (Das and Das, 2007; Leonard et al., 2003; Subbaramaiah et al.,
1998), reduction of estrogen semiquinones to catechol estrogens (Lu et al., 2008; Zahid et
al., 2007; 2008) and induction of quinone reductase (Floreani et al., 2003; Lu et al., 2008;
Montano et al., 2007; Zahid et al., 2008). Some of these properties are attributed to the easy
hydrogen abstraction from the 4′-OH bond, with the formation of a 4′-oxyradical (Fig. 32)
(Stivala et al., 2001). The easy abstraction is a consequence of the great resonance
stabilization energy of the 4′-oxyradical (Stivala et al., 2001).

Although Resv has been found to be safe for human consumption at doses up to 5 g,
investigators have shown its bioavailability to be very low. The studies on bioavailability
have been conducted using single doses (Boocock et al., 2007; Walle et al., 2004). When
oral Resv (0.5, 1, 2.5 or 5 g) was administered and plasma and urine analyzed, Resv plasma
concentrations peaked 1.5 h post-administration, and the levels of glucuronide and sulfate
conjugates were several-fold higher than that of Resv itself (Boocock et al., 2007).
Bioavailability does not appear to have been studied following daily doses of Resv for an
extended period of time. Despite the low bioavailability of Resv in humans, the compound
has been shown to have significant biological effects.

Resv modulates CYP1A1 and CYP1B1. These are two important enzymes because they
catalyze the oxidation of E1 and E2 to 2-OHE1(E2) (CYP1A1) and, more importantly, 4-
OHE1(E2) (CYP1B1), as seen in Figure 17. Resv was found to inhibit dioxin-induced
expression of CYP1A1 and CYP1B1 in cultured MCF-10A human mammary epithelial cells
(Chen et al., 2004). This compound also inhibits the catalytic activity of human CYP1A1 in
a dose-dependent manner (Chun et al., 1999). Resv is a noncompetitive inhibitor of
CYP1B1 (Guengerich et al., 2003), and inhibits the catalytic activity and gene expression of
CYP1B1 in cultured human mammary MCF-7 cells (Chang et al., 2000).

The ability of Resv to inhibit formation of estrogen-DNA adducts was investigated. As
expected, when E2-3,4-Q was reacted with DNA, Resv had no effect on formation of the 4-
OHE2-1-N3Ade and 4-OHE2-1-N7Gua adducts (Fig. 36) (Zahid et al., 2007). This is
because Resv has no ability to react with E2-3,4-Q to prevent formation of the adducts. In
contrast, NAC reduced the amount of adducts formed when E2-3,4-Q was reacted with DNA
(Fig. 33) (Zahid et al., 2007). When lactoperoxidase-activated 4-OHE2, however, was
incubated with DNA in the presence of Resv, formation of the adducts was inhibited, being
reduced almost to zero with three-times as much Resv as 4-OHE2(Fig. 36) (Zahid et al.,
2007). Resv inhibited formation of the estrogen-DNA adducts by reducing E2-3,4-
semiquinones back to 4-OHE2, thus preventing formation of the reactive E2-3,4-Q. Thus,
both NAC and Resv effectively reduce the semiquinone back to catechol in the catechol
estrogen pathway (Fig. 17).

Resv was also shown to be an effective inducer of quinone reductase (NQO1) in MCF-10F
cells (Fig. 37) (Lu et al., 2008; Zahid et al., 2008). Incubation of the cells with 25 µM Resv
for 48 h almost doubled the amount of NQO1 in the cells, and the catalytic activity reducing
E2-3,4-Q to 4-OHE2 was inhibited by the specific NQO1 inhibitor dicumarol (Fig. 37).
These results confirmed previous studies of NQO1 induction by Resv (Floreani et al., 2003;
Montano et al., 2007). When MCF-10F cells preincubated with Resv for 48 h were treated
for 24 h with different levels of 4-OHE2, the amounts of 4-OHE2-1-N3Ade and 4-OHE2-1-
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N7Gua adducts formed were significantly reduced (Fig. 38) (Zahid et al., 2008). This
reduction occurred because the preincubation with Resv had induced NQO1 in the cells.
When the cells preincubated with Resv were then incubated with 4-OHE2 plus fresh Resv
for 24 h, formation of the adducts was completely eliminated (Fig. 38). In this case, not only
was NQO1 induced, but the fresh Resv reduced any E2-3,4-semiquinone back to 4-OHE2,
preventing formation of the reactive E2-3,4-Q and, thus, formation of the estrogen-DNA
adducts.

When MCF-10F cells were pretreated with dioxin to induce CYP1B1 and then treated with
one of three levels of E2, the 4-OHE2-1-N3Ade and 4-OHE2-1-N7Gua adducts were formed
(Fig. 39) (Lu et al., 2008). When the cells were pretreated with dioxin and Resv, however,
no adducts were detected, indicating that NQO1 was highly induced by the Resv. The same
effects were seen when transformation of these cells was studied by culturing the treated
cells in soft agar (Fig. 40) (Lu et al., 2008). Incubation of the MCF-10F cells with E2 led to
colonies of transformed cells and pretreatment with dioxin increased the number of colonies.
When pretreatment also included Resv, however, the number of colonies of transformed
cells was significantly reduced (Fig. 40).

In summary, the studies described above demonstrate that one of the important effects of
Resv is reduction of semiquinones to catechol estrogens. Another significant characteristic
of Resv is its ability to induce NQO1. Resv also modulates CYP1A1 and CYP1B1, which is
more important because its product, 4-OHE1(E2), is a precursor to the predominant (97%)
estrogen-DNA adducts that initiate cancer. These three characteristics of Resv reduce the
effective amount of catechol estrogen quinones available to react with DNA and form the
critical adducts for initiating cancer by estrogens.

c. N-Acetylcysteine and resveratrol
The combined effects of NAC and Resv on the formation of estrogen-DNA adducts was
studied by incubating MCF-10F cells with 4-OHE2 in the presence of NAC and/or Resv
(Fig. 41) (Zahid et al., 2011a). In this experiment, Resv was always present at a molar ratio
of 0.6 to 1 NAC. NAC was present at molar ratios of 0.61 to 60-times the 10 µM 4-OHE2.
NAC and Resv each individually reduced the amount of estrogen-DNA adducts formed in
24 h (Fig. 41). When both NAC and Resv were present in the culture medium, the level of
adducts formed decreased even more than with the individual compounds. With 15-times
more NAC (and 9-times more Resv) than 4-OHE2, formation of the adducts was 95%
inhibited. Higher concentrations of NAC plus Resv completely inhibited adduct formation.

NAC exerts its protective effects chemically, both by directly reacting with the catechol
estrogen quinones and as an antioxidant that reduces the estrogen semiquinones back to
catechol estrogens. NAC also is hydrolyzed to Cys, which is used in the biosynthesis of the
scavenger GSH and, also, new NAC. In contrast, Resv exerts its protective effects both
chemically and biologically. It serves the former function by acting as an antioxidant to
reduce estrogen semiquinones back to catechol estrogens. Biologically, Resv induces
quinone reductase and modulates CYP1A1 and CYP1B1, both inhibiting their gene
expression and their catalytic activity. Therefore, these two compounds complement one
another to minimize the metabolism of estrogens from catechols to quinones. These
combined effects minimize formation of estrogen-DNA adducts, and, thus, the initiation of
cancer. The preventive effects of Resv and NAC need to be demonstrated in humans, first by
showing that the levels of estrogen-DNA adducts are reduced and, second, by also showing
that administration of NAC and Resv reduces the incidence of breast and other human
cancers.
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19. Conclusions
Studies of PAH carcinogenesis led to fundamental discoveries that laid the groundwork for
understanding estrogen carcinogenesis. The first of these discoveries is that chemical
carcinogens form two types of DNA adducts, stable ones that remain in DNA unless
removed by repair and depurinating adducts that are spontaneously lost from DNA by
breaking of the glycosyl bond between the purine base (Ade or Gua) and deoxyribose. The
depurinating adducts are the predominant ones formed by strong PAH carcinogens, such as
BP, DB[a,l]P, DMBA and MC.

The second discovery is that formation of depurinating PAH-DNA adducts correlates with
the sites of cancer-initiating mutations. For example, in mouse skin, DB[a,l]P and DMBA
form primarily Ade depurinating adducts and generate A to T mutations in codon 61 of the
H-ras oncogene. In contrast, BP forms about 50% adducts at Gua and 25% adducts at Ade
and generates about 50% G to T transversions at codon 13 and 25% A to T transversions at
codon 61 in the H-ras oncogene. This discovery reveals the primary importance of
depurinating DNA adducts in carcinogenesis.

Extension of these two discoveries to estrogens enabled rapid understanding of the critical
mechanism of estrogen carcinogenesis. Normally, the oxidative metabolism of estrogens via
the catechol estrogen pathway is in homeostasis, with deactivating mechanisms protecting
cells from excessive oxidation to catechol quinones, which can react with DNA to form
predominantly depurinating estrogen-DNA adducts. When homeostasis is disrupted, more
catechol estrogen quinones are formed, consequently leading to larger amounts of
depurinating estrogen-DNA adducts. These adducts can generate mutations in cultured
mammalian cells and in laboratory animals, thus demonstrating the genotoxicity of
estrogens.

Furthermore, treatment of ER-negative human mammary cells with E2 or 4-OHE2
transforms the cells to malignancy. These cells can then induce tumors when injected into
severely compromised immunodeficient mice.

Formation of depurinating estrogen-DNA adducts correlates with risk of developing cancer.
Analysis of estrogen metabolites, conjugates and DNA adducts in urine or serum shows that
women at high risk for breast cancer have significantly higher levels of estrogen-DNA
adducts than women at normal risk for breast cancer. These results suggest that formation of
depurinating estrogen-DNA adducts is a critical step in the initiation of breast cancer.
Higher levels of estrogen-DNA adducts are also detected in women diagnosed with breast
cancer, ovarian cancer or thyroid cancer. Similarly, men with prostate cancer or non-
Hodgkin lymphoma have higher levels of estrogen-DNA adducts than healthy men without
cancer. Therefore, depurinating estrogen-DNA adducts appear to be biomarkers for risk of
developing a number of cancers.

Finally, understanding the mechanism of estrogen carcinogenesis has provided a basis for
developing an approach to preventing prevalent types of cancer. The dietary supplements
NAC and Resv can prevent formation of estrogen-DNA adducts by inhibiting formation of
the catechol estrogen quinones or their reaction with DNA. If the initiation of cancer is
blocked, promotion, progression and development of the disease would be prevented. This
approach does not require knowledge of the genes involved or the series of events that
follow initiation. Thus, use of NAC and Resv could prove to be a widely applicable strategy
for cancer prevention.

Following Ockham’s Razor, the mechanism of cancer initiation by estrogens has been
elucidated for some of the prevalent cancers. This knowledge has provided an approach to
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cancer prevention that does not require the study of the complex series of steps occurring
after cancer initiation and leading to cancer development.
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Figure 1.
Metabolism of BP catalyzed by cytochrome P450.
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Figure 2.
Mechanism of oxygen transfer from cytochrome P450 to 6-FBP to form BP-3,6-quinone; the
similar formation of BP-1,6- and 6,12-quinone is not shown.
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Figure 3.
Proposed mechanism for the formation of BP-7,8-dihydrodiol.
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Figure 4.
Catalytic cycle of cytochrome P450 illustrating the postulated structures of the intermediates
involved in activation of molecular oxygen and in oxygenation of substrates.
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Figure 5.
Metabolic activation of DB[a,l]P by the diol epoxide and radical cation pathways.
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Figure 6.
Nucleophilic trapping of radical cations at unsubstituted and methyl-substituted positions in
PAH.
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Figure 7.
Favorable partial alignment of the C-H bond of the methyl group with the π-system in 6-
CH3BP to cause deprotonation in 6-CH3BP (left), compared to the less favorable alignment
of the C-H bond of the benzylic methylene group in 6-C2H5BP that prevents deprotonation
(center). Complete alignment of the C-H bond of the methylene group in MC that causes
deprotonation.
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Figure 8.
Structures of 5-methylchrysene, benz[a]anthracene and dibenz[a,h]anthracene.
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Figure 9.
Formation of stable and depurinating adducts with generation of apurinic sites in DNA.
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Figure 10.
Depurinating and stable DNA adducts formed by rat liver microsomes or in mouse skin
treated with BP, BP-7,8-dihydrodiol or anti-BPDE. The upper row is depurinating adducts
formed by BP radical cations, whereas the lower row of depurinating and stable adducts is
formed by the diol epoxide. The level of adducts is expressed as µmol/mol DNA-P (% of
total adducts).
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Figure 11.
Depurinating and stable adducts formed after activation of DB[a,l]P or DB[a,l]P-11,12-
dihydrodiol by rat liver microsomes or reaction of syn-DB[a,l]PDE or anti-DB[a,l]PDE with
DNA. The upper row is depurinating adducts form by DB[a,l]P radical cations, whereas the
lower row of depurinating and stable adducts is formed by the diol epoxide. The level of
adducts is expressed as µmol/mol DNA-P (% of total adducts).
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Figure 12.
Stable and depurinating adducts formed in mouse skin treated with DB[a,l]P,
DB[a,l]P-11,12-dihydrodiol, syn-DB[a,l]PDE or anti-DB[a,l]PDE, and in rat mammary
gland treated with DB[a,l]P. The upper row is depurinating adducts form by DB[a,l]P
radical cations, whereas the lower row of depurinating and stable adducts is formed by the
diol epoxide. The level of adducts is expressed as µmol/mol DNA-P (% of total adducts).
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Figure 13.
Stable and depurinating adducts formed in mouse skin treated with DMBA. The level of
adducts is expressed as µmol/mol DNA-P (% of total adducts).
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Figure 14.
Generation of a mutation by misreplication or misrepair of an apurinic site.
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Figure 15.
Structure of 3-methylcholanthrene.
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Figure 16.
Unified mechanism of metabolic activation and reaction with DNA to form depurinating
DNA adducts for benzene, naphthalene, estrone (E1)/estradiol (E2), diethylstilbestrol (DES),
hexestrol (HES) and dopamine (DA).
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Figure 17.
Formation, metabolism and DNA adducts of estrogens. Activating enzymes and
depurinating DNA adducts are in red and protective enzymes are in green. N-Acetylcysteine
(NAC, shown in blue) and resveratrol (Res, shown in burgundy) indicate various steps
where NAC and Res could ameliorate unbalanced estrogen metabolism and reduce
formation of depurinating estrogen-DNA adducts.
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Figure 18.
Depurinating adducts formed after 10 h (to allow complete depurination of 4-OHE2-1-
N7Gua) by mixtures of E2-3,4-Q and E2-2,3-Q reacted with DNA at different ratios. The
levels of stable adducts formed in the mixtures ranged from 0.1% to 1% of the total adducts
(Zahid et al., 2006).
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Figure 19.
Predominant metabolic pathway in cancer initiation by estrogens.
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Figure 20.
Relative imbalance of estrogen metabolism in non-tumor breast tissue of women with breast
cancer vs controls. The level of 4-OHE1(E2) was significantly higher in cases compared to
controls (p < 0.01). Quinone conjugates were 4-OHE1(E2)-2-NAcCys, 4-OHE1(E2)-2-Cys,
2-OHE1(E2)-(1+4)-NAcCys, and 2-OHE1(E2)-(1+4)-Cys. The levels of quinone conjugates
were significantly higher in cases than in controls (p < 0.003). *Statistically significant
differences were determined using the Wilcoxon rank sum test (Rogan et al., 2003).
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Figure 21.
Expression of estrogen activating (CYP19 and CYP1B1) and protective (COMT and NQO1)
enzymes in non-tumor breast tissue from women with breast cancer and control women
(undergoing reduction mammoplasty). Steady-state RNA levels of the genes were quantified
by TaqMan real-time RT-PCR (Singh et al., 2005).
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Figure 22.
Ratios of depurinating estrogen-DNA adducts to estrogen metabolites and conjugates in (A)
urine of healthy women, high-risk women and women with breast cancer - first study
(Gaikwad, et al., 2008); (B) urine of healthy women, high-risk women and women with
breast cancer - second study (Gaikwad et al., 2009b) and (C) serum of healthy women, high-
risk women and women with breast cancer (Pruthi et al., 2012).
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Figure 23.
Comparison of serum ratios in premenopausal women and postmenopausal women (Pruthi
et al., 2012).
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Figure 24.
Plot of sensitivity versus specificity: serum DNA adduct ratio. Sensitivity and specificity
plotted against cut-off values between women with low risk of breast cancer (Gail model
score ≤ 1.66%) and women with high risk of breast cancer (Gail model score ≥ 1.66%).
Note: The two curves cross at a cut-off value of 77 (Pruthi et al., 2012).
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Figure 25.
Identification of the 4-OHE1-1-N3Ade adduct in urine samples from men with prostate
cancer or urological conditions and healthy men as controls. Right inset: The LTP spectra
labeled 1, 4, and 6 refer to individual samples 1, 4, and 6, respectively; the red spectrum is
that of the standard. Left inset: LC/MS/MS identification of the parent compound at m/z
420.1, and m/z 135.9 and 296 are the fragmentation daughters selected for unequivocal
identification of the adduct. LC/MS/MS = HPLC/tandem mass spectrometry, LTP = low
temperature phosphorescence, and CE/FASS = capillary electrophoresis with field-amplified
sample stacking (Markushin et al., 2006).
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Figure 26.
Average levels of the ratio of estrogen-DNA adducts to estrogen metabolites and conjugates
in urine samples from men with and without prostate cancer, p < 0.001 (Yang et al., 2009).
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Figure 27.
Individual ratios of depurinating estrogen-DNA adducts to estrogen metabolites and
conjugates in urine of healthy control men and men with non-Hodgkin lymphoma (NHL).
Healthy controls vs NHL, p < 0.007 (Gaikwad et al., 2009a).
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Figure 28.
Ratio of urinary depurinating estrogen-DNA adducts to estrogen metabolites and conjugates
for women diagnosed with thyroid cancer (cases) or not diagnosed with cancer (controls).
The dotted line representing a ratio of 30 is the cross-over point for sensitivity and
specificity of the ratio. Inset: Ratios presented as median values and ranges (min to max).
The diamonds represent the mean values (p < 0.0001) (Zahid et al., 2013b).
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Figure 29.
Ratios of depurinating estrogen-DNA adducts to estrogen metabolites and conjugates in
urine samples from healthy control women and women diagnosed with ovarian cancer. The
ratios were significantly higher in cases (p < 0.0001) (Zahid et al., 2013a).
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Figure 30.
Structures of N-acetylcysteine and resveratrol.
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Figure 31.
Effect of NAC on the formation of depurinating adducts obtained by reaction of 87 µM
E2-3,4-Q or LP-activated 4-OHE2 with DNA. In the presence of NAC, the levels of adducts
were lower, with p < 0.002–0.04 (Zahid et al., 2007).
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Figure 32.
Metabolic pathway for 4-OHE1(E2) in the absence or presence of NAC.
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Figure 33.
Effects of NAC on the formation of (A) estrogen-DNA adducts in MCF-10F cells treated
with E2-3,4-Q and (B) estrogen-DNA adducts in MCF-10F cells treated with 4-OHE2(Zahid
et al., 2010a).
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Figure 34.
Effect of Resv on the formation of depurinating adducts obtained by reaction of 87 µM
E2-3,4-Q or LP-activated 4-OHE2 with DNA. In the presence of Resv, the levels of both
adducts formed from 4-OHE2 were reduced with p < 0.0003–0.04 (Zahid et al., 2007).
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Figure 35.
Induction of NQO1 expression and activity in MCF-10F cells treated with Resv. NQO1
enzymatic activity, the reduction of E2-3,4-Q to 4-OHE2, was determined by UPLC-MS/
MS. As a positive control, production of 4-OHE2 by purified recombinant NQO1 incubated
with E2-3,4-Q + NADH was compared to E2-3,4-Q and NADH without enzyme. The levels
of the reaction product, 4-OHE2, in Resv-treated cells were significantly different from
those in the untreated cells, p < 0.05 as determined by ANOVA. The inhibition of 4-OHE2
production by the NQO1-specific inhibitor dicumarol indicates that reduction of E2-3,4-Q to
4-OHE2 was by NQO1 (Lu et al., 2008; Zahid et al., 2008).
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Figure 36.
Levels of depurinating DNA adducts in MCF-10F cells treated with 4-OHE2 with or without
Resv. The levels of DNA adducts in cells pretreated with Resv were significantly lower than
those in the cells not pretreated with Resv, p < 0.05 as determined by ANOVA. When the
cells were pretreated with Resv and fresh Resv was added along with 4-OHE2, no adducts
were detected (Zahid et al., 2008).
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Figure 37.
Levels of depurinating DNA adducts in MCF-10F cells pretreated with TCDD with and
without Resv and treated with increasing concentrations of E2 for 24 h. The levels of DNA
adducts in Resv pretreated cells are significantly different from those in the cells not
pretreated with Resv, p < 0.05 as determined by ANOVA. The DNA adduct levels were
corrected for recovery and normalized to cell numbers. Columns, mean of triplicate cultures
from three experiments; bars, SD (Lu et al., 2008).

Cavalieri and Rogan Page 94

Mol Aspects Med. Author manuscript; available in PMC 2015 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 38.
Antitransformation effects of Resv on E2-induced transformation of MCF-10F cells.
MCF-10F cells were pretreated with TCDD with and without Resv, then treated with E2.
The results are expressed as colony efficiency (%): The number of colonies formed per
number of cells plated×100. Column, mean of assays from triplicate experiments; bars, SD;
p < 0.05. A negative control was conducted with MCF-10F cells cultured without any
treatment. Two positive controls were included. One was cultured MCF-7 cells, which are a
transformed cell line. In the other, MCF-10F cells were transformed with benzo[a]pyrene
(BP) (Lu et al., 2008).
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Figure 39.
Effects of NAC, Resv, or NAC + Resv on the formation of depurinating estrogen-DNA
adducts in MCF-10F cells treated with 4-OHE2. The number above each bar indicates the
percent inhibition compared to treatment with 4-OHE2 alone (Zahid et al., 2011a).
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Table 1

Carcinogenicity of PAH in mouse skin and rat mammary gland

Carcinogenicitya,b

Compound
IP
(eV)c Mouse skin

Rat mammary
gland

Dibenzo[a,l]pyrene-11,12-dihydrodiol 7.79 +++++ NT

5-Methylchrysene 7.73 +++ -

Dibenz[a,h]anthracene 7.61 +++ -

Benz[a]anthracene 7.54 ± -

Benzo[a]pyrene-7,8-dihydrodiol 7.49 ++++ ++

7-Methylbenz[a]anthracene 7.37 +++ ±

8-Fluorobenzo[a]pyrene 7.32 + +

7-Fluorobenzo[a]pyrene 7.31 ++ ±

10-Fluorobenzo[a]pyrene 7.29 - +

4-Fluoro-7,12-dimethylbenz[a]anthracene 7.29 + ++

Dibenzo[a,l]pyrene 7.27 +++++ +++++

9-Fluorobenzo[a]pyrene 7.26 - -

2-Fluoro-7,12-dimethylbenz[a]anthracene 7.24 + -

Benzo[a]pyrene 7.23 ++++ +++

7,12-Dimethylbenz[a]anthracene 7.22 +++++ +++++

10-Fluoro-3-methylcholanthrene 7.17 NT ++

8-Fluoro-3-methylcholanthrene 7.14 NT ++

3-Methylcholanthrene 7.12 ++++ ++++

6-Methylbenzo[a]pyrene 7.08 +++ ++

1,2,3,4-Tetrahydro-7,12-dimethylbenz[a]-anthracene 6.94 +++ +++++

a
Evaluation of mouse skin carcinogenicity is based on the results from repeated application and/or initiation-promotion obtained in our laboratory.

Evaluation of rat mammary gland carcinogenicity is based on the results from intramammillary injection obtained in our laboratory.

b
Extremely active, +++++; very active, ++++; active, +++; moderately active, ++; weakly active, +; very weakly active ±; inactive, -; not tested,

NT.

c
Determined from the absorption maximum of the charge-transfer complex of each compound with chloranil (Cavalieri et al., 1983), except for

DB[a,l]P-11,12-dihydrodiol, 5-methylchrysene, dibenz[a,h]anthracene and BP-7,8-dihydrodiol that were calculated from the oxidation potentials
of these compounds determined by cyclic voltammetry (Cremonesi et al., 1992).
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Table 2

Correlation of depurinating adducts with H-ras mutations in mouse skin papillomasa

PAH
Major DNA adducts
in mouse skin

H-ras mutations

No. of mutations/No. of mice

DMBA N7Ade (79%) 4/4 CAA → CTA

DB[a,l]P N7Ade (32%) 4/5 CAA → CTA

N3Ade (49%)

DB[a,l]P-11,12-dihydrodiol N7Ade (75%) 7/7 CAA → CTA

anti-DB[a,l]PDE N7Ade (2.0%) 5/5 CAA → CTA

BP C8Gua + N7Gua (46%) 7/13 GGC → GTC

N7Ade (25%) 2/13 CAA → CTA

a
Chakravarti et al., 1995
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Table 4

Representative profile of estrogen metabolites, conjugates and DNA adducts in a urine sample from a high-
risk woman.a

NO. Compound

pmole/mg
creatinine
mean, n=2

Total
pmole/mg
creatinine

1 Androstenedione 1.56 1.56

2 Testosterone 0.24 0.24

3 E1 Sulfate 1.81 1.81

4 E2* 5.29
15.93

5 E1* 10.64

6 2-OHE2 3.09
3.15

7 2-OHE1 0.05

8 4-OHE2 2.64
2.91

9 4-OHE1 0.27

10 16α-OHE2 12.12
38.64

11 16α-OHE1 26.52

12 2-OCH3E2 1.95
49.81

13 2-OHC3E1 47.87

14 4-OCH3E2 0.41
5.08

15 4-OCH3E1 4.67

16 2-OH-3-OCH3E2 1.91
10.27

17 2-OH-3-OCH3E1 8.36

18 2-OHE2-1-SG 0.17

3.10

19 2-OHE2-4-SG 0.17

20 2-OHE1-1-SG 0.49

21 2-OHE1-4-SG 0.47

22 2-OHE2-1+4-Cys 0.27

23 2-OHE1-1-Cys 0.10

24 2-OHE1-4-Cys 0.44

25 2-OHE2-1-NAcCys 0.07

26 2-OHE2-4-NAcCys 0.07

27 2-OHE1-1-NAcCys 0.43

28 2-OHE1-4-NAcCys 0.43

29 4-OHE2-2-SG 0.51

1.77
30 4-OHE1-2-SG 0.50

31 4-OHE2-2-Cys 0.13

32 4-OHE1-2-Cys 0.06
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NO. Compound

pmole/mg
creatinine
mean, n=2

Total
pmole/mg
creatinine

33 4-OHE2-2-NAcCys 0.29

34 4-OHE1-2-NAcCys 0.28

35 4-OHE2-1-N7Gua 0.48
2.81

36 4-OHE1-1-N7Gua 2.33

37 4-OHE2-1-N3Ade 137.78
137.90

38 4-OHE1-1-N3Ade 0.13

39 2-OHE2-6-N3Ade 0.06
0.07

40 2-OHE1-6-N3Ade 0.02

Ratiob 936

a
Gaikwad et al., 2008

b
See Figure 22 for a definition of the ratio.
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