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Abstract

It has long been known that bladder cancer (BC) incidence is approximately 4-fold higher in men
than in women in the US, and a similar disparity also exists in other countries. The reason for this
phenomenon is not known, which impedes progress in BC prevention. However, BC incidence is
also significantly higher in male animals than in their female counterparts after treatment with
aromatic amines, which are principal human bladder carcinogens. These animal studies and
related studies in the context of available human data provide significant insight into what may
drive the excessive BC risk in men, which is the focus of this article. The carcinogenicity and
biotransformation of bladder carcinogens as well as the impact of sex hormones on these
processes are discussed, highlighting the novel concept that the gender disparity in BC risk may
result primarily from the interplay of androgen, estrogen and liver, with the liver functioning via
its metabolic enzymes as the main decider of bladder exposure to carcinogens in the urine and the
male and female hormones exerting opposing effects on carcinogenesis in the bladder and likely
also on liver enzymes handling bladder carcinogens. The findings may facilitate further
investigation into the mechanism of gender disparity in BC risk and may also have important
implications for BC prevention.
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1. INTRODUCTION

Bladder cancer (BC) is the 41 most common cancer in US men, with 54,610 new cases to be
expected in 2013 alone [1]. When calculated as health-care cost per patient (from diagnosis
to death), BC ranked as the most expensive of all cancers in the US [2]. It has also long been
known that BC incidence is approximately 4 times higher in men than in women in the US
[3-5]. Globally, despite a 15-fold variation in men and 32-fold variation in women in age-
standardized BC incidence among different countries, the gender disparity persists, with
men being 2.6-6.7 times more likely and in Micro/Polynesia 20.5 times more likely to
develop BC than do women, except in Eastern Africa where BC incidence is only 1.2 fold
higher in men than in women [6]. While it is well recognized that tobacco smoking is the
most important cause of BC, gender disparity in BC risk exists in both smokers and non-
smokers. For example, in a US study of 283,394 men and 186,134 women (the NIH-AARP
Diet and Health Study) followed over 11 years (1995 — 2006), the overall age-standardized
BC risk in men was 3.7 times higher than in women, and the age-standardized BC risk in
never-smokers was 4.3 times higher in men than in women [4]. Thus, the gender disparity in



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

1duasnuey Joyiny vd-HIN

Zhang

Page 2

BC risk is apparently not due to a difference in tobacco smoking. Aromatic amines are
widely recognized to be mainly responsible for BC induction by tobacco smoking [7-9], and
non-smokers may also be exposed to these carcinogens through environmental and
occupational exposure [7, 8, 10]. In line with the gender disparity in BC risk, the mortality
of this disease in the US is also more than 3 fold higher in men than in women [11].

The molecular basis for the gender disparity in BC risk in human is not known, and the lack
of such knowledge impedes progress in BC prevention. Nevertheless, animal studies with
aromatic amines recapitulated the human phenomenon. Findings from these and related
studies are discussed in the present article together with available human data, which
provide important insight into the biological and molecular underpinning for the excessive
BC risk in men. The studies cited in the present article were published over the past several
decades and were identified by PubMed search and searching the reference lists of published
papers. Arsenic in drinking water is also linked to increased BC risk [12], but it appears that
BC incidence induced by arsenic may be somewhat higher in the female than in the male
[13, 14]. These studies are not discussed in the present article.

2. THE INVERSE RELATIONSHIP OF CARCINOGENESIS IN THE BLADDER
AND LIVER INDUCED BY AROMATIC AMINES

4-Aminobiphenyl (ABP, see Figure 1 for chemical structure) is a major human bladder
carcinogen from tobacco smoke and other sources [7, 15, 16]. Indeed, levels of ABP-DNA
adducts were up to 8-fold higher in bladder specimens or exfoliated urothelial cells in
smokers than in non-smokers [17, 18]. In BALB/c mice fed with ABP (50-75 ppm in
drinking water for 96 weeks), started at 4 weeks of age, BC developed in 20% of the male
mice but in none of the female mice, whereas liver cancer developed in 33% of the female
mice but in none of the male mice [19]. Approximately 80% of ABP-DNA adducts formed
in human bladder cells and tissues are N-(deoxyguanosin-8-yl)-4-aminobiphenyl (dG-C8-
ABP) [17, 20]. The dG-C8-ABP levels formed in the bladders and livers of mice exposed to
ABP followed the same pattern of cancer formation in these organs. For example, in adult
BALB/c mice fed with ABP at 55-75 ppm in drinking water for 4 weeks, dG-C8-ABP
levels were 2—-3 fold higher in the male bladders than in the female bladders, whereas levels
of this adduct were 2-3 fold higher in the female livers than in the male livers [21]. Similar
patterns of inverse association of ABP-DNA adduct levels in the bladder and liver were also
seen in adult male and female C57BL/6 mice treated with ABP, irrespective of whether the
carcinogen was applied topically or given in drinking water [22-24]. In adult C57 x IF F1
hybrid mice treated with another aromatic amine, 2-aminodiphenylene oxide (see Figure 1
for chemical structure), liver cancer incidence was also significantly higher in the female
mice than in the male mice, whereas BC incidence was significantly higher in the male mice
than in the female mice [25]. Interestingly, when ABP was administered to neonatal mice
(either C57BL/6 or mixed background of C57BL/6 and 129/Sv strains) on day 8 and day 15
after birth by peritoneal injection and the mice were then followed without ABP for 12
months in one study [26] and 16 months in another study [27], the incidence of liver cancer
in the male and female mice were 60-70% and 0-5% respectively, while BC development in
these mice is unknown. The dramatically higher liver cancer incidence in the male mice than
in the female mice stands in stark contrast to the markedly higher liver cancer incidence in
female mice than in male mice when ABP treatment was initiated at 4 weeks of age as
described above. The molecular basis for the dramatic shift of gender disparity in liver
cancer development in relation to ABP dosing time is not known but may be related to a
change in the expression of certain ABP-metabolizing enzymes. Studies with 2-
acetamidofluorene (AAF, see Figure 1 for chemical structure), which is a carcinogenic
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metabolite of 2-aminofluorene, also an aromatic amine, seem to lend support to that belief.
Chronic feeding of adult male F344 rats with AAF in the diet (200 ppm) caused liver cancer
in 100% rats but no BC, whereas in rats fed concurrently with AAF and butylated
hydroxytoluene (BHT, 300-6000 ppm), liver cancer incidence was lowered dose-
dependently by BHT down to 56%, but BC incidence was elevated by BHT dose-
dependently up to 44%, while BHT alone caused neither liver cancer nor BC [28]. Similar
impact of BHT on liver and bladder carcinogenesis was shown in male F344 rats when
dietary AAF was lowered to 50 ppm [29]. BHT treatment was also shown to reduce AAF-
DNA adduct formation in the liver and to increase urinary excretion of glucuronic acid
conjugates of AAF in rats exposed to AAF [30], suggesting that BHT may promote liver
metabolism of AAF via UDP-glucuronosyltransferase (UGT). Indeed, BHT is known to
modulate drug-metabolizing enzymes including UGT in the liver [31]. Glucuronic acid
conjugates of aromatic amines and their metabolites are generally less toxic than their parent
compounds, but are often unstable in urine and readily generate carcinogenic species, as
discussed below. Thus, the inverse relationship of susceptibility to aromatic amines between
bladder and liver may be linked to how liver metabolically handles these compounds.

3. BIOTRANSFORMATION OF AROMATIC AMINES IN VIVO

Aromatic amines are not carcinogenic themselves but undergo extensive and complex
metabolic activation and inactivation in vivo. While the details of their metabolisms are not
fully known, liver is apparently the main site for the metabolism of these compounds.

3.1. Hydroxylation

Both N-hydroxylation (Figure 1) and ring-hydroxylation can occur to an aromatic amine as
initial reactions, but only the former is considered a key activation step [32-34].
Cytochrome P450 (CYP) 1A2 was widely believed to be mainly responsible for N-
hydroxylation of aromatic amines [35], but knockout of this enzyme in C57BL/6 mice did
not show a significant impact on ABP-induced DNA adduct formation in both liver and
bladder, nor did it alter the gender disparity in ABP-DNA adduct levels in these organs [23].
Thus, at least in mice, CYP1AZ2 is dispensable for metabolic activation of ABP, and there
likely is a redundancy in enzymes for N-hydroxylation. For example, human CYP2A13 has
also been shown to catalyze N-hydroxylation of ABP [36]. N-hydroxylation derivatives of
aromatic amines are detected in the urine of animals exposed to aromatic amines [32], but it
is not known whether these compounds are directly excreted or regenerated in the urine
from unstable metabolites, nor is it known whether there is a difference between male and
female animals in overall liver activity for N-hydroxylation of aromatic amines or in urinary
levels of their N-hydroxylation products. Interestingly, CYP4B1which also activates
aromatic amines was shown to be expressed at higher levels in the male bladder than in the
female bladder in rats and that its expression in the rat bladder was stimulated by androgen
[37]. This shows that bladder may be involved in the activation of aromatic amine and also
suggests that similar enzymes in the liver may be regulated by sex hormones. Competing
with N-hydroxylation in the liver are N- or N-O-acetylation by arylamine acetyltransferases
(NATS) [38, 39] and N- or N-O-glucuronidation by UGTs [40, 41], and it is also known that
the products of one of these reactions may serve as substrates for the other reactions (Figure
1). Moreover, sulfotransferases (SULTs) may catalyze N-, O- or N-O-sulfation of aromatic
amines [42], hydroxylamines and the products of NATs-catalyzed reactions (hydroxamic
acids) (Fig. 1) [43, 44]. These enzymes are discussed below in further detail.
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3.2. Acetylation

Two NATSs, NAT1 and NAT2, are expressed in human and animal cells, which show
overlapping substrate specificity and participate in the metabolism of aromatic amines [45].
N-acetylation of aromatic amines by these enzymes generally is a detoxification reaction,
but the enzymes also function as N, O-acyltransferase (transferring the acyl group from the
nitrogen to the oxygen of N-hydroxy aromatic amines and their derivatives) (Figure 1),
giving rise to potentially highly reactive electrophiles [46]. Human studies have shown that
NAT2 slow acetylation status is associated with increased BC risk [47, 48]. However, in
C57BL/6 mice or other mice, N-acetylation levels of ABP and AAF in the liver, bladder or
other organs were not different between males and females, and in Nat1/2 gene knockout
mice, whose tissue NATactivity was totally abolished, the gender disparity in dG-C8-ABP
levels in the liver remained unchanged after ABP treatment, even though liver dG-C8-ABP
levels were somewhat lower in the wild type mice than in the Nat1/2 knockout mice [26,
49]. Information on the effect of Nat1/2 gene knockout on bladder susceptibility to ABP or
other aromatic amines is not available. However, in congenic mouse strains (C57BL/6 and
B6.A) of rapid and slow acetylators (NAT?2), after ABP treatment (28 days in drinking
water), dG-C8-ABP levels were higher in the female livers than in the male livers, and
higher in the male bladders than in the female bladders, as expected, and the acetylation
status did not show a clear impact on dG-C8-ABP levels in both organs [24]. Collectively,
the above studies indicate that NAT1/2 do not mediate the gender disparity in bladder/liver
susceptibility to aromatic amines in mice.

3.3. Glucuronidation

UGTs catalyze the addition of glucuronic acid to the nitrogen or oxygen of aromatic amines
and their metabolites, giving rise to N- and O-glucuronides (Figure 1) [34, 39, 40, 50]. The
glucuronides may be relatively non-reactive and are excreted in the bile and urine. Urinary
excretion of these compounds, however, is problematic for the bladder, as the conjugates,
with the exception of the O-glucuronides of the ring hydroxylation products of aromatic
amines [41], are highly labile in urine, especially in acidic urine [40, 41, 51, 52], delivering
carcinogenic compounds to the bladder epithelium. The glucuronides may also be
hydrolyzed by urinary fglucuronidase [53-55], but studies have indicated that urinary /-
glucuronidase may not contribute significantly to the instability of these glucuronides [54]
or to bladder carcinogenesis [56]. UGTs are a large family of enzymes responsible for
glucuronidation of a wide variety of substrates [57, 58]. Several human UGTs, including
UGT1A1, 1A3, 1A4, 1A6, 1A9, 2B1, 2B2 and 2B7, have been shown to catalyze
glucuronidation of one or more aromatic amines and their metabolites [59-61]. Liver mMRNA
level of UGT2B1 was found to be higher in adult male C57BL/6 mice than in their female
counterparts, but liver mRNA level of UGT1A1 was higher in the female mice than in the
male mice [62]. It was also reported that overall ABP N-glucuronidation activity was
significantly higher in liver microsomes prepared from adult male C57BL/6 mice than from
their female counterparts [22]. These results raise the possibility that certain UGTSs in the
liver may mediate in part the gender disparity in bladder/liver susceptibility to aromatic
amines. Conceivably, higher UGT activity in the liver would protect the liver against
aromatic amines but would render the bladder more susceptible to these compounds by
generating more urinary glucuronide metabolites that are unstable. Interestingly, all
UGT1As in human bladder epithelial cells and mouse bladder tissues were shown to be
down regulated by androgen-mediated androgen receptor (AR) signaling [63], suggesting
that androgen may sensitize bladder to carcinogens in part by suppressing UGT-mediated
detoxification in the bladder. It is not known, however, whether any aromatic amine-
metabolizing UGTSs in the liver are modulated in a similar manner.
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3.4. Sulfation

SULTSs catalyze the sulfation of aromatic amines, and of hydroxylamines and hydroxamic
acids formed from aromatic amines (Figure 1). Several human SULTS, including SULT1A1,
1A2, 1A3, 1B2 and 1C#2, have been shown to be active toward N-OH-ABP [64]. The
sulfuric acid esters formed via the amine nitrogen or the oxygen attached to the amine
nitrogen are highly unstable and rapidly react with DNA and other macromolecules. Indeed,
it was previously shown that liver SULT activity correlates with liver toxicity and liver
cancer development in rats treated by N-OH-AAF [65-67]. While significant SULT activity
does not appear to exist in the bladder [68, 69], and the sulfuric acid esters of aromatic
amines generated in the liver are thought to be too labile to survive the trip to the bladder
[68], liver SULTs may alter the bioavailability of aromatic amines and their metabolites to
the bladder by competing with other liver enzymes for substrates. Studies have shown that
liver SULT activity toward N-OH-AAF and other aromatic amines is significantly higher in
male rats than in female rats [44, 65], and in rats treated with N-OH-AAF, urinary levels of
N-OH-AAF and glucuronides are significantly higher in the female rats, and urinary levels
of sulfuric acid esters (formed from the ring hydroxylation metabolites, which are relatively
stable) are significantly higher in the male rats [34]. A greater susceptibility of male rats
than female rats to AAF-induced development of liver cancer and cirrhosis has also been
reported [70], although sex-related bladder susceptibility to AAF-induced carcinogenesis in
rats is not known. Interestingly, contrary to the rat results described above, in mice, as
mentioned before, female liver is more susceptible than male liver and male bladder is more
susceptible than female bladder to the genotoxicity and carcinogenicity of ABP and other
aromatic amines. Whether this means that liver SULT activity toward aromatic amines in
female mice is higher than in male mice is not clear. However, among the large number of
SULTSs that are expressed in mice, liver mRNA levels of SULT1A1, 1D1, 2A1/2 and 3A1,
as well as PAPSs2 which synthesizes the enzyme cofactor 3’-phosphoadenosine 5’-
phosphosulfate, are significantly higher in female C57BL/6 mice than in their male
counterparts [71]. Collectively, the findings discussed above suggest that the expression of
SULTs in the liver may be species- and gender-related, and also support the notion that
certain SULTS in the liver may protect the bladder against aromatic amines at the cost of
liver damage by generating metabolites that are highly electrophilic and rapidly consumed
by nucleophiles (e.g. DNA, RNA and protein) in the liver, thus diverting the carcinogens
away from entering the urine and from damaging the bladder. If certain liver SULTS play a
part in the gender disparity in BC risk in human, aromatic amines may be more toxic to
female liver than to male liver. While this seems to contradict the finding that liver cancer
incidence in human is significantly higher in men than in women [3, 6, 72], the main risk
factors of human liver cancer, including chronic infection with hepatitis viruses, cirrhosis
and exposure to aflatoxins, may mask the potential effects of aromatic amines.

4. BLADDER CARCINOGENICITY AND METABOLISM OF N-BUTYL-N-(4-
HYDROXYBUTYL)NITROSAMINE

N-butyl-N-(4-hydroxybutyl)nitrosamine (BBN, see Figure 2 for chemical structure) is a
widely used experimental bladder carcinogen, albeit not a human carcinogen. BBN also
causes higher incidence of BC in male animals than in their female counterparts. For
example, when Wistar rats were treated with BBN in drinking water (0.05%) for 6 weeks
and then observed for 18 weeks without BBN, BC incidence in the male rats was 3.2 times
higher than in the female rats [73]. In C57BL/6 mice that were treated continuously with
BBN (0.022% in in drinking water), male mice developed BC on average 63 days earlier
than did female mice (average disease onsettime of 190 and 253 days respectively) [74].
Unlike aromatic amines, however, BBN has not been shown to cause liver cancer in animal
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studies. Also unlike the complex biotransformation undertaken by aromatic amines and the
unstable nature of various metabolites as described above, BBN metabolism in vivo, while
extensive, is relatively simple and the metabolites are relatively stable. BBN is converted
primarily to N-butyl-N-(3-carboxypropyl)nitrosamine (BCPN), as a result of the oxidation of
its alcoholic group to a carboxylic group by the alcohol/aldehyde dehydrogenase system, but
is also O-glucuronided by UGT as a minor metabolite (Figure 2) [75, 76]. The specific
enzymes for these reactions are not known. As with aromatic amines, however, BBN
biotransformation also occurs primarily in the liver, and the metabolites are excreted in urine
[77, 78], although bladder cells also seem to have some capacity of converting BBN to
BCPN [77]. In Wistar rats given a single oral dose of BBN, more than 40% of the dose was
recovered as BCPN in 48-h urine, with a minor presence of BBN glucuronide and no
presence of unchanged BBN in the urine [79]. Similar urinary BCPN recovery results were
obtained in other strains of rats dosed with BBN [78]. BCPN may undergo further
metabolism in the liver and the target tissues (Figure 2) [75, 80, 81], and in mice, a
significant amount of BCPN is converted to a glycine derivative (BCPN-glycine, formed via
the carboxyl group of BCPN) (Figure 2). Thus, in ICR mice given a single oral dose of
BBN, 6% and 26% of the dose were recovered as BCPN and BCPN-glycine respectively in
48-h urine [81]. While the carcinogenicity of BCPN-glycine has not been investigated, and
urinary BBN glucuronide may be too stable to be significantly toxic to the bladder, BCPN is
directly genotoxic [82], and urinary BCPN is widely believed to be mainly responsible for
BBN-induced bladder carcinogenesis [83]. There is also a good correlation between urinary
levels of BCPN (in the case of mice, BCPN plus BCPN-glycine) and species-related
variation in susceptibility to BBN-induced bladder carcinogenesis among rats, mice,
hamsters and guinea pigs [78, 81, 84]. However, it is not known to what extent the gender
disparity in BBN-induced bladder carcinogenesis is related to urinary levels of BCPN or
other metabolites.

5. THE EFFECTS OF SEX HORMONES ON BLADDER CARCINOGENESIS

Information on the effects of male and female hormones on BC development is limited and
came almost exclusively from studies using BBN as a carcinogen. As mentioned above, in
C57BL/6 mice, under an identical dosing condition, male mice developed BC on average 63
days earlier than did female mice, but the sex difference in BC development could be
abolished by castrating the male mice, which was performed before carcinogen treatment, or
treating the female mice with testosterone, which was administered during the carcinogen
treatment period [74]. Also in C57BL/6 mice, AR knockout completely blocked BBN-
induced BC development in both male and female mice, while BC incidence in the BBN-
treated wild-type mice was 92% (male) and 42% (female) respectively, and in the male
mice, AR knockout was more effective than castration; in the latter case, 50% mice
developed BC [85]. These findings show that the androgen-AR signaling pathway is critical
for BBN-induced BC development. Interestingly, in male Wistar rats which were treated
with BBN in drinking water for 6 weeks and then observed for 18 weeks without BBN,
castration performed immediately after the 6-week BBN treatment was more inhibitory
(36.4% BC incidence) than performed before BBN treatment (50% BC incidence),
compared to 60% BC incidence in the control group [73]. Thus, the promoting effect of the
androgen-AR signaling pathway on bladder carcinogenesis occurs during the post-BBN
progression phase. The above result also hints that androgen may actually inhibit the
initiation of BBN-induced bladder carcinogenesis. Indeed, in female Wistar rats, under the
same experiment conditions as described above for the male rats, the promoting effect of
testosterone (50 mg/rat as a slow-releasing subcutaneous implant) on bladder carcinogenesis
was less when given before BBN treatment (36.4% BC incidence) than when given after
completion of BBN treatment (54.4% BC incidence), with 18.2% cancer incidence in the

J Environ Sci Health C Environ Carcinog Ecotoxicol Rev. Author manuscript; available in PMC 2013 December 05.



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

1duasnuey Joyiny vd-HIN

Zhang

Page 7

control group [73]. In contrast, treatment of male Wistar rats with diethylstilbestrol (50 mg/
rats as a slow-releasing implant) either before or after BBN treatment resulted in strong and
similar inhibition of BC development (7.1% vs. 5.9%, compared to 60% in the control
group) [73], suggesting that the estrogen inhibits bladder carcinogenesis in the post-BBN
progression phase. Likewise, spaying female Wistar rats before or after BBN treatment led
to similar increase in BC incidence (30% vs. 25%, compared to 18.2% in the control group)
[73]. It should also be noted that in the above-described study, in the absence of BBN, no
BC developed in rats treated by testosterone, diethylstilbestrol, castration, spay or any
combinations. Significant inhibitory effect on bladder carcinogenesis by another estrogen,
ethinyl estradiol, given after BBN treatment, was also shown in male F344 rats [86]. Studies
have shown that both AR and estrogen receptor are expressed in the bladder epithelium [87-
89].

Several population-based studies have been published regarding the inhibitory effect of
estrogen on BC development in human. In the US Nurses’ Health Study with 26 years of
follow-up, McGrath et al. found that in postmenopausal women, early age at menopause was
significantly associated with increased BC risk, but an inverse association of combined use
of estrogen and progestin with BC risk was not statistically significant [90]. However, in the
Los Angeles-Shanghai BC Study and the California Teachers Study, Davis-Dao et al. found
that, in addition to 30% lower BC risk in parous women than in nulliparous women,
combined use of estrogen and progestin as menopausal hormone therapy was protective
against BC [91]. Yet, in the Breast Cancer Detection Demonstration Projects Follow-Up
Study, Cantwell et al. did not find an association between BC risk and parity, age at
menarche, age at first birth or oral contraceptive use, but did find an increased BC risk in
women with early menopause, although this was not statistically significant [92].
Collectively, the above studies suggest an inhibitory effect of estrogen on BC development
in human, and it is possible that some of the statistically insignificant associations noted
above were due to limited sample size.

6. Conclusions

Liver plays an important role in BC development, as bladder carcinogens are primarily
metabolized in the liver and carcinogenic metabolites are delivered to bladder through
urinary excretion. Urinary delivery of carcinogens to bladder is consistent with bladder
cancer originating almost exclusively from the inner surface (urothelium) of the bladder.
Animal studies with bladder carcinogens recapitulate the gender disparity in BC risk seen in
humans, and these studies have also shown a gender-related difference in liver metabolism
of bladder carcinogens. Many lines of evidence strongly suggest that the gender-related
difference in liver metabolism of bladder carcinogens translates into a difference in bladder
exposure to the carcinogens, which in turn may function as one of the key drivers of the
gender disparity in BC risk. There is evidence that certain isoforms of UGTs and/or SULTSs
in the liver may be the key mediators in this process. Furthers studies are needed to identify
these enzymes and to understand their modulation by sex hormones. Moreover, it has also
been demonstrated that androgen promotes and estrogen inhibits bladder carcinogenesis in
the progression phase, while the underlining mechanisms remain to be elucidated. Taken
together, the gender disparity in BC risk may resultprimarily from the interplay of androgen,
estrogen and liver as illustrated in Figure 3.

Understanding the mechanism responsible for the gender disparity in BC risk has important
implications for BC prevention. The findings described above suggest that approaches
aimed at stimulating cytoprotection against carcinogens in the bladder epithelium may be
highly effective for BC prevention. In this connection, we have recently shown that
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sulforaphane, a key chemopreventive ingredient in broccoli and other cruciferous vegetables
[93], inhibits ABP-induced DNA damage in the bladder by activating Nrf2, a key
transcriptional factor for stimulation of many cytoprotective and carcinogen-detoxifying
genes, and that Nrf2 activation by sulforaphane occurs primarily in the epithelium, the
principal site of BC development [94]. This result is also consistent with epidemiological
studies showing a significant inverse association between the consumption of broccoli and
other cruciferous vegetables and human BC risk [95, 96]. It is also conceivable that
inhibitors of androgen-AR signaling or an estrogen may inhibit BC development in human.
In fact, as mentioned before, epidemiological studies suggest the protective function of
estrogen.
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*Chemical structures of aromatic amines discussed in this article:
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Biotransformation of aromatic amines in the liver and delivery of carcinogenic metabolites
to the bladder via urinary excretion. Metabolites formed in the liver may vary with different
aromatic amines, and the metabolites shown herein may be incomplete. Some of the
metabolites generated in the liver are known to be too unstable to reach the bladder.
Arylnitronium ion is highly reactive and may be generated from N-hydroxy aromatic amines
or other metabolites.
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Figure 2.
BBN metabolism in the liver and urinary excretion of its metabolites. The specific enzymes
catalyzing these reactions remain undefined.
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Figure 3.

The potential interplay among androgen, estrogen and the liver, which may be mainly
responsible for the gender disparity in BC risk. The illustration shows the potential opposing
effects of androgen and estrogen on liver handling of aromatic amines and on carcinogenesis
in the bladder.
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