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Abstract

explore another type of potential chemopreventive agent.

Cytochrome P450 1A1 and 1B1 convert polycyclic aromatic hydrocarbons to carcinogenic compounds in
extrahepatic tissues. In 1997, resveratrol, a naturally occurring stilbene found in grapes and red wine, was found to
inhibit the growth of tumors and that one potential mechanism was by inhibiting cytochrome P450 1A1 and 1B1. This
prompted further research on various stilbene derivatives as chemopreventive agents. It has recently been discovered
that aryl morpholino triazenes represent a new class of cytochrome P450 1A1 and 1B1 inhibitors opening up the field to
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Introduction

The National Cancer Institute estimates that there were 14 million
new cases of cancer and 8.2 million cancer deaths worldwide in 2012, the
most recent year for which we have global cancer statistics. Additionally,
the NCI projects that the incidence of cancer will increase 50% and
the deaths from cancer will increase 60% by 2030, making cancer one
of the leading causes of death across the globe [1]. It has thus become
increasingly important for scientists and medical professionals to find
more effective ways of preventing and treating various types of cancer
to increase people’ life spans and increase their quality of life by sparing
them the pain of going through cancer treatments such as surgery,
chemotherapy and radiation and the resulting recovery periods.

Tumor formation in a variety of tissues can be stimulated by
the hyperactivity and/or overexpression of a variety of different
proteins including those involved in signal transduction pathways
such as epidermal growth factor [2,3] and RAS [4], those involved in
inflammation like cyclooxygenase 1 and 2 [5,6] and other proteins such
as HMG CoA reductase [7] and cytochrome P450 1A1 and 1B1 [8-
10]. In addition, tumors can also form because of the hypoactivity of
proteins involved in apoptosis or tumor suppression such as p53 [11,12].

The focus of this review will be on the role of cytochrome P450
1A1 and 1BI in cancer and the variety of compounds that have been
discovered to inhibit these enzymes showing potential chemopreventive
activity.

Cytochrome P450 1A1 and 1B1

Cytochrome P450 is a superfamily of heme containing enzymes that
oxidize other compounds and function within various electron transfer
chains. In fact 57 human cytochrome 450 genes and 58 pseudogenes
have been identified by the Human Genome Project [13]. CYP1A1 and
CYP1BI are two members of this superfamily of enzymes, both of which
are extrahepatic enzymes that catalyze the mono-oxidation of a variety
of different endogenous compounds. For example, some CYP1Al
substrates include Vitamin D [14], 17p-estradiol, melatonin and

arachidonic acid [15], while CYP1B1 acts upon 17B-estradiol [16]. Both
enzymes also catalyze reactions with a variety of xenobiotic compounds
such as PAHs [10,15,17], which are ubiquitous in our environment and
can be found in soot, emissions from forest fires, fossil fuel processing,
cigarette smoke, automobile exhaust, charred meat cooked over an open
flame, etc. [18-20].

CYP1Al and CYPIBI1 have been the focus of many recent research
studies because of their ability to generate carcinogenic compounds from
procarcinogens like PAHs [10,15,21-23]. First the PAHs are oxidized
by CYP1Al and CYPIBI to epoxides, which are converted to diols
by epoxide hydroxylase and finally into epoxydiols by CYP1Al and
CYP1BI [8,10,23,24]. The epoxydiols can then modify the amine groups
in adenosine or guanosine residues in DNA leading to errors during
replication [19,25,26]. If the mutations are located in genes associated with
signal transduction or other pathways that either stimulate or inhibit cell
division this can cause the uncontrolled cell division that leads to cancer. As
a result, many research groups are intent on finding compounds that can
inhibit these two enzymes as a means of preventing cancer.

While CYP1AI and CYP1BI only share 38% homology between
them, the active sites in both enzymes are narrow, flat and hydrophobic,
which are a good fit for planar, aromatic compounds such as PAHs
[15,17] and many of the early compounds used to probe and study the
active site: a-napthoflavone, 7-ethoxycoumarin, 7-ethoxyresorufin and
ellipticine [17,27]. In addition, many of these compounds have been
shown, through x-ray crystallography or molecular docking studies, to
interact with a variety of phenylalanine residues in the active site of both
enzymes through hydrophobic and nt-nt interactions [15,17,28,29].

Resveratrol and other stilbenes

Interest in CYP1Al and CYP1B1 exploded in the early 2000s
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when in 1997 it was discovered that resveratrol, a compound derived
from grapes and found in significant amounts in red wine, was a
chemopreventive agent against promyelocytic leukemia (HL-60)
cells, a mouse skin cancer model and other cells and tissues and this
chemopreventive activity was further verified by others [6,30-32]. In
1999, Chun et al. [33] discovered that resveratrol inhibited CYP1A1l
and that this was one likely mechanism for inhibiting the initiation
and development of cancer based upon studies showing this enzyme’s
involvement in tumor formation as previously stated. Subsequently,
resveratrol was also discovered to inhibit CYP1B1 providing another
possible mechanism by which resveratrol exerts its anti-cancer effects
[34].

Because resveratrol is a type of stilbene, various stilbene derivatives
were shown to either prevent or reduce tumor formation in a variety
of cell lines, tissues and animal models such as colon cancer, breast
cancer cells and human SK-Mel-28 melanoma cells [30,32,35-39].
Furthermore a variety of these stilbenes were proven to be more
effective than resveratrol at inhibiting CYP1A1 and CYP1B1 (Table
1). In particular, the methoxystilbenes have been some of the most
potent inhibitors of both enzymes with some being more selective
towards one enzyme over the other. Resveratrol has an IC, of 23 uM
with respect to CYP1A1 and an IC,  of 1.4 uM with respect to CYP1B1
[40]. The monomethoxy substituted stilbenes, rhapontigenin and
3,5-dihydroxy-4’-methoxystilbene, inhibit CYP1A1 with an IC, of 0.4
UM each while rhapontigenin has an IC, of 9 uM and 3,5-dihydroxy-
4’-methoxystilbene has an IC, of 1 uM both with respect to CYP1B1
[41]. Thus, both monomethoxy substituted stilbenes inhibit CYP1A1
more strongly than resveratrol and CYP1B1. While rhapontigenin is
less effective at inhibiting CYP1BI than resveratrol, 3,5-dihydroxy-4’-
methoxystilbene is more effective than resveratrol.

Furthermore, many dimethoxy, trimethoxy and tetramethoxy
substituted stilbenes are more effective than resveratrol at
inhibiting CYP1A1 and CYPIBI1 and are about equally effective at
inhibiting both of these enzymes. For example, 3,4’-dimethoxy-5-
hydroxystilbene has an IC, of 0.1 uM with respect to CYP1Al and
CYP1B1, while 3,45-trimethoxystilbene has an IC, of 0.6 uM with
respect to CYP1A1 and 0.4 pM with respect to CYP1B1 [41]. Also,
3,4,2}5"-tetramethoxystilbene has an IC, of 0.5 uM with respect to
CYP1A1l and an IC_ of 0.62 uM with respect to CYP1B1 [42].

CYP1A1 CYP1B1
Stilbenes IC,, IC,,
uM uM
Resveratrol 232 1.42
Rhapontigenin 0.4° 9
3,5-dihydroxy-4’-methoxystilbene 0.4° 10
3,4’-dimethoxy-5-hydroxystilbene 0.1° 0.1°
3,4’,5-trimethoxystilbene 0.6° 0.4°
3,4,2’-trimethoxy-trans-stilbene 0.36° 0.0040¢
3,4,2'5-tetramethoxystilbene 0.5° 0.62°
2,2’,4,6’-tetramethoxystilbene 0.170¢ 0.002¢
2,4,3',5-tetramethoxystilbene 0.300¢ 0.006¢
3,5-dimethoxy-2’-thiophenylstilbene 0.061° 0.011¢

adata taken from [40]
bdata taken from [41]
°data taken from [42]
ddata taken from [43]
edata taken from [44]

Table 1: IC,, values for various stilbenes.
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On the other hand, a trimethoxy substituted stilbene,
3,4,2’-trimethoxy-trans-stilbene and two tetramethoxy
substituted stilbenes, 2,4,3}5 -tetramethoxystilbene and

2,2°4,6’-tetramethoxystilbene were highly potent CYP1BI1 inhibitors:
IC,, of 4.0 nM, 6 nM and 2 nM respectively. Furthermore they were
both more selective towards CYP1B1 over CYP1A1 (IC_ of 360 nM,
300 nM and 170 nM respectively) [42-44]. Thus, it seems that some
stilbenes with a greater number of methoxy substituted groups are
even more potent inhibitors of CYP1B1. Therefore, while several
monomethoxystilbenes are more selective inhibitors of CYP1A1 over
CYP1B1, at least one trimethoxystilbene and two tetramethoxystilbenes
are more selective inhibitors of CYP1B1 over CYP1AL.

Overall, Chun et al. [43] showed that adding methyl groups
to hydroxyl groups to form the methoxy groups lowered the IC_
of 2,4,35-tetramethoxystilbene by 1000 fold towards CYP1B1 as
compared to oxyresveratrol. He hypothesized that this was because
it increased the lipophilicity of this stilbene, which made it bind
more tightly to the hydrophobic environment in the active site of the
enzyme. Thus it would follow that increasing the number of methoxy
groups on the aryl rings would also increase its’ lipophilicity and could
potentially increase its” ability to inhibit CYP1B1. In addition, many
of these multi methoxylated stilbenes have cytotoxic effects on various
cancer cells and it is possible that their ability to inhibit CYP1BI1 as
well as CYP1A1 is one mechanism by which they do so. One caveat
to this is that Mikstacka et al. [42] demonstrated that two of the
pentamethoxystilbenes tested inhibited the enzymes less than the tetra,
tri and di methoxystilbenes tested indicating that other factors also play
a role in the ability of stilbenes to inhibit these enzymes.

Furthermore, the substitution pattern of methoxy groups on the aryl
rings also influences the ability of stilbenes to bind and inhibit CYP1A1
and CYP1BI, as seen in Table 1, by comparing 3,4,2’-trimethoxy-trans-
stilbene which has an IC, of 4.0 nM with 3,45-trimethoxystilbene
which has an IC_ of 600 nM. Previously Mikstaka et al. [42] concluded
that the substitution pattern on the aryl rings affects the inhibition of
both enzymes and Kim et al. [44] suggested that simply the presence of
a substituent on the 2 position of the stilbene skeleton plays a critical
role in the ability of a stilbene to distinguish between CYP1Al and
CYP1B1.

Finally, substituents other than methoxy groups may also enhance a
stilbene’s ability to inhibit CYP1A1 and/or CYP1B1. For example, Kim
et al. [44] tested the addition of thiol, furanyl, pyridyl and fluoro groups
added to the aryl ring and found that some of these compounds, such as
3,5-dimethoxy-2’-thiophenylstilbene, exhibited an IC, of 61 nM with
CYP1Al and 11 nM with CYP1B1, which is on par with the multiple
methoxy substituted stilbenes mentioned above.

Thus, the literature on stilbene research and CYP1A1 and CYP1B1
inhibitors has shown us that the planarity of the compound and the
location and type of substituents on the aryl ring play an important role
in determining the effectiveness of the inhibitors for these enzymes and
are likely important in designing other inhibitors of these enzymes as
will be discussed in the next section.

Triazenes

My collaborator, Ralph Isovitsch and I became interested in
triazenes as potential CYP1A1 and CYP1BI inhibitors because we were
initially exploring various stilbene derivatives to test their potency in
inhibiting these enzymes and the method for making the stilbenes
was a two-step synthesis in which the aryl morpholino triazene was
the intermediate compound. These aryl morpholino triazenes consist
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of an aryl ring connected to three consecutive nitrogens (triazene
unit) and a morpholine ring. Because these triazenes have some planar
characteristics due to the aryl group and triazene unit, I wondered if
this class of compound might fit into each enzyme’s active site and thus
be a good inhibitor of CYP1A1 and CYP1BI.

Somewhat similar to stilbenes, a methoxy triazene, compound
2 (Figure 1 for triazene structures), was a more potent inhibitor of
CYP1A1 versus those substituted with nitro (compound 3), acetyl
(compound 4), carboxy (compound 5) or bromo (compound 6) with an
IC,,of 10 uM and a good inhibitor of CYP1B1, relative to other triazenes
tested, with an IC,, of 18 uM (Table 2). Also, similar to stilbenes, some
triazenes were specific to inhibiting one enzyme over the other. The
most potent CYP1BI1 inhibitors were the triazenes substituted with
nitro and bromo groups, which had IC_  values of 2 yM and 7 uM
respectively whereas their IC, values for inhibiting CYP1AIL were
115 uM and 63 uM respectively. Furthermore, there was one triazene,
the acetyl substituted triazene, that was more selective for CYP1A1
(IC,,;=82 pM) than CYP1B1 which showed no inhibition towards this
latter enzyme. These results indicated that aryl morpholino triazenes
are a new class of CYP1A1 and CYP1B1 inhibitors [45].

The aryl morpholino triazenes are likely able to inhibit the CYP1A1
and CYP1BI enzymes in part because the aryl group is planar, which
should fit well into the active sites of both enzymes, but also because
the triazene unit has a m electron system that could potentially form
-1t interactions with the aromatic ring in Phe 224 in CYP1A1 [15] and
Phe 231 in CYPI1BI1 [17] similar to a-naphthoflavone, or with other
phenylalanine residues that were identified by Gonzalez et al. [29].
Because the unsubstituted aryl morpholino triazene, compound 1, has
some inhibitory activity against both enzymes, this might be the case.

o

1
2
3:
4:
5
6

Figure 1: Aryl morpholino triazene structure. The numbers refer to the different
derivatives of the triazene.

1A1 1B1

Compounds IC,, IC,,

uM uM

Compound 1 (Triazene) 120 163
Compound 2 19 18
Compound 3 115 2

Compound 4 82 NDP

Compound 5 167 400
Compound 6 63 7

adata taken from [45]
®Not determined because the compound did not significantly inhibit the enzyme
at 100 uM.

Table 2: IC, values for compounds 1-6 with CYP1A1 and BYP1B12.

In addition, the methoxy substituted triazene, compound 2, was
the most potent inhibitor against CYP1A1 and one of the more potent
inhibitors of CYP1BI likely because the methoxy groups substituted on
the aryl ring made compound 2 even more hydrophobic compared to
the unsubstituted aryl ring or to other substituted groups and possibly
because the electron donating property of the methoxy group could
have made the m electron system on the triazene unit even more robust
[45].

However, because the morpholine ring is conformationally flexible,
this makes the entire molecule less planar than stilbenes. As a result,
we are working on testing more planar triazene compounds with a
variety of different substituents on the aryl ring to determine if they
might inhibit CYP1A1 and CYP1B1 even more strongly than the aryl
morpholino triazenes and thus be even better candidates as cancer
preventive agents.

In the future, comparing substitution patterns in the triazene
compounds will also be an important area of study to determine if, like
the stilbenes discussed above, the position to which various substituents
are attached on the aryl unit influences the ability of the triazenes to
inhibit these enzymes.

Other CYP1A1 and CYP1B1 inhibitors

Many other compounds, most of which contain one or more
aromatic rings like stilbenes and the aryl morpholino triazenes, are
also CYP1A1 and CYP1B1 inhibitors. These include the flavonoids,
naphthoquinones, anthraquinones, coumarins, alkaloids, non-tumor
inducing polycyclic aromatic hydrocarbons and a variety of other
naturally occurring compounds [46]. Many members in the above
family of compounds also show chemopreventive activity such as
several coumarin derivatives, imperatorin and bergamottin and several
flavonoids including naringenin, apigenin, quercetin and hesperidin
[47]. This suggests that many anti-cancer compounds may exert their
effects through inhibiting CYP1A1 and CYP1BI.

Conclusion

In conclusion, many CYP1A1 and CYP1B1 inhibitors have also been
shown to prevent and/or inhibit the progression of a variety of cancers.
Thus, it has become important to identify new classes of compounds that
can inhibit these enzymes in the hope of discovering even more potent
inhibitors and thus more potent chemopreventive agents. We recently
identified aryl morpholino triazenes as a new class of compounds that
inhibit CYP1A1 and CYP1B1 and we are currently working on a more
planar type of triazene with a variety of substituents on the aryl ring to
determine if these compounds will be even better inhibitors. We also hope
to eventually work on substitution patterns on the aryl ring to determine
how much that influences the ability of the triazenes to inhibit these
enzymes. It will then become important to determine if these compounds
can inhibit cancer formation in vitro and ultimately in vivo.
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