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Exemestane (6-methyleneandrosta-1,4-diene-3,17-dione) is a syn-
thetic steroidal inhibitor of the aromatase reaction that catalyzes
the terminal and rate-limiting step of the biosynthesis of estro-
gens. It is active clinically in preventing, delaying progression of,
and treating mammary cancers, many of which are estrogen re-
ceptor-positive. A striking feature of the structure of exemestane
is an extended system of conjugated Michael reaction functions,
which is also characteristic of inducers of a broad network of che-
moprotective genes regulated by the Keap1 (Kelch-like ECA-
associated protein)/Nrf2 (nuclear factor E2-related factor 2)/ARE
(antioxidant response element) signaling system. These genes
are largely involved in xenobiotic metabolism and antioxidative and
anti-inflammatory protection, as well as the synthesis and reduction
of glutathione. We show here that exemestane transcriptionally
activates NAD(P)H:quinone oxidoreductase 1 (NQO1) and heme oxy-
genase 1 (HO-1), typical chemoprotective gene products, in a wide
variety of mouse, rat, and human cells. It protects several cell lines
against oxidative toxicity of tert-butyl hydroperoxide and 4-hydroxy-
nonenal, against free radical damage arising from hypoxia-reoxy-
genation, and against UVA radiation damage. Exemestane also
inhibits the inflammatory increases in inducible nitric oxide synthase
(iNOS) in mouse macrophages exposed to LPS (lipopolysaccharide),
thereby resembling the isothiocyanate sulforaphane derived from
broccoli. Remarkably, combinations of exemestane and sulfora-
phane act highly synergistically, and this property is also displayed
by several other phytochemicals. Thus, exemestane has a wide
range of previously unrecognized protective activities, probably un-
related to aromatase inhibition. Its potential for reducing the risk,
not only of breast cancer, but also of other chronic diseases that
arise from inflammation, oxidative stress, and DNA-damaging elec-
trophiles, requires exploration, particularly in view of the syner-
gism with other phytochemicals.

Development of safe and effective agents for reducing the risk
of cancer and other chronic diseases is a high priority of
contemporary medicine. Implementation of strategies for che-
moprevention/chemoprotection is beset with many problems (1,
2). In this paper, we describe the broad protective potential of
a synthetic steroid, exemestane (Fig. 14), that has already been
safely administered to many thousands of human subjects as an
estrogen biosynthesis inhibitor. We also find that exemestane acts
synergistically in combination with a chemoprotective phytochemi-
cal, sulforaphane, derived from cruciferous vegetables, and already
consumed widely as a regular component of the human diet.

In the economically developed world, mammary cancer is the
most common malignancy in women. In the United States alone,
232,340 new diagnoses and 39,620 deaths of women from breast
cancer are projected for 2013, and the global burden of new
cases is enormous (3). The majority of breast malignancies are
estrogen receptor-positive at the time of diagnosis, and their
growth is under estrogen control. Thus, this process is an effec-
tive target for both prevention and treatment of breast cancer
by two mechanisms: (i) selective modification of estrogen bind-
ing to their receptors, exemplified by such widely used agents as
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tamoxifen (Fig. 14) and raloxifene (4), and (ii) blocking of
estrogen biosynthesis by inhibition of its final and rate-limiting
step, the aromatase reaction, by steroidal compounds such as
exemestane and nonsteroidal letrozole (Fig. 14) and anastrozole
(5, 6). Both these approaches have been highly successful, and
multiple clinical studies attest to their benefits (7). A recent
study of 4,560 women at moderately increased risk for de-
veloping breast cancer showed that exemestane reduced the risk
of breast cancer by 65% relative to placebo (8). Clinical com-
parisons of exemestane and other estrogen-function modifiers
suggest that exemestane may have special, and even superior,
protective properties over other agents such as tamoxifen (7, 9, 10).
Combinations of exemestane with tamoxifen or with cyclo-
oxygenase inhibitors have been administered to women with breast
cancer. Suggestions of additive or even synergistic action, without
increased adverse effects, have been reported (5, 7, 11, 12).

The chemical structure of exemestane (6-methyleneandrosta-
1,4-diene-3,17-dione), designed as an irreversible, mechanism-
based aromatase inhibitor, includes a system of highly electro-
philic conjugated Michael acceptor groups (13). Interestingly,
this structural feature was recognized by us long ago as a fun-
damental feature of many agents that induce the cytoprotective
phase 2 response of aerobic cells via the Kelch-like ECA-asso-
ciated protein (Keapl)/nuclear factor E2-related factor 2 (Nrf2)/
antioxidant response element (ARE) pathway, which controls
the gene expression of a large and diverse family of proteins that
protect cells against electrophiles and oxidants, and enhance cell
survival (14-18). This realization suggested to us that exemestane
might react efficiently with the thiol groups of the reactive cysteine
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Fig. 1. Exemestane induces cytoprotective enzymes in cultured cells and

mouse skin. (A) Chemical structures of exemestane, tamoxifen, and letro-
zole. (B-E) Dose-dependent induction of NAD(P)H:quinone oxidoreductase 1
(NQO1) by exemestane and sulforaphane in different cell types: Hepalcic7,
ARPE-19, 308 keratinocytes, and H9c2 cardiomyocytes. Cells were plated in
96-well plates, and 24 h later were exposed to serial dilutions of exemestane
or sulforaphane for a further 48 h. NQO1 activity is expressed as mean ratios
of treated over control specific activities by using eight replicate wells for
each inducer concentration. SDs for all measurements were less than 10%.
(F) Real-time PCR analysis of phase 2-related genes heme oxygenase-1 (HO-
1) and NQO1 expression after 6 h of treatment with exemestane in H9c2
cells. B-Actin was used as an endogenous control for the target genes, and
values are represented as the ratio of change in the mRNA levels of
exemestane-treated versus vehicle-treated cells. Means + SD are shown. (G)
Induction of NQO1 in mouse skin by topical application of exemestane. The
back of each SKH-1 hairless mouse (n = 5) was topically treated with two
concentrations of exemestane [0.5 and 1.0 pmol/cm2 in 80% (vol/vol) ace-
tone] and solvent only over about a 2.0-cm? area for three doses at 24-h
intervals. Mice were euthanized 24 h after the last dose, and dorsal skin was
harvested. NQO1 specific activity was measured in supernatant fractions of
homogenates of skin sections treated with exemestane or solvent (control).
Means + SD are shown.

residues of Keapl and thereby regulate Nrf2-dependent cyto-
protective genes (14, 16-19). To our knowledge, these potentially
much broader pharmacological activities of exemestane were not
previously recognized.

We show here that the aromatase inhibitor exemestane exhibits
a wide range of cytoprotective effects—that appear to be unrelated
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to aromatase inhibition. Thus, it potently activates the Keap1/
Nrf2/ARE pathway, thereby stimulating expression of genes that
regulate an extensive network of inducible cytoprotective phase 2
proteins that protect cells against reactive oxygen species (ROS),
inflammation, and DNA-damaging electrophiles (19). In this
respect, exemestane therefore resembles sulforaphane, the po-
tent chemoprotective isothiocyanate isolated from broccoli and
other cruciferous plants that activates the Nrf2-dependent phase
2 response (19, 20).

Results

Exemestane Induces Cytoprotective Enzymes in Cultured Cells and
Mouse Skin. We first confirmed the prediction, based purely on
structural examination, that exemestane should induce the ac-
tivity of NAD(P)H:quinone oxidoreductase 1 (NQO1), a pro-
totypic phase 2 enzyme. In murine hepatoma Hepalclc7 cells,
human retinal pigment epithelial ARPE-19 cells, murine 308
keratinocytes, and rat H9¢2 myocardiocytes, inducer potencies of
exemestane were comparable with, but modestly lower than,
those of sulforaphane. The concentrations of exemestane re-
quired to double NQO1-specific activities (CD values) were 0.65
pM in Hepalclc7 and 308 cells, 2.2 pM in ARPE-19, and 2.9 pM
in H9c2 cells whereas the corresponding CD values for sulfora-
phane were 0.2, 0.2, 0.7, and 0.9 pM, respectively. An impres-
sive property of exemestane was its low toxicity. In all cell lines,
exemestane showed no cytotoxicity up to 20 pM, the highest
concentration tested, and increases in specific activities of NQO1
up to 4- to 12-fold were observed (Fig. 1 B-E). Exemestane
therefore shows a very high Chemoprotective Index as defined by
Pezzuto et al. (21). To evaluate the effect of the combination of
exemestane and sulforaphane on induction of NQO1, we treated
Hepalclc7 cells with mixtures of the two agents at constant ra-
tios. Within attainable dose ranges for both agents, exemestane
and sulforaphane showed no synergism on NQO1 induction at
both 2:1 and 5:1 molar ratios. The combined effects of these
agents are mostly additive, which suggests that exemestane indu-
ces NQOL1 activity through the same Keapl/Nrf2/ARE mecha-
nism as sulforaphane.

To determine whether the phase 2 enzyme inducer activity of
exemestane was related to aromatase inhibition, we selected
letrozole, a nonsteroidal and structurally unrelated aromatase
inhibitor. In Hepalclc7 cells and at concentrations up to 20 pM,
letrozole showed no inducer activity for NQO1. In the same
system, tamoxifen, a selective estrogen receptor modifier and
not an aromatase inhibitor, did not induce NQO1 activity but
showed about 90% cytotoxicity at 20 uM.

We then examined whether treatment with exemestane changed
expression of cytoprotective phase 2-related genes in H9c2 car-
diomyocytes. Real-time PCR analysis of 10 pM exemestane-trea-
ted cells showed a significant more than eightfold increase in the
mRNA levels of heme oxygenase 1 (HO-1), and a threefold in-
crease in NQOI1 expression over control cells (Fig. 1F). These
results establish that exemestane treatment transcriptionally up-
regulates the protective phase 2 response that contributes to its
antioxidant and anti-inflammatory activities.

We next evaluated whether exemestane induced the cytopro-
tective enzyme NQOL1 in the skin of female SKH-1 hairless mice.
These mice are immunocompetent but hairless because of a de-
fect in the keratin biosynthesis cycle. Three topical applications
of exemestane (0.5 or 1.0 pmol/cm® per application) at 24-h
intervals to the dorsal skin of SKH-1 mice (n = 5) significantly
elevated NQOL1 activity (1.3- and 1.7-fold, respectively) in skin
homogenates (Fig. 1G).

Exemestane Protects Human Retinal Pigment Epithelial Cells Against
Oxidative Damage. Much evidence indicates that induction of the
phase 2 response plays a key role in cellular protection largely by
detoxifying oxidants and electrophiles, and by blocking the
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effects of UV radiation. Age-related macular degeneration is
the leading cause of blindness among the elderly in developed
countries. ROS are probably involved in retinal pigment epi-
thelium (RPE) cell dysfunction and contribute to disease de-
velopment. Therefore, strategies for protecting RPE cells against
oxidative damage may be particularly important in retarding
development of macular degeneration. It has been reported that
ROS generated by exogenous oxidants can damage cultured
ARPE-19 cells (22, 23). We therefore tested whether exemes-
tane could reduce ROS production in ARPE-19 by using the
fluorescence-generating probe 2',7’-dichlorodihydrofluorescein
diacetate (DCFDA). Treatment with exemestane dose-dependently
suppressed ROS production stimulated by zert-butyl hydroperoxide
(Fig. 24). Treatment of ARPE-19 cells with a range of concen-
trations of exemestane for 24 h also protected against the cyto-
toxicity of oxidants (fert-butyl hydroperoxide and 4-hydroxynonenal)
(Fig. 2 B and C). The degree of protection depended on both the
concentrations of oxidants and exemestane.

Protection Against Hypoxia—Reoxygenation Injury. Cellular injury
resulting from ischemia and reperfusion (IR), and thereby gen-
eration of reactive oxygen intermediates, is a major contributor
to morbidity and mortality of many medical procedures, in-
cluding organ transplantation and cardiovascular surgery. A
hypoxia/reoxygenation model was used to mimic IR injury in
HO9c2 rat cardiomyocytes in vitro and to evaluate protection by
exemestane. Treatment of H9¢2 cells with a range of concen-
trations of exemestane (0-10 uM) for 24 h dose-dependently
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Fig. 2. Exemestane protects cells against oxidative stress. (A) ROS suppres-
sion by exemestane in human retinal pigment epithelial ARPE-19 cells. After
24 h of incubation with exemestane, the cells were exposed to 20 pM DCFDA
for 30 min and then challenged with 500 pM tert-butyl hydroperoxide for 30
min. Fluorescence intensity was measured. Means + SD are shown. Pro-
tection of ARPE-19 cells against toxicity of (B) tert-butyl hydroperoxide (0.2,
0.4, 0.8 mM for 4 h) and (C) 4-hydroxynonenal (10, 20, 40 uM for 4 h) as
a function of 24-h prior exposure to 0-20 pM exemestane. Bar graphs show
that cell viability is a function of both the concentrations of the oxidants and
of exemestane. SDs for all measurements were less than 10%. Front, center,
and rear series of bars refer to the highest, middle, and lowest concen-
trations of the oxidants, respectively. (D) Exemestane protects against hyp-
oxia/reoxygenation-induced cardiomyocyte injury. Rat myocardial H9c2 cells
were treated with exemestane for 24 h and then subjected to hypoxia for
1 h (2 mM NaS,0,), and reoxygenation for 24 h. Cell viability, assessed by
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay,
was expressed as fractional survival compared with cells not exposed to
hypoxia/reoxygenation. Means + SD are shown.
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Fig. 3. Exemestane inhibits UVA-stimulated ROS production in murine 308
keratinocytes. Cells plated in 24-well plates were treated with exemestane
for 24 h. After incubation with 20 uM DCFDA for 30 min, cells were exposed
to 5 or 10 J/cm? UVA, and fluorescence intensity was measured as indicator
of ROS production in the cells. Cells that received no treatment were con-
trols. SDs for all measurements were less than 10%.

protected cells against hypoxia/reoxygenation injury and almost
totally restored cell viability at 10 uM concentration (Fig. 2D).

Protection Against UV Radiation. Solar UV radiation is a persistent
damaging process. UVA radiation (320-400 nm) comprises more
than 95% of solar radiation that reaches the surface of the earth
and has deleterious effects on the skin. In response to UVA
exposure, ROS are generated, which may directly result in
damage to cellular proteins, lipids, and polysaccharides, and may
also indirectly cause structural damage of DNA (24). The rate of
skin aging and prevalence of skin cancer have been increasing
dramatically (25), and inhibition of UVA-induced oxidative
stress may therefore prevent such damage. To evaluate the po-
tential UVA-protective effects of exemestane, mouse 308 kera-
tinocytes were treated with exemestane 24 h before UVA
irradiation, and ROS levels were measured by using DCFDA.
Fig. 3 shows that exemestane treatment dose-dependently re-
duced ROS levels in UVA-irradiated mouse 308 keratinocytes.

Exemestane Inducer Activity Depends on the Keap1/Nrf2 Pathway. To
determine whether exemestane induces NQOI1 via the Nrf2
transcription factor, we examined NQO1 induction by exemes-
tane in mouse embryonic fibroblasts (MEFs) derived from wild-
type and Nrf2-knockout mice (18). Like sulforaphane, exemes-
tane dose-dependently induced NQO1 activity in wild-type
MEFs. In sharp contrast, in Nrf2-knockout (nrf2”~) MEFs,
NQOT1 activity was not affected by either sulforaphane or exemes-
tane (Fig. 44). We also examined the protection by exemestane
against oxidative stress and its dependence on nrf2 gene function
by measuring tert-butyl hydroperoxide-stimulated ROS genera-
tion in MEF cells. The levels of ROS observed in wild-type MEFs
were clearly suppressed by exemestane whereas exemestane
showed no protection in nrf2~~ MEFs (Fig. 4B). The results es-
tablish that exemestane also protects against oxidative stress
through the Nrf2 pathway.

Exemestane Inhibits LPS-Activated iNOS in Macrophages. Many dif-
ferent chemical classes of inducers of the phase 2 response also
display powerful anti-inflammatory activity (26, 27). Inducible
nitric oxide synthase (iNOS) is an inflammatory biomarker, and
induction of iNOS can contribute to cell injury in various dis-
eases. Expression of iNOS can be up-regulated by inflammatory
mediators such as the bacterial endotoxin LPS, through the I
kappa B kinase (IKK)/NF-kB pathway. To analyze the anti-
inflammatory potential of exemestane, we assessed the ability of
exemestane to suppress the LPS-dependent transcriptional ac-
tivation of iNOS by measuring NO production by the Griess
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reaction in RAW264.7 macrophages. Exemestane inhibited NO
generation dose-dependently with an ICs, value of 2.5 pM (Fig.
5A4), moderately less potent than sulforaphane in this assay
(ICsp = 0.5 uM). For comparison, both letrozole and tamoxifen
(up to 20 uM concentration) did not inhibit LPS-stimulated NO
production in RAW264.7 cells. In this system, tamoxifen was
50% cytotoxic at 20 pM whereas exemestane and letrozole
showed no toxicity at the same concentration. Thus, the anti-
inflammatory effects of exemestane are not related to mod-
ifications of estrogen function.

Because the Keapl/Nrf2/ARE pathway is essential for phase
2 gene inductive and antioxidative activities of exemestane, we
further examined whether this pathway is also required for its
anti-inflammatory activity. We compared inhibition by exemes-
tane of LPS-dependent up-regulation of iNOS in peritoneal
macrophages from wild-type and nrf2~'~ mice. Exemestane was
a much less effective inhibitor of NO production in Nrf2™/~
macrophages than it was in wild-type macrophages (Fig. 5B).
Our finding suggests that the inhibition of the up-regulation of
iNOS by exemestane is partially, and probably largely, dependent
on Nrf2.

Exemestane and Sulforaphane Synergistically Inhibit LPS-Activated
iNOS in Mouse Peritoneal Macrophages. Both exemestane and sul-
foraphane showed dose-dependent inhibitory effects on LPS-
stimulated NO production in mouse peritoneal macrophages,
and the inhibition by exemestane is more highly Nrf2-dependent
than the inhibition by sulforaphane (Fig. 5B) (27). These results
suggest that exemestane and sulforaphane could inhibit LPS-
activated iNOS in peritoneal macrophages by different molecu-
lar pathways and that combination of the two agents might result
in enhanced inhibitory effects. Thus, we compared the inhibitory
potencies of exemestane, sulforaphane, and their combinations
(with exemestane and sulforaphane at 5:1 molar ratio) on NO
production in LPS-stimulated mouse peritoneal macrophages.
As shown in Fig. 64, combinations of one-half doses of exemes-
tane and of sulforaphane resulted in considerably more potent
inhibition of NO production than did individual treatments with
exemestane or sulforaphane at full doses. The mode of in-
teraction between exemestane and sulforaphane in inhibiting
iNOS was further analyzed by the CompuSyn program, which
applies median effect equation methods (28-30). The combined
drug effect is expressed as CI (combination index) versus F,
(fraction affected), with CI < 1 indicating synergism, CI = 1
indicating an additive effect, and CI > 1 indicating antagonism.
Our experiments established that exemestane and sulforaphane
combinations were potently synergistic (Fig. 6B). Thus, 50%
inhibition of LPS-stimulated nitric oxide generation in mouse
macrophages required 1.5 pM sulforaphane or 24.2 pM exemes-
tane. A mixture of exemestane and sulforaphane (5:1) produced
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for 30 min, and fluorescence intensity was mea-
sured. Means + SD are shown.

the same inhibitory effect at 0.29 uM sulforaphane together with
1.45 uM exemestane, a fivefold and more than 15-fold reduction
in dosages, respectively. This constitutes powerful synergism (30).
If such powerful synergism between exemestane and sulfora-
phane does indeed occur in vivo, combinations of these agents
could potentially provide a valuable and well-tolerated strategy
for prevention, avoiding recurrence, and even treatment of ma-
lignancies, and of other chronic diseases. Because suppression
of inflammation has been identified as a consistent feature of
many inducers of the phase 2 response (26, 27), combinations of
exemestane with other phytochemical agents that have similar
properties were examined. We compared the inhibitory poten-
cies of exemestane in combination with three structurally un-
related phytochemicals—shikonin, zerumbone, and resveratrol—
on NO production in LPS-stimulated RAW264.7 cells. At 90%
inhibition of LPS-stimulated NO production, CI values for exe-
mestane/shikonin (10:1), exemestane/zerumbone (2:1), or exe-
mestane/resveratrol (1:1) were 0.55, 0.77, and 0.64, respectively,
which are comparable with the CI value of exemestane/sulfora-
phane (5:1) 0.69 in RAW264.7 cells. These results indicate that
synergism exists between exemestane and a broad range of
phase 2 enzyme inducers.

Exemestane Enhances the Inhibition of Sulforaphane on NF-xB Activation
in U937 Cells. NF-xB is a transcription factor that plays a key role
in inflammation (31). Activation of NF-kB signaling results in
expression of proinflammatory cytokines as well as iNOS and
COX-2 (32). To gain a better understanding of the mechanism of
the profound synergism between exemestane and sulforaphane
in suppressing LPS-stimulated iNOS up-regulation, we studied
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Fig. 5. Effects of exemestane on LPS-activated iNOS activity (NO production)
in (A) RAW264.7 cells, and (B) WT and Nrf2~~ mouse peritoneal macrophages.
Cells in 96-well plates were exposed to serial dilutions of exemestane in the
presence of 10 ng/mL LPS for 48 h (RAW264.7) or 100 ng/mL LPS for 24 h
(peritoneal macrophages). Then, NO production was measured as nitrite ac-
cumulation in the medium by the Griess reaction. Control cells were treated
with LPS only. SDs for all determinations were less than 10%.
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a human monocyte cell line (U937) stably transfected with a lu-
ciferase reporter containing three NF-kB binding sites (33). Fig. 7
shows that exemestane had no effect on LPS-activated NF-xB at
up to 30 pM concentration whereas sulforaphane inhibited LPS-
activated NF-kB—driven luciferase activity. Nonetheless, exemes-
tane dramatically enhanced the inhibitory effect of sulforaphane
on the activation of NF-kB. For comparison, letrozole alone
showed no effect on LPS-activated NF-kB by itself and did not
enhance the inhibitory effect of sulforaphane on NF-xB activation,
which suggests that the above activity of exemestane is not aro-
matase pathway-dependent. Real-time PCR analysis of 10 ng/mL
LPS-stimulated RAW264.7 cells showed a more than 90-fold in-
crease in the mRNA levels of COX-2. Exemestane at 20 pM
strongly enhanced the inhibitory effect of 4 uM sulforaphane on
LPS-activated COX-2 expression from 18% to 41% whereas
exemestane itself showed no inhibitory effect.

Discussion

The steroid analog exemestane inhibits aromatase, the final and
rate-limiting step of estrogen biosynthesis, restricts the growth of
estrogen receptor-positive mammary cells, and reduces the risk
of the recurrence of mammary cancer in patients. Exemestane is
highly effective in inhibiting estrogen biosynthesis, as is well il-
lustrated in peripheral fat, which is the principal site of estrogen
biosynthesis in postmenopausal women (34). We have shown in
this paper that, unexpectedly, exemestane exerts a wide range of
other biological effects, seemingly mechanistically unrelated to
aromatase inhibition, among which the up-regulation of the
Keap1-Nrf2-ARE cytoprotective signaling system is probably the
most prominent. Thus, in several cell lines [murine hepatoma
Hepalclc7, murine 308 keratinocytes, adult human retinal pig-
ment epithelial cells (ARPE-19), and rat myocardiocytes (H9¢c2)],
NQOL1 and HO-1 are up-regulated by exemestane. In this respect,
exemestane action resembles that of sulforaphane. The up-regu-
lation of NQO1 by exemestane is particularly significant because
this enzyme plays an important role in protecting against estrogen-
dependent carcinogenesis. It does so by promoting metabolic in-
activation of reactive and carcinogenic estrogen intermediates and
suppressing metabolic semiquinone cycling (35, 36). Combinations
of exemestane with sulforaphane display largely additive effects in
these systems.

Exemestane also resembles sulforaphane in that it protects
retinal pigment epithelial cells, myocardiocytes, and keratino-
cytes against chemically generated oxidative stress resulting from
exposure of these cells to fert-butyl hydroperoxide and 4-hydroxy-
nonenal, against free radical damage arising from hypoxia—
reoxygenation, and against UV radiation (UVA) damage. Limited
experiments suggest that combinations of exemestane and sul-
foraphane also show additive effects in at least some of these
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systems. It is therefore not surprising that up-regulation of Nrf2-
dependent cytoprotective genes results in closely parallel increases
in phase 2 enzymes (e.g., NQO1) and enhanced protection against
oxidative stress.

Exemestane also displays anti-inflammatory properties. It was
therefore unexpected that the anti-inflammatory activities of
exemestane, which resemble those of sulforaphane in many
respects, are modulated in a highly synergistic manner by mix-
tures of exemestane and sulforaphane. We have very little insight
into the mechanisms responsible for the surprisingly high syn-
ergism between exemestane and sulforaphane in suppression of
LPS-stimulated iNOS up-regulation, as well as the enhancement
by exemestane of the inhibitory effect of sulforaphane on NF-xB
activation. Consideration should be given to the fact that the
Keap1/Nrf2 system responds to a wide range of chemical com-
pounds using different sensors (37, 38). In addition, some phase
2 enzyme inducers have been shown to suppress the NF-xB
pathway by direct binding to critical cysteine residues in IKK ac-
tivation loop and NF-kB DNA-binding loop (27). Furthermore,
there is cross-talk between the Keapl/Nrf2 and IKK/NF-xB
pathways (39). One or several of these mechanisms could be re-
sponsible for the synergism between exemestane and sulforaphane.

These deductions with respect to the unrecognized broad
pharmacological effects of exemestane recall an earlier series of
parallel conclusions with respect to a series of synthetic tri-
terpenoid analogs related to oleanolic acid. Using potency of
anti-inflammatory activity based on suppression of inducible
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Fig. 7. Effects of exemestane, sulforaphane, and their combination on LPS-
induced NF-kB reporter gene activity. U937 3xkB-LUC cells were incubated
with exemestane, sulforaphane, or their combination for 30 min. LPS (10 ng/
mL) was added, and the NF-kB—driven luciferase activity was measured after
6 h of LPS exposure. Luciferase activity was normalized to LPS control
(100%). Each bar represents the mean of triplicate experiments. SDs for all
determinations were less than 10%.
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nitric oxide synthase (iNOS) in mouse macrophages as the
endpoint, we, in collaboration with colleagues at Dartmouth
University, found that the anti-inflammatory potency of these
triterpenoids depended on the critical positioning of Michael
reaction acceptor groups in the triterpenoid structure (17, 26).
Moreover, these structural features also controlled inhibition of
proliferation, promotion of differentiation, and induction of
apoptosis in cells. Because these structural features were also
important for induction of the phase 2 response (controlled by
the Keapl/Nrf2/ARE signaling pathway), we showed that the
anti-inflammatory and phase 2 inducer potencies of 18 triterpe-
noids were closely linearly related over a range of six orders of
potency magnitude, and both responses were abrogated in MEF
lacking either Nrf2 or Keapl (26). Several of these triterpenoids
have subsequently been developed for clinical use in a variety of
medical conditions (40).

In conclusion, in addition to its potent mechanism-dependent
inhibition of estrogen biosynthesis, exemestane has chemo-
protective properties that have hitherto not been explicitly rec-
ognized. Exemestane should therefore be considered for use also
in chemoprotection against mammary tumors that are not estro-
gen receptor-positive, and against a wide variety of nonmammary
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tumors (and possibly other chronic diseases) that are not estrogen-
dependent but have oxidative stress, inflammation, and electro-
phile-damaging etiologies. The additional finding that exemestane
shows powerful synergism with another widely consumed Nrf2-
activator, sulforaphane, and a number of other phytochemicals,
increases the attractiveness of this strategy. Our findings favor the
view that use of exemestane with its broad range of actions, and its
potential synergism with sulforaphane and other phytochemicals,
could be a valuable chemoprotective strategy for reducing the risk
of many malignancies and possibly other chronic diseases.

Materials and Methods

The sources of all materials and cultured cells are described in S/ Materials
and Methods. The methods regarding biochemical analysis of NQO1 acitvity,
ROS, cytotoxicity, iNOS induction, and luciferase activity are also described
and referenced in S/ Materials and Methods. The probes and procedures for
real-time PCR to determine mRNA levels are detailed in S/ Materials
and Methods.
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