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Abstract
The use of progestins as a component of hormone replacement therapy has been linked to an
increase in breast cancer risk in postmenopausal women. We have previously shown that
medroxyprogesterone acetate (MPA), a commonly administered synthetic progestin, increases
production of the potent angiogenic factor vascular endothelial growth factor (VEGF) by tumor
cells, leading to the development of new blood vessels and tumor growth. We sought to identify
nontoxic chemicals that would inhibit progestin-induced tumorigenesis. We used a recently
developed progestin-dependent mammary cancer model in which tumors are induced in Sprague-
Dawley rats by 7,12-dimethylbenz(a)anthracene (DMBA) treatment. The flavonoid apigenin,
which we previously found to inhibit progestin-dependent VEGF synthesis in human breast cancer
cells in vitro, significantly delayed the development of, and decreased the incidence and
multiplicity of, MPA-accelerated DMBA-induced mammary tumors in this animal model.
Whereas apigenin decreased the occurrence of such tumors, it did not block MPA-induced
intraductal and lobular epithelial cell hyperplasia in the mammary tissue. Apigenin blocked MPA-
dependent increases in VEGF, and suppressed VEGF receptor-2 (VEGFR-2) but not VEGFR-1 in
regions of hyperplasia. No differences were observed in estrogen or progesterone receptor levels,
or the number of estrogen receptor-positive cells, within the mammary gland of MPA-treated
animals administered apigenin, MPA-treated animals, and placebo treated animals. However, the
number of progesterone receptor-positive cells was reduced in animals treated with MPA or MPA
and apigenin compared with those treated with placebo. These findings suggest that apigenin has
important chemopreventive properties for those breast cancers that develop in response to
progestins.
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Introduction
Recent clinical trials and studies demonstrate an increased risk of breast cancer in
postmenopausal women undergoing hormone replacement therapy (HRT) that consists of
both estrogen and progestin (E+P) compared with women taking estrogen alone or placebo
(1–3). Furthermore, women on a regimen of E+P are more at risk of metastasis and death
than those taking estrogen alone (4). Progestins are prescribed in HRT regimens to counter
the unopposed proliferative effects of estrogen on the uterus that could lead to uterine
cancer; however, overwhelming evidence shows that progestins stimulate proliferation of
normal and neoplastic breast cells in various species, including humans (5–8).

A number of mechanisms have been implicated in the progestin-induced increase in breast
cancer risk observed in women undergoing HRT, including induction of angiogenic growth
factors such as vascular endothelial growth factor (VEGF) (9, 10), which renders the
microenvironment conducive to tumor development and progression. VEGF is considered
one of the most important growth factors and its effects have been reported to be vital to the
angiogenesis that is integral to the growth and metastasis of tumors (11), including those that
arise in response to progestins (7). Recently, other mechanisms have also been proposed to
explain progestin-dependent breast tumor development and progression. For example, in
animal models, RANK-L has also been associated with progestin-dependent increased
proliferation of breast cancer cells (12, 13), while it has also been reported that
medroxyprogesterone acetate (MPA), a progestin commonly used in HRT, increased the
stem-like cell subpopulation in mammary glands (14). Collectively, these observations
suggest that progestins promote the growth of latent breast tumor cells by increasing their
proliferative potential and/or promote tumor development through activation and
transformation of dormant breast cancer stem cells into intermediate subpopulations, which
then differentiate into breast cancer cells.

We have previously shown that progestins accelerate the development of 7,12-
dimethylbenz(a)anthracene (DMBA)-induced mammary tumors in Sprague-Dawley rats
(15–17). Whereas the molecular basis of this phenomenon has not been fully established, it
is clear that progestins accelerate the tumor development process by increasing VEGF and
subsequent angiogenesis in this model (15–17). Thus, it appears that once tumor initiation
has occurred, progestins have the capacity to increase tumor cell proliferation, producing
palpable tumors sooner. The progestin-accelerated DMBA-induced mammary tumor model
is therefore a useful model in which to identify natural “neutraceuticals” that can prevent the
development of progestin-accelerated breast cancers. Because HRT is used widely to
alleviate the severe symptoms of menopause, the inclusion of neutraceuticals in a drug
regimen could well prove beneficial, as these compounds would selectively limit the
proliferative effects of progestins in the breast, protecting against the development of frank
tumors.

Previous studies have shown that apigenin inhibits the growth of several human cancers
(18). Apigenin is a low molecular weight flavonoid commonly found in fruits, vegetables,
nuts, and plant-derived beverages (19). Apigenin exhibits low intrinsic toxicity and appears
to have little effect on normal cells (20, 21), making it an attractive candidate for
chemoprevention. While apigenin has been shown to be effective against several types of
tumors (18), its ability to act as an antiprogestin as a possible mechanism by which it exerts
its antitumor action has not been well-studied. However, we recently demonstrated that
apigenin inhibits progestin-dependent VEGF induction in human breast cancer cells in vitro
(22). These findings provided a strong rationale for us to extend our studies to an in vivo
model and examine apigenin’s ability to inhibit progestin-accelerated DMBA-induced
mammary tumors. Herein we provide evidence that apigenin significantly delays the
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appearance of and decreases the incidence and multiplicity of MPA-accelerated, DMBA-
induced mammary tumors, though it is unable to prevent the formation of MPA-induced
epithelial cell hyperplasia in the mammary gland. We also show that at least one of the
mechanisms by which apigenin exerts its preventive effects is through suppression of
progestin-induced VEGF and VEGFR-2 expression, both of which are vital components of
the angiogenic pathway (11, 23).

Materials and Methods
In Vivo Studies

Intact 40- to 45-day-old female Sprague-Dawley rats (Harlan Breeders, Indianapolis, IN)
were used in this study. The rats were maintained according to the guidelines of the
Association for Assessment and Accreditation of Laboratory Animal Care International
under conditions of 12-hour light/dark cycles and ad libitum access to food and water. All
surgical and experimental procedures were approved by the Institutional Animal Care and
Use Committee of the University of Missouri (Columbia, MO) and were in accordance with
procedures outlined in the “Guide for Care and Use of Laboratory Animals” (NIH
publication 85-23). Each experiment was performed at least twice.

Apigenin
Apigenin (Indofine Chemical Company, Hillsborough, NJ) was dissolved in a dimethyl
sulfoxide (DMSO)/PBS mixture (1:4) to produce the required concentration. Fresh apigenin
was prepared every two days, with the remaining apigenin solution stored at −20°C for use
the following day.

Experimental Design
We followed a protocol previously established by our laboratory for progestin-acceleration
of DMBA-induced mammary tumors in rats (15–17; Fig 1A). Briefly, 45- to 50-day-old
Sprague-Dawley rats were given a single dose of 20 mg DMBA (Sigma, St. Louis, MO) in
vegetable oil by gavage (on day 0). On day 28 post-DMBA administration, animals were
anesthetized and implanted with a single 25 mg-60 day release MPA or placebo pellet
(Innovative Research, Sarasota, FL) subcutaneously on the dorsal part of the neck. The dose
of apigenin used initially (50 mg/kg) was based on a previous report (24), and was
administered daily via intraperitoneal injection, beginning 21 days after the initial dose of
DMBA and continuing for 10–13 days. Control animals from the MPA implanted group and
those implanted with placebo pellets only were treated with DMSO/PBS vehicle on the same
schedule. Following pellet implantation, animals were palpated every 2 days to detect
tumors. The time preceding the appearance of the first tumor (latency) and tumor size,
number, and location were recorded. Tumor length (L) and width (W) were measured with a
micrometer caliper, and tumor size was calculated using the formula L/2 X W/2 X π (15).
All animals were sacrificed and the experiment terminated on day 60 and the abdominal
mammary tissue lacking tumors were collected.

In order to determine potential mechanisms by which apigenin could exert anticancer effects
against MPA-accelerated DMBA tumors, we hypothesized that differences in morphology
and protein expression in mammary tissue between apigenin- and nonapigenin-treated
animals would best be distinguished if tissues were collected immediately after the last
apigenin injection. Therefore, during the course of our experiment as described above, we
collected abdominal mammary tissues, devoid of tumors, from randomly selected animals
on day 33, which was 5 days after implantation of MPA (or placebo) pellets and 6 hours
after the last apigenin injection. We selected 5 days after implantation of MPA pellets as the
tissue collection time point because we normally first detect tumors at around this time in
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this model, and therefore expected sufficient hyperplasia to be present within the mammary
glands at this point. To further confirm the effects of MPA and apigenin, we monitored the
remaining animals for tumor development as described above until the study was terminated
60 days after DMBA administration.

Histology and Immunohistochemical Analysis
Immunohistochemical staining of mammary tissue was carried out according to a previously
described method (16, 17). The following polyclonal antibodies were used: anti-
progesterone receptor (PR) antibody (1:50 dilution [A0098], DAKO, Carpinteria, CA), anti-
estrogen receptor (ERα) (1:300 dilution [sc-542], Santa Cruz Biotechnology, Inc., Santa
Cruz, CA), anti-ERβ (1:25 dilution [MCA1974S], AbD Serotec), anti-VEGF antibody
(1:100 dilution [sc-152], Santa Cruz Biotechnology, Inc.), anti-VEGFR-1 antibody (1:50
dilution [Flt-1, H225, sc-9029], Santa Cruz Biotechnology, Inc.), anti-VEGFR-2 antibody
(1:50 dilution [Flk-1, ab2349], Abcam, Inc., Cambridge, MA). Histologic staining was then
quantified using morphometric software (Fovea Pro 3.0, Reindeer Graphics, Asheville, NC).
Images were recorded at 20X magnification, and threshold image intensity was adjusted for
measurement in pixels. Two sections were prepared for each animal (right and left
abdominal mammary glands), and 4 different images per section were obtained to minimize
errors due to differences in cellularity, for a total of 8 images per animal. Section images
were collected from at least 3 animals in each treatment group. Staining area in regions of
epithelial hyperplasia was recorded and the means determined. For further quantitation of
PR and ER, PR-, ERβ-, and ERα– positive cells were counted and results expressed as a
percentage of total cells. At least 150–200 cells were counted per section prepared as
described above.

Statistical Analysis
Time-to-event data (latency) was analyzed using the LIFETEST procedure in SAS. We
estimated survival functions for each group using the Kaplan-Meier method and made
comparisons across groups using the Wilcoxon log-rank test. Those animals that had not
developed a tumor by the end of the study were censored. Tumor incidence among groups
was compared using a General Linear Mixed Model procedure in SAS (PROC GLIMMIX),
where the link function was a logit and the distribution binomial and differences were
determined using the LS means statement. Multiplicity and immunohistochemical staining
data were analyzed using Kruskal-Wallis one-way analysis of variance (ANOVA) followed
by Tukey’s procedure as a posthoc test. For all comparisons, p<0.05 was regarded as
statistically significant. Values are reported as mean ± standard error of the mean (SEM).

Results
Apigenin inhibits MPA-accelerated DMBA-induced mammary tumors

Using our well-established rodent model in which MPA reduces the latency of DMBA-
induced mammary tumors (15) we examined the ability of apigenin to prevent the MPA-
induced acceleration of tumor development. In brief, 21 days after a single dose of DMBA
was given, apigenin was administered daily at a dose of 50 mg/kg body weight as described
previously (24) for one week. A single pellet containing MPA was then implanted, and
treatment with apigenin was continued for an additional 3 days, after which animals were
palpated for tumors for 60 days following treatment with DMBA. In those animals given
DMBA + placebo, mean tumor latency was 58 ± 1.6 days and tumor incidence ranged from
20–44%, compared with DMBA-treated animals that were also administered MPA, where
mean tumor latency was reduced significantly (41.0 ± 1.7 days) and tumor incidence
elevated to 67–88%. However, when DMBA-treated animals were administered both MPA
and apigenin, tumor incidence was reduced to 20–44% and mean latency period increased
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considerably, to 55.8 ± 0.3 days (p<0.05), demonstrating that apigenin significantly delays
the development of MPA-induced mammary tumors. Furthermore, by the time the first
tumor was detected in the MPA + apigenin group (day 54), tumor incidence in the group
given MPA alone had already reached a peak of 66.7% (Fig. 1B). The apigenin dose used in
these experiments (50 mg/kg/day for 10 days i.p.) was deemed nontoxic, as the animals
maintained their body weight throughout the study (data not shown).

In terms of its effect on tumor multiplicity, apigenin significantly reduced the number of
tumors per tumor-bearing animal (Fig 1C). In the placebo group, multiplicity was 1.25 ±
0.3; this increased to 1.57 ± 0.4 in animals receiving MPA alone, and was 1.0 ± in animals
administered both MPA and apigenin.

Prevention of MPA-accelerated tumors by apigenin is dose-dependent
To determine whether apigenin suppresses MPA-accelerated tumor development in a dose-
dependent manner, we treated animals with 10, 25, and 50 mg/kg apigenin daily as
described above. Each dose significantly delayed the first appearance of progestin-
accelerated tumors compared with animals treated with MPA alone (Fig. 1D). However, at
the lowest dose of 10 mg/kg apigenin, tumor incidence at termination of the study was not
statistically different from that seen in animals treated with only MPA, indicating that at a
lower dose apigenin was less effective at preventing tumor formation.

Apigenin does not prevent MPA-induced morphological changes in rodent mammary
gland

Previous studies have shown that mammary tissue from animals exposed to progestins
exhibited extensive proliferation of the mammary epithelium, resulting in formation of
hyperplastic alveolar nodules and intraductal hyperplasia (15–17). In order to determine
whether apigenin prevents MPA-induced epithelial hyperplasia, we collected abdominal
mammary tissue 5 days after implantation of MPA pellets and 6 hours after the last apigenin
injection from DMBA-treated animals as described in the Materials and Methods. A second
group of treated animals from the same experiment was maintained up to day 60 to ensure
that the effects of MPA and apigenin were observed. Our observations concurred with
previous reports in that extensive hyperplasia occurred within the mammary glands of
animals treated with MPA for 3–5 days (15–17, 25), compared with hyperplasia observed at
the same tine in animals given placebo pellet alone. Apigenin failed to block MPA-induced
hyperplasia within the mammary gland (Fig. 2A). However, even though apigenin was
unable to prevent hyperplasia in MPA-treated animals, by the end of the experiment it had
reduced overall tumor incidence (Fig. 2B). This suggests that apigenin arrests the
development of MPA-induced tumors at a stage beyond the formation of hyperplastic
alveolar nodules and intraductal hyperplasia.

Immunohistochemical analysis
In previous studies, we showed that MPA-induced elevation in tumor cell VEGF was an
important mechanism by which the progestin accelerated development of mammary tumors
(15–17). In the present study, we sought to determine whether the antitumor effects of
apigenin might arise as a consequence of its ability to suppress VEGF production within
areas of MPA-induced epithelial hyperplasia in the mammary gland. We examined VEGF
staining in sections of mammary tissue collected from animals treated with placebo, MPA or
MPA + apigenin. We found that VEGF staining in regions of hyperplasia of mammary
tissue from animals in the MPA + apigenin group (2.1 ± 0.5; staining/area of hyperplasia)
was significantly lower than that observed in animals receiving MPA alone (8.3 ± 1.9) or in
control animals receiving placebo (4.5 ± 0.7; p<0.05; Fig. 3A & B). These findings led us to
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propose that the ability of apigenin to prevent MPA-accelerated DMBA-induced tumor
development is at least in part due to its effect on VEGF expression.

VEGF signaling is mediated largely by the VEGF receptors, VEGFR-1 (flt) and VEGFR-2
(flk). Consequently, we conducted studies to determine whether apigenin influences
VEGFR-1 and VEGFR-2, which are essential mediators of the proliferative and survival
effects of VEGF (26). In mammary tissue collected from animals in the experimental groups
described above we found that VEGFR-2 (flk) expression in areas of hyperplasia was
significantly reduced in the MPA + apigenin group (32.2 ± 1.5) compared with animals
receiving MPA alone (40.2 ± 1.4) or placebo (37.4 ± 1.6; p<0.05; Fig. 3C). In contrast,
apigenin had no effect on levels of VEGFR-1 expression within epithelial hyperplastic areas
of mammary glands exposed to MPA, and no significant difference was seen among
VEGFR-1 expression levels in MPA (17.5 ± 1.9), MPA + apigenin (16 + 1.7), and placebo-
treated animals (20.4 ± 1.9; Fig. 3D).

Previous studies have shown that signaling through ERs is critical for PR expression, and
that PR activity is essential for VEGF induction (27, 28). We therefore carried out studies
aimed at determining whether apigenin blocks MPA-dependent effects by suppressing
expression of ER and/or PR. We found that, while levels of PR expression in mammary
tissue were similar among all three treatment groups (placebo, MPA and MPA + apigenin;
data not shown), the percentage of cells staining positive for PR was significantly lower in
animals in the MPA (22 ± 1) and MPA+ apigenin (22 ± 2) groups compared with that in
animals in the placebo group (29 ± 2; Fig. 4A). We attribute the decline in PR staining in
proportion of total cells to the known effects of MPA in lowering the levels of PR, as
previously reported (17, 29), and suggest that this is further evidence that apigenin does not
block all MPA-dependent effects. Similarly, we found that expression of both ERα (Fig 4B)
and ERβ (data not shown) was similar in the mammary tissues of MPA-treated animals,
whether or not animals were administered apigenin. The proportion of cells in mammary
tissue that stained positive for ERα was similar for animals in the MPA and MPA + apigenin
groups, and was not significantly different from that observed in the placebo group (Fig.
4B), while almost all epithelial cells were ERβ positive in all the groups mentioned above
(data not shown).

Discussion
In this study, we provide evidence that apigenin significantly delays the appearance of
progestin-accelerated breast tumors in a DMBA-induced tumor model, reduces tumor
multiplicity, and reduces tumor incidence. While several mechanisms have been proposed
for the anticancer effects of apigenin, to our knowledge this is the first report indicating that
this naturally occurring flavonoid might inhibit in vivo tumor development by opposing the
effects of progestins. Using cell culture, we previously showed that apigenin inhibits
progestin-dependent induction of VEGF in human breast cancer cells (22). With this in
mind, we conducted a series of in vivo studies aimed at determining whether apigenin might
be used to prevent the emergence of mammary tumors, especially in women exposed to
synthetic progestins as a component of E+P HRT. Our studies were focused on examining
the effects of apigenin on MPA-accelerated mammary tumors in an animal model, because
MPA is the most widely prescribed progestin and its use is associated with increased risk of
breast cancer and mortality (1–4).

Following the administration of apigenin to DMBA-treated animals that were also given
MPA, tumor latency was significantly increased. Furthermore, tumor incidence decreased at
least 50% in these animals, compared with animals that were treated with vehicle alone.
Importantly, apigenin also reduced tumor multiplicity to levels below those normally
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observed following progestin treatment. It was interesting to note that, even though apigenin
suppressed tumor development, it did not prevent the MPA-induced morphological changes
and hyperplasia in the mammary gland of DMBA-treated animals, a finding in direct
contrast to the effects of curcumin (16), a natural plant derived curcuminoid with anti-cancer
properties (30). Surprisingly though, with respect to its ability to increase tumor latency and
reduce the incidence of MPA-accelerated tumors in this model, apigenin was a more
effective preventive compound than curcumin.

Apigenin has been reported to exert its anticancer effects via a variety of mechanisms,
including induction of cell cycle arrest and apoptosis, through both tumor necrosis factor- α
induced NFκB-mediated and intrinsic apoptosis pathways (31) and attenuation of the
phosphorylation of epidermal growth factor receptor and MAP kinase (18, 32). Compelling
evidence from a variety of model systems suggests that VEGF is essential for tumor
development and progression (11, 33), and it has been postulated that, unless tumors
develop blood vessels, they will not grow beyond 2 mm3 (34). Our earlier in vitro studies
using human breast cancer cell lines (22) have demonstrated that apigenin significantly
reduces the expression of both VEGF and its receptor (VEGFR-2), an essential mediator of
VEGF-dependent tumor cell proliferation (33). It is therefore likely that, by suppressing
VEGF expression, apigenin renders the mammary tissue microenvironment less conducive
to tumor development.

Accumulating evidence has shown that many types of cancer, including breast cancer, are
initiated by a small population of cancer stem cells (35). Due to the rapid rate at which
breast tumors develop in postmenopausal women taking E+P HRT, we and others have
suggested that progestins most likely increase the proliferation of existing tumor cells in the
breast (9, 23, 36). Recently, Horwitz and Sartorius (14) suggested that progestins may
promote tumor development through activation and transformation of dormant breast cancer
stem cells into intermediate subpopulations, which then differentiate into breast cancer cells.
Because we found that apigenin did not prevent MPA-induced hyperplasia, but did inhibit
the emergence of tumors and reduce the incidence and multiplicity of tumors normally
associated with MPA treatment, apigenin may target a subset of cells essential for tumor
development (cancer stem cells) in this model system. Recent studies showing that
sulphorane, a component of broccoli, prevents tumor development by targeting and killing
critical cancer stem cells (35) support this idea. Furthermore, a number of dietary
compounds such as curcumin (30), quercetin, and epigallocatechin-gallate (37) have long
been recognized as agents capable of suppressing cancer stem cell proliferation. Further
studies are necessary to confirm whether apigenin might prevent the development of
progestin-accelerated DMBA-induced mammary tumors via a mechanism that targets breast
cancer stem cells.

Breinholt et al. (38) reported that apigenin reduced levels of endogenous ER in mouse
uterus. With this in mind, we sought to determine whether apigenin might have a similar
effect in mammary gland. ER plays a vital role in controlling mammary levels of PR (27), a
fact which could explain the lack of MPA effects, because the presence of adequate levels of
PR is essential if MPA is to exert effects such as induction of VEGF (9, 33). However, we
did not detect any differences in the expression levels of either ER or PR in the mammary
gland of MPA-, MPA +apigenin-, or vehicle-treated animals. Apigenin has been shown to
function in both an ERα-dependent and independent manner (39) and thus it is possible that
in our study apigenin mediates its effect in an ERα independent manner, although this
remains to be tested. Interestingly, we observed that while the percentage of cells expressing
ERα was similar in all treatment groups, the percentage of PR-positive cells was
significantly lower in MPA-treated animals (both those treated with and without apigenin)
compared with the placebo group. However, insufficient PR expression is unlikely to
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explain the antiprogestin effects of apigenin, and we cannot rule out the possibility that it
blocks PR-mediated functions by modifying its activity, either through suppressing
phosphorylation of the PR protein or through an unidentified mechanism. These scenarios
remain to be examined.

Although data on the bioavailability of dietary apigenin in humans is extremely limited,
Meyer et al. (40) reported that, following ingestion of parsley, which is rich in apigenin,
plasma levels of the flavonoid increased to a concentration of 0.34 μmol/l. Consequently, it
appears that concentrations of apigenin sufficient to be biologically effective can be
obtained orally through the diet. Furthermore, it has been reported that apigenin’s slow
pharmacokinetics allow it to remain in the circulation for a prolonged period (24),
suggesting that it may accumulate within tissues at sufficient levels to exert
chemopreventive effects. Consumption of apigenin-rich foods may be chemopreventive,
particularly with respect to progestin-accelerated tumors. Furthermore, regular intake of
foods rich in the flavonoid may decrease the cancer risk in postmenopausal women
undergoing HRT with a progestin component, as well as in those who have already been
exposed to combined HRT. Fortunately, apigenin appears to be nontoxic, since it appears to
have different effects on normal versus cancerous cells (20, 21), suggesting that the intake of
high doses will likely prove benign. Indeed, we administered apigenin repeatedly to animals
at levels up to 50 mg/kg for 10–13 days and observed no signs of toxicity.

In this study, our main focus was to determine the effects of short-term apigenin
administration (approx 10 days) on preventing the development of progestin-accelerated
tumors in a model of DMBA-induced mammary carcinogenesis. In the future, we will
perform long-term studies (30–60 days of apigenin administration) with a view to
determining whether continuous treatment with apigenin can further prevent the appearance
of tumors while remaining nontoxic to animals. Such studies will be valuable in helping to
determine whether the reduction in tumor incidence (approximately 50%) seen following
short-term treatment with apigenin (10 days) can be further improved upon in a long-term
preventive strategy. The present study is also limited in that we have yet to determine the
maximum tolerated dose that might be used to prevent the emergence of MPA-accelerated
tumors in DMBA-treated animals. In the future, we will also look into whether
administration of apigenin before the carcinogenic insult protects against the initial
formation of DMBA-induced mammary tumors, as well as opposing the effects of MPA on
tumor development. Additional preclinical and clinical studies are required to further
investigate the efficacy, pharmacokinetics, and suitability of apigenin as a chemopreventive
candidate for progestin-accelerated breast cancer and other hormone-dependent cancers in
humans.
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Figure 1. Apigenin prevents progression of DMBA-induced progestin accelerated tumors in rats
(A) Treatment Protocol. Sprague-Dawley rats were treated with DMBA and subsequently
implanted with a 25 mg/60-day release MPA (or placebo) pellet on day 28 as described in
the Materials and Methods. Apigenin (AP; 50 mg/kg) or vehicle injections were given once
daily between days 21 and 31 following DMBA treatment. Following pellet implantation,
animals were palpated for tumors every other day through day 60. (B) Preventive effect of
apigenin on MPA-accelerated DMBA-induced mammary tumors. The percent of
animals with tumors in each experimental group at each time point is presented (n=6–10
animals/group). Tumor latency was assessed using LIFETEST procedure in SAS as
described in the Materials and Methods; * indicates p<0.05 compared with tumor latency in
the MPA-treated group. Tumor incidence was determined using the General Linear Mixed
Model procedure in SAS as described in the Materials and Methods; ** indicates P<0.05
compared with tumor incidence at day 60 in the MPA-treated group. (C) Effect of apigenin
on tumor multiplicity. The mean number of tumors per tumor-bearing animal at the
conclusion of the study in B (60 days after DMBA treatment) is presented. * indicates
p<0.05 compared with the other two groups; error bars represent SEM. (D) Dose-response
effects of apigenin on MPA-accelerated DMBA-induced mammary tumors.
Experimental details are as described above except that varying amounts of apigenin were
used as indicated in the figure. 10AP, 10 mg/kg dose of AP; 25AP, 25 mg/kg dose of AP,
and 50AP, 50 mg/kg dose of AP. * indicates p<0.05 compared with MPA-treated group
(latency) and ** indicates p<0.05 compared with MPA-treated group at day 60 (incidence).
Combined results from two different experiments are shown (n=10–20 animals/group).
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Figure 2. Apigenin does not block MPA-induced morphological changes in mammary gland
tissues
Sprague-Dawley rats were treated with DMBA and subsequently implanted with a 25 mg/
60-day release MPA pellet on day 28 as described in the Materials and Methods. Apigenin
(AP; 50 mg/kg) or vehicle injections were given once daily between days 21 and 33
following DMBA treatment. (A) Abdominal mammary tissues were collected from
randomly selected animals sacrificed on day 33, 6 hours after the last apigenin injection and
processed as described in the Materials and Methods. One representative H&E stained
section is shown for each experimental group. Images were taken at 20X; scale bar, 100 μm.
(B) Tumor incidence at termination of study (day 60; n=8–10 animals/group) to ensure
expected MPA effects were obtained in the group of animals used for tissue dissection in
(A).
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Figure 3. Apigenin suppresses expression of VEGF in DMBA-induced MPA-treated mammary
glands
Sprague-Dawley rats were treated with DMBA and subsequently implanted with a 25 mg/
60-day release MPA pellet on day 28 as described in the Materials and Methods. Apigenin
(AP; 50 mg/kg) or vehicle injections were given once daily between days 21 and 33
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following DMBA treatment. (A) Mammary glands were collected from randomly selected
animals sacrificed on day 33, 6 hours after the last apigenin injection and processed and
stained for VEGF as described in the Materials and Methods. One representative section is
shown for each group. Images were taken at 20X; scale bar, 100 μm. (B–D) Quantitative
analysis of VEGF (B), VEGFR-2 (flk) (C), and VEGFR-1 (flt) (D) expression in mammary
tissues described in A using Fovea Pro software as described in the Materials and Methods.
Data represent the mean percent area positive for staining; error bars represent SEM.*
indicates p<0.05 compared with the rest of the groups by Kruskal-Wallis one-way ANOVA
on ranks and all pair-wise multiple comparisons by Tukey’s procedure.
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Figure 4. Immunohistochemical analysis of ER and PR in the mammary glands of DMBA-
induced MPA accelerated tumors in rats with and without apigenin treatment
Sprague-Dawley rats were treated with DMBA and subsequently implanted with a 25 mg/
60-day release MPA pellet on day 28 as described in the Materials and Methods. Apigenin
(AP; 50 mg/kg) or vehicle injections were given once daily between days 21 and 33
following DMBA treatment. Mammary glands were collected from randomly selected
animals sacrificed on day 33, 6 hours after the last apigenin injection and processed and
stained for PR and ER as described in the Materials and Methods. Images were taken at
40X, and at least 150 cells counted per section as described in the Materials and Methods.
Data represent mean percentages of PR- (A) and ERα–positive (B) stained cells in DMBA-
induced MPA-treated mammary glands of animals treated with or without apigenin; error
bars represent SEM. * indicates p<0.05 compared with placebo group by Kruskal-Wallis
one-way ANOVA on ranks and all pair-wise multiple comparisons by Tukey’s procedure.
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