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Abstract

The effect of phenethyl isothiocyanate (PEITC), a component of cruciferous vegetables, on the
initiation and progression of cancer was investigated in a chemically induced estrogen-dependent
breast cancer model. Breast cancer was induced in female Sprague Dawley rats (8 weeks old) by
the administration of A-methyl nitrosourea (NMU). Animals were administered 50 or 150 umol/kg
oral PEITC and monitored for tumor appearance for 18 weeks. The PEITC treatment prolonged
the tumor-free survival time and decreased the tumor incidence and multiplicity. The time to the
first palpable tumor was prolonged from 69 days in the control, to 84 and 88 days in the 50 and
150 pmol/kg PEITC-treated groups. The tumor incidence in the control, 50 umol/kg, and 150
umol/kg PEITC-treated groups was 56.6%, 25.0% and 17.2%, while the tumor multiplicity was
1.03, 0.25 and 0.21, respectively. Differences were statistically significant (o < 0.05) from the
control, but there were no significant differences between the two dose levels. The intratumoral
capillary density decreased from 4.21 + 0.30 vessels per field in the controls to 2.46 + 0.25 in the
50 umol/kg and 2.36 + 0.23 in the 150 umol/kg PEITC-treated animals. These studies indicate that
supplementation with PEITC prolongs the tumor-free survival, reduces tumor incidence and
burden, and is chemoprotective in NMU-induced estrogen-dependent breast cancer in rats. For the
first time, it is reported that PEITC has anti-angiogenic effects in a chemically induced breast
cancer animal model, representing a potentially significant mechanism contributing to its
chemopreventive activity.
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Introduction

Brassica vegetables of the family Cruciferae (e.g. cabbage, watercress and broccoli) and the
genus Raphanus (radishes and daikons) contain isothiocyanates and indoles that have been
implicated in the reduction of cancer risk [1]. Phenethyl isothiocyanate (PEITC) is derived
from gluconasturtiin, a glucosinolate of PEITC that occurs naturally in cruciferous
vegetables [2]. Myrosinase present in cruciferous vegetables, converts gluconasturtiin to
PEITC once the vegetable is cut or ingested [3]. Mechanisms of apoptosis induction by
PEITC include a reduced expression of BcL-2 and BcL-XL, and an increase in caspase
activity through p53 activation [4]. PEITC also down-regulates nicotinamide N-
methyltransferase (NNMT) [5], an enzyme known to be a marker for tumor invasiveness
and a prognostic tool in cancers such as colorectal, thyroid and renal cancers. /n vitro,
PEITC is a potent inhibitor of CYP450s that are involved in the metabolism and activation
of carcinogens [6]. PEITC, like other isothiocyanates, is a mono-functional inducer of phase
Il enzymes, i.e. it induces phase 1l enzymes without inducing phase | enzymes [7].
Mechanisms of isothiocyanate actions have been reviewed elsewhere [8,9].

Phenethyl isothiocyanate has been shown to have a preventive effect in a number of animal
cancer models. A dose of 12 umol PEITC administered 5 days/week reduced the volume of
PC-3 prostate cancer xenograft tumors by 57% compared with control animals after 21 days
of treatment [10]. A PEITC dose of 5 umoles three times a week for 28 days reduced the
tumor volume by 37%, while doses of 2.5 umoles of PEITC, combined with 3 umoles of
curcumin, decreased the tumor volume by 77% in PC-3 prostate tumor xenograft mice [11].
A diet containing 3 umol/g PEITC also inhibited chemically induced lung cancer by 50% in
rats [12]. A 94% reduction in oral cancer was observed when 50 mv PEITC was co-applied
topically with the carcinogen A-nitrosomethylbenzylamine over 8 to 13 weeks [13]. PEITC
has entered clinical trials for lung cancer in smokers [14]. However, the reports concerning
the effects of PEITC in mammary gland tumors are conflicting. While one study reported a
15% increase in tumors generated from dimethyl benz(a)anthracene (DMBA), another study
reported that PEITC reduced DMBA-induced tumors by 57% after a single dose
administered prior to DMBA administration [15,16].

The objective of this study was to investigate the effects of PEITC on the progression of A-
methyl nitrosourea (NMU)-induced estrogen-dependent breast cancer in a rat model, and to
investigate the mechanisms responsible for its effects. A rat model was chosen since the
metabolism of PEITC is similar in rats and humans, but differs between mice and humans
[17-19]. To avoid confounding effects such as inhibition of enzymatic formation of the
active carcinogen, NMU was used to initiate tumors. A-methyl nitrosourea is activated to its
carcinogenic metabolite by non-enzymatic hydrolysis. A-methyl nitrosourea has been used
to induce hormone dependent tumors in male and female rats. This model of breast cancer
model is well-characterized, widely used and closely mimics breast cancer [20,21]. The
tumors formed by NMU are estrogen-receptor positive and regress upon ovariectomy [22].
Gene expression profiling of NMU-induced rat mammary tumors classified the tumors as
non-invasive ER + ductal carcinomas that are most similar to ER+ low to intermediate grade
human breast cancer [23]. Studies in the NMU animal model have evaluated a number of
potential chemopreventive agents including garlic, genistein, 3-c/s-retinoic acid, resveratrol
and lycopene, among others [21,24-27]. In an interesting study by Su et a/. the authors
demonstrated that /n7 utero exposure to soy protein isolate can reduce NMU-induced tumor
incidence by 20% when the rat offspring are injected with NMU after birth [28]. The model
has also been used to evaluate cancer therapeutic agents [29]. Our hypothesis was that
PEITC is a chemopreventive agent in estrogen-dependent breast cancer in rats. Two possible
mechanisms related to this action were investigated: (a) change in concentrations of
estradiol that is crucial in the initiation and progression of breast cancer and (b) tumor
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invasiveness and anti-angiogenic properties of PEITC, investigated by histological analysis
of tumors.

Materials and Methods

Phenethyl isothiocyanate and A~methyl nitrosourea were purchased from Sigma Aldrich (St
Louis, MO). The estradiol Coat-a-Count RIA kit was purchased from Siemens Corp. (Los
Angeles, CA).

Tumor progression study

Female Sprague Dawley rats (Harlan, Indianapolis, IN) weighing 170-190 g (8 weeks old)
were housed in a room with controlled lighting and ambient temperature. The animals were
fed with a phytoestrogen-free diet (Tekland 2016S) obtained from Harlan. Animals had free
access to food and water throughout the study. Rats were acclimated for 1 week before the
start of the study. The research protocol for the study was approved by the Institutional
Animal Care and Use Committee at the University at Buffalo.

Starting at week 0, groups of 20-30 pubertal Sprague Dawley female rats received the corn
oil vehicle (control) or phenethyl isothiocyanate at doses of 50 umol/kg or 150 pmol/kg
every 2 days by oral gavage. At the end of week 2, mammary gland tumors were induced in
the animals by administering a 50 mg/kg dose of A-methyl nitrosourea in saline
intraperitoneally. After 12-15 days, a second dose of 50 mg/kg of A-methyl nitrosourea was
administered. Animals continued to receive PEITC for 18 weeks until the end of the study.
Animals were monitored for new tumors every 2 days and followed until the tumor size
reached approximately 5% of their body weight or until 18 weeks. The animals were killed
by exsanguination following anesthesia with ketamine: xylazine (90:10 mg/kg),
administered intramuscularly. Tumors were weighed and tissues, including liver, mammary
gland and uterine horns, were collected and immediately snap frozen in liquid nitrogen. Part
of the tumor was fixed in neutral buffered 3.7% formalin and processed for paraffin
sectioning and histological evaluation by staining with hematoxylin and eosin (H&E). The
estrous stage of the animal at the time of killing was determined by flushing the vagina
using 0.9% saline and placing the sample on a glass slide. The cells were stained with 0.4%
trypan blue solution and the smears were observed under a light microscope. The criteria
used to determine the phase of the estrous cycle have been described previously [30]. Two
studies were conducted: one with only one PEITC treatment group, and a second expanded
study with two PEITC treatment groups. In the first study, the rats received either 150 pmol/
kg PEITC or the vehicle control (=10 in each group). In the second study, rats received
either 150 umol/kg PEITC, 50 umol/kg PEITC or the vehicle control. Terminal blood
samples from animals in the second study were collected into heparinized tubes and the
plasma was separated by centrifugation of blood at 5000 rpm for 5 min and stored at —80 °C
until assayed for estradiol. Estradiol (E2) concentrations were analysed via a Coat-A-Count
radioimmunoassay system using 12%1-labeled estradiol.

Histological evaluation and functional angiogenesis determination

Blinded evaluation of tumor histology was performed on animals in the second study by
using criteria described previously [31]. The intratumoral capillary density was analysed
within the tumors by examining (H&E) stained paraffin sections under a 40x objective,
using epifluorescen illumination through a Texas red filter. The eosinophilic red blood cells
were intensely fluorescent and readily distinguishable from the background staining of
extracellular matrix protein, as described previously [31]. The blood vessels were scored as
individual incidences of single (in cross section) or multiple (in longitudinal section) red
blood cells bounded by an eosinstained and therefore fluorescent basement membrane. In
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longitudinal capillary sections, individual branches were scored as separate incidences of
vessels. When multiple red blood cells were scattered across the extracellular matrix and no
limiting basement membrane was detected, this was determined to be a hemorrhage and was
not scored as a blood vessel. The vessel density scoring was limited to the interior of the
solid epithelial tumors, i.e. blood vessels in the surrounding stroma outside the solid tumor
basement membrane were not scored.

Statistical analysis

Results

The statistical analysis of tumor incidence (number of rats with tumors/total number of rats
*100%) was performed using a Fisher’s exact test. The tumor-free survival was analysed by
the log rank test. The average number of tumors per group (number of tumors per rat in each
group) and intra-tumor capillary density were analysed by a Kruskal Wallis test with a
Dunn’s multiple comparison post test. Tumor weights were analysed by a one-way ANOVA
with Newman Keul’s post-hoc test. Differences in the estrous stage of groups were analysed
using a Chi Square test, while circulating estradiol levels were analysed using a one-way
ANOVA followed by a Newman Keul’s post test. Data were expressed as mean = SEM.
Statistical differences were significant when the value of pwas less than 0.05.

Tumor progression study

Effect of PEITC on breast cancer progression—Data from the two studies were
combined to measure the effect of PEITC on breast cancer progression. At both doses, the
PEITC treatment increased the tumor-free survival time in the rats in this study. The time to
the first palpable tumor was prolonged from 69 days in the control, to 84 and 88 days in the
50 and 150 pmol/kg PEITC-treated groups, respectively (Figure 1A). Phenethyl
isothiocyanate also reduced the tumor incidence and multiplicity in the treated groups. The
tumor incidence rates in the control, 50 umol/kg, and 150 pmol/kg PEITC groups were
56.6%, 25.0% and 17.2%, while tumor multiplicity (average tumor number) was 1.03, 0.25
and 0.21, respectively (Figures 1B and 1C). The differences in the PEITC-fed rats were
statistically significant (p < 0.05) from the control, but there were no significant differences
between the two doses of PEITC. A trend was observed suggesting a reduced tumor weight
in treated animals, but the results were not statistically significant. There were no differences
in the body weights between the groups throughout the study.

Estrous stage and estradiol levels—There were no statistical differences in the
estrous stages in the rats in the different treatment groups, when determined at the time of
killing. Estradiol concentrations were 12 + 1.8, 18 £ 2.5 and 21 + 3.0 pg/ml in the control,
50 umol/kg and 150 umol/kg PEITC-treatment groups, respectively. The plasma estradiol
concentrations were significantly increased for the 150 umol/kg PEITC-treated group
compared with the control group (Figure 2).

Histological evaluation and functional angiogenesis determination

Among the tumors evaluated, 6 of 11 (54.5%) of the control tumors were lobular carcinomas
in situ, 2 of 11 (18.1%) were ductal carcinomas /n situ, and 2 of 11 were invasive lobular
and ductal carcinomas (1 of 11 (9%) each). In the 50 pmol/kg PEITC-treated group, 3 of 5
(60%) tumors were lobular carcinomas, 1 of 5 (20%) was an invasive lobular carcinoma,
and 1 of 5 (20%) showed atypical ductal hyperplasia. In the 150 pmol/kg PEITC-treated
group, 4 of 4 (100%) tumors were lobular carcinomas /n situ. Figure 3 presents images of
lobular and ductal carcinomas /n situ, as well as invasive carcinomas. The intratumoral
capillary density decreased from 4.21 + 0.30 vessels per field in the controls to 2.46 + 0.25
vessels per field in the 50 pmol/kg PEITC-treated group and 2.36 + 0.23 vessels per field in
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the 150 pmol/kg PEITC-treated group (Figure 4). The intratumoral capillary density in both
groups were statistically significantly different from the controls (p < 0.05).

Discussion

The consumption of vegetables containing isothiocyanates, a class of compounds derived
from cruciferous vegetables such as broccoli and kale, has been correlated inversely with the
reduction of cancer risk [32]. Our laboratory has previously conducted studies with PEITC
and has reported its pharmacokinetic properties, its cytotoxic properties in breast cancer cell
lines, and its potential interactions with ATP-dependent binding cassette (ABC) transporters
that are overexpressed in many cancer cell lines. Phenethyl isothiocyanate is highly orally
bioavailable and a lipophilic agent, which can make it an agent of choice for cancer in
organs with high amounts of adipose tissue such as the mammary gland. Our in vitro studies
indicated that PEITC may have beneficial protective effects in breast cancer [33]. PEITC,
along with other isothiocyanates, was demonstrated to be cytotoxic to MCF7 cells, an
estrogen-dependent cancer cell line, with an ICsq of 6.51 + 0.86 pw. The objective in this
study was to demonstrate the effects of PEITC on tumor progression in a carcinogen
(NMU)-induced estrogen-dependent breast cancer model 7 vivo. Past studies have
investigated the effects of PEITC in a DMBA-induced mammary gland cancer have yielded
conflicting results [15,16]. These studies used PEITC mixed in the diet as a means of
delivery of PEITC to the animals. Dietary administration can result in highly variable
amounts ingested, in our experience, likely due to the pungent smell or taste of PEITC.
Additionally, PEITC may exhibit limited stability when incorporated into diets that are
stored and used over a period of time. Whether these potential problems contributed to the
variable results from these previous studies is unknown. To ensure the delivery of the
intended dose of PEITC, freshly prepared doses of PEITC were administered by oral gavage
to the animals.

It was demonstrated previously that at 150 umol/kg doses in female rats, PEITC can up-
regulate the enzyme UDP-glucuronosyltransferase 1a (ugtla) and down-regulate NNMT, an
enzyme shown recently to be an important prognostic marker that may play a role in tumor
cell migration and invasiveness [5]. Based on simulations from a pharmacokinetic model
published previously [34], this dose yields maximal plasma concentrations of about 100 pim.
While the 150 pmol/kg dose is much lower than previously investigated doses of PEITC in
mammary cancer, plasma concentrations achieved by this dose are higher than those
observed in humans after dietary consumption of watercress [2]. To investigate the effects in
the dietary range, a lower dose (50 pmol/kg) was investigated, which would yield a maximal
plasma concentration of about 33 pw, which is closer to the maximal plasma concentrations
achieved in humans after ingesting 100 g of watercress.

It was observed that chronic PEITC administration at doses of 50 or 150 umol/kg reduced
the incidence of mammary tumors and prolonged tumor-free animal survival. This was
accompanied by fewer invasive tumors in the treated groups, a reduction of angiogenesis
and an increase in terminal plasma estradiol concentrations. Recent publications have shown
that PEITC and other isothiocyanates can exert anti-angiogenic effects, possibly by the
modulation of hypoxia inducible factors and NFkB [35,36]. PEITC has been reported to
decrease the migration of PC-3 prostate cancer cells [37]. Our histologic evaluations of the
formed tumors suggest that the control and low dose PEITC groups demonstrated the
presence of invasive tumors, while the 150 umol/kg group did not show any invasive
tumors. A dose of 150 pmol/kg PEITC can down-regulate NNMT [5], which may play a role
in this observed reduction in invasiveness. Additionally, the intratumoral capillary density
was lower in both the PEITC treatment groups, compared with the control groups. Anti-
angiogenic effects of PEITC have been demonstrated previously /7 vitro in human umbilical
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vein endothelial cells and ex vivo using a chicken egg chorioallantoic membrane assay by
Xiao et al. [37]. Recently, dietary administration of PEITC (100-150 mg/kg body weight/
day) was reported to inhibit the expression of tumor platelet/endothelial cell adhesion
molecule (PECAM-1/CD31), a marker of angiogenesis, in an androgen-responsive LNCaP
human prostate cancer cell xenograft animal model [38]. A PEITC-induced inhibition of the
transcription factor hypoxia-inducible factor (HIF), a positive regulator of angiogenesis, has
also been reported recently in human breast cancer MCF-7 cells [39]. Importantly,
watercress ingestion in humans decreases the phosphorylation of the translation regulator 4E
protein -1 (4E-BP1) which can reduce the activity of HIF1a [40]. Our studies show, for the
first time, a reduction of angiogenesis and the occurrence of invasive tumors in an /n vivo
model of chemically induced mammary gland cancer. This and other mechanisms, including
the induction of apoptosis, may also be involved in the observed chemopreventive effect of
PEITC. Studies examining the effect of low PEITC concentrations on human mammary
epithelial cells reported significant increases of the pro-apoptotic genes BAD, BAX, THSB4
and GADD34 [41]. The ERp expression was also increased and this was associated with
increased expression of the tumor suppressor genes cyclin A and Ki67 [41].

While reduced tumor incidence and prolonged tumor-free animal survival were observed, an
increase in terminal p-estradiol concentrations was seen in tumor-bearing animals at killing.
In the 150 umol/kg dose group, the terminal mean estradiol concentration was nearly twice
the concentration in the controls. The risk of breast cancer has been correlated positively
with circulating estradiol concentrations in post-menopausal women [42]. This correlation
has been attributed to the capacity of estradiol to (a) interact with the estrogen receptor a,
resulting in an increase in cellular proliferation via estrogen-receptor signaling, and (b) to
form genotoxic estrogen metabolites [43-45]. The metabolism of estradiol is governed by
phase I, as well as phase 1l enzymes, while the estrogen receptors play a significant role in
apoptosis [46]. CYP450s inhibited by isothiocyanates and phase 1l enzymes, such as UDP-
glucuronosyltransferases, and NAD (P)H:quinone oxidoreductase, induced by these
isothiocyanates, may play an important role in the conversion of estradiol to its carcinogenic
metabolites and its conversion to hydrophilic conjugates, respectively [6,47,48]. Our
previous studies reported a 5-fold increase in mMRNA expression of the enzyme CYP19
(aromatase), responsible for the conversion of androgens to estrogens, in MCF-7 cells [49],
suggesting that increased formation of estradiol may occur as a result of PEITC treatment.
However, the importance of the increased plasma estradiol concentrations observed after
PEITC treatment is unknown. Isothiocyanates have also been shown to repress estrogen
receptor a., which may explain, at least in part, why there was a reduction in the tumor
incidence, despite the increased endogenous estradiol concentration [50]. Hormone
dependent mammary gland cancers exhibit high expression levels of estrogen receptor a,
whose interaction with estradiol plays an important role in enhancing cellular proliferation.
The disruption of this receptor may decrease the estradiol interactions with its receptor,
contributing to the observed chemopreventive effect of PEITC. A report of PEITC-induced
changes in human mammary epithelial cells and human breast cancer MCF-7 cells indicated
no change in the mRNA expression of ERa [41]. Further studies are needed to evaluate the
potential role of PEITC on ERa expression and function.

Conclusion

In conclusion, dietary isothiocyanates exhibit chemopreventive activities, likely mediated
through a number of mechanisms [51]. This investigation represents the first evaluation of
PEITC treatment in an NMU-induced breast cancer rat model. In our study, PEITC
significantly reduced the incidence of tumors and increased tumor-free survival in an NMU-
induced breast cancer rat model. Histological studies also indicated a decrease in invasive
mammary tumors, and an anti-angiogenic effect in tumors. Contrary to our expectations, an

Biopharm Drug Dispos. Author manuscript; available in PMC 2013 July 09.



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

1duasnuey Joyiny vd-HIN

Aras et al. Page 7

increase in the circulating estradiol concentrations was observed in PEITC-treated rats. This
suggests that the protective effect of chronic administration of PEITC may be related to the
upregulation of pro-apoptotic genes and/or the down-regulation of genes promoting
proliferation, and anti-angiogenesis, and is not due to a reduction in p-estradiol
concentrations.
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Figurel.
(A) Effect of phenethyl

isothiocyanate (PEITC) on tumor-free survival in NMU-treated rats.

N-methyl nitrosourea was administered at a dose of 50 mg/kg i.p. at day 0 and between 12
and 15 days. Rats were administered 150 pmol/kg or 50 pmol/kg PEITC in corn oil every 2
days or corn oil alone in the vehicle-treated control group. The black line represents the
control group (7= 30), the green dashed line represents the 50 pmol/kg PEITC-treated group
(m7=20) and the red dotted line represents the 150 pmol/kg PEITC-treated group (1= 29).
Curves were determined to be significantly different between the control and treatment
groups (Log rank test, p< 0.05). (B) Effect of PEITC on tumor incidence and (C) average
number of tumors per group. In panels B and C, the open bar represents the controls, while
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the gray bar represents the 50 pmol/kg PEITC-treated group, and the black bar represents the

150 pmol/kg PEITC-treated group. *Statistically significant differences from the control
group (p<0.05)
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Figure 2.

Effect of PEITC on estradiol concentrations. The open bar represents the controls, while the
gray bar represents the 50 pmol/kg PEITC-treated group, and the black bar represents the
150 pmol /kg PEITC-treated group. Data are presented £ SEM, 7= 12 in each group.
*Statistically significant increase compared with control, with p< 0.05
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Figure 3.

Images of tumor phenotypes. Panel (A): Lobular carcinoma /n situ, showing multilayered,
nonpolarized epithelial cells (arrowhead) inside lobular ductules (large arrows). Small
arrows indicate apoptotic bodies in the lumen of a lesion. Original magnification with 20x
objective. Panel (B): Ductal carcinoma /n situ, showing multilayered nonpolarized epithelial
cells in a cribriform arrangement (arrowheads) within the lumen of a ductule (arrow).
Original magnification, 40x objective. Panel (C): Invasive lobular carcinoma, with epithelial
cells arranged in a single file embedded within the interstitial stroma (between arrows).
Original magnification, 20x objective. Panel (D) enlargement of panel (C) showing nuclear
heterogeneity within the invasive lobular carcinoma lesion (between arrows). Original
magnification, 40x objective
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Figure 4.

Effect of PEITC on intratumor capillary density. The open bar represents the vehicle
controls (=9 tumaors), the gray bar represents the 50 umol/kg PEITC-treated group (/7=5
tumors), while the black bar represents the 150 pmol/kg PEITC-treated group (7= 3
tumors). The data are presented as mean + SEM. *Statistically significant differences from
controls (p < 0.05) by Kruskal Wallis test followed by Dunn’s multiple comparison test
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