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Abstract

Background: Since heavy metal cadmium is an endocrine disrupting chemical, we investigated whether
maternal exposure to cadmium during the pregnancy alters mammary tumorigenesis among female
offspring. Methods: From gestation day 10 to day 19, pregnant rat dams were fed modified American
Institute of Nutrition (AIN93G) diet containing 39% energy from fat (baseline diet), or the baseline diet
containing moderate (75 ug/kg of feed) or high (150 ug/kg) cadmium levels. Some dams were injected
with 10 pg |7B-estradiol (E2) daily between gestation days 10 and 19. Results: Rats exposed to a
moderate cadmium dose in utero were heavier and exhibited accelerated puberty onset. Both moderate

and high cadmium dose led to increased circulating testosterone levels and reduced the expression of
androgen receptor in the mammary gland. The moderate cadmium dose mimicked the effects of in utero
E2 exposure on mammary gland morphology and increased both the number of terminal end buds and
pre-malignant hyperplastic alveolar nodules (HANs), but in contrast to the E2, it did not increase 7,
I2-dimethylbenz (a) anthracene-induced mammary tumorigenesis. Conclusions: The effects of in utero
cadmium exposure were dependent on the dose given to pregnant dams: Moderate, but not high, cadmium
dose mimicked some of the effects seen in the in utero E2 exposed rats, such as increased HANs in the
mammary gland.

Keywords: Androgen receptor, cadmium, estradiol, estrogen receptor, in utero exposure, mammary cancer,
maternal diet, testosterone

INTRODUCTION compounds modifies mammary gland development

and susceptibility to breast cancer.l'* The heavy metal
Epidemiological and animal studies suggest that early life  cadmium binds and activates the estrogen receptor (ER)-ot
exposure to exogenous estrogens or estrogen-mimicking  ,nd the androgen receptor (AR),>7) and an exposure to

Access this article online environmentally relevant doses of cadmium mimics the effects

Quick Response Code: Website: of estrogens on mammary and uterine tissues.®! Thus, in utero
: www.carcinogenesis.com exposure to cadmium might increase later risk of developing

breast cancer. This is supported by our observation showing

DOI: that a dietary exposure to cadmium-containing flaxseed

10.4103/1477-3163.114219 early in life increases the incidence of chemically-induced

mammary tumors in rats.!¥l The effects of cadmium may
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not be limited to early life, since high urinary cadmium
concentrations in adulthood are associated with increased
breast cancer risk in several human studies.”?!

Humans are exposed to cadmium through several food
sources as well as through cigarette smoking.["*'% Food
products accumulate cadmium from pesticide residues and
contaminated ground water. Consequently, some foods, such
as rice and wheat flour, may have cadmium levels as high
as 178 ug/kg of food material. Frequent consumption of
these foods could result in exposure levels above the World
Health Organization’s (WHO) weekly tolerable intake of
7 ug/kg of body weight."”! Importantly, cadmium is present
in the urine of pregnant women as well as their placental
tissue,!'®1”and it has been shown to accumulate in embryonic

s.[20211 Thus, maternal exposure to cadmium

and foetal tissue
during pregnancy impacts the fetus, perhaps by acting as an

endocrine disruptor.

The present study was designed to investigate whether in
utero exposure to cadmium through a maternal diet increases
offspring’s later susceptibility to mammary tumorigenesis,
similarly than in utero exposure to estradiol (E2) is reported
to do.[??! In addition, we investigated whether in utero
cadmium exposure affects biomarkers of breast cancer
risk. Accelerated puberty is associated with an increased
breast cancer risk,/*??* and early life exposure to endocrine
disruptors affects puberty onset in animal models,/*?* and

human.??8

I Mammary gland morphology, and perhaps cell
proliferation and apoptosis, also are surrogate biomarkers of
breast cancer risk.[** In addition, possible changes in the
protein levels of ER-at and AR in the mammary tissue and

circulating levels of E2 and testosterone were determined.

Results reported here indicate that maternal exposure during
pregnancy to either E2 or cadmium increased incidence of
terminal end buds (TEBs) in the mammary epithelium and
pre-malignant mammary lesions. Cadmium also increased
body weight before puberty and accelerated puberty onset.
In addition, it led to an elevation in circulating testosterone
levels. Findings obtained in our study raise a concern
that maternal cadmium exposure during pregnancy alters
mammary gland development and increases breast cancer
risk among daughters.

MATERIALS AND METHODS

In utero exposure to dietary cadmium

Pregnant Sprague Dawley rats, purchased from Charles
River Laboratories (Wilmington, DE) arrived on gestation
day 7 and were housed singly. Beginning on day 10 of
pregnancy, dams were fed one of three American Institute
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of Nutrition (AIN93G) based diets containing of 190 g corn
oil per 1000 g of food material (39% of energy from fat) with
no, moderate (75 pg cadmium chloride/kg of food material)
or high (150 ug cadmium chloride/kg of food material)
cadmium levels. Based upon the typical food intake of
pregnant Sprague-Dawley rats,?*!! these treatment groups
received either 2-5 pg cadmium chloride/kg of body weight
weekly (moderate dose) or 5-10 ug of cadmium chloride per
kg of maternal body weight weekly (high dose). All in utero diets
were custom made by Harlan Teklad (Madison, WI, USA).

To determine whether the cadmium containing diets
mimicked exposure to high estrogen levels in utero, the group
fed a cadmium-free high fat baseline diet were divided to two
additional groups. One received vehicle (corn oil) and the
other 10 ug 17-B-E2 (Sigma Aldrich) dissolved in corn oil
through daily subcutaneous injections from day 10 through
19 of gestation.

On the day of parturition, all the groups were switched to
AIN93G chow, containing no cadmium and 18% fat from
corn oil. Two days after birth, female offspring were pooled
within each treatment group and randomly assigned to
be housed with a dam from that group. Male pups were
sacrificed. Each dam nursed a total of 10 female pups. After
weaning on postnatal day (PND) 25, the pups were housed
in groups of 3-5 animals. On PND 28 and 50, five offspring
per group and age were sacrificed and mammary glands and
serum were collected for further analysis. Experiments were
approved and performed in accordance with the Georgetwon
University Animal Care and Use Committee and followed
all state and federal regulations.

Body weight gain

Birth weight was determined by weighing all offspring per
litter together, and dividing the total weight by the number
of offspring in the litter. Postnatal body weights were
determined on several occasions between PND 5 and 50.

Vaginal opening

To assess the day of puberty onset, vaginal opening was
determined by visually investigating the genital area.
Oftspring were monitored daily from PND 28 through PND
39 for vaginal opening.

Tissue collection

Mammary tissue collection

At PND 28 and 50, five offspring per group and age were
sacrificed. Mammary tissues were collected for whole
mounts (left 4" abdominal gland), immunohistochemistry (left
2-3 inguinal gland), and immunoblots (right 4™ gland).
Tissues collected for immunohistochemistry were fixed in
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10% formalin, washed in phosphate buftfered saline (PBS),
dehydrated in 70% cthanol, and paraffin embedded. Slide
sections were 4 um thick. Sections were then stained
with hematoxylin/eosin and imaged on Olympus B x 100
microscope at X 4 and x 20 magnifications.

Circulating hormone levels

Blood was collected by cardiac puncture on PND 28 and 50
from rats used for assessing mammary gland morphology.
Serum was separated by incubating the blood at room
temperature for 20-30 min followed by spinning at maximum
speed for 10 min. ELISA kits (Cayman Chemicals) were
purchased to measure E2 and testosterone concentrations
from purified serum per manufacturer’s instructions.

Mammary morphometry

Right 4" abdominal mammary gland, obtained from five
rats per group at the ages of 28 and 50 days were processed
for whole mounts according to National Institutes of
Health (NIH) protocol (mammary.nih.gov). Whole mounts
were then scanned into digital images using a Hewlett Packard
Scanner and software, and the NIH free-ware program
Image ] was used for image analysis. TEB number was
determined by counting TEBs on the digital images using
the cell counter plug-in Image J. Ductal elongation (distance
between first lymph node and the tip of the epithelial tree),
parenchymal area and fat pad area were quantified using
the digitized images and the drawing tool in Image J. The
numerical outputs are expressed in pixelated units, called
here arbitrary unit.

Determining estrus stage

Estrus stage on samples obtained on PND 50 was determined
by examining at least 5 fields in the mammary whole mounts
using published morphological criteria.®?! Specifically,
mammary glands obtained from rats that are in the
follicular and early luteal stages have pre-dominantly ductal
histoarchitecture, while glands of rats from mid to late luteal
phase contain pre-dominantly lobuloalveolar structures.

Mammary epithelial proliferation and apoptosis

Formalin fixed, paraffin embedded and sectioned mammary
glands, obtained from rats on PND 28 and 50 were used to
determine cell proliferation and apoptosis. For proliferation
analysis, Ki67 (Abcam ab16667-500) staining using an Agilent
Technologies Company envision kit for rabbit (DAKO,
K4002) was utilized according to manufacturer instructions.
TdT-mediated dUTP-biotin nick end labeling TUNEL
analysis to determine apoptosis was performed using ISOL
S$2100 kit from Chemicon according to manufacturer
instructions. Images were obtained on an Olympus
B X100 microscope at X20 magnification. To quantitate cell
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proliferation and apoptosis, the number of cells staining
brown was assessed in ducts, lobules and TEBs by counting
1,000 cells per structure and per gland.

Immunoblot for steroid receptors

Protein from mammary tissue was obtained by homogenizing
tissue in Radio-Immunoprecipitation Assay RIPA bulffer,
incubating for 10 min on ice and then spinning for
10 min at maximum speed at 4C. Supernatant was
collected and placed in fresh eppendorf tubes. Antibodies
utilized for immunoblot or immunohistochemistry were
purchased from Santa Cruz Biotechnology (Santa Cruz,
CA) and they were: ER-o (SC-7207) and AR (SC-18).
Densitometry was performed on scanned images using Image
J. GAPDH (SC-A14) and B-actin (A2228, Sigma Aldrich,
US) were used as loading controls.

Mammary tumorigenesis

At PND 50, 25-26 rats per group were administered
10 mg of the mammary carcinogen 7, 12-dimethylbenz
(a) anthracene (DMBA) (Sigma Chemical Co., St. Louis,
MO) by oral gavage. The carcinogen was dissolved in peanut
oil and given in avolume of 1.0 mL. Tumor monitoring began
6 weeks after DMBA administration, and rats were checked
weekly for mammary tumors by palpation. Tumor size was
measured using a caliper and the length, width, and height of
cach tumor were recorded. Animals were sacrificed when the
tumor burden was approximately 5% of total body weight, as
required by our institution. All remaining animals, including
those without tumors, were sacrificed 20 weeks after DMBA
administration. Endpoints for this study were time to tumor
appearance (tumor latency), the average number of tumors
per animal (tumor multiplicity), the percentage of rats that
developed tumors per experimental group (tumor incidence),
and the cumulative size of all tumors divided by the number
of animals per group (tumor burden).

Data analyses

Univariate and Multivariate analyses of variance (U-ANOVA
or MANOVA) followed by Tukey’s post-hoc analysis, were
used for most end-points. U-ANOVA was performed
when data obtained for the four exposure groups were
compared within a single time point, such as tumor latency,
or circulating hormone levels on PND 28. MANOVA was
used to analyses data generated on PND 50 when estrus stage
was included to the analysis as a dependent variable. Repeated
measures Multivariate Analysis of Variance (RM-MANOVA)
was used to analyze differences in postnatal body weights and
tumor burden among the groups. Data on cell proliferation
and apoptosis were assessed separately in the ducts, lobules
and TEBs, and therefore two-way U-ANOVA was used to
determine statistical differences. Differences in the day of
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the vaginal opening or the incidence of mammary tumors
were calculated by the methods developed by Kaplan and
Meier, followed by the log rank test. Differences in final
tumor incidence among groups were compared using
Chi-square test. All data analyses were performed using the
statistical software SPSS. The differences were considered
significant if the P value was less than 0.05. All probabilities
were two-tailed.

RESULTS

Birth weight and postnatal body weight gain

Birth weight was not aftected by in utero exposure to cadmium
or E2 (data not shown). Postnatal body weight was elevated
in the moderate cadmium group on PND 5 (P <0.011) and
PND 35 (P < 0.019), compared to the offspring of dams
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exposed to vehicle during pregnancy [Figure 1a and b]. When
the rats reached PND 50, no differences in body weights were
seen (data not shown).

Vaginal opening

Puberty onset, as determined by the day of the vaginal
opening, occurred significantly earlier in the moderate
level cadmium than in the vehicle or high cadmium
groups (P < 0.042) [Figure 1c and d].

Circulating testosterone and E2 Levels

PND 28

Rats exposed to moderate (P < 0.04) or high cadmium
dose (P < 0.005) exhibited higher circulating testosterone
levels than the vehicle group [Figure 2a]. E2 levels were not
statistically different among the groups [Figure 2c].
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Figure I: (a,b) Postnatal bodyweight development and (c,d) age at the vaginal opening in the offspring of dams exposed to a control
diet, a diet containing 75 yM Cd/kg feed (moderate cadmium) or 150 uM Cd/kg feed (high cadmium) between gestation days 10 and 20,
or injected s.c. with 10 pg estradiol (E2) daily between gestation days 10 and 19. Means * S.E.M. are shown, with 30-54 rats per group.
(a,b) Compared to the controls, body weights of offspring of moderate cadmium dams were significantly elevated on PND 5 and 35.
(d) Percentile of rats per group with vaginal opening between PND 29 and 39 are shown. (c) Survival analysis indicated a significant
difference among the groups (P < 0.042): Vaginal opening occurred significantly earlier in the moderate cadmium group than in the
control or high cadmium groups. Bars marked with a different letter differ from each other at a level of P < 0.05.
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PND 50

Testosterone levels were significantly higher in the high
cadmium group than in the vehicle (P < 0.007) or E2
group (P < 0.004) [Figure 2b]. The difterence in E2 levels
among the groups was of borderline significance (P <0.058):
the highest E2 levels were seen in the high cadmium group,
and lowest in the E2 group [Figure 2d].

Mammary gland morphology
PND 28

The number of TEBs was significantly elevated in the
offspring of dams fed a diet containing moderate level
cadmium (P <0.032) or treated with E2 (P <0.018) during the
pregnancy, compared with vehicle controls [Figure 3a]. Ductal
elongation; i.e., the distance between the first mammary
lymph node and the farthest tip of the epithelial tree, was
highest in the E2 exposed offspring, when compared to the
vehicle controls (P < 0.06), moderate cadmium (P < 0.002)
and higher cadmium groups (P < 0.036) [Figure 3c].

http://www.carcinogenesis.com/content/12/1/1 |

PND 50

Estrus stage controlled analysis found no significant
differences in the number of TEBs among the groups at
this age, although the pattern was the same as on PND 28;
i.e., both moderate cadmium and E2 in utero exposed rats had
more TEBs than the high cadmium group [Figure 3d,e].
Ductal elongation and the size of the fat pad and parenchyma
area were similar across the four groups [Figure 3, ¢, f; g, h].

Proliferation (Kié7) and apoptosis (TUNEL)

PND 28

Ki67 did not differ significantly among the groups,
indicating that in utero exposures did not modify mammary
epithelial proliferation at this age [Figure 4]. However,
different structures contained different amounts of
proliferating cells (P < 0.001). Specifically, cell proliferation
was highest in the TEBs and lowest in the ducts (data
not shown). The rate of apoptosis did not vary by the
structure analyzed, but was different among the groups.
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Figure 2: Circulating levels of testosterone (a and b) and estradiol (E2) (c and d) in the offspring on PND 28 and PND 50 of dams
exposed to a control diet, a diet containing 75 pM Cd/kg feed (moderate cadmium) or 150 uM Cd/kg feed (high cadmium) between
gestation days 10 and 20, or injected s.c. with 10 pg E2 daily between gestation days 10 and 19. Means = S.E.M. are shown, with 4-5
rats per group. Bars marked with a different letter differ from each other at a level of P < 0.05
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Mammary glands of rats exposed in utero to the moderate
cadmium dose contained significantly more apoptotic cells
than the glands of vehicle exposed rats (P < 0.019) or E2
rats (P < 0.005) [Figure 4].

PND 50

When estrus stage and epithelial structure were included to
the analysis, cell proliferation was not significantly affected
in the mammary glands across the groups [Figure 4].
No differences in cell proliferation in the three different
structures were seen, although, similarly to age 28, TEBs
contained the highest number of proliferating cells (data not
shown). Apoptosis was significantly higher in the mammary
glands of rats exposed to high cadmium diet in utero than in
the other three groups (P <0.016) [Figure 4]. Apoptosis levels
were similar in TEBs, alveolar structures and ducts (data not
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ER-o and AR protein levels in the mammary gland
PND 28

The levels of expression of the ER-o and AR were low at
this age, and therefore we did not attempt to assess possible
changes in their expression.

PND 50

AR protein levels were significantly lower in the moderate
(P <0.001) and high (P <0.011) cadmium groups and in the
E2 group (P < 0.001) than in the vehicle-exposed offspring,
when data were controlled for the estrus stage [Figure 5].
Mammary gland ER-a levels were significantly elevated in
the high cadmium (P < 0.004) or E2 groups (P < 0.012) at this
age [Figure 5].

Mammary tumorigenesis
The number of hyperplastic alveolar nodules (HANS) in
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Figure 3: Mammary gland morphology on (a,b,c,d) PND 28 and (e,f,g,h) PND 50 in the offspring of dams exposed to a control diet, a
diet containing 75 pyM Cd/kg feed (moderate cadmium) or 150 uM Cd/kg feed (high cadmium) between gestation days 10 and 20, or
injected s.c. with 10 pg estradiol daily between gestation days 10 and 19. Whole mounted, carmine-stained 4th inguinal mammary
glands were assessed for terminal end bud (TEB) number, ductal elongation, size of parencyma and total fat pad area. Means £ S.E.M.
are shown, with 5 rats per group. Bars marked with a different letter differ from each other at a level of P < 0.05
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after DMBA exposure was higher in the E2 (P < 0.015)
and moderate cadmium groups (P < 0.021) than in the
controls [Figure 6a]. The latency to the appearance of
the first tumor per animal or tumor multiplicity was not

statistically significant among the four groups [Table 1]. The

Ki67: cell proliferation on PND 28

% proliferating cells
)

Control ~ Moderate  High E2

Tunel: apoptosis on PND 28

% apoptotic cells

Control ~ Moderate  High E2
d d

Ki67: cell proliferation on PND 50

% apoptotic cells

Control ~ Moderate  High E2
cad d

Tunel: apoptosis on PND 50

% apoptotic cells

Control  Moderate  High E2

Figure 4: (a) Representative examples of positive staining for
Kié7 antibody (proliferation) and TUNEL analysis (apoptosis) are
shown at both ages. (b) Changes in mammary cell proliferation
(assessed using Ki6é7 antibody) and apoptosis (assessed using
TUNEL) in the mammary glands on PND 28 and 50 in the
offspring of dams exposed to a control diet, a diet containing
75 pM Cd/kg feed (moderate cadmium) or 150 pM Cd/kg feed
(high cadmium) between gestation days 10 and 20, or injected
s.c. with 10 pg estradiol daily between gestation days 10 and 19
Means £ S.E.M. are shown, with 5 rats per group. Bars marked
with a different letter differ from each other at a level of P < 0.05
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final tumor incidence was 73% in the vehicle group, 80% in
moderate cadmium group, 56% in high cadmium group, and
71% in E2-exposed offspring [Figure 6b]. When compared
to the vehicle group, tumor burden-the combined volume
of tumors per animal-was significantly higher in the E2
group (P < 0.001) [Figure 6c]. In utero E2 exposed rats also
exhibited higher tumor burden than the moderate (P <0.02)
or high cadmium (P < 0.051) oftspring.

DISCUSSION

In animal models, maternal exposure to E2 during the
pregnancy,®?! or dietary factors which elevate maternal
hormonal environment, such as a high-fat diet,?233-]
increases female offspring’s later susceptibility to mammary
cancer. We investigated whether an endocrine disruptor
cadmium,7 when given to pregnant rat dams via diet, alters
mammary tumorigenesis among offspring. Twwo difterent
doses of cadmium were used: moderate cadmium containing
75 ng CdCl2/kg feed and high cadmium containing
150 pg CdCl2/kg. Based on the average daily food intake
of pregnant Sprague-Dawley rats,/***'l the moderate dose
is likely to have resulted maternal exposures within levels
deemed acceptable by WHO; i.e., 2-5 ug cadmium/kg of
maternal body weight weekly,['”! whilst the higher cadmium
dose is estimated to yield cadmium exposure levels of
5-10 pg/kg of body weight weekly, which might have led to
cadmium intake that exceeded the weekly tolerable intake of
cadmium (7 pg/kg of body weight).

Our results indicated that a maternal dietary exposure to the
moderate cadmium dose during the pregnancy increased
female offspring’s susceptibility to develop mammary
HANSs, which are precursors of malignant mammary
lesions.P®! However, this exposure did not significantly
increase mammary tumorigenesis as determined by assessing
mammary tumor latency, incidence, multiplicity or burden. An
exposure to the higher level of cadmium through a maternal
diet had no effect on HANs or mammary cancer risk. Other
endocrine disruptors have been reported to have similar
dose-dependent effects: Mice exposed neonatally to low levels
of the synthetic estrogen diethylstilbestrol (DES) subsequently
exhibit enhanced responsiveness of the uterus to E2, whilst

Table |I: Mammary tumor end-points in rats exposed in utero to moderate or high cadmium levels or E2

In utero exposures  Number rats/number  Final tumor  Latency Multiplicity Final tumor burden
rats with tumors incidence (%) (weeks) (number of tumors/rat) (total tumor volume per group)
Control 26/19 73 11.3+0.5 2.1£0.3 653.0°
Moderate cadmium 25/20 80° 12.1+0.9 2.240.3 723.5°
High cadmium 25/14 56° 12.8+0.7 2.1+0.3 581.3°
E2 25/18 712 12.8+0.8 2.8+0.4 1204.4*

In utero exposure groups marked with different letters are significantly different from each other (P<0.05), E2: Estradiol
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Figure 5: Protein expression of AR and ER-0. in the mammary glands on PND 50 in the offspring of dams exposed to a control diet,
a diet containing 75 pM Cd/kg feed (moderate cadmium) or 150 pM Cd/kg feed (high cadmium) between gestation days 10 and 20,
or injected s.c. with 10 pg estradiol daily between gestation days 10 and 19. Means + S.E.M. are shown, with 4-5 rats per group. Bars
marked with a different letter differ from each other at a level of P <0.05
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Figure 6: Changes in dimethylbenz (a) anthracene-induced mammary tumorigenesis in the offspring of dams exposed to a control
diet, a diet containing 75 pM Cd/kg feed (moderate cadmium) or 150 pM Cd/kg feed (high cadmium) between gestation days 10 and
20, or injected s.c. with 10 pg estradiol daily between gestation days 10 and 19. (a) Number of hyperplastic alveolar nodules in the
4" mammary gland of 5-7 rats per group. Means + S.E.M. are shown. Bars marked with a different letter differ from each other at a
level of P <0.05. (b) Cumulative mammary tumor incidence. (c) Cumulative mammary tumor burden; significantly different between
E2 and vehicle (P <0.001), moderate cadmium (P < 0.02), and high cadmium (P < 0.051)

a high neonatal DES exposure has an opposite eftect.”-]
Therefore, the same compound can have different effects on
disease-related end-points, depending on the level of exposure.

In women, high cadmium levels are associated with the
elevated testosterone levels.*” In agreement with this report,
we found that maternal exposure to either moderate or high
cadmium levels (but not to E2) during the pregnancy led
to an increase in circulating testosterone levels among the
offspring. Androgens inhibit AR expressing human breast
cancer cell proliferation in vitro and induce apoptosis through
this receptor.***!l Our data support these observations and

show that AR levels were reduced in the mammary glands of
in utero cadmium exposed rats, and apoptosis was increased.

However, the association between androgen levels, AR and
breast cancer remains unclear. Studies carried out using
in vivo animal models indicate that androgens inhibit the
growth of mammary tumors.[***! As mentioned above,
androgens inhibit the growth of human breast cancer cells
in vitro.*%*1 In contrast, human studies indicate that elevated
testosterone levels are associated with an increase in pre- and
post-menopausal breast cancer risk.[*-% It has been suggested
that AR signaling inhibits proliferation of ER positive

8

Journal of Carcinogenesis
A peer reviewed journal in the field of Carcinogenesis and Carcinoprevention



Journal of Carcinogenesis 2013,12:11

breast tumors, but stimulates growth of ER negative breast
cancers.[*] Thus, it is not clear whether there is a link among
circulating androgens and breast cancer risk, and whether
the effects of in utero exposure to cadmium in increasing
testosterone levels and reducing AR expression affected the
outcome of this study.

No changes in E2 levels between the control and cadmium
exposed offspring were seen, although these levels were
significantly higher in the high than low cadmium groups.
Expression of ER-o protein was elevated in the mammary
glands of high cadmium group as it also was in the in utero
E2 group. The increase in the E2 group is consistent with
our other studies, which show that maternal exposure to
E2 during pregnancy leads to elevated expression of ER-o
in normal mammary gland and tumors (unpublished data).
It is unclear whether the high expression of this receptor is
predictive of increased or reduced breast cancer risk."?)

Our positive control for cadmium exposure was the oftspring
of dams treated with E2 via daily subcutaneous injections
during pregnancy, and this exposure increased HANs and
mammary tumor burden. However, it did not affect mammary
tumor incidence in contrast to a previous study,®? and our
unpublished study in which we used the same E2 dose as used
here. The lack of effect on tumor incidence may have been
due to feeding all pregnant dams E2 increasing high fat diet,[*
which probably partially masked the eftects of an additional E2
administration. The diet used in the present study contained
39% energy from fat versus 18% energy in the semipurified
AINO93G laboratory rodent chow. The reason for using a
high fat diet as the control diet was that it might potentiate
the effects of in utero endocrine disruptors on breast cancer
risk.¥1 It is not known whether the high fat diet might have
reduced the response to cadmium exposure, as was seen in
the in utero E2 exposure group.

Increased number of TEBs is associated with increased
mammary tumorigenesis,®”! probably because TEBs are
the key structures, which give rise to malignant mammary
tumors.>*3¥ In utero exposure to E2 increased the number
of TEBs in the pre-pubertal mammary gland, as previously
reported.?% An exposure to the moderate cadmium dose
had a similar effect; these findings are in accordance with
the higher number of HANSs present in the DMBA-exposed
mammary glands of E2 and moderate cadmium offspring.
No changes in mammary gland morphology were seen in
the high cadmium group.

Previous studies have shown that in utero exposure to E2,[#]
a high fat diet which increases pregnancy E2 levels,*! and
some endocrine disruptors accelerate puberty onset. 255657

http://www.carcinogenesis.com/content/12/1/1 |

In this study, no difterences at the age of the vaginal opening
were seen in the offspring of high fat fed dams which were
exposed to E2 when compared to those exposed to vehicle,
suggesting that E2 exposure did not further advance puberty
onset in the oftspring of high fat fed dams. In utero exposure
to a moderate cadmium dose in the high fat diet, however,
accelerated puberty onset, consistent with an earlier study
in which cadmium was administered by injecting pregnant
rat dams twice during gestation.”! The moderate cadmium
dose also increased offspring’s weight gain during postnatal
development; similar results have been reported in animals
exposed to a low dose of DES neonatally.’® The higher
body weight may have induced earlier puberty onset in
the moderate cadmium group. Our findings show that an
exposure to moderate levels of cadmium in utero increases
body weight and accelerates puberty onset in rats.

CONCLUSIONS

Maternal exposure to a moderate dose of cadmium during
pregnancy increased body weight, accelerated puberty onset,
and increased the number of TEBs in the mammary gland
of female oftspring. Consistent with these changes, it also
led to an increase in pre-malignant mammary lesions. The
higher cadmium dose did not have these effects, but it is
not clear why.

ACKNOWLEDGMENTS

The authors wish to thank Dr. Anni Warri for her help in assessing
mammary gland morphology; Mr. Aaron Foxworth and Syid
Abdullah for providing technical assistance in animal experiments;
and David Epstein (Bauer College of Business, University of
Houston, Houston, TX 77204) for input on statistical data analysis.

REFERENCES

I. Hilakivi-Clarke L, de Assis S. Fetal origins of breast cancer. Trends Endocrinol
Metab 2006;17:340-8.

2. Kawaguchi H, Miyoshi N, Miyamoto Y, Souda M, Umekita Y, Yasuda N,
et al. Effects of exposure period and dose of diethylstilbestrol on
pregnancy in rats. ] Vet Med Sci 2009;71:1309-15.

3. Rudel RA, Fenton SE, Ackerman JM, Euling SY, Makris SL. Environmental
exposures and mammary gland development: State of the science, public
health implications, and research recommendations. Environ Health
Perspect 2011;119:1053-61.

4. Hoover RN, Hyer M, Pfeiffer RM, Adam E, Bond B, Cheville AL, et al.
Adverse health outcomes in women exposed in utero to diethylstilbestrol.
N Engl ] Med 201 1;365:1304-14.

5. Johnson MD, Kenney N, Stoica A, Hilakivi-Clarke L, Singh B, Chepko G, et al.
Cadmium mimics the in vivo effects of estrogen in the uterus and mammary
gland. Nat Med 2003;9:1081-4.

6.  Martin MB, Voeller HJ, Gelmann EP, Lu J, Stoica EG, Hebert EJ, et al.
Role of cadmium in the regulation of AR gene expression and activity.
Endocrinology 2002;143:263-75.

7. Stoica A, Katzenellenbogen BS, Martin MB. Activation of estrogen
receptor-alpha by the heavy metal cadmium. Mol Endocrinol 2000; 14:545-53.

Journal of Carcinogenesis
A peer reviewed journal in the field of Carcinogenesis and Carcinoprevention

9



Journal of Carcinogenesis 2013, 12:11

8.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Khan G, Penttinen P, Cabanes A, Foxworth A, Chezek A, Mastropole K,
et al. Maternal flaxseed diet during pregnancy or lactation increases
female rat offspring’s susceptibility to carcinogen-induced mammary
tumorigenesis. Reprod Toxicol 2007;23:397-406.

Strumylaite L, Bogusevicius A, Abdrachmanovas O, Baranauskiene D,
Kregzdyte R, Pranys D, et al. Cadmium concentration in biological media of
breast cancer patients. Breast Cancer Res Treat 201 1;125:511-7.

Gallagher CM, Chen J), Kovach JS. Environmental cadmium and breast
cancer risk.Aging (Albany NY) 2010;2:804-14.

McElroy JA, Shafer MM, Trentham-Dietz A, Hampton JM, Newcomb PA.
Cadmium exposure and breast cancer risk. ] Natl
2010;98:869-73.

Julin B, Wolk A, Bergkvist L, Bottai M, Akesson A. Dietary cadmium
exposure and risk of postmenopausal breast cancer: A population-based
prospective cohort study. Cancer Res 2012;72:1459-66.

Jorhem L, Astrand C, Sundstréom B, Baxter M, Stokes P, Lewis J, et al. Elements
in rice from the Swedish market: |. Cadmium, lead and arsenic (total and
inorganic). Food Addit Contam Part A Chem Anal Control Expo Risk Assess
2008;25:284-92.

Zeng F, Mao Y, Cheng W, Wu F, Zhang G. Genotypic and environmental
variation in chromium, cadmium and lead concentrations in rice. Environ
Pollut 2008;153:309-14.

Chaudri A, McGrath S, Gibbs P, Chambers B, Carlton-Smith C, Godley A,
et al. Cadmium availability to wheat grain in soils treated with sewage sludge
or metal salts. Chemosphere 2007;66:1415-23.

Ronco AM, Arguello G, Mufoz L, Gras N, Llanos M. Metals content in
placentas from moderate cigarette consumers: Correlation with newborn
birth weight. Biometals 2005;18:233-41.

World Health Organization. Beryllium, cadmium, mercury, and exposures in
the glass manufactoring industry. IARC evaluation on the carcinogeneic risk
to humans.Vol. 58. Lyon, France:WHO, IARC. IARC Cancer; 1997.

Nishijo M, Tawara K, Honda R, Kuriwaki ], Nakagawa H, Tanebe K, et al.
Cadmium and nutritional intake in pregnant Japanese women. Toxicol Lett
2004;148:171-6.

Akesson A, Berglund M, Schiitz A, Bjellerup P, Bremme K,Vahter M. Cadmium
exposure in pregnancy and lactation in relation to iron status. Am | Public
Health 2002;92:284-7.

Bhattacharyya MH. Bioavailability of orally administered cadmium and
lead to the mother, fetus, and neonate during pregnancy and lactation: An
overview. Sci Total Environ 1983;28:327-42.

Kuriwaki J, Nishijo M, Honda R, Tawara K, Nakagawa H, Hori E, et al. Effects
of cadmium exposure during pregnancy on trace elements in fetal rat liver
and kidney. Toxicol Lett 2005;156:369-76.

Hilakivi-Clarke L, Clarke R, Onojafe I, Raygada M, Cho E, Lippman M.
A maternal diet high in n-6 polyunsaturated fats alters mammary gland
development, puberty onset, and breast cancer risk among female rat
offspring. Proc Natl Acad Sci U SA 1997;94:9372-7.

Ruder EH, Dorgan JF, Kranz S, Kris-Etherton PM, Hartman T). Examining
breast cancer growth and lifestyle risk factors: Early life, childhood, and
adolescence. Clin Breast Cancer 2008;8:334-42.

Golub MS, Collman GW, Foster PM, Kimmel CA, Rajpert-De Meyts E,
Reiter EQ, et al. Public health implications of altered puberty timing.
Pediatrics 2008;121:5218-30.

Lilienthal H, Hack A, Roth-Harer A, Grande SW, Talsness CE. Effects of
developmental exposure to 2,2,4,4,5-pentabromodiphenyl ether (PBDE-99)
on sex steroids, sexual development, and sexually dimorphic behavior in
rats. Environ Health Perspect 2006;114:194-201.

Fernandez M, Bianchi M, Lux-Lantos V, Libertun C. Neonatal exposure to
bisphenol a alters reproductive parameters and gonadotropin releasing
hormone signaling in female rats. Environ Health Perspect 2009;117:757-62.
Wolff MS, Britton JA, Boguski L, Hochman S, Maloney N, Serra N, et al.
Environmental exposures and puberty in inner-city girls. Environ Res
2008;107:393-400.

Den Hond E, Schoeters G. Endocrine disrupters and human puberty. Int |
Androl 2006;29:264-71.

Hilakivi-Clarke L. Nutritional modulation of terminal end buds: Its relevance
to breast cancer prevention. Curr Cancer Drug Targets 2007;7:465-74.
Fenton SE, Hamm JT, Birnbaum LS, Youngblood GL. Persistent
abnormalities in the rat mammary gland following gestational and

Cancer Inst

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

http://www.carcinogenesis.com/content/12/1/1 |

lactational exposure to 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD).
Toxicol Sci 2002;67:63-74.

Szeto IM, Aziz A, Das PJ, Taha AY, Okubo N, Reza-Lopez S, et al. High
multivitamin intake by Wistar rats during pregnancy results in increased
food intake and components of the metabolic syndrome in male offspring.
Am ] Physiol Regul Integr Comp Physiol 2008;295:R575-82.

Schedin P, Mitrenga T, Kaeck M. Estrous cycle regulation of mammary
epithelial cell proliferation, differentiation, and death in the Sprague-Dawley
rat: A model for investigating the role of estrous cycling in mammary
carcinogenesis.] Mammary Gland Biol Neoplasia 2000;5:21 [-25.

de Assis S, Khan G, Hilakivi-Clarke L. High birth weight increases mammary
tumorigenesis in rats. Int ] Cancer 2006;119:1537-46.

Walker BE.Tumorsinfemale offspring of controland diethylstilbestrol-exposed
mice fed high-fat diets. ] Natl Cancer Inst 1990;82:50-4.

Luijten M, Thomsen AR, van den Berg ]JA, Wester PW, Verhoef A,
Nagelkerke NJ, et al. Effects of soy-derived isoflavones and a high-fat diet on
spontaneous mammary tumor development in Tg.NK (MMTV/c-neu) mice.
Nutr Cancer 2004;50:46-54.

Medina D. Premalignant and malignant mammary lesions induced by MMTV
and chemical carcinogens.] Mammary Gland Biol Neoplasia 2008;13:271-7.
Newbold RR, Jefferson WN, Padilla-Banks E, Haseman J. Developmental
exposure to diethylstilbestrol (DES) alters uterine response to estrogens
in prepubescent mice: Low versus high dose effects. Reprod Toxicol
2004;18:399-406.

Alworth LC, Howdeshell KL, Ruhlen RL, Day JK, Lubahn DB, Huang TH,
et al. Uterine responsiveness to estradiol and DNA methylation are altered
by fetal exposure to diethylstilbestrol and methoxychlor in CD-1 mice:
Effects of low versus high doses. Toxicol Appl Pharmacol 2002;183:10-22.
Nagata C, Nagao Y, Shibuya C, Kashiki Y, Shimizu H. Urinary cadmium and
serum levels of estrogens and androgens in postmenopausal Japanese
women. Cancer Epidemiol Biomarkers Prev 2005;14:705-8.

Cops EJ, Bianco-Miotto T, Moore NL, Clarke CL, Birrell SN, Butler LM,
et al. Antiproliferative actions of the synthetic androgen, mibolerone, in
breast cancer cells are mediated by both androgen and progesterone
receptors. ) Steroid Biochem Mol Biol 2008;110:236-43.

Birrell SN, Butler LM, Harris JM, Buchanan G, Tilley WD. Disruption of
androgen receptor signaling by synthetic progestins may increase risk of
developing breast cancer. FASEB ] 2007;21:2285-93.

Shufelt CL, Braunstein GD. Testosterone and the breast. Menopause Int
2008;14:117-22.

Hickey TE, Robinson JL, Carroll JS, Tilley WD. Minireview: The androgen
receptor in breast tissue: growth inhibitor, tumor suppressor, oncogene?
Mol Endocrinol 2012:26:1252-67.

Macedo LF Guo Z, Tilghman SL, Sabnis GJ, Qiu Y, Brodie A. Role of
androgens on MCF-7 breast cancer cell growth and on the inhibitory effect
of letrozole. Cancer Res 2006;66:7775-82.

Kaaks R, Berrino F, Key T, Rinaldi S, Dossus L, Biessy C, et al. Serum sex
steroids in premenopausal women and breast cancer risk within the
European Prospective Investigation into Cancer and Nutrition (EPIC).
J Natl Cancer Inst 2005;97:755-65.

Hankinson SE, Eliassen AH. Circulating sex steroids and breast cancer risk
in premenopausal women. Horm Cancer 2010;1:2-10.

Dorgan JF, Stanczyk FZ, Kahle LL, Brinton LA. Prospective case-control
study of premenopausal serum estradiol and testosterone levels and breast
cancer risk. Breast Cancer Res 2010;12:R98.

Missmer SA, Eliassen AH, Barbieri RL, Hankinson SE. Endogenous estrogen,
androgen, and progesterone concentrations and breast cancer risk among
postmenopausal women. | Natl Cancer Inst 2004;96:1856-65.

Kaaks R, Rinaldi S, Key TJ, Berrino F Peeters PH, Biessy C, et al.
Postmenopausal serum androgens, oestrogens and breast cancer risk: The
European prospective investigation into cancer and nutrition. Endocr Relat
Cancer 2005;12:1071-82.

Sieri S, KroghV, Bolelli G, Abagnato CA, Grioni S, PalaV, et al. Sex hormone
levels,breast cancer risk,and cancer receptor status in postmenopausal women:
The ORDET cohort. Cancer Epidemiol Biomarkers Prev 2009;18:169-76.
Khan SA, Rogers MA, Khurana KK, Meguid MM, Numann PJ. Estrogen
receptor expression in benign breast epithelium and breast cancer risk.
J Natl Cancer Inst 1998;90:37-42.

Lagiou P, Georgila C, Samoli E, Lagiou A, Zourna P, Minaki P, et al. Estrogen

10

Journal of Carcinogenesis
A peer reviewed journal in the field of Carcinogenesis and Carcinoprevention



Journal of Carcinogenesis 2013,12:11

53.

54.

55.

56.

alpha and progesterone receptor expression in the normal mammary
epithelium in relation to breast cancer risk. Int ] Cancer 2009;124:440-2.
Russo J, Wilgus G, Russo IH. Susceptibility of the mammary gland to
carcinogenesis: | Differentiation of the mammary gland as determinant of
tumor incidence and type of lesion.Am ] Pathol 1979;96:721-36.

Russo J, Russo IH.Toward a unified concept of mammary carcinogenesis. In:
Aldaz MC, Gould MN, McLachlan }, Slaga T}, editors. Progress in Clinical and
Biological Research. New York:Wiley-Liss; 1997.p. |-16.

Hilakivi-Clarke L, Cho E, Raygada M, Kenney N. Alterations in mammary
gland development following neonatal exposure to estradiol, transforming
growth factor alpha, and estrogen receptor antagonist ICI 182,780. ] Cell
Physiol 1997;170:279-89.

Roy JR, Chakraborty S, Chakraborty TR. Estrogen-like endocrine
disrupting chemicals affecting puberty in humans — a review. Med Sci Monit
2009:15:RA137-45.

57.

58.

http://www.carcinogenesis.com/content/12/1/1 |

Schoeters G, Den Hond E, Dhooge W, van Larebeke N, Leijs M. Endocrine
disruptors and abnormalities of pubertal development. Basic Clin Pharmacol
Toxicol 2008:102:168-75

Newbold RR, Padilla-Banks E, Jefferson WN, Heindel JJ. Effects of endocrine

disruptors on obesity. Int ] Androl 2008;31:201-8.

How to cite this article: Davis J, Khan G, Martin MB, Hilakivi-
Clarke L. Effects of maternal dietary exposure to cadmium during
pregnancy on mammary cancer risk among female offspring. J
Carcinog 2013;12:11.

Source and Support: The work was funded by NCI U54 CA100970
and NIEHS R21ES013858 for Leena Hilakivi-Clarke, and DOD
pre-doctoral fellowship BC050804 for Jennifer Davis. Conflict of
Interest: None declared.

AUTHOR’S PROFILE

Dr. Jennifer Davis: The University of Texas at Austin, College of Pharmacy,
Austin, TX, USA

Dr. Galam Khan: Georgetown University, Department of Neurology,
Washington DC, USA

Prof. Mary Beth Martin: Georgetown University, Department of Oncology,
Washington DC, USA

Prof. Leena Hilakivi-Clarke: Georgetown University, Department of Oncology,
Washington DC, USA

Journal of Carcinogenesis is published for
Carcinogenesis Press by Medknow Publications
and Media Pvt. Ltd.
Manuscripts submitted to the journal are peer reviewed and
published immediately upon acceptance, cited in PubMed
and archived on PubMed Central. Your research papers
will be available free of charge to the entire biomedical
community. Submit your next manuscript to Journal of
Carcinogenesis.
www.journalonweb.com/jcar/

Journal of Carcinogenesis
A peer reviewed journal in the field of Carcinogenesis and Carcinoprevention

1




