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��� 4������������� ��� 6���"7��� ��� � �� �����  $����� �"����' �"����� ��� �"� ��&�C
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� ���� �� ��� (�����/�� ��� ����/���� $����/���� %����=�����I

8�� ������� !��/ ������ ?��/����''��/�� 5����� ���� !������ ��������� !� �� 5��%'� !��"
���������������� (�����)*����� ��� �� ����� �E��������� ��� !/��1!��,

�� ������' - �% <���� -+ &���� �� ! ��� �� *�!��� ������ 6����������� ������������ ��)
%'���������, 6���%�� 5����� 5������ �E��������� ��� !/��1!��" ��� �� ������' C �% <���� 2

���/����''� 5�����, <� 5����� 9����/��)��������� ���� �� 6��� �����'� 7� ������F ������&)
�����" ��� ��� ! �� ������%!;�/�/ ����'���� 5����� 3���!� ������' C,�4, 6�� (�����/ ��� ��
��� ��� H�����/���� �9������/���� $����/��� 5���� ��� ����� �� ������ ����������������
*����� 3���!� ������' C,-4 ��� ��� ������ �� *�!��� ����� 7�������%��� �� �������� ������
������� !� 3���!� ������' C,C ��� ��1/�� -+�-4, �%� !'��J��� 5��� �� ! ��� �1� �� !����)
��� !� ������� !��/�� ��������'' ������������� �� �����)7���'' �1� ��)(�����/�� �� 6���
���/����''� 3���!� ������' C,A4,
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Abstract Cadmium (Cd), a toxic heavy metal and an

important environmental pollutant, is now also regarded as

potential endocrine disruptor. Its estrogenic effects have

been examined so far just in classical target tissues, e.g.

uterus, and mostly upon intraperitoneal (i.p.) injection of

CdCl2. Yet, estrogen receptors are also expressed in the

gut, and food is the main source of cadmium intake in the

general population. Therefore, possible estrogenic effects

were now investigated in the intestine of ovariectomized

Wistar rats after oral short- and long-term administration of

CdCl2 (0.05–4 mg/kg bw on 3 days by gavage and 0.4–

9 mg/kg bw for 4 weeks in drinking water) or upon i.p.

injection (0.00005–2 mg CdCl2/kg bw), and compared to

steroid estrogen (estradiol or ethinylestradiol) treated

groups. Analysis of Cd in kidneys and small intestine by

atomic absorption spectrometry showed dose-dependent

increases in tissue levels with rather high Cd concentra-

tions in the gut, both after oral and i.p. administration.

Expression of metallothionein (MT1a), a typical metal

response parameter, was clearly induced in kidney and

small intestine of several CdCl2 treated groups, but also

notably increased by steroid estrogens. Levels of estrogen-

regulated genes, i.e. pS2/TFF1, vitamin D receptor (VDR),

and estrogen receptor a and b (ER a/b) were studied as

parameters of hormonal activity: The intestinal mRNA

expression of pS2/TFF1 was significantly decreased in the

estrogen reference groups, but also after single i.p. injec-

tion and oral long-term administration of CdCl2. In con-

trast, the mRNA and protein expression of the VDR were

unaffected by long-term administration of Cd via drinking

water. We detected expression of ERb, but not ERa in the

small intestine of OVX rats. ERb mRNA and protein

expression were significantly down-regulated by Cd, sim-

ilar to the ethinylestradiol reference group. The mRNA

expression and immunostaining of proliferating cell

nuclear antigen (PCNA), as an index for cell proliferation,

revealed decreases after long-term administration of Cd

and ethinylestradiol. In summary, cadmium exposure was

shown to modulate molecular and functional parameters of

estrogenicity in the intestinal tract of OVX rats. As the

intestine is known to express predominantly ERb, and is an

important site of interaction with dietary contaminants, it is

indicated to further investigate specific molecular mecha-

nisms of cadmium and estrogen receptor interactions in

more detail.

Keywords Cadmium � Endocrine disruption �
Estrogenic activity � Route of exposure � Small intestine
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AAS Atomic absorption spectrometry

bw Body weight

CdCl2 Cadmium chloride

E2 17b-Estradiol
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EE 17a-Ethinylestradiol
ERa/b Estrogen receptor alpha/beta

i.p. Intraperitoneal

OVX Ovariectomized

(P)TWI (Provisional) Tolerable weekly intake

Introduction

Cadmium has been recognized as an important occupa-

tional and environmental health hazard for many decades

(Bernard 2008; Prins and Korach 2008; Nordberg 2009).

The heavy metal exerts pronounced toxicity on kidney,

lung, and bone of animals and humans as well as a wide

spectrum of deleterious effects on reproductive tissues

(DFG 2004; Godt et al. 2006; IPCS 2007). Moreover,

cadmium is now also regarded as metallohormone and

potential endocrine disruptor (Takiguchi and Yoshihara

2006; Byrne et al. 2009). Previous in vitro studies with

CdCl2 revealed activation of the estrogen receptor a (ERa)
and typical estrogenic responses in MCF-7 breast cancer

cells (Stoica et al. 2000). Rodent studies have shown that

intraperitoneal (i.p.) injection of CdCl2 increased uterine

wet weights and promoted the growth and development of

mammary glands (Johnson et al. 2003). But, since food is

the most relevant source of cadmium exposure in non-

smokers (EFSA 2009), in vivo studies were needed with

oral Cd administration to assess its hormonal potency with

a relevant exposure route.

Our recent study on estrogenicity of cadmium in the

uterus, a classical estrogen target organ with predominant

expression of ERa, included a wide range of doses and

different administration schemes (Höfer et al. 2009):

Ovariectomized Wistar rats received CdCl2 on 3 days by

gavage (0.05–4 mg/kg bw), and for 4 weeks in drinking

water (0.4–9 mg/kg bw), or as single i.p. injection

(0.00005–2 mg/kg bw). The analysis of molecular and

histological parameters of estrogenicity and Cd tissue

concentrations revealed pronounced dose- and route-

dependent differences in uterine Cd levels and hormonal

potency. Whilst the study confirmed an estrogenic effect of

cadmium on the uterus upon i.p. injection, it also demon-

strated considerably lower activity for oral exposure:

Treatment with CdCl2 (up to several mg/kg bw) by gavage

or in drinking water did neither affect uterine wet weights

nor epithelial thickness (Höfer et al. 2009). On the other

hand, estrogen-regulated complement component C3 was

clearly induced in the rat uterus, albeit at dose levels far

exceeding those of dietary Cd exposure in humans.

This and previous data (reviewed by Takiguchi and

Yoshihara 2006) demonstrate that signaling cascades in

classical estrogen target tissues can be affected by the

metal ion. A model where Cd, similar to estradiol, activates

ERa through the ligand binding domain has been proposed

(Byrne et al. 2009). But, the precise mechanisms under-

laying estrogenic effects of cadmium remain to be eluci-

dated, and also the question whether cadmium affects

ERb-mediated responses. ERb is the predominant receptor

form in the intestinal tract, and processes involved in

inflammation of the gut and regulation of intestine cell

homeostasis are apparently regulated by estrogens (Harnish

2006; Harris et al. 2003; Harris 2007; Wada-Hiraike et al.

2006a, b; Seibel et al. 2008). Moreover, the intestinal

mucosa is extensively exposed to dietary constitutents, e.g.

phytoestrogens, and to contaminants such as cadmium.

Therefore, we have now investigated effects of cad-

mium on the intestinal tract of ovariectomized rats treated

at several dose levels. The expression of pS2 gene, vitamin

D receptor (VDR), and ER subtypes a and b served as

biomarkers for estrogenicity. Effects on cell proliferation

were studied by immunohistochemical and mRNA analysis

of proliferating cell nuclear antigen (PCNA) in the cad-

mium- and estrogen-treated rats. Cd tissue levels were

analyzed by atomic absorption spectrometry in the kidney

and small intestine of all groups after oral exposure and i.p.

injection, and expression of metallothionein was deter-

mined as well established response marker to cadmium.

Materials and methods

Animals and experimental treatments

All animal husbandry and handling conditions were

according to the Institutional Animal Care and Use Com-

mittee guidelines, and legal permission to conduct the

animal experiments was obtained from the local responsi-

ble authorities.

Juvenile female Wistar rats of 4–5 weeks (101–125 g)

were obtained from Janvier (Le-Genest St-Isle, France) and

acclimatized for one week. Rats were kept under controlled

conditions (temperature 20 ± 1�C, humidity 50–80%,

illumination 12L/12D) and had free access to tap water and

a diet low in phytoestrogen content (R/M-H, from Ssniff

GmbH, Germany). Prior to the experiments, ovaries of the

rats were ectomized (OVX). After the endogenous hor-

monal decline within 14 days, the animals were randomly

allocated to vehicle or treatment groups (i.p. and drinking

water experiment: n = 6 animals per group; gavage

experiment: n = 8 animals per group).

Treatment conditions, described elsewhere in more

detail (Höfer et al. 2009) were as follows: For the experi-

ment with i.p. injection, CdCl2 was dissolved in sterile

water to achieve doses of 0.00005, 0.0005, 0.005, 0.05, 0.5,
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or 2 mg/kg bw in an application volume of 1 ml/kg bw.;

17b-estradiol (E2) was dissolved in propanediol/ethanol

(80:20, v:v) and administered at a dose level of 0.5 mg/kg

bw. For gavage administration, CdCl2 was dissolved in tap

water and administered at doses of 0.05, 0.5, 2, or 4 mg/kg

bw on three consecutive days; the estrogen reference group

received ethinylestradiol (EE, dissolved in propanediol/

ethanol, 80:20) at a daily dose of 0.1 mg/kg bw. For the

subchronic (28 day) experiment, test compounds were

administered in drinking water: EE (1 mg) was dissolved

in a small amount of ethanol and then filled up to 1 L

drinking water. CdCl2 was dissolved in water at concen-

trations of 5, 50 or 150 mg/l (i.e. 5, 50, or 150 ppm). As

rats consumed about 20 ml water per day this corresponds

to Cd dose levels of 0.4, 4, or 9 mg/kg bw/day and

0.08 mg/kg bw/day for EE.

Tissue collection and preparation

Body weights of the rats were determined prior to sacrifice

by decapitation. Freshly excised kidney and pieces of small

intestine were collected and snap-frozen in liquid nitrogen

for RNA/protein preparations and for cadmium analysis

(see below). In addition, a piece of the small intestine was

fixed in 4% formaldehyde and later embedded in paraffin

for histological analysis.

RNA isolation and realtime RT-PCR

Total RNA of small intestine mucosa was isolated from

frozen tissue with TRIzol� (Invitrogen, Karlsruhe, Ger-

many), according to the method of (Chomczynski and

Sacchi 1987). TRIzol�, a solution of phenol and guanidine

for the isolation of total RNA from cells and tissues, was

used followed by an enzymatic digestion of DNA (Des-

oxyribonuclease I, Karlsruhe, Invitrogen). First-strand

cDNA synthesis was accomplished with SuperScript� Kit

(Invitrogen). Amplification of cDNA by real-time RT-PCR

was performed in a MX3005P thermal cycler (Stratagene)

or an iCycler (Bio-Rad). The protocol comprised 5 min at

95�C followed by 45 cycles of 94, 60 and 72�C for 1 min

each. For subunit 1A of cytochrome c oxidase we used the

forward 50-CGTCACAGCCCATGCATTCG-30 and the

reverse 50-CTGTTCATCCTGTTCCAGCTC-30, for VDR

the forward primer 50-GTGACTTTGACCGGAACGTG-30

and as reverse primer 50-ATCATCTCCCTCTTACGCTG-30,
for MT1a the forward primer 50-TTACACCGTTGCTCCA
GATTC-30 and as reverse primer 50-CAGCACTGTTCGT
CACTTCAG-30, for pS2 the forward primer 50-GGAAA
AGGGTTGCTGTTTTG-30 and as reverse primer 50-ACA
GGTGTGTATGAAGCAGGTG-30 and for ERb we used

forward primer 50-CTACAGAGAGATGGTCAAAAGTG
GA-30 and as reverse primer 50-GGGCAAGGAGACAGA

AAGTAAGT-30, for PCNA we used forward primer

50-GAGCAACTTGGAATCCCAGAACAGG-30 and as

reverse primer 50-CCAAGCTCCCCACTCGCAGAAAA
CT-30. The data were normalized relative to 1A expression

via the delta-delta method of (Pfaffl 2001), where subunit

1A of cytochrome c oxidase served as reference gene.

Western blot analysis

Pooled frozen small intestine mucosa samples were

homogenized and soaked in lysis buffer (50 mM Tris pH 8;

2 mM CaCl2, 80 mM NaCl, 1% Tx100) with enzyme

inhibitor PMSF (phenylmethanesulfonyl fluoride, dissolved

in isopropanol) at final 10 mM. The protein concentrations

were determined using DC Protein Assay (Bio-Rad,

München, Germany). Equal amounts of sample protein

(40 lg), charged with equal amounts of SDS-loading

buffer (4% SDS (sodium dodecyl sulfate), 20% glycerol,

10% 2-mercaptoethanol, 0.04% bromophenolblue, 0.125 M

Tris (pH 6.8) were loaded on a NuPAGE Novex 4–12%

Bis–Tris Midi Gel (Invitrogen, Karlsruhe, Germany),

elektrophoresed at 90 mA for 60 min and blotted onto

nitrocellulose membranes (Hartenstein, Würzburg, Ger-

many). The membranes were blocked with 5% BSA

(bovine serum albumin, K41-001, PAA Laboratories,

Pasching, Austria) in phosphate buffered saline at room

temperature for 1 h.

Primary antibodies were diluted in 5% BSA in phosphate

buffered saline: Actin 1:500 (A 5060, Sigma–Aldrich,

Deisenhofen, Germany), VDR 1:300 (ab54387, Abcam,

Camebridge, UK), ERb 1:200 (sc-8974, Santa Cruz, Hei-

delberg). Membranes were incubated with primary antibody

solution over night at 4� and rinsed five times for 5 min each

in PBS-T. Polyclonal Rabbit Anti-Mouse (P0260, Dako,

Hamburg, Germany) was used as species-specific HRP-

conjugated secondary antibody as well as Rabbit Anti-Rat

(E0468, Dako, Hamburg, Germany: membrane was addi-

tionally incubated with horseradish peroxidase-complex

since this second antibody is not HRP-conjugated). Mem-

branes were again rinsed three times for 5 min each in PBS-

T and then two times in PBS. Blot signals were visualized by

the chemoluminescent POD-Substrate (Lumi-Light Plus,

Roche Diagnostics, Mannheim, Germany) and quantified by

densitometry using the software Image J 1.38 (National

Institutes of Health, USA, http://rsb.info.nih.gov/ij/). The

ratio of the reference protein to the target protein was cal-

culated to account for inhomogeneous protein loading; actin

served as reference protein.

Immunohistochemistry

Pieces of small intestine were fixed in neutral buffered

formalin before being embedded in paraffin wax. 7 lm
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sections were mounted on slides precoated with polylysine

(Menzel Gläser, Hilden, Germany), then cleared, hydrated

and washed with PBS. Endogenous peroxidase was

blocked with 0.3% hydrogen peroxide in methanol, fol-

lowed by another wash with PBS. The cell wall was lysed

with 0.25% Triton-X-100 in PBS. The slides were washed

with PBS again prior to the blocking with 5% BSA. Sec-

tions were incubated with the primary antibody PCNA

(1:100, M0879, Dako, Glustrup, Denmark) at 4� over night,
washed with PBS and incubated with second antibody at

room temperature for 1 h and washed with PBS. Sections

were incubated with horseradish peroxidase-complex (HRP

horseradish peroxidase, RPN1051, GE Healthcare, Munic,

Germany), prior to addition of the substrate 3,3-diam-

inobenzidine (DAB). Control sections were processed as

above, omitting the primary antibody. Sections were

examined with a light microscope (Axiophot, Zeiss, Jena,

Germany).

Cadmium measurements

The Cd content was analyzed by atomic absorption spec-

trometry (AAS) after sample preparation as described

before (Höfer et al. 2009). In brief, the tissues were dried in

a Speed Vac RC 1022 Jouan (Thermo Scientific) for 4 h at

60�C. HNO3 (65%, puriss. p. a., Fluka, Buchs, Switzer-

land) was added to lyophilized organ samples (kidneys

about 80–190 mg or pooled intestine for each dose group),

digested with a high performance microwave system. A

solution prepared from digested sample and bidistilled

water was used for determination of cadmium by graphite

furnace atomic absorption spectrometry (GFAAS). For

internal quality control together with each digestion run

also reference material ‘‘Bovine Liver’’, BCR No.185R Lot

0940 (LGC-Standards, Wesel, Germany) was analyzed.

The detection limit was 5.0 lg/kg dry weight when using

100 mg lyophilisate.

Statistical analysis

Data on cadmium content in the kidneys were expressed as

mean ± S.D. We used two-way analysis of variance fol-

lowed by pair-wise comparison of selected means with the

Mann–Whitney U test. Differences in gene expression

were assessed by one-way ANOVA followed by Tukey’s

a posteriori test. Significance was set at *P\ 0.05,

**P\ 0.01, and ***P\ 0.001.

Results

Studies were conducted in ovariectomized (OVX) female

Wistar rats using different administration routes and

treatment schemes for cadmium to assess its estrogenic

effects, also in relation to steroid estrogen reference

groups: In the first experiment, rats received a single i.p

injection of CdCl2 at doses between 0.00005 and 2 mg/kg

bw. Secondly, CdCl2 was administered by gavage at doses

of 0.05, 0.5, 2, and 4 mg/kg bw/d for 3 days. Moreover,

CdCl2 was given for 28 days in drinking water (5, 50 and

150 ppm) that provided daily oral doses of 0.4, 4 and 9 mg/

kg bw. At termination of all three experiments, we have

determined body and organ (liver, kidney) weights as

indicators of cadmium toxicity, and also Cd contents in

blood, liver and uteri as well as molecular and histological

parameters of estrogenicity in the classical target tissue

uterus (data given in Höfer et al. 2009). The second part of

our investigation is reported here: It focused on studies of

estrogenic effects of cadmium in the rat intestine, and

included analysis of intestinal estrogen-regulated gene

expression and the proliferation marker PCNA, along with

an analysis of metallothionein (MT1a) expression and Cd

contents in small intestine and in kidney.

To study the distribution of cadmium after i.p. and oral

short-/long-term administration, the content in kidney and

small intestine was measured by atomic absorption spec-

trometry (Table 1). As expected, Cd contents in these tis-

sues increased with the administered dose. In the kidneys,

the highest Cd levels were found after i.p. injection: Rats

treated with 0.005 up to 2 mg/kg bw had significantly

higher Cd-levels (0.07 up to 21 lg/g dry weight) compared

to the OVX controls (0.05 lg/g dry weight). Gavage and

drinking water administration led to much lower Cd levels

in the kidneys (5.5 and 7.2 lg/g dry weight at the top doses

of 4 and 9 mg/kg bw, respectively) than i.p. injection. Rats

treated i.p. with a single dose of 0.5 or 2 mg CdCl2/kg bw

showed 14- and sevenfold higher kidney levels than ani-

mals treated orally for 3 days with the same doses, which

documents a clear route-dependent difference in Cd con-

tent for this organ. Interestingly, rats receiving ethinylest-

radiol in the subchronic experiment showed elevated

kidney Cd levels compared to the OVX control, an

observation indicative of a possible role for estrogens in the

disposition of cadmium (Blazka and Shaikh 1991).

The analysis of Cd-contents in the small intestine

(Table 1) revealed also dose-related increases in Cd tissue

levels. But, in this case the highest levels were found upon

oral short-term administration: Three daily doses of 0.05–

4 mg CdCl2/kg bw by gavage resulted in Cd-levels of 0.94

up to 56.5 lg/g dry weight in the small intestine. Inter-

estingly, oral administration by drinking water for 28 days

led to clearly lower Cd-levels in the small intestine, with up

to 8.3 lg/g dry weight. After i.p. injection of the heavy

metal (up to 2 mg/kg bw) the intestinal Cd-levels ranged

between 0.44 and 7.05 lg/g dry weight. These data indi-

cate interesting differences for Cd-deposition in the small
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intestine for different exposure routes and treatment

duration.

The mRNA expression of metallothionein (MT1a) was

investigated as a classical response parameter to cadmium

exposure and toxicity (Chan and Cherian 1992; Chan et al.

1992; Jin et al. 1998; Ghoshal and Jacob 2001), both in the

small intestine and in kidney. Results of this analysis are

depicted in Figs. 1 and 2 for experiments with i.p. and

gavage administration. Single injections of CdCl2 resulted

in an increased MT1a mRNA expression of about two- to

three-fold at the top dose of 2 mg/kg bw (Fig. 1). Inter-

estingly, MT1a expression in the small intestine and kidney

was also increased at the lowest i.p. dose of 0.00005 mg/kg

bw, and significantly higher in the kidney of E2-treated

rats. After short-term oral treatment with CdCl2 (Fig. 2a),

MT1a level were strongly (almost tenfold) increased in the

small intestine, with an apparently bell-shaped dose–

response between 0.5 and 4 mg/kg bw. In the kidney,

MT1a was also induced, with the strongest effect (about

ninefold) in the 2 mg CdCl2/kg bw/day dose group, and a

notable (four-fold) increase in the steroid estrogen group

(Fig. 2b).

In focusing now on hormonal effects of cadmium in the

small intestine, we investigated the expression of selected

estrogen-regulated genes and proliferation as additional

functional aspect. These results are shown in Figs. 3, 4, 5, 6

and 7.

The mRNA levels of pS2 (also known as TFF1: trefoil

factor family 1) were examined in rats after single i.p.

injection of CdCl2 or subchronic exposure to the heavy

metal ion with drinking water and in rats treated with

steroid estrogens. As expected, pS2/TFF1 expression was

significantly down-regulated in the estrogen-treated groups

(Fig. 3a, b) compared to OVX controls. Likewise, mRNA

expression of pS2/TFF1 was also strongly decreased after

cadmium exposure (Fig. 3), with two exceptions (at one

i.p. and one subchronic dose group). Whilst the lack of a

decrease in the first case may be explained with the low

Cd-level determined in the small intestine (at i.p. dose of

0.0005 mg/kg bw; Table 1) of the rats, we have no

explanation for the response of the other, orally exposed Cd

group.

The vitamin D receptor (VDR) served as another

parameter for assessing estrogenic activity, since previous

studies have shown that VDR is up-regulated in the duo-

denum after exposure to estrogens (Gilad et al. 2005; Gilad

et al. 2006). We observed an increased VDR expression by

real-time PCR analysis and Western blotting in the small

intestine of the estrogen reference group in the subchronic

oral experiment (Fig. 4). But, 4 weeks of exposure to

cadmium by drinking water had no significant effect on the

VDR expression in the small intestine of our rats.

Because of our interest in a possible modulation of

estrogen receptors in the small intestine, we first analyzed

the expression of ERa and ERb in this tissue and in the

uterus (Fig. 5a, b). In accordance with the literature (Kui-

per et al. 1997), we detected ERa to be the predominant

receptor form expressed in the uterus. In the small intestine

of our OVX rats we could not detect any expression of the

a-subtype, but weak expression of the ERb (Fig. 5). By

means of qPCR and Western blotting analysis we then

examined ERb expression in the small intestine (mucosa)

of rats after oral exposure to CdCl2 or to EE for 28 days:

The treatment apparently decreased ERb mRNA levels

compared to OVX controls (Fig. 6a). ERb expression

analysis at the protein level confirmed a strong down-reg-

ulation in mucosa of estrogen-treated and cadmium-

exposed groups, with a clear dose-related effect in the latter

(Fig. 6b, c).

Table 1 Cadmium content (lg/g dry weight) in rat kidneys and small

intestine after a single i.p. injection of CdCl2 or E2 and after oral

short-term (3 days by gavage) and long-term (4 weeks by drinking

water) administration of CdCl2 or EE

Application Dose

(mg/kg b.w)

Kidneya Small intestineb

Dry weight

(lg/g)
S.D. Dry weight

(lg/g)

i.p. OVX 0.05 0.01 0.31

Cd 0.00005 0.06 0.01 0.44

Cd 0.0005 0.06 0.01 0.34

Cd 0.005 0.07* 0.01 0.47

Cd 0.05 1.03** 0.98 0.74

Cd 0.5 7.33** 3.44 2.15

Cd 2 20.97** 13.05 7.05

E2 0.5 0.06 0.03 0.34

Gavage OVX 0.04 0.00 0.30

Cd 0.05 0.08*** 0.03 0.94

Cd 0.5 0.50*** 0.10 9.60

Cd 2 2.89*** 0.58 20.00

Cd 4 5.50*** 0.62 56.50

EE 0.1 0.04 0.00 0.31

Drinking water OVX 0.07 0.02 0.45

Cd 0.4 n.d. – 0.73

Cd 4 n.d. – 2.40

Cd 9 7.22** 1.49 8.30

EE 0.08 0.30* 0.23 0.44

n.d. Not determined

*P B 0.05, **P B 0.01, ***P B 0.001 significantly different from

the control group (OVX); Mann–Whitney U-test
a For kidneys, mean values ± S.D. are given for n = 6 animals per

dose group in the i.p. and drinking water experiment, and for n = 8

animals in the gavage experiment
b For the small intestine Cd-content was determined in tissue samples

pooled for each dose group, the values therefore represent averages
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PCNA served as marker for cell proliferation (Koroxe-

nidou et al. 2005; Diel et al. 2005). The mRNA expression

and immunohistological examination showed a significant

decrease of PCNA after oral long-term treatment with

9 mg CdCl2/kg bw and 0.08 mg/kg bw EE, respectively

(Fig. 7a, b).

Discussion

Estrogenicity of cadmium (Cd) has been investigated so far

in classical hormone target tissues by several groups

(Johnson et al. 2003; Alonso-González et al. 2007; Zhang

et al. 2007; Höfer et al. 2009). This is, to the best of our

knowledge, the first study on possible estrogenic effects of

the metallohormone in the intestinal tract. We also deter-

mined metal tissue levels for different routes and duration

of exposure. As shown in Table 1, administration of CdCl2
resulted in clearly elevated heavy metal levels in the kidney,

a well known target tissue for cadmium toxicity, and also in

the small intestine. To link Cd exposure to a typical metal

response parameter, we first investigated the expression of

the metallothionein (MT) gene MT1a. MTs are a family of

low-molecular-weight and cysteine-rich proteins comprised

Fig. 1 Relative mRNA expression of metallothionein 1a (MT1a) in

the mucosa of the small intestine (a) and in the kidney (b) after a
single i.p. injection of CdCl2 or E2. Mean values ± S.D. are given for

n = 6 animals per dose group. ***P B 0.001 significantly different

from the control group (OVX), ANOVA

Fig. 2 Relative mRNA expression of metallothionein 1a (MT1a) in

the mucosa of the small intestine (a) and in the kidney (b) after oral
short-term administration of CdCl2 or EE (3 days by gavage). Mean

values ± S.D. are given for n = 8 animals. *P B 0.05, **P B 0.01,

***P B 0.001 significantly different from the control group (OVX),
ANOVA
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of four major classes and isoforms (Thirumoorthy et al.

2007). MT-I and MT-II are ubiquitously expressed and

induced by a wide range of metals, drugs, inflammatory

mediators and other factors (Klaassen et al. 1999; Coyle

et al. 2002; Sato and Kondoh 2002). In ovariectomized rats,

a single i.p. injection of 0.00005–2 mg CdCl2/kg bw

resulted in a similar modulation of MT1a expression in the

kidney and in the small intestine (Fig. 1), with the lowest

and highest administered doses of CdCl2 increasing MT1a

in both organs about threefold. The apparently U-shaped

dose–response for MT1a was unrelated to Cd-content

measured in the intestine after i.p. injection (Table 1).

Conversely, after oral short-term administration the

MT1a expression in the intestine and in the kidney was

dose dependently stimulated (Fig. 2), with a bell-shaped

dose–response between 0.05 and 4 mg/kg bw and a

stronger, up to tenfold increase of MT mRNA levels than

upon i.p. injection. This result is in accordance with pre-

vious studies demonstrating that oral Cd administration

increased mucosal MT levels more efficiently than paren-

teral (s.c.) injection (Elsenhans et al. 1994). That the

highest oral dose of 4 mg CdCl2/kg bw led to a less pro-

nounced MT1a expression (about fivefold) in the small

intestine compared to the group treated with 2 mg CdCl2/

kg bw (about ten-fold) might be due to an elevated

excretion of Cd in the lumen or a release of mucosal cells

as a consequence of local toxicity. Toxicity could also

explain the lack of MT1a induction in the kidney observed

after oral administration of 4 mg CdCl2/kg bw, since Cd

can cause renal damage at as low concentrations as 10 lg
per g (Nordberg 1998), and high Cd levels were found in

kidney ([50 lg/g; Table 1).

Remarkably, also the steroids estradiol and ethinylest-

radiol increased the MT1a expression after i.p. and oral

administration, with significant effects in the kidneys,

indicating that MT1a is an estrogen responsive gene. This

result is in line with previous in vivo studies demonstrating

an increase of metallothionein after steroid estrogen treat-

ment in kidneys (Blazka and Shaikh 1991) and in uterus

(Rivera-Gonzalez et al. 1998). This raises the possibility

that the stimulation of MT1a by Cd is an ER-mediated

effect, rather than due to metal-induced oxidative stress. To

answer this question further experiments using combina-

tions of Cd and ER-antagonists will be performed in the

future.

To investigate whether Cd exerts ER-mediated effects in

the intestine, we assessed expression of genes known to be

regulated by steroid estrogens, e.g. the classical ER-regu-

lated gene pS2/TFF1 gene. PS2 is modulated by estradiol,

not only in typical estrogen target cells such as MCF-7

(Brown et al. 1984), but also in the gut (Singh et al. 1998).

The pS2 mRNA expression in the small intestine of the

OVX rats in the i.p. and in the 28-days experiment was

significantly down-regulated upon treatment with the ste-

roid estrogens, and also after treatment with Cd at most

dose levels (Fig. 3). To date, effects of Cd on the pS2 gene

expression in the gut have not been studied. On the other

hand, in Wistar rats exposed to water restraint stress (WRS)

that induced gastric lesions, (Nie et al. 2004) observed an

increase in pS2 expression. Interestingly, (Murphy 1998)

and (Marchbank et al. 1998) assume a role in mucosal

healing for pS2, and (Singh et al. 1998) detected pS2

mRNA with a significantly higher signal intensity in nor-

mal mucosa compared with cancer tissue.

The vitamin D receptor (VDR) served as another

parameter of estrogenic activity. Previous studies have

shown that the VDR is up-regulated in vitro in intestinal

HT-29 cells (Gilad et al. 2006), and also in vivo in rat

Fig. 3 Relative mRNA expression of pS2/TFF1 in the mucosa of the

small intestine after a a single i.p. injection of CdCl2 or E2, b after

long-term administration of CdCl2 or EE (4 weeks, by drinking

water). Mean values ± S.D. are given for n = 6 animals per dose

group. *P B 0.05, **P B 0.01, ***P B 0.001 significantly different

from the control group (OVX), ANOVA
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colonocytes and duodenocytes after exposure to estrogens

(Liel et al. 1999; Schwartz et al. 2000). In line with this

data, we found a clearly increased VDR expression by

qPCR analysis and Western blotting in small intestine of

the EE treated group, whereas the 4-week oral adminis-

tration of 0.4, 4 and 9 mg CdCl2/kg bw/day by drinking

water showed no significant effects on VDR mRNA and

protein expression in the small intestine of the rats (Fig. 4).

Both, the different response of the VDR to steroid hormone

and to Cd, and the comparable response of pS2–these

compounds, are indicative for an estrogen receptor-medi-

ated effect. These distinct responses can be explained in

considering mechanisms of estrogen signaling for the two

genes: The estrogen receptor contains eight conserved

cysteine residues rich in SH-groups (Pettersson and Gu-

stafsson 2001). The heavy metal Cd can readily bind to

sulfhydryl-groups, apparently also at the 17b-estradiol
binding site of the receptor (Young et al. 1977). As a result

of interaction with the metalloestrogen, two estrogen

receptors could then dimerize and bind to the estrogen

Fig. 4 Relative mRNA expression of vitamin D receptor (VDR) (a)
and (b) Western blot analysis with associated densitometric analysis

(c) of VDR protein expression in mucosa from control (OVX), Cd-

(longterm, 28 days) and EE-treated rats. a Mean values ± S.D. are

given for n = 6 animals per dose group. **P B 0.01 significantly

different from the control group (OVX), ANOVA

Fig. 5 ER a (a) and b (b) expression in the uterus and mucosa of the

small intestine of OVX Wistar rats

Fig. 6 Expression of estrogen receptor beta (ERb): Analysis of

mRNA (a), and Western blot analysis (b) with associated densito-

metric analysis (c) of ERb protein in the mucosa of the small intestine

of rats treated with CdCl2 and EE by drinking water for 28 days

(longterm-experiment). a Mean values ± S.D. are given for n = 6

animals per dose group. *P B 0.05, ***P B 0.001 significantly

different from the control group (OVX), ANOVA
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Fig. 7 Relative mRNA

expression of proliferating cell

nuclear antigen (PCNA) in the

mucosa of the small intestine

(a), b immunhistochemical

staining of PCNA in cross

sections of the small intestine of

control (OVX), Cd- and EE-

treated animals (drinking water

experiment). a: Mean

values ± S.D. are given for

n = 6 animals per dose group.

*P B 0.05, ***P B 0.001

significantly different from the

control group (OVX), ANOVA
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responsive elements (EREs) in the promoter region of

target genes, as it happens after the usual activation by

natural ligands and other estrogenic compounds (Nilsson

et al. 2001; Byrne et al. 2009). The pS2 gene possesses an

ERE in the promoter (Ribieras et al. 1998), and in our

experiments this target gene was similarly affected by Cd

and steroid hormone. But, there is no evidence for the

existence of EREs within the promoter of the VDR gene

(Gilad and Schwartz 2007), and upregulation of VDR gene

expression by estradiol involves phosphorylation of Raf,

ERK 1/2 and c-Jun (Gilad et al. 2005; Gilad et al. 2006;

Gilad et al. 2007). It is unclear at present whether the

metallohormone can activate these signaling events in the

intestine which expresses subtype ERb. Cd was found to

trigger a transient phosphorylation of ERK in MCF-7 cells

expressing ERa, but not in MDA-MB231 cells that express

only ERb (Liu et al. 2008). It is worth noting in this context

that ERa was detected in the uterus, but not in the small

intestine of our rats, whilst the ERb subtype was expressed

in this tissue (Fig. 5). This expression pattern for ER a and

b is in line with literature data on their tissue distribution

(Kuiper et al. 1997; Kuiper et al. 1996; Enmark and Gu-

stafsson 1999; Gustafsson 2000; Diel 2002; Couse and

Korach 2004).

Estrogen receptor expression is known to be modulated

by the natural ligand 17b-estradiol (Grody et al. 1982;

Enmark and Gustafsson 1999; Deroo and Korach 2006).

Thus, we further investigated the potential modulation of

the estrogen receptor subtype b in the small intestine of rats

upon treatment with Cd: Using real-time PCR and Western

blotting, we found a dose dependent down-regulation of

ERb in small intestine at the mRNA (Fig. 6a) and also at

the protein level (Fig. 6b, c) after long-term metallo-hor-

mone (0.4, 4 and 9 mg CdCl2/kg bw/d with drinking water)

and steroid estrogen (EE 0.08 mg/kg/d) treatment. The

ERb has been shown to play a crucial role in the regulation

of inflammation (Gustafsson 2003; Harris et al. 2003;

Harnish et al. 2004; Harnish 2006), and in tumour pro-

gression (Foley et al. 2000; Konstantinopoulos et al. 2003;

Bardin et al. 2004; Martineti et al. 2005).

Recently, we have demonstrated a modulation of tissue

homeostasis in the intestine and colon by ERb-selective
ligands (Fritzemeier et al. 2008). Therefore, we also stud-

ied the effects of Cd administration on intestinal tissue

homeostasis. When measuring PCNA mRNA expression as

an index for proliferation in the oral long-term experiment,

we observed a significant decrease of PCNA in the groups

treated with 9 mg CdCl2/kg bw and 0.08 EE/kg bw,

respectively, and the immunohistological examination of

small intestine slices revealed the same picture (Fig. 7).

Previously, Zhang et al. (2007) found a decreased expres-

sion of PCNA in the endometrium after i.p. injection of

1.2 mg CdCl2/kg bw. Significant reductions in PCNA

expression have been described after oral administration of

ethinylestradiol and/or ERb-selective ligands (Fritzemeier

et al. 2008). This data supports the view that also Cd

modulates intestinal tissue homeostasis via ERb-mediated

mechanisms, although this has to be confirmed in future

investigations.

In summary, data of the present study demonstrate a

dose- and route dependent distribution of Cd in rats, with

the highest levels in kidney upon i.p. injection, and in the

intestine upon gavage administration. The heavy metal did

induce metallothionein (MT1a) in both organs, with

stronger effects upon oral administration. Novel and more

important is the finding that classical response parameters

for estrogenicity were affected concomitantly in the small

intestine: Both, estrogen-responsive pS2 gene and ERb
were clearly down-regulated by oral Cd administration.

These effects are of concern with regard to intestinal dis-

eases as pS2 is involved in mucosal healing and ERb in

inflammatory bowel diseases. Moreover, a loss of ERb has

been observed in the progression of intestinal cancers.

Further studies are indicated to investigate specific mech-

anisms of Cd interactions with ERb, and studies on

immunomodulatory effects of the heavy metal (Pillet et al.

2006), in particular in the gut as a tissue with high local Cd

concentrations. Both aspects are important, even though

EFSA has recently lowered PTWI values for Cd in food

(EFSA 2009).
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Epidemiological data indicate that intake of estrogens and isofla-
vones may be beneficial for the prevention of colorectal cancer
(CRC). Based on this data, the aim of the study was to investigate
estrogen receptor (ER) subtype-specific effects on intestinal ho-
meostasis. Ovariectomized (OVX) female Wistar rats were either
treated with 17b-estradiol (4 mg/kg body wt/day) (E2), an ERa-
specific agonist (ALPHA) (10 mg/kg body wt/day), an ERb-
specific agonist (BETA) (100 mg/kg body wt/day) or genistein
(GEN) (10 mg/kg body wt/day) for three weeks. Vehicle-treated
OVX and SHAM animals and those cotreated with BETA and the
pure antiestrogen Fulvestrant (ICI 182780) (100 mg/kg body wt/
day and 3 mg/kg body wt/day) served as controls. GEN and BETA
treatment but not E2 and ALPHA administration reduced pro-
liferation in ileal and colonic mucosa cells. The rate of apoptosis in
the small intestine and colon was increased by treatment with
BETA and GEN, but not by E2. BETA induced antiproliferative
and proapoptotic activity also in SHAM animals. The effects were
antagonized by the pure antiestrogen Fulvestrant. Polymerase
chain reaction gene array analysis revealed that BETA resulted
in the downregulation of the oncogene transformation-related
protein 63 (p63). Our data indicate that activation of the ERb
by specific ERb agonists and GEN induces antiproliferative and
proapoptotic effects in the intestinal tract. This observation can
be taken as an indication that intake of GEN and specific ERb
agonists may protect the ileal and colonic epithelium from tumor
development via modulation of tissue homeostasis.

Introduction

Postmenopausal hormone replacement therapy mediates protective
effects in the intestinal tract and may effectively counteract tumor
development (1,2). Thus, long-term supplementation of postmeno-
pausal women with estrogen plus progestin results in a lower inci-
dence of colorectal cancer (CRC) (3–5). Although it is consistently
reported that estrogenic actions are responsible for these protective
effects, the specific molecular mechanisms are still under investiga-
tion. In recent years, studies with estrogen receptor knockout mice
(ERKOs), and those performed with ER subtype-specific agonists,
have heightened interest in novel estrogen targets in the body (6–8),
such as the cardiovascular system, prostate, skeletal muscle and in-
testinal epithelium. In this context investigation of estrogen receptor
(ER) subtype-specific actions seems to be promising and studies
with ERKOs and selective ER modulators suggest ERb-selective
compounds to be useful in treating diseases like prostate cancer,

autoimmune diseases, neurodegeneration, malignancies of the
immune system and colon cancer (9).
The distribution of ERs varies within different types of tissues (10).

Thus, unlike classical estrogen sensitive tissues, such as the uterus and
mammary gland, where ERa is the predominantly expressed receptor
isoform (11), epithelial cells of the digestive tract express predomi-
nantly ERb (12,13), implicating a major importance of this ER
subtype in small intestine and colon.
Studies conducted with ER subtype-specific ligands (14) and those

performed with estrogen receptor b-knockout mice (ERbKOs)
(15,16) have illustrated the involvement of ERb in cellular anti-
inflammatory pathways and tissue homeostasis in the colon. These
results suggest that ERb-specific ligands may be promising targets in
the pharmaceutical and therapeutical treatment of inflammatory
bowel disease and the prevention of CRC.
Interestingly, several studies have shown that the expression of ERb

expression is significantly reduced in colon tumor cells and colon
cancer cell lines (13,17,18). The potential role for ERb-specific
ligands in prevention of CRC, and the importance of ERb-specific
signaling for maintenance of colonic tissue homeostasis (15) as well
as the epidemiological differences in occurrence of CRC in eastern
and western populations (19) consequently led to investigations on the
potential role of phytoestrogens in prevention of CRC (19).
Studies performed with ERbKOs suggest that ERb-specific ago-

nists and ERb-selective phytoestrogens like genistein (GEN) and cou-
mestrol (COU) may serve as potential regulators of intestinal tissue
homeostasis (2,16). In this context, the aim of this study was to in-
vestigate the influence of ERa- and ERb-specific agonists and of GEN
on cell proliferation and apoptosis of the small intestine and the colon.
Recent data indicate that ERb-specific agonists and GEN inhibit ep-
ithelial proliferation of the prostate and mammary gland (19–21) and
can even impede prostate cancer development (22). It can therefore be
assumed that ERb-specific agonists supposably will also inhibit the
proliferation of the intestinal epithelium.
To prove this hypothesis in this study, ovariectomized (OVX) rats

were treated with 17b-Estradiol (E2), the phytoestrogen GEN and ER
subtype-specific agonists for ERa (ALPHA) and ERb (BETA) for
3 weeks. The novel highly selective steroidal ERb agonist 8b-VE2
(BETA) and the highly selective ERa agonist 16a-LE2 (ALPHA)
(Figure 1A) belong to the most potent ER subtype-specific estrogens
identified to date (23,24).
In order to evaluate if the potential effects of BETA also occur under

normal physiological conditions in the presence of endogenous E2,
intact SHAM-operated female rats were treated. To prove if the ob-
served effects are mediated via ERb, one control group was cotreated
with BETA and the pure antiestrogen Fulvestrant. Vehicle-treated OVX
animals served as controls. In the large intestine, we analyzed the
expression of the proliferation cell nuclear antigen (PCNA) as a marker
for proliferation and cleaved cytokeratin-18 (M30) as a marker for
specific measurement of epithelial apoptosis (25). In the small intestine,
we analyzed apoptosis by terminal deoxynucleotidyl transferase-medi-
ated deoxyuridine triphosphate nick end labeling (TUNEL) staining
and caspase-3 activation. The TUNEL method labels fragmented
DNA, which is a characteristic of the apoptotic cells (26). In addition
to this, we analyzed PCNA as a marker for proliferation.
The aim of this study was to elucidate the effects of an ERb-

specific agonist (BETA) on intestinal homeostasis. Based on
previous studies, we hypothesized that BETA inhibits intestinal pro-
liferation. A polymerase chain reaction (PCR) array analysis of
apoptosis-related genes was performed to identify molecular mech-
anisms involved in the modulation of tissue homeostasis by ERb in
the colon.

Abbreviations: CRC, colorectal cancer; ER, estrogen receptor; ERbKO, es-
trogen receptor b-knockout mice; GEN, genistein; HRP, horseradish peroxi-
dase; mRNA, messenger RNA; OVX; ovariectomized, PCR; polymerase chain
reaction, TUNEL; terminal deoxynucleotidyl transferase-mediated deoxyuri-
dine triphosphate nick end labeling.
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Methods

Substances

17b-Estradiol [Estra-1,3,5(10)-trien-3,16a,17b-diol] and GEN (4#,5,7-
trihydroxyisoflavone) were provided by Sigma–Aldrich (Deisenhofen,
Germany). The specific ER agonists ALPHA (16a-LE2,3,17-dihydroxy-
19-nor-17a-pregna-1,3,5(10)-triene-21,16a-lactone) and BETA (8b-VE2,8-
vinylestra-1,3,5(10)-triene-3,17b-diol) (Figure 1A) were provided by the
Bayer Schering Pharma AG (Berlin, Germany). The pure antiestrogen Fulves-
trant (ICI 182780, Faslodex�) was delivered by AstraZeneca (Wedel,
Germany). GEN was provided by LC Laboratories (Woburn, MA).

Diet

All rats had free access to a diet low in phytoestrogen content (ILD) (SSniff
GmbH, Soest, Germany) and water ad libitum.

Animals

Adult female Wistar rats (200–220 g) were obtained from Janvier (Le Genest
Saint Isle, France) and were maintained under controlled conditions of tem-
perature (20�C ± 1, relative humidity 50–80%) and illumination (12 h light,
12 h dark). All animal experiments were approved by the Committee on
Animal Care and complied with accepted veterinary medical practice.

Animal treatment and tissue preparation

Postpubertal animals were OVX at the age of 3 months weighing 200–220 g or
sham operated. After 14 days of endogenous hormonal decline, the animals
were treated with the test compounds or vehicle for 3 weeks. The animals were
randomly allocated to treatment and vehicle groups (n5 6). E2 (4 lg/kg body
wt/day), GEN (10 mg/kg body wt/day), ALPHA (10 lg/kg body wt/day),

BETA (100 lg/kg body wt/day) and Fulvestrant (3 mg/kg body wt/day) were
dissolved in dimethylsulfoxide (200 ll/kg body wt/day) and corn oil (800 ll/kg
body wt/day) for subcutaneous administration. The treatment doses of the
respective substances were chosen based on previous experiments (27). GEN
has been demonstrated to be effective at a dose of 10 mg/kg body wt/day (28).
For isotype-specific ER activation, we used the selective ER agonists ALPHA
and BETA (Figure 1A). Because these compounds activate both receptors at
higher concentrations (23), doses of 10 lg/kg body wt/day (ALPHA) and
100 lg/kg body wt/day (BETA), respectively, were chosen. For these doses,
action through either ERa or ERb, respectively, can be anticipated (23,24). In
order to antagonize ER-specific effects of BETA, OVX animals were cotreated
with BETA (100 lg/kg body wt/day) and Fulvestrant (ICI 3 mg/kg body wt/
day). An additional antagonization experiment was performed to evaluate if the
effects of E2 on p63 messenger RNA (mRNA) expression in the colon are ER
mediated (Figure 6C).

Animals were killed by decapitation after light anesthesia with CO2 inhala-
tion. Uteri and intestinal tissues were prepared free of fat and were fixed in 4%
formalin (for immunohistochemical analysis) and liquid nitrogen (for
molecular biology). The uterine wet weights were determined.

Western blot analysis, apoptosis detection

We examined the expression of PCNA as a marker for proliferation and the
activation of caspase-3 as a marker for apoptosis and cleaved cytokeratin-18
(M30) as marker for epithelial apoptosis by western blot analysis. The selec-
tion of proliferation and apoptosis markers was based on previous studies.
PCNA (29), activated caspase-3 (30) and cleaved cytokeratin-18 (31) have
been described as suitable markers for assessing proliferation and apoptosis
in intestinal and colonic tissue.

Fig. 1. Chemical structure of selected compounds and estrogenic potency. (A) ER subtype-specific agonists chemical structures of 17b-estradiol (E2), GEN and
the ER subtype-specific agonists: 16a-LE2 (ALPHA), 8b-VE2 (BETA). (B) Uterine wet weight is significantly higher in E2 and ALPHA groups compared with
OVX uterine wet weights of OVX rats after 3 weeks of hormonal treatment. Abbreviations: E2 5 17b-estradiol-substituted group, ALPHA 5 16a-LE2-treated
group, BETA 5 8b-VE2-treated group, BETA þ ICI 5 8b-VE2 þ ICI-treated group, OVX 5 ovariectomized group, GEN 5 group substituted with genistein.
SHAM 5 sham-operated group, SHAM þ BETA 5 sham-operated group treated with 8b-VE2. �Denotes values significantly different from the OVX group,
P � 0.01.
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Ileal mucosa and colon were dissected from the animals and immediately
stored in liquid nitrogen. Pooled frozen tissue (n 5 6 animals per group) was
powdered and homogenized in a buffer (623.5 nM Tris pH 8 ethylenediami-
netetraacetic acid) containing enzyme inhibitors (5 mg/ml aprotonin, 5 mg/ml
leupeptin, 1 mg/ml pepstatin-A, 5 mg/ml antipain and 100 mM pefac in 0.5 M
ethylenediaminetetraacetic acid, pH 8). Protein concentrations were deter-
mined by the method of Lowry (Dc Protein Assay; Bio-Rad, Hercules, CA).
Equal amounts of sample (40 lg protein) were loaded on a Protean II ready Gel
(Bio-Rad). After electrophoresis and separation, samples were transferred onto
nitrocellulose membranes and blocked with 5% bovine serum albumin in
phosphate (100 mM)-buffered saline solution (pH 7.4) at room temperature
for 2 h. The immobilized proteins were quantitatively detected using specific
antibodies for actin (A5060; Sigma–Aldrich, Steinheim, Germany), PCNA
Clone PC 10 (Dako, Glostrup, Denmark), active caspase-3 (557035, BD Phar-
mingen, Heidelberg, Germany) and cleaved cytokeratin-18, fagment 30, M30
CytoDEATH (1214032 001; Roche Diagnostics, Mannheim, Germany).

Polyclonal swine anti-rabbit immunoglobulins/horseradish peroxidase
(HRP) and polyclonal rabbit anti-mouse immunoglobulins/HRP (P0217 and
P0260; Dako) were used as species-specific HRP-conjugated secondary anti-
bodies.

Blot signals were visualized by the chemiluminescent POD-Substrate
(Lumi-Light Plus; Roche Diagnostics) and a Fluorchem Luminescent Imager
(Alpha Innotech, Santa Clara, CA).

The protein bands were quantified by densitometry using ImageJ 1.38. To
account for non-homogenous protein loading of the slots, we calculated the
ratio of the reference protein (actin) to the target protein (PCNA, active
caspase-3 and M30).

Immunohistochemistry

Formalin-fixed intestinal samples were embedded in paraffin and 7 lm thin
sections were prepared with a microtome. We have examined the proximal

7 mm of the ileum and the colon. After deparaffinization, antigen retrieval was
performed in an incubator for 20 h at 60�C in 0.01 M citrate buffer pH 6.0.
Subsequently, endogenous peroxidases were blocked for 20 min with 3%
hydrogen peroxide and the slides were covered with a 0.25% Triton X-100
solution for 10 min.

The primary antibody, PCNAClone PC10 (Dako) was applied at dilutions of
1:100, respectively. After 1 h incubation with the primary antibodies, samples
were incubated with the secondary antibody, polyclonal goat anti-mouse im-
munoglobulins/biotinylated (Dako). Afterward, the sections were covered with
Streptavidin-biotinylated HRP Complex (GE Healthcare, Buckinghamshire,
UK) at a dilution of 1:400. The samples were developed with diaminobenzi-
dene for 10 min. For negative controls, slides were immunostained in the
absence of the primary antibody.

TUNEL stain was performed according the APO-Direct Kit (AD-1001),
Pheonix Flow Systems, San Diego, CA.

Evaluation of staining results

Quantitative analysis was performed in complete crypts of normal mucosa.
Brown nuclear staining was indicative of a positive PCNA signal. For a quan-
titative measurement, PCNA- or TUNEL-positive cells were counted per crypt.
Ten different crypts per animal were counted and averaged.

Gene array analysis

Gene array analysis was performed using the Rat Apoptosis RT2 ProfilerTM

PCR Array (SA Biosciences, Frederik, MD).

Real-time PCR

RNA was isolated from 100 mg of pooled frozen mucosa from the small
intestine or the colon. Intestinal tissue was pulverized using mortar and pestle
and homogenized with a hand held homogenizer in 1 ml of Trizol on ice. Total

Fig. 2. Immunohistochemical staining of PCNA and TUNEL staining in the ileum. (A) Depicted are representative cross sections (magnification �200) of the
ileum after immunohistochemical staining of PCNA-positive nuclei. (B) Semiquantitative analysis was performed in complete crypts. Brown nuclear staining was
indicative of a positive PCNA signal. The number of proliferating nuclei is lower in GEN and BETA groups compared with OVX. �Denotes values significantly
different from the OVX group, P � 0.01. (C) TUNEL staining (magnification �10) of the ileum: BETA and ALPHA enhance TUNEL-positive cells compared
with OVX. Please note that colored signals are shown here in black/white. (D) Semiquantitative analysis of TUNEL staining. Analysis was performed in complete
crypts. Staining was indicative of a positive TUNEL signal. �Denotes values significantly different from the OVX group, P � 0.01.
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RNA was isolated using a standard TRIzol� (Invitrogen, Carlsbad, CA) pro-
tocol followed by first-strand complementary DNA synthesis with the Quanti-
Tect Rev. Transcription Kit (Qiagen, Hilden, Germany). Real-time PCR was
performed in a Stratagene Mx3005P (Agilent Technologies, Waldbronn, Ger-
many) real-time PCR cycler. The protocol consisted of 40 cycles of 94, 60 and
72�C for 1 min each. Specific primers were designed with primer 3 software
(Whitehead Institute for Biomedical Research, Cambridge, MA) based on the
complementary DNA sequences available at the EMBL database.

Primer sequences—p63: forward, 5#-ATCGTTACTCTGGAAACCAG-3#;
reverse, 5#-CATGTGAGTGCCCATCATAG-3#. PCNA: forward, 5#-GAG-
CAACTTGGAATCCCAGAACAGG-3#; reverse: 5#-CCAAGCTCCC-
CACTCGCAGAAAACT-3#.

All PCRs were run in triplicate for each sample and threshold cycles (CT)
were measured. A DCT value was calculated for each sample by subtracting
the CT value of the reference gene (1A) from the CT value of the gene of
interest. To reduce interassay variation, all samples were normalized to the
DCT value of a control sample (OVX, DDCT). The relative expression levels of
the genes of interest were calculated using the expression 2�DDCT and are
reported as the fold induction.

Statistical analysis

All data are expressed as arithmetic means with their standard errors. Statistical
significance of differences was calculated using one-way analysis of variance,
following Tukey’s honest significance test where it was appropriate. Signifi-
cance was established at P ,0.01, n 5 6.

Results

Uterus wet weight is stimulated by E2 and ALPHA

Treatment of OVX rats with E2 or ALPHA led to a strong stimulation
of uterine wet weight, whereas application of GEN resulted only in
a faint, although significant increase while BETA-treated animals
showed no significant uterine stimulation (Figure 1B).

GEN and BETA reduce proliferation and stimulate apoptosis in the
ileum

To investigate effects of the different estrogenic compounds on in-
testinal tissue homeostasis, protein expression of the proliferation
marker PCNA was determined by immunohistochemistry, real-time
PCR and western blot analysis. To analyze apoptosis, activation of
caspase-3 (small intestine) and cleavage of cytokeratin-18 (colon) was
determined by western blot, DNA cleavage was determined by
TUNEL staining.
In the small intestine, immunostaining revealed that PCNA expres-

sion in OVX animals was slightly induced by administration of E2 and
ALPHA (Figure 2A). Interestingly, treatment of OVX animals with
BETA and GEN significantly reduced PCNA protein expression de-
tected by immunohistochemistry (Figure 2A and B). This observation
was supported by western blot analysis (Figure 3A) and real-time
PCR (Figure 3B). The rate of apoptosis, indicated by the amount of
activated caspase-3, was significantly increased after BETA, GEN,
ALPHA and E2 treatment in ileal mucosa cells (Figure 3C). TUNEL
staining in the ilium of ALPHA- and BETA-treated animals con-
firmed the results of the caspase-3 activation by showing that BETA
treatment increased TUNEL-positive signals in the crypts relative to
OVX (Figure 2C and D).

Effects of BETA on proliferation and apoptosis occur in intact animals
and are mediated via ERb
To investigate whether the observed effects of BETA on proliferation
and apoptosis also occur in intact animals and are ER mediated, an
antagonization experiment was performed by coadministering BETA
and the pure antiestrogen Fulvestrant to sham-operated (SHAM)
animals. Administration of BETA induced apoptosis and inhibited

Fig. 3. Western blot and real-time PCR analysis of markers for proliferation (PCNA) and apoptosis (active caspase-3) in the ileum: BETA inhibits proliferation
and induces apoptosis, whereas ALPHA induces both proliferation and apoptosis. (A) Depicted are representative western blots and the densitometric analysis of
PCNA in the ileum. �Denotes values significantly different from the OVX group, P� 0.01. (B) Analysis of PCNAmRNA expression in the ileum. E2 and ALPHA
increased PCNA expression, whereas BETA decreased PCNA mRNA expression. �Denotes values significantly different from the OVX group, P � 0.01. (C)
Depicted are representative western blots and the densitometric analysis of activated caspase-3 in the small intestine. �Denotes values significantly different from
the OVX group, P � 0.01.
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proliferation in the ileum of SHAM rats (Figure 4). Coadministration
of Fulvestrant resulted in an antagonization of the proapoptotic and
antiproliferative effects of BETA (Figure 4).

GEN and BETA reduce proliferation and induce apoptosis in the
colon

Intestinal tumors most often start to develop in the colon. It is there-
fore highly relevant to investigate whether activation of ERb also
modulates the tissue homeostasis in this part of the gastrointestinal
tract. As shown in Figure 5A and B, administration of BETA and GEN
resulted also in the colon in a repression of proliferation and an in-
duction of apoptosis indicated by the reduced PCNA expression and
the increased expression of cleaved cytokeratin-18, M30.

E2, BETA and GEN reduce the expression of the oncogene p63

To identify molecular mechanisms involved in the regulation of tissue
homeostasis in the intestine after activation of ERb, a PCR array
analysis of apoptosis-related genes was performed using homoge-
nized colon cells of BETA-treated animals. A variety of apoptosis
related genes were shown to be significantly regulated by BETA
(Figure 6A). The oncogene p63 turned out to be strongly suppressed.
Real-time PCR analysis of p63 expression confirmed the array results
by showing that p63 mRNA was downregulated in the colon after
BETA, E2 and GEN administration (Figure 6B). Coadministration
of the pure antiestrogen Fulvestrant resulted in an antagonization of
the E2-mediated p63 suppression (Figure 6C).

Discussion

The intestinal adenoma–carcinoma sequence is known to be initial-
ized by an accumulation of genetic alterations causing disorders in
cellular proliferation, differentiation and apoptosis (32). Although cell
proliferation changes have been extensively studied in the adenoma–
carcinoma sequence (33), less is known about alteration in cellular

apoptosis patterns during CRC development and considerable contro-
versy exists as to whether the apoptosis signaling increases or de-
creases during the adenoma–carcinoma sequence (34). Although
pathophysiological changes that lead to CRC are still under investi-
gation, recent studies describe the colon to be one of the tissues where
ERb is known to influence homeostasis (16,35). Studies with
ERbKOs indicate that this ER subtype is essential for maintenance
of cellular homeostasis and for driving differentiation in the colon.
ERb is therefore a possible target for modalities of prevention and
medical treatment of CRC (15,16).
In this context, the results of the present study demonstrate that

ERb-specific agonists and phytoestrogens that bind with a high affin-
ity specifically to the ERb, such as GEN have an impact on the
maintenance of tissue homeostasis in the normal non-malignant di-
gestive tract of female rats. In contrast to E2 and the ERa-specific
agonist (ALPHA), treatment with an ERb-specific agonist (BETA) led
to a strong reduction of PCNA protein expression in the ileum (Fig-
ures 2A and B, 3A and 4) and colon (Figure 5A and B). BETA induced
caspase-3 activation in the ileum (Figures 3C and 4) and a strong
increase of cleaved cytokeratin-18 in the colon (Figure 5B). More-
over, BETA evoked a dramatic increase in TUNEL-positive cells in
the ileum (Figure 2C and D). Together, the data show that the treat-
ment with BETA reduces proliferation and induces apoptosis in the
ileum and the colon.
As TUNEL staining (Figure 2C and D) and cleaved cytokeratin-18

(Figure 5B) show, the BETA-mediated apoptosis is predominantly
located in the intestinal epithelium since cleaved cytokeratin-18 is
recognized as a specific marker for epithelial apoptosis (31). The
present results show that E2 enhances the mRNA expression of PCNA
in the ileal mucosa significantly compared with OVX. This effect was
also evident on the protein level of expression, although without
significance. This might be explained by posttranslational modifica-
tions of PCNA through enzymes involved in acetylation, alkylation or
oxidation and could be a cellular strategy to attenuate the proliferative

Fig. 4. Effects of BETA on proliferation and apoptosis in intact animals and in the presence of the pure antiestrogen Fulvestrant (ICI) in the ileum depicted are
representative western blots and the densitometric analysis of PCNA and active caspase-3 in the ileum of OVX rats and SHAM rats. �Denotes values significantly
different from the OVX group, P � 0.01.

Effect of ER-specific agonists on intestine

5

 at U
niversitaets- und Landesbibliothek D

uesseldorf on O
ctober 4, 2011

carcin.oxfordjournals.org
D

ow
nloaded from

 



effects of E2 to achieve a homeostatic balance between proliferation
and apoptosis of intestinal mucosa.
This result is in agreement with studies conducted in ERbKOs,

where the number of colonic-proliferating cells is increased and cas-
pase-3 cleavage is decreased in the absence of ERb (2,16). The de-
scribed effects of BETA also occurred in intact animals (Figure 4).
This indicates that selective activation of ERb also in the presence of
endogenous, physiological levels of E2 resulted in a change of tissue
homeostasis toward reduced proliferation rates and increased apopto-
sis. In our opinion, this can be taken as an indication that the effect is
not gender specific and that treatment with ERb-selective ligands also
in males may result in comparable effects. This hypothesis agrees
with epidemiologic data demonstrating that a diet rich in GEN results
in a reduced colon cancer risk also in males (19) but has to be con-
firmed in future investigations. Also in agreement with studies in
ERbKO mice, our data demonstrates that the effects of BETA could
be antagonized by the antiestrogen Fulvestrant, indicating that the
effects of BETA regulating intestinal homeostasis are ER mediated
(Figure 4).
PCR gene array analysis indicated that a variety of apoptosis-

associated genes are regulated in the colon after treatment with BETA
(Figure 6A). Expression of one of the identified genes, p63 was sig-
nificantly downregulated by BETA in the colon (Figure 6A and B).
p63 is a protein homolog of p53, a well-known tumor suppressor
protein involved in preventing genome mutation. p63 is expressed
in poorly differentiated epithelial cells and plays an important role
in regulating epithelial proliferation and differentiation (36). It

has been described to be involved in tumorigenesis (37) and to be
overexpressed in ovarian and epithelial tumors (38). The observation
that p63 is downregulated by BETA supports our hypothesis that
treatment with ERb-specific ligands may result in colon cancer pre-
vention. This is also in agreement with the fact that activation of ERb
inhibits proliferation in cellular systems by regulating the cell cycle
machinery (39) and that activation of ERb and GEN decrease survival
of cancer cells by impairing the G(2)/M checkpoint signaling (39,40).
We believe that ERb-specific ligands induce a G(2)/M arrest partly
through downregulation of p63.
Well-known defense mechanisms of the cryptal stem cells against

colon cancer development are a slow cell cycle and high rate of
apoptosis. A slow cell cycle produces less replication errors and con-
sequently fewer mutations (41). Activation of ERb supports both de-
fense mechanisms: in the large and small intestine, BETA decreased
proliferation and increased apoptosis, which slows down the cell cycle
and attenuates the risk of replication errors and subsequent DNA
damage. This mechanism applies also to tumor cells in early stages
of the disease as long as the genes for apoptosis are not altered and the
tumor has not developed strategies against apoptosis. Moreover, it is
well-known that colorectal carcinomas lose the ERb in advanced
stages of the disease and in advanced Dukes stages (18), respectively;
hence ERb-specific ligands cannot efficiently decelerate tumor
growth in advanced colorectal carcinomas.
In the ileum, our results show that ALPHA induced opposite effects

compared with BETAwith respect to the expression of PCNA, which
was upregulated by ALPHA but not by BETA (Figures 2A and B and

Fig. 5. Analysis of proliferation and apoptosis in the colon: BETA and GEN inhibit proliferation (PCNA) and induce apoptosis (M30). (A) Depicted are
representative cross sections of the colon (magnification �100) after immunohistochemical staining of PCNA-positive nuclei. Semiquantitative analysis was
performed in complete crypts. Brown nuclear staining was indicative of a positive PCNA signal. �Denotes values significantly different from the OVX group,
P� 0.01. (B) Detection of proliferation and apoptosis in the colon. Western blot and densitometric analysis of PCNA and cleaved cytokeratin-18 (M30). �Denotes
values significantly different from the OVX group, P � 0.01.
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3A and B). With respect to the expression of activated caspase-3
(Figure 3C) and TUNEL staining (Figure 2C and D), ALPHA had
proapoptotic effects even though weaker compared with BETA. In
conclusion, ALPHA accelerated the cell turnover, whereas BETA
decelerated the cell turnover in ileal and colonic epithelium. This
may be explained by the intrinsic balance between proliferation and
apoptosis in normal intestinal mucosa (32). Since intestinal crypt cells
intend to maintain a homeostatic balance between proliferation, apo-
ptosis and necrosis (42). BETA seems to be a powerful substance to
slow down the cell cycle machinery, thereby reducing the risk of
developing colorectal carcinomas, ALPHA seems to accelerate the
cell cycle machinery, thereby increasing the risk of replication errors
and DNA damage. This observation agrees with the literature, in that
most studies have shown decreased ERb expression in estrogen-
dependent cancer progression as compared with benign tumors or
normal tissues, whereas ERa expression persists (43).
Controversy still exists about the correlation between proliferation

and apoptosis in adenomas and carcinomas. Some studies report in-
creased levels of both, apoptosis and proliferation in colorectal carci-
nomas (44,45), whereas others have not found a correlation (46,47).
In our study, we were able to show that proliferation is high in

OVX, SHAM and E2 groups. However, on the mRNA level and in
western blots, we could see that ALPHA strongly induces PCNA
expression, while not in histological sections of the ileum. We think
that this difference is attributable to the different methods used. For
the histological slides, we have examined the proximal 7 mm of the
ileum cut in 7 lm thin sections, which are only very small parts of
the whole organ. In contrast, for western blot analysis and PCR, we

have analyzed the total ileum. This means that we have different
types of cells in the pooled mucosa, e.g. Peyer’s patches, which are
found normally in the lowest portion of the ileum, smooth muscle,
epithelium and connective tissue. This could explain the different
results. Besides, recent findings validate the presence of ERs asso-
ciated with the cell surface membrane in the intestine, which in-
terfere with cell proliferation and electrolyte homeostasis (48). It
is conceivable that these ERs associated with the cell surface mem-
brane have a different expression pattern in the intestinal tract. Fur-
ther experiments are needed to elucidate this question. At present,
little is known about estrogens and the intestinal tract since the in-
testinal tract has previously not been thought of as a sex-steroid
targeted organ (48).
We were able to show that ALPHA increases apoptosis in the ileum

by TUNEL staining (Figure 2C and D) and western blot analysis of
activated caspase-3 (Figure 3C). E2 binds to ERa and ERb, whereas
the binding affinity to ERa is almost twice the binding affinity to
ERb (10). Therefore, E2 can also mediate ERb typical effects,
which in turn can attenuate ERa effects. In contrast, ALPHA binds
250-fold stronger to ERa than to ERb (24) and BETA has a 183-fold
selectivity for ERb (24). Therefore, in ALPHA-treated animals, we
could see the full effects of activation of ERa with almost no acti-
vation of ERb. We think that ALPHA increases proliferation
and apoptosis that is cell turnover through aberrant activation of
Wnt signaling. We suggest that the aberrant activation of Wnt sig-
naling by ALPHA induces apoptosis shown by TUNEL staining
(Figure 2C and D) and western blot analysis of activated caspase-
3 (Figure 3C). This result largely agrees with the literature. ERa

Fig. 6. Downregulation of p63 in the colon of E2-, GEN- and BETA-treated animals is ER mediated. (A) List of apoptosis associated ERb-regulated genes in the
colon from a PCR apoptosis gene array. The listed genes were up (�5 fold) or down (�0.5) regulated in BETA-treated animals. (B) Transformation-related protein
(p63) mRNA expression using real-time PCR analysis was reduced in the colon of E2-, GEN- and BETA-treated rats. �Denotes values significantly different from
the OVX group, P � 0.01. (C) Antagonization of E2 effects on p63 mRNA expression by the pure antiestrogen Fulvestrant (ICI). �Denotes values significantly
different from the OVX group, P � 0.01.
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deficiency is associated with an accumulation of nuclear b-catenin,
which is an indicator of activation of the Wnt-b-catenin-signaling
pathway, known to play a critical role in intestinal cancers. In ad-
dition to this, ERa deficiency is associated with an increased ex-
pression of Wnt-b-catenin target genes (49). Furthermore, the Wnt
pathway is in .85% of sporadic colon cancers activated (50). It is
conceivable that ALPHA inhibits Wnt signaling pathways. More-
over, it is known that the cryptal cells and the paracrine interactions
between stem cells and epithelial–mesenchymal cells in the crypt
try to maintain the integrity of the intestinal epithelium (49). It is
conceivable that these paracrine interactions adapt to the ERa trig-
gered proliferation and secrete cytokines, which activate apoptotic
pathways in the epithelial cells.
The data reported in Figure 4 indicates that ovariectomy does not

influence at all both apoptosis and proliferation in the small intestine.
We think that the intestinal crypt achieves a steady state despite vary-
ing levels of sex hormones. Higher levels of E2 activate both the ERa
and ERb at a ratio of 2 to 1, whereas lower levels of E2 activate both
the ERa and ERb at the same ratio (10). But there are still low levels
of estrogens even in the OVX animal, albeit at lower concentrations,
since in the fat tissue androgens from the adrenal cortex are converted
to estrogens. From this perspective, the presence of both ERs seem to
constitute a homeostatic equilibrium despite different levels of the
physiological ligand E2. High plasma levels of E2 stimulate prolifer-
ation and these effects are buffered through ERb (51). In addition,
crosstalk between intestinal stem cells and epithelial–mesenchymal
cells, presumably adjusts to lower concentrations of sex hormones to
regulate the intestinal homeostasis (49).
Based upon evaluation of ER subtype-specific effects on intestinal

tissue homeostasis, this study was partly conducted to investigate
effects of the phytoestrogen GEN. Our results indicate that in ileal
and colonic mucosa cells, GEN acts as an ERb-specific agonist. GEN
exerts antiproliferative and proapoptotic effects in the ileal mucosa
(Figures 2 and 3) and in the colon (Figure 5). This observation is in
agreement with the observation that GEN is bioactive in the small
intestine of piglets, where oral application of this phytoestrogen re-
sults in reduced enterocyte proliferation and migration (52). In con-
trast, Booth et al. (53) did not detect changes in proliferation and
apoptosis in the small intestine after in vivo administration of GEN.
However, in vitro studies were able to demonstrate that GEN inhibits
cell proliferation and promotes apoptosis in normal human intestinal
(52,53) and colon carcinoma cell lines (54). The preferential binding
affinity of GEN to ERb (10) and the observation that GEN acts on
intestinal tissue homeostasis like an ERb subtype-specific agonist
substantiate the theory that GEN also mediates its effects on intestinal
tissue homeostasis via ERb (2,16).
Taken together, the results of this study imply that activation of

ERb in OVX rats but also in intact rats by an ERb-specific agonist
(BETA), results in a reduction of the number of proliferating cells
and leads to an induction of apoptosis in the small intestine and
colon. In addition, it was shown that ALPHA in contrast to BETA
increases both, proliferation and apoptosis in the small intestine.
Moreover, the provided data indicate that GEN influences tissue
homeostasis in the small intestine and colon by exerting antiproli-
ferative and proapoptotic effects via ERb. In conclusion, these
observations support results for ERbKO studies, showing that
ERb-specific signaling is involved in the maintenance of intestinal
tissue homeostasis. The current data show that ERb-specific agonists
and the phytoestrogen GEN affect the homeostasis of colonic
epithelium and may contribute to the primary prevention of CRC.
These observations are relevant with regard to the discussed role of
estrogens in CRC.
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Abstract Estrogen-like effects of the heavy metal cad-

mium have been reported in both in vitro and in vivo

studies. Yet, the molecular mechanisms involved in the

hormonal activity of cadmium ions have not been fully

elucidated. There are extensive data on cross-talk between

aryl hydrocarbon receptor (AhR) and estrogen receptor

(ER). Recently, 17b-estradiol (E2) was found to modulate

the expression of AhR and AhR-regulated genes in rat

uterus (Kretzschmar et al. in Mol Cell Endocrinol

321:253–257, 2010). Thus, we hypothesized that cadmium

may also affect AhR signaling and examined whether

cadmium or E2 modulate AhR-associated genes via the ER

in rat uterus. Ovariectomized Wistar rats received E2

(0.5 mg/kg bw) or cadmium chloride (0.05 and 2 mg/kg

bw i.p.) alone and in combination with the pure anti-

estrogen ZK191703. We also co-treated a group with E2

and cadmium 2 mg/kg bw to assess how they act in

concert. Uterus wet weight, uterus epithelial height, com-

plement C3 mRNA, and progesterone receptor (PR) protein

expression served as estrogen response parameters, and

expression of Mt1a mRNA was analyzed as a cadmium

responsive gene. The expression of AhR protein and AhR-

associated gene expression, i.e., Ahr, Arnt1, Arnt2, Cyp1a1,

and Gsta2, were analyzed to examine effects on AhR-

mediated signaling pathways in the uterus of all groups.

Both, E2 and cadmium induced C3 and PR expression, and

this was antagonized by ZK191703. Mt1a expression was

clearly induced by cadmium but slightly reduced by E2

compared to controls. Uterine Ahr, Arnt1, Arnt2,

and Cyp1a1 expression was modulated by E2 via the ER

since down-regulation by E2 was reversed by anti-estrogen.

Cadmium apparently also modulated Cyp1a1 expres-

sion via the ER. Furthermore, cadmium-induced AhR

was antagonized by E2, and anti-estrogen-induced Gsta2

expression was antagonized by cadmium. Together our

findings provide evidence for cross-talk of ER and AhR in

the rat uterus.

Keywords Arylhydrocarbon receptor � Cadmium �
Endocrine modulation � Estrogens

Abbreviations

AhR Arylhydrocarbon receptor

ARE Antioxidant response element

bw Body weight

CdCl2 Cadmium chloride

DRE Dioxin response element
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ERE Estrogen response element

i.p Intraperitoneal

Mt1a Metallothionein 1a
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OVX Ovariectomized

ZK ZK191703

Introduction

Cadmium is one of the most toxic heavy metals and an

important environmental and industrial pollutant (Järup

and Åkesson 2009). The toxicity of cadmium and its salts

in humans and animals is well characterized and has been

known for over a century (INCHEM 2007; Nordberg

2009). It is now also regarded as a potential endocrine

disruptor, but the exact mechanisms by which the

‘‘metallohormone’’ may interfere with the endocrine sys-

tem have not yet been elucidated (Byrne et al. 2009;

Takiguchi and Yoshihara 2006). Estrogen-like effects of

cadmium have been reported in both in vitro (Garcia-

Morales et al. 1994; Stoica et al. 2000) and in vivo studies

(Höfer et al. 2009; Höfer et al. 2010; Johnson et al. 2003).

This raises new concerns, since exposure to substances

mimicking the effects of estrogens may play a role in the

development and progression of hormone-dependent dis-

eases. In epidemiological studies, occupational and envi-

ronmental cadmium exposure has been associated with an

increased risk for breast and endometrial cancer (Akesson

et al. 2008; Cantor et al. 1995; McElroy et al. 2006).

Johnson et al. (2003) presented evidence that the cad-

mium-induced estrogenic response in rat uterus and breast

is antagonized by an anti-estrogen. This indicates that its

estrogenic effect is mediated via a direct interaction with

the ER. However, Ali et al. (2010) recently proposed that

estrogen-like effects of cadmium in vivo are mediated by

non-classical pathways, based on their results in estrogen

response element (ERE)-luciferase reporter mice. Inter-

estingly, in vitro data show that extracellularly regulated

kinases are modulated by cadmium and by steroid estro-

gens (Brama et al. 2007; Kato et al. 2000; Liu et al. 2008).

Moreover, we hypothesized that aside from ER signal-

ing cadmium may affect aryl hydrocarbon receptor (AhR)

signaling, based on various observations (see below and

discussion) and since cross-talk has been observed among

AhR and other nuclear receptors, in particular the ER. The

AhR, a transcription factor of the bHLH/PAS family, is

well known for mediating biochemical and toxic effects of

dioxins, polycyclic hydrocarbons, and related compounds

(e.g., Nebert et al. 2004). But the AhR is also activated by

natural and endogenous ligands and involved in various

cellular processes such as growth and differentiation

(for recent reviews of its functions Abel and Haarmann-

Stemmann 2010). Furthermore, there are extensive data on

an intricate relationship (cross-talk) between AhR and ER

(Gräns et al. 2010; Matthews and Gustafsson 2006). On the

one hand, AhR agonists such as 2,3,7,8-tetrachlordibenzo-

p-dioxin and 3-methyl-cholanthrene exert anti-estrogenic

activity in vitro and in vivo, and this is most likely due to

increased proteasomal degradation of the ER (Safe and

Wormke 2003; Swedenborg and Pongratz 2010).

On the other hand, ER agonists can apparently modulate

the activation of the AhR pathway in vitro and in vivo. For

instance, estrogenic concentrations of E2 and the phytoes-

trogens daidzein and genistein decreased CYP1A1 expres-

sion and activity in MCF-7 cells, and these effects were

reversed by an ER antagonist (Wagner et al. 2008). In the

human endometrium, AhR protein levels were found to vary

within the menstrual cycle and peak at ovulation

(Küchenhoff et al. 1999) suggesting that AhR expression is

modulated by sex steroids. In line with this view, it was

demonstrated that E2 regulates AhR expression in rat uterus

and modulates expression of AhR-regulated genes

(Kretzschmar et al. 2010). Finally, several studies have

examined the ability of metal contaminants including

cadmium to affect AhR-regulated gene expression (i.e., an

induction of CYP1A1 by AhR agonists) in hepatic cell lines

and human hepatocyte cultures (Chao et al. 2009; Elbekai

and El-Kadi 2004; Vakharia et al. 2001). But, to the best of

our knowledge, this has not been studied in uterus so far.

The present study was aimed to further investigate the

effects of steroid estrogens and cadmium on AhR and ER

signaling in the uterus. Thus, ovariectomized female rats

were treated with E2, cadmium chloride (CdCl2), and

combinations. The applied CdCl2 doses of 0.05 and 2 mg/

kg bw were based on previous experiments in which

cadmium showed an estrogen-like effect upon i.p. injec-

tion in Wistar rats (Höfer et al. 2009). Biological, histo-

logical, and molecular endpoints for estrogenicity were

determined in the uterus. To investigate whether the ER is

directly involved in these effects, antagonization experi-

ments with the pure anti-estrogen ZK191703 (Zk) were

included. Moreover, the expression of AhR and AhR-

associated gene expression were analyzed to examine

effects on AhR-mediated signaling pathways in the uterus

of all groups.

Materials and methods

Animals and experimental treatments

All animal husbandry and handling conditions complied

with the Institutional Animal Care and Use Committee

guidelines, and legal permission to conduct the animal

experiments was obtained from the local responsible

authorities. Juvenile female Wistar rats of 4–5 weeks

(101–125 g) were obtained from Janvier (Le-Genest

St-Isle, France) and acclimatized for 1 week. Rats were
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kept under controlled conditions (temperature, 20 ± 1�C;
humidity, 50–80%; illumination, 12L/12D) and had free

access to tap water and a diet low in phytoestrogen content

(R/M-H, from Ssniff GmbH, Germany). Prior to the

experiments, animals were ovariectomized, and after

14 days of endogenous hormonal decline, rats were ran-

domly allocated to vehicle or treatment groups (n = 6

animals per group).

The animals received either CdCl2 alone, at single doses

of 0.05 and 2 mg/kg bw i.p (Cd 0.05 or Cd2) or in com-

bination with the pure anti-estrogen Zk191703 (Zk, at

2.5 mg/kg bw, s.c for 3 days); negative and positive con-

trol groups received solvent (OVX, water), E2 (i.p. 0.5 mg/

kg bw) alone or plus ER antagonist. We also co-treated a

group with Cd 2 mg/kg bw i.p and E2. After 3 days, the

animals were sacrificed by decapitation.

CdCl2 was dissolved in sterile water to achieve doses of

0.05 mg/kg bw or 2 mg/kg bw in a total application volume

of 1 ml/kg bw. E2 was dissolved in propanediol/ethanol

(80:20, v:v) and injected at a dose level of 0.5 mg/kg bw.

ZK191703 (11-fluoro-7-(14,14,15,15-penta-fluoro-6-methyl-

10-thia-6-azapentadecyl)estra-1,3-5(10)-triene-3,17-diol) was

dissolved in propanediol/ethanol (80:20, v:v) and injected at a

dose level of 2.5 mg/kg bw. The compounds were purchased

from Sigma–Aldrich (Taufkirchen, Germany).

Tissue collection and preparation

Body weights of the rats were determined prior to sacrifice.

Freshly excised uteri were collected and snap frozen in

liquid nitrogen for RNA and protein analysis. In addition, a

piece of the uterus was fixed in neutral buffered formal-

dehyde and later embedded in paraffin for histological

analysis.

Histological analysis

Seven-micrometer tissue sections of paraffin-embedded

uterine sections were mounted on slides pre-coated with

polylysine (Menzel Glaser, Hilden, Germany), then

cleared, hydrated, and stained with hematoxylin and eosin

(Fischer et al. 2006). Sections were examined with a light

microscope (Axiophot, Zeiss, Jena, Germany), and the

height of the uterine epithelium was gauged according to

standard procedures (Diel et al. 2002). We prepared at least

3 samples of 3 animals per group.

RNA isolation and real-time RT-PCR

Total RNA of the uteri was isolated from frozen tissue with

TRIzol (Invitrogen, Karlsruhe, Germany) according to the

suppliers’ instructions. First-strand cDNA synthesis was

accomplished with QuantiTect� Kit (Qiagen, Hilden).

Amplification of cDNA by real-time RT-PCR was per-

formed in a MX3005P thermal cycler (Stratagene) or an

iCycler (Bio-Rad). The protocol comprised 5 min at 95�C
followed by 45 cycles of 94, 60, and 72�C for 1 min each.

The data were normalized relative to the housekeeping gene

subunit 1A of cytochrome c oxidase via the delta–delta CT

method (Pfaffl 2001). Primers are depicted in Table 1. We

have performed at least three measurements from indepen-

dently synthesized cDNA of the same pooled RNA samples.

Table 1 Primers used in real-

time RT-PCR
mRNA Primer (50–30) Published in

1A fwd CGT CAC AGC CCA TGC ATT CG Höfer et al. 2009

rev CTG TTC ATC CTG TTC CAG CTC

C3 fwd CAG CCC GCA GAG TGC CAG TAG TC

rev CCA TCC TCC TTT CCA TCA ACT GC

Mt1a fwd TTA CAC CGT TGC TCC AGA TTC Höfer et al. 2010

rev CAG CAC TGT TCG TCA CTT CAG

Ahr fwd CAA CCA AAC CAA ACA ACA GAG A Kretzschmar et al. 2010

rev ATC CAT CAT CTT TCA ACC CAT C

Arnt 1 fwd ACT GCT GCC TAC CCT ACT CTT C

rev GCT ACT TGG TTG TGC TGA TGT T

Arnt 2 fwd TGA AAG AAG GAG AAG CCC AAT A

rev CAT CAG AGT TAT GCC GAG ACA G

Cyp1a1 fwd TTA TGA CCA CGA TGA CCA AGA G

rev GCC CTT CTC AAA TGA CCT GTA G

Gsta 2 fwd GCC AGC CTT CTG ACC TCT TT

rev GCT CCG CTA AAA CTT GAA AAT C
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Western blot analysis

Pooled frozen uterus samples were homogenized and

soaked in lysis buffer (50 mM Tris pH 8; 2 mM CaCl2,

80 mM NaCl, 1% Tx100) with protease enzyme inhibitor

PMSF (phenylmethanesulfonylfluoride, dissolved in iso-

propanol) at final concentration of 10 mM. The protein

concentrations were determined using DC Protein Assay

(Bio-Rad, München). Equal amounts of sample protein

(20 lg), mixed with equal amounts of SDS-loading buffer

(Laemmli 1970), were loaded on a NuPAGE Novex 4–12%

Bis–Tris Midi Gel (Invitrogen, Karlsruhe), electrophoresed

at 90 mA for 60 min, and blotted for 135 min at 120 mA

onto nitrocellulose membranes (Hartenstein, Würzburg).

The membranes were blocked with 5% dry milk powder in

Tris-buffered saline with 0.1% Tween 20 (TBS-T) over

night at 4�C. Primary antibodies were diluted in 1% dry

milk powder in TBS-T: alpha-actin 1:5,000 (A 5060,

Sigma–Aldrich, Deisenhofen, Germany), aryl hydrocarbon

receptor 1:1,000 (BML-SA210, Enzo Life Sciences, Lör-

rach, Germany), progesterone receptor 1:40 (IM1408,

Beckmann Coulter, Krefeld, Germany). Membranes were

incubated with primary antibody solution for 2 h at room

temperature and rinsed four times for 10 min each in TBS-

T. Polyclonal Rabbit Anti-Mouse (P0260, Dako, Hamburg)

was used as species-specific HRP-conjugated secondary

antibody as well as Swine Anti-Rabbit (P0217, Dako).

Membranes were again rinsed three times for 10 min each

in TBS-T and then two times in TBS buffer. Blot signals

were visualized by the chemoluminescent POD-Substrate

(LumiLight Plus, Roche Diagnostics, Mannheim) and

quantified by densitometry using the software Image J 1.41o

(Rasband 1997–2011).The ratio of the reference protein

(alpha-actin) to the target protein was calculated to account

for protein loading. Each blotting procedure was repeated at

least 5 times. We prepared pooled rat liver extract from 3

female, adult, sham-operated Wistar rats as positive control

(PC) for the AhR antibody. One image of the successive

blots was cropped and realigned to match with the group

sequence in the graphs in Fig. 1 and also Fig. 3.

Evaluated response parameters

We determined uterus wet weight and height of the uterine

epithelium (Fig. 1a, b), an established histological param-

eter for estrogenicity (Diel et al. 2002). As sensitive
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Fig. 1 Uterus wet weight (a), uterus epithelial height (b), relative
complement C3 mRNA expression (c) in rats after a single i.p. (Cd,

E2) or 3 days s.c. (Zk) injection or co-treatment as indicated and in

controls (OVX). PR protein expression (d) in the uterus with

representative Western blot analysis and associated densitometric

analysis from 6 consecutive blots. Mean values ± SD are given for

n = 6 animals per dose group [n = 3 for uterus epithelial height];

(asterisk) marks values significantly different from the control (OVX)

or as indicated by lines. *P\ 0.05
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molecular read out for estrogenicity, we measured relative

complement C3 mRNA expression (Fig. 1c) and analyzed

PR expression (Hertrampf et al. 2006; Kraus et al. 1993) by

Western blot analysis (Fig. 1d). We determined the body,

liver, and kidney weights (Table 2) and analyzed relative

mRNA expression of metallothionein subtype 1a, Mt1a

(Fig. 2), a classical response marker for cadmium (Jin et al.

1998; Ghoshal and Jacob 2001) used also in our previous

study. According to Kretzschmar et al. (2010) who studied

regulation of AhR, Arnt1, and Arnt2 mRNAs by E2 in the

uterus, we now analyzed the effects of E2, cadmium, and

ER antagonist on mRNA and protein expression of these

genes (Fig. 3), and the effects on two classic AhR target

genes, namely Cyp1a1 and Gsta2 (Fig. 4).

Statistical analysis

All data are presented as mean ± standard deviation. We

used Kruskal–Wallis one-way analysis of variance fol-

lowed by pair-wise comparison of selected means with the

Mann–Whitney U-test. Significance was set at *P\ 0.05.

Results

A range of parameters was applied to examine the effects

of cadmium and steroid estrogen exposure on ER-mediated

responses and AhR signaling in the rat uterus.

Co-treatment with a pure antiestrogen (ZK191703) and

the combined exposure to E2 and CdCl2 served to explore

mechanisms and possible interactions.

Evaluation of estrogenicity

As expected, uterine wet weights were clearly (about

threefold) increased by E2 (Fig. 1a). This uterotrophic

response was antagonized by co-treatment with the pure

anti-estrogen. The higher dose of cadmium (Cd2) increased

the uterine wet weight about 1.5-fold relative to OVX, but

this effect was not antagonized by the anti-estrogen

(Fig. 1a). Interestingly, co-treatment with Cd2 and E2

resulted in a higher uterus wet weight than observed for the

single compounds (Fig. 1a). The height of the uterine

epithelium was clearly increased by E2 and the combina-

tion with the metallohormone, while cadmium alone did

not affect this parameter significantly in this study

(Fig. 1b), but in a previous one (Höfer et al. 2009).

C3 and PR expression were induced by E2, and this

response was antagonized by Zk (Fig. 1c, d). Also cad-

mium (0.05 and 2 mg/kg bw) dose-dependently induced

expression of C3 mRNA (twofold and tenfold) and PR

protein expression (threefold and tenfold). The Cd2-

induced C3 and PR expression and Cd0.05-induced PR

expression were antagonized by the pure anti-estrogen

(Fig. 1c, d). As observed for the uterine wet weight, the co-

treatment with Cd2 and E2 resulted in an additive effect on

uterine C3 and PR expression.

Table 2 Body weight, liver,

and kidney weight/kg bw upon a

single i.p. (Cd, E2) or 3 days

s.c. (Zk) injection

Mean values ± SD are given

for n = 6 animals per dose

group. (*) marks values

significantly different from the

control (OVX)

* P\ 0.05

Body weight Leber Kidney

g SD g/kg bw SD g/kg bw SD

OVX 217.50 12.63 43.71 2.22 3.91 0.23

E2 213.00 15.95 42.50 2.47 4.12 0.23

ZK 213.40 12.62 45.21 0.84 4.03 0.13

E2 ? ZK 212.67 6.89 43.16 4.20 4.54* 0.30

Cd 0.05 221.00 10.30 47.78* 2.64 3.94 0.25

Cd 0.05 ? ZK 227.83 10.57 47.14* 2.71 3.95 0.34

Cd 2 197.83 27.21 45.13 3.31 4.26* 0.19

Cd 2 ? ZK 205.50 13.13 45.90 2.78 4.40 0.29

E2 ? Cd 2 188.67* 12.06 44.57 3.07 4.39* 0.34
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Fig. 2 Mt1a mRNA expression in the uterus after a single i.p. (Cd,

E2) or 3 days s.c. (Zk) injection or co-treatment as indicated and in

controls (OVX). Mean values ± SD are given for n = 6 animals per

dose group; (asterisk) marks values significantly different from the

control (OVX) or as indicated by lines. *P\ 0.05
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Toxicity of cadmium and uterine MT1a expression

Treatment with cadmium led to increases in relative liver

and kidney wet weights (Table 2). The body weight was

not affected by E2, whereas administration of cadmium

resulted in a decreased body weight in the high dose group

(Cd2). This effect was statistically significant in the group

co-treated with E2 and Cd2.

A significant, dose-dependent Mt1a mRNA induction

was observed in uteri of cadmium treated rats, which was

not antagonized by Zk (Fig. 2). Interestingly, treatment

with E2 resulted in a reduced uterine Mt1a expression; this

effect was reversed by the pure anti-estrogen (Fig. 2). But,

the anti-estrogen alone also increased the uterine Mt1a

mRNA level compared to OVX controls.

Evaluation of Ahr/Arnt expression

Treatment of OVX rats with E2 resulted in down-regulation

of mRNA for AhR and its dimerization partners Arnt1 and

Arnt2 in the uterus. This down-regulation was reversed

by ER antagonist Zk (Fig. 3a–c). Treatment with the
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Fig. 3 Uterine mRNA

expression of Ahr (a), Arnt1 (b),
Arnt2 (c), upon a single i.p. (Cd,

E2) or 3 days s.c. (Zk) injection

and in controls (OVX). Uterine

AhR protein expression (d) with
a representative Western blot

and densitometric analysis of 5

consecutive blots. PC marks

positive control, rat liver extract.
Mean values ± SD are given

for n = 6 animals per dose

group; (asterisk) marks values

significantly different from the

control (OVX), from Cd2 ? Zk

(section sign), or as indicated by

lines. *P\ 0.05
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Fig. 4 Uterine mRNA expression of Cyp1a1 (a) and Gsta2 (b), after
a single i.p. (Cd, E2) or 3 days s.c. (Zk) injection or co-treatment as

indicated and in controls (OVX). Mean values ± SD are given for

n = 6 animals per dose group; (asterisk) marks values significantly

different from the control (OVX), from Zk (plus) and from E2

(section sign), or as indicated by lines. *P\ 0.05
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anti-estrogen alone resulted in a significant induction of

Ahr and Arnt2 mRNA in the uterus (Fig. 3a, c).

Treatment with Cd2 resulted in a small, but significant

decrease of Ahr mRNA expression, and again this effect

was antagonized by the anti-estrogen (Fig. 3a). No signif-

icant effects for cadmium were observed on Arnt1 (Fig. 3b)

and Arnt2 (Fig. 3c) expression.

Evaluation of uterine AhR protein expression by Wes-

tern blot revealed no clear modulation by E2 treatment, but

a significant decrease by treatment with Zk (Fig. 3d).

Treatment with Cd2 (not with Cd0.05) resulted in a sig-

nificant increase of AhR protein expression. Interestingly,

this effect was antagonized by co-treatment with E2

(Fig. 3d), whereas co-treatment with Cd2 and Zk resulted

in AhR protein levels similar to Cd2 treatment alone.

Effects on AhR target genes

Uterine Cyp1a1 mRNA expression was strongly down-

regulated by steroid estrogen and by combined treatment

with E2 and Cd (Fig. 4a). This was antagonized by Zk.

Treatment with Cd0.05 and Cd2 resulted also in a signifi-

cant decrease of Cyp1a1 mRNA that was antagonized by

Zk (Fig. 4a). Interestingly, the uterine Gsta2 expression

showed a different pattern (Fig. 4b): Treatment with cad-

mium alone resulted in no major change (except for a non-

significant increase at the low dose), whereas E2 induced

Gsta2 expression about threefold. The latter effect was not

antagonized by Zk. On the contrary, Zk alone induced

Gsta2 about 30-fold and co-treatment with E2 and Zk

induced Gsta2 about 260-fold. On the other hand,

co-treatment with cadmium apparently antagonized the

strong Gsta2 mRNA increase induced by E2 or by Zk alone

(Fig. 4b).

Discussion

As outlined in the introduction, in vitro and in vivo

studies provide evidence that cadmium exerts effects on

estrogen signaling. Yet, the reported effects vary from

clearly agonistic (Brama et al. 2007; Garcia-Morales et al.

1994; Höfer et al. 2009; Johnson et al. 2003; Stoica et al.

2000) to antagonistic (Höfer et al. 2009; Rider et al. 2009;

Silva et al. 2006) in different systems, and it is not yet

clear whether estrogen-like effects of cadmium are med-

iated via the classical ER transcriptional pathway or by

non-genomic effects (Ali et al. 2010; Brama et al. 2007).

To further elucidate the hormonal activity of cadmium in

rat uterus, we designed a study where cadmium was

applied in combination with the pure antiestrogen Zk and

with E2. As recent findings demonstrate regulation of

uterine AhR expression by steroid estrogen (Kretzschmar

et al. 2010), we also investigated possible interactions

between ER and AhR in the rat uterus, asking in partic-

ular whether cadmium modulates the AhR pathway sim-

ilar to E2.

We present two major findings in this study: Cadmium

induces estrogenic gene expression via the ER in the

uterus. Moreover, cadmium and E2 modulate AhR target

gene expression, i.e., Cyp1a1, via ER-AhR crosstalk in the

uterus.

Estrogenicity of cadmium

Cadmium caused an increase in uterus wet weight, sig-

nificant at 2 mg/kg bw, but less pronounced than E2

(Table 2; Fig. 1a). This is in line with our previous findings

(Höfer et al. 2009), and cadmium’s uterotrophic effect in

other studies (Johnson et al. 2003; Liu et al. 2010). The height

of the uterine epitheliumwas not affected in the present study

(Fig. 1b), but on the molecular level, a clear induction of C3

and PR expression was observed (Fig. 1c–d) and demon-

strates an estrogenic activity of cadmium in this tissue. The

antagonization experiment with the pure anti-estrogen Zk

helped to further investigate whether the ER is involved in

the estrogenic response of the uterus to cadmium. The find-

ings were heterogeneous: Other than the uterotrophic

response to steroid estrogen, the increase of uterine wet

weight induced by cadmiumwas not antagonized byZk. But,

induction of uterine genes, i.e., C3 and PR expression, by

cadmium or E2 was clearly antagonized by pure antiestrogen

(Fig. 1c–d). As EREs have been found in the promoter

region of bothC3 (Fan et al. 1996) andPR (Kraus et al. 1993),

these genes are considered down-stream targets of the ER

signaling cascade. Their regulation by cadmium is a major

finding in our study, indicating that the metallohormone

can interact with ER signaling on a functional level—albeit

the effect is less pronounced than with the positive steroid

estrogen control. In line with this view, co-treatment with

cadmium and E2 resulted in an additive effect for C3 and

PR expression, and also for the uterus wet weight. The

induction of uterine wet weight by cadmium is probably

due to influx of water and not by stimulation of prolifera-

tion, since it is not antagonized by Zk and the height of the

uterine epithelium is not affected. Also the estrogen-

induced water influx into the uterus is a quick response of

this tissue that is not mediated directly via the classical ER

pathway (O’Brien et al. 2006). On the other hand, uterine

gene expression by cadmium is apparently regulated by ER

interaction, in accordance with studies on estrogenic effects

of Cd in breast cancer cells (Garcia-Morales et al. 1994).

The response pattern in rat uterus supports the conclusion

that cadmium can activate some, but not all molecular

mechanisms triggered by (potent) steroid estrogens (Ali

et al. 2010; Liu et al. 2010).
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Uterine metallothionein expression

As expected from our previous findings in liver and kidney

(Höfer et al. 2010), cadmium dose-dependently induced

Mt1a expression in the uterus (Fig. 2), and this response is

consistent with the cadmium levels measured in this tissue

(Höfer et al. 2009). In contrast to cadmium, treatment with

E2 resulted in a down-regulation of uterine Mt1a expres-

sion that was reversed by pure anti-estrogen Zk (Fig. 2).

This observation suggests thatMt1a expression is regulated

by E2 via an ER-mediated mechanism. Previously, Mt1a

expression was found to be modulated by steroid estrogens

in the rat uterus, with an increase shortly (4 h) after E2, but

a decrease compared to OVX controls at 24 h and later

(Rivera-Gonzalez et al. 1998). On the other hand,

co-treatment with E2 did not affect the induction of Mt1a

by cadmium (Cd2) in the uterus (Fig. 2). Metallothionein

expression is induced by steroid estrogens (E2 or EE) in

liver, kidney, and small intestine (Höfer et al. 2010) indi-

cating that it may be an estrogen regulated gene in these

tissues. But, in light of the rather complex regulation of

metallothionein expression (e.g., Coyle et al. 2002), pos-

sible tissue dependent differences in the response of the

Mt1a gene to steroid estrogens and cadmium require fur-

ther studies.

Modulation of uterine AhR/Arnt expression

by cadmium and estradiol

Our results (Fig. 3a–c) confirm recent findings (Kretzschmar

et al. 2010) that the uterine mRNA expression of Ahr, Arnt1,

and Arnt2 is down-regulated by E2. Moreover, our new data

show that the E2-induced down-regulation of AhR mRNA

expression is antagonized by Zk and thus support an

ER-mediated mechanism for this effect. In this study, we

found no significant change of AhR protein levels in the E2

group (Fig. 3d) whereas Kretzschmar et al. (2010) observed

an increased AhR expression in the uterus of E2-treated rats.

This difference observed for AhR protein expression may be

related to the analysis techniques used (Western blot or

immunohistochemistry) as well as dose and administration

route for E2 (single i.p. injection of 50 lg/kg bw or s.c.

injection of 4 lg/kg bw on 3 days).

Moreover, cadmium (Cd2) also down-regulated AhR

mRNA expression, although less pronounced than E2, and

this effect was also antagonized by pure anti-estrogen Zk

(Fig. 3a). Interestingly, on the protein level, a strong

increase of AhR was observed in the high dose cadmium

groups (Fig. 3d). The decrease in Ahr mRNA, but observed

increase in AhR protein levels, may be explained by cad-

mium stabilizing AhR protein and protecting it against

degradation, analogous to its effects on the transcription

factor Nrf-2 (Stewart et al. 2003). Effects of cadmium on

CYP1A1 protein expression have been investigated before

(see below), but to our knowledge, we report for the first

time a modulation of AhR protein by cadmium in vivo. The

stimulation of AhR expression by the high dose of cad-

mium was antagonized by estradiol (Fig. 3d). Overall, the

results indicate that steroid estrogen and cadmium modu-

late the expression of nuclear receptors other than the ER,

possibly via interacting with ER-alpha in the uterus. Ste-

roid estrogens and cadmium down-regulate ER-beta

expression in mucosa (Höfer et al. 2010); it is thus of

interest to investigate also in other tissues possible effects

of the metallohormone on ER-alpha/ER-beta signaling.

Effects of cadmium and estradiol on AhR target genes

To assess a modulation of the AhR pathway by E2 and

cadmium in uterus, we analyzed the response of two long

known target genes Cyp1a1 (Bock 1994) and Gsta2 (Baars

et al. 1978). In accord with recent findings (Kretzschmar

et al. 2010), the Cyp1a1 mRNA expression in the rat uterus

is down-regulated by E2, and this response is antagonized

by co-treatment with Zk (Fig. 4a). This suggests an

ER-mediated mechanism and cross-talk between the ER

and AhR pathways. A down-regulation of CYP1A1

enzyme activity and mRNA expression by E2 has been also

demonstrated in MCF-7 breast cancer cells (Wagner et al.

2008) and was antagonized by the anti-estrogen fulvestrant

(ICI 182.780).

Similar observations were made in MCF-7 cells where

E2 and the relatively potent mycoestrogen zearalenone

reduced both basal and TCDD-induced activity and mRNA

expression of CYP1A1 (Yu et al. 2004). There are also

contradictory reports on the influence of E2 co-treatment on

AhR agonist-induced transcription: As reviewed elsewhere

(Beischlag et al. 2008; Wihlén et al. 2009), the effects of

ER on AhR signaling are influenced by cell culture con-

ditions and exhibit cell and species specificity.

Similar to E2, treatment with cadmium also resulted in a

down-regulation of uterine Cyp1a1 expression (Fig. 4a).

Since this effect was antagonized by anti-estrogen Zk, it is

novel evidence for an ER-mediated mechanism of cad-

mium in the rat uterus. So far, modulation of Cyp1a1

expression and activity by cadmium has mainly been

studied in vitro and in other tissues. In murine Hepa 1c1c7

cells, cadmium induces Cyp1a1 activity and mRNA

expression; cadmium potentiated TCDD-induced Cyp1a1

mRNA and protein expression, but it reduced TCDD-

induced Cyp1a1 activity (Elbekai and El-Kadi 2004). In

human hepatoma Huh7 and Huh7-dioxin responsive ele-

ment (DRE)-Luc cells, cadmium inhibits TCDD-induced

CYP1A1 activity and TCDD-induced luciferase activity,

respectively (Chao et al. 2009). We speculate that ER and

AhR cross-talk and cell type specific receptor expression
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may explain divergent response patterns between liver cells

and uterus. Decreases in P450 enzymes by acute or chronic

cadmium treatment have been reported in liver (Schnel

et al. 1978), testis (Iscan et al. 2002), and kidney (Plewka

et al. 2004) of male rats. But to the best of our knowledge,

this is the first report on such an effect in uterus.

The expression of glutathione-S-transferase A2, another

AhR-regulated gene, was induced (threefold) in the uterus

by treatment with E2 (Fig. 4b). This Gsta2 response con-

firms previous results (Kretzschmar et al. 2010). Interest-

ingly, in the present study, the anti-estrogen Zk was able to

induce Gsta2 much stronger (about 30-fold) than E2, and a

combination of E2 and Zk resulted in a synergistic effect.

Presently, we can only speculate why a combination of E2

and anti-estrogen results in such a high Gsta2 induction.

Effects on involved cofactor binding could explain this

exiting finding that needs to be analyzed in future studies.

Previously, in breast cancer cells transfected with a GSTA2

reporter construct, anti-estrogen treatment caused a sig-

nificant increase in transcriptional activity (Montano and

Katzenellenbogen 1997).

However, it should be kept in mind that detoxifying

enzymes such as Gsta2, with both DREs and AREs (anti-

oxidant response element) in the promoter region, are not

only induced by AhR agonists. Induction of phase II gene

expression by phenolic antioxidants and by oxidative stress

is primarily an ARE-mediated effect through activation

of the transcription factor Nrf2. This pathway is ligand,

ER-subtype, and cell specific (Ansell et al. 2004). Media-

tion of cadmium toxicity by oxidative stress is also well

known (Liu et al. 2009). This implicates that Gsta2 might

not be an ideal target gene to analyze the influence of

cadmium on AhR and ER cross-talk.

In our study, cadmium alone exerted no major effects on

uterine Gsta2 mRNA expression; but in combination,

cadmium clearly antagonized the supposedly beneficial

induction of Gsta2 by Zk (Fig. 4b). This observation may

be of importance with respect to carcinogenesis and

deserves further investigations.

Conclusion

Together our findings provide evidence for cross-talk of

AhR and ER in the rat uterus. Estradiol modulates AhR

gene expression via the ER. Cadmium exerts estrogen-like

effects, and it modulates also AhR expression and that of

AhR target genes. Down-regulation of uterine Cyp1a1

expression is observed at similar doses as induction of

uterine C3 and PR by cadmium, and these responses are

antagonized by pure anti-estrogen.
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Abstract Cadmium (Cd) affects the expression of

estrogen receptor (ER) and aryl hydrocarbon receptor

(AhR)-associated genes in rat uterus and elicits estrogen-

like activity in vitro. The small intestine is highly

exposed to dietary Cd which may mimic or antagonize

estrogen action in this tissue. We investigated the effects

of Cd and 17-alpha-ethinylestradiol (EE2) on AhR-asso-

ciated gene expression after oral exposure of ovariecto-

mized female Wistar rats, and metallothionein (Mt1a)

expression as a typical metal-response marker. Mt1a in

the small intestine was strongly induced by co-treatment

with CdCl2 at 2 mg/kg b.wt (Cd 2) and 0.1 mg/kg b.wt

EE2 than by the single compound (3-day gavage). The

Cd 2-induced down-regulation of Cyp1a1, Gsta2, and

Nqo1 mRNA was not antagonized by pure anti-estrogen

(2.5 mg/kg b.wt ZK191703 s.c., ZK). Interestingly, the

EE2-induced down-regulation of Cyp1a1, Gsta2, and

Nqo1 mRNA was antagonized by Cd 2 in vivo and in

colon cancer cell lines (HT-29 and CaCo-2, treated 5

days with Cd 1 lM and/or E2 0.01 lM) with low or no

ER-beta expression. Dose dependency was studied after

Cd exposure with drinking water (5 and 50 ppm CdCl2
equivalent to 0.4 and 4 mg/kg b.wt; Cd 0.4, Cd 4) for 28

days and EE2 as reference. Intestinal Mt1a expression

was dose dependently induced, while AhR target genes

were down-regulated by Cd 0.4 similar to EE2 and more

pronounced than by Cd 4. We propose that Cd modu-

lates intestinal AhR-associated gene expression similar

to estrogens, but (contrary to its effects in uterus) via

ER-independent and/or ER-beta-mediated mechanisms.

Our new data suggest interference of Cd with estrogen

and AhR signaling in the small intestine.

Keywords Aryl hydrocarbon receptor � Cadmium �
Endocrine modulation � Endocrine disruption � Estrogens
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Introduction

The nonessential, toxic heavy metal cadmium (Cd) is an

important environmental contaminant and a recognized

health hazard in occupational contexts (Godt et al. 2006;

Järup and Akesson 2009). Cd is now also regarded as

potential endocrine disruptor due to properties that led to

its designation as metallohormone or metalloestrogen

(Byrne et al. 2009; Silva et al. 2006; Takiguchi and

Yoshihara 2006). Cd ions elicit estrogen-like activity

in vitro (Garcia-Morales et al. 1994; Stoica et al. 2000) and

modulate expression of estrogen receptor (ER) target genes

in rat uterus (Höfer et al. 2009; Johnson et al. 2003; Kluxen

et al. 2012). The underlying mechanisms of the estrogen-

like effects of Cd are debated: Antagonization experiments

with anti-estrogens suggest a direct interaction of Cd with

the ER in the uterus (Johnson et al. 2003; Kluxen et al.

2012). However, steroid estrogens and also Cd can activate

extracellular kinases in vitro (Brama et al. 2007; Kato et al.

2000; Liu et al. 2008) and thus signal through a nonclas-

sical genomic pathway. A study with ERE-luciferase

reporter mice where Cd exposure induced a limited spec-

trum of estrogenic responses supports the view that, in

certain targets, the effects of Cd might not be mediated via

classical ER-signaling through ERE-regulated genes (Ali

et al. 2010).

We recently demonstrated that Cd mimics estrogen

activity also with regard to other signaling cascades, i.e.,

AhR-associated gene expression in rat uterus apparently

via the ER (Kluxen et al. 2012). So far, the estrogen-like

effects of Cd have been mostly investigated with regard to

the ER alpha (Byrne et al. 2009; Silva et al. 2012) that is

expressed in classic estrogen target tissues such as uterus

and mammary gland. In the non-smoking population, Cd

exposure mainly occurs with foods and water (EFSA

2009), and the small intestine is highly exposed to the

metal after oral Cd administration (Höfer et al. 2009).

However, the intestine predominantly expresses ER beta

(Campbell-Thompson et al. 2001). Therefore, the hormonal

activity of the metalloestrogen Cd might be different in

small intestine and in classic ER alpha expressing estrogen

target tissues like uterus.

We previously reported estrogen-like activity (i.e., a

down-regulation of Pcna and ER beta protein and Ps2/Tff-1

mRNA expression) of Cd in rat small intestine (Höfer et al.

2010), but it is unknown whether this effect is mediated via

the ER beta. Cd-induced ER beta protein down-regulation

has been reported for brain (Ishitobi et al. 2007), terminal

end buds, lobules and ducts (Khan et al. 2007), and the

small intestine (Höfer et al. 2010). In breast cancer cells

that express only low amounts of ER beta (i.e., MCF-7), no

modulation of ER beta protein by Cd was found (Brama

et al. 2007). In MCF-7 cells and in SK-BR3 cells, Cd

affected rapid estrogenic signaling via ER alpha and

GPR30, but not in MDA-MB-231 cells that express only

ER beta (Liu et al. 2008). Cd-induced modulation of ER

beta-mediated transcription was observed only in ER beta-

transfected HeLa-ERE-luc cells (Martinez-Campa et al.

2006).

Substances that mimic estrogens raise the concern that

they may interfere with hormone-dependent diseases,

because estrogens play a major role in gut physiology and

pathology, e.g., in inflammatory processes (Harnish et al.

2004) and homeostasis (Schleipen et al. 2011; Wada-Hir-

aike et al. 2006), probably via the ER beta. However, only

a few estrogen-modulated target genes are known in the

intestine. As a follow-up to our previous study in rat uterus

(Kluxen et al. 2012), we now investigated whether AhR-

associated gene expression (i.e., Ahr, Cyp1a1, Gsta2,

Nqo1) in the small intestine is modulated by Cd or estrogen

and whether ER-mediated processes are involved.

The AhR is a member of the bHLH/PAS family and

mainly known for TCDD-mediated toxicity. Several food

ingredients and contaminants modulate the AhR (Ashida

et al. 2008). To the best of our knowledge, no data are

available whether the metallohormone Cd or estrogens

modulate AhR-associated gene expression in the small

intestine. It is also unknown whether estrogen-induced

AhR-ER-crosstalk (Gräns et al. 2010; Matthews and

Gustafsson 2006) is affected by co-treatment with Cd in the

small intestine after oral exposure.

We thus conducted the following experiments: Ovari-

ectomized, female Wistar rats were treated for 3 days per

gavage with CdCl2, EE2 alone, or in combination with anti-

estrogen (ZK191703). Dose-dependency of the Cd-induced

effect was subsequently evaluated in a 28-day sub-chronic

animal study with oral administration by drinking water. The

applied doses of CdCl2, 2 mg/kg b.wt or 0.4 and 4 mg/kg

b.wt, are based on previous studies where Cd showed an

estrogen-like effect in the small intestine (Höfer et al. 2010).

Cyp1a1 mRNA expression was also investigated in vitro in

ER-negative adenocarcinoma cell lines, HT-29 and Caco-2,

to elucidate the molecular mechanism further. The mRNA

levels of AhR-associated genes were analyzed by real-time

RT-PCR along with metallothionein (MT) expression (Mt1a

in small intestine, Mt2a in vitro) as typical response marker

for Cd exposure.

Materials and methods

Animals and experimental design

All animal husbandry and handling conditions complied

with the Institutional Animal Care and Use Committee

guidelines, and legal permission to conduct the animal
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experiments was obtained from the local responsible

authorities. Juvenile female Wistar rats of 4–5 weeks

(101–125 g) were obtained from Janvier (Le-Genest St-

Isle, France) and acclimatized for 1 week. Rats were kept

under controlled conditions (temperature 20 ± 1 �C,
humidity 50–80 %, illumination 12L/12D) and had free

access to tap water and a diet low in phytoestrogen content

(R/M-H, from Ssniff GmbH, Germany). Prior to the

experiments, animals were ovariectomized, and after

14 days of endogenous hormonal decline, rats were ran-

domly allocated to vehicle or treatment groups (gavage

experiment: n = 7 [n = 8 for Cd 2]; drinking water

experiment: n = 6 rats per group). The animals were killed

by decapitation, in the short-term experiment on day 4 and

in the long-term experiment after 28 days. In line with the

3 R principle (Russell and Burch 1992), new tissue samples

of the animals of Höfer et al. (2009) and the ZK-treated and

control animals of Kluxen et al. (2012) were prepared and

analyzed.

Short-term experiment with gavage administration

for 3 days

CdCl2 was dissolved in 0.9 %NaCl solution to achieve a dose

of 2 mg/kg b.wt in a total application volume of 5 ml/kg b.wt.

EE2 was dissolved in propanediol/ethanol (80:20, v:v) to

achieve a dose level of 0.1 mg/kg b.wt in a total applica-

tion volume of 5 ml/kg b.wt. For co-treatment, one part

of a CdCl2 solution in 0.9 % NaCl and one part of EE2

dissolved in propanediol/ethanol (80:20, v:v) were com-

bined to achieve the desired dose for the Cd 2 ? EE2 group

in a total application volume of 5 ml/kg b.wt. Anti-estro-

gen ZK191703 (11-fluoro-7-(14,14,15,15-penta-fluoro-6-

methyl-10-thia-6-azapentadecyl)estra-1,3-5(10)-triene-3,

17-diol) was dissolved in propanediol/ethanol (80:20, v:v)

and injected s.c. at a dose level of 2.5 mg/kg b.wt. ZK was

supplied by Bayer Healthcare Pharmaceuticals. The other

compounds were purchased from Sigma-Aldrich (Tauf-

kirchen, Germany). Body weights of the rats were deter-

mined on day 4 prior to killing. Pieces of small intestine

were collected and snap-frozen in liquid nitrogen for RNA

preparation. Wet weight of freshly excised uteri were

determined and organs snap-frozen in liquid nitrogen for

RNA analysis. In addition, a piece of the uterus was fixed

in neutral-buffered formaldehyde and later embedded in

paraffin for histological analysis and measurements of

uterine epithelial height (Diel et al. 2002).

Long-term experiment with drinking water

administration for 28 days

EE2 was dissolved in a small amount of ethanol and then

filled up with tap water to a final concentration of 1 ppm.

CdCl2 was dissolved in tap water to achieve concentrations

of 5 and 50 ppm. Since rats consumed about 20 ml water

per day, this corresponds to daily CdCl2 dose levels of 0.4

and 4 and 0.08 mg/kg b.wt for EE2. The control (OVX)

group received tap water only. Animals were killed by

decapitation and pieces of small intestine were collected

and snap-frozen in liquid nitrogen for RNA preparation.

Cell culture

The human colon carcinoma cell lines HT-29 (P29–P35)

and Caco-2 (P45–P56) were maintained in DMEM sup-

plemented with 10 % (HT-29) or 20 % (Caco2) FBS, 2 %

penicillin/streptomycin, and 1 % L-glutamine at 37 �C and

5 % CO2 in culture flasks. At 70 % confluence, cells were

passaged by trypsination (0.5 % trypsin in 0.5 mM EDTA,

Gibco BRL) by standard procedures.

Initially, cytotoxicity of CdCl2 with CaCo-2 and HT-29

cells was assessed by neutral red uptake assays (according

to Behm et al. 2009). Based on the results (IC50 values of

27 lM for CaCo-2 and 2.2 lM for HT-29 cells), a con-

centration of 1 lM CdCl2 was chosen for subsequent

experiments that is also comparable to previous in vitro

studies with other cell types (Siewit et al. 2010; Stoica

et al. 2000; Wilson et al. 2004),

To investigate steroid estrogen- and Cd-induced effects

on AhR-associated gene expression, 75,000 cells per well

were seeded in 6-well plates (Falcon, Franklin Lakes, NJ

USA). After 24 h, the medium was changed and the cells

were treated with a final concentration of 10-8 M E2, or

10-6 M CdCl2, or a combination of both agents (in 0.1 %

DMSO) for 5 days.

RNA isolation and real-time RT-PCR

Total RNA of the uteri, mucosa of the small intestine, or

cells was isolated from frozen tissue with 1 ml TRI-

zol (Invitrogen, Karlsruhe, Germany) according to the

suppliers instructions. First-strand cDNA synthesis was

accomplished with QuantiTect� Kit (Qiagen, Hilden).

Amplification of cDNA by real-time RT-PCR was per-

formed in a MX3005P thermal cycler (Stratagene). The

protocol comprised 5 min at 95 �C followed by 45 cycles

of 94, 60 �C (54 �C for Nqo1) and 72 �C for 1 min each.

The data were normalized relative to the housekeeping

gene subunit 1a of cytochrome c oxidase (1a) via the delta–

delta CT method (Pfaffl 2001). Used primers sequences in

rat tissue were: For 1a, forward 50-CGT CAC AGC CCA

TGC ATT CG-30 and the reverse 50-CTG TTC ATC CTG

TTC CAG CTC-30; for metallothionein subtype 1a (Mt1a),

forward 50-TTA CAC CGT TGC TCC AGA TTC-30 and
the reverse 50-CAG CAC TGT TCG TCA CTT CAG-30

(Höfer et al. 2009); for aryl hydrocarbon receptor (AhR),
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forward 50-CAA CCA AAC CAA ACA ACA GAG A-30

and the reverse 50-ATC CAT CAT CTT TCA ACC CAT

C-30; for cytochrome P450, family 1, subfamily A, poly-

peptide 1 (Cyp1a1), forward 50-TTA TGA CCA CGA TGA

CCA AGA G-30 and the reverse 50-GCC CTT CTC AAA

TGA CCT GTA G-30; for glutathione S-transferase alpha 2
(Gsta2), forward 50-GCC AGC CTT CTG ACC TCT TT-30

and the reverse 50-GCT CCG CTA AAA CTT GAA AAT

C-30 (Kretzschmar et al. 2010); for NAD(P)H dehydroge-

nase, quinone 1(Nqo1), forward 50-TGA ACG TCA TTC

TCT GGC CAA-30 and the reverse 50-ATT CAT ATC

CCA GGC CAC CTG-30 (Soyalan et al. 2011).

Primers sequences that were used for the cell culture

experiments (human cell lines): For 1a (subunit A of

cytochrome c oxidase), forward 50-CGT CAC AGC CCA

TGC ATT TG-30 and the reverse 50-GGT TAG GTC TAC

GGA GGC TC-30(Primer 3-designed, v0.4.0); for Cyp1a1,

forward 50-TCT TCC TTC GTC CCC TTT AC -30 and the

reverse 50-TGG TTG ATC TGC CAC TGG TT-30 (Bei-
schlag and Perdew 2005); for Mt2a, forward 50-CCG ACT

CTA GCC GCC TCT T-30 and the reverse 50-GTG GAA

GTC GCG TTC TTT ACA-30(Primer 3 designed). At least

three measurements were performed from independently

synthesized cDNA of the same pooled RNA samples.

Statistical analysis

All data are presented as mean ± standard deviation. We

used Kruskal–Wallis one-way analysis of variance fol-

lowed by pairwise comparison of selected means with the

Mann–Whitney U test. Significance was set at *p\ 0.05.

Results and discussion

The effect of oral Cd and steroid estrogen exposure on

AhR-signaling in the small intestine of rats was investi-

gated in two animal experiments and one in vitro study:

Dose-dependency of Cd-induced modulation of AhR-

associated gene expression (i.e., Ahr, Cyp1a1, Gsta2,

Nqo1) was assessed by sub-chronic 28-day treatment with

Cd or EE2 via drinking water. Possible ER-mediated pro-

cesses on AhR-associated gene transcription were charac-

terized in a typical 3-day uterotrophic assay design with

Cd, EE2, or ZK alone or combinations. To elucidate the

molecular mechanisms further, Cyp1a1 mRNA expression

was also investigated in HT-29 and Caco-2 cells after

Cd- or E2-treatment alone or in combination.

Effects of Cd on uterus

To assess the effects of Cd and the other compounds and

combinations after oral exposure, we determined uterus

wet weight (UWW) and uterine epithelium height (UEH)

as established parameters for estrogenicity (Diel et al.

2002). EE2 induced UWW (Fig. 1) and UEH (Table 1) as

expected. Treatment with Cd 2 (mg/kg b.wt/d) in the

short-term experiment had no effect on either parameter.

Long-term treatment with Cd 0.4 and Cd 4 had also no

effect on UWW and UEH (data not shown). This is in

agreement with previous results after oral treatment

(Höfer et al. 2009), and in contrast to uterotrophic effects

seen after i.p. injection of Cd (Höfer et al. 2009; Johnson

et al. 2003; Kluxen et al. 2012). However, one of the

seven Cd 2-treated animals had a UWW (abs. 218 mg or

rel. 897 mg/kg b.wt) similar to those of EE2-treated ani-

mals. Outlying values for a uterotrophic response to Cd

treatment have been reported before (Ali et al. 2010;

Höfer et al. 2009), yet an explanation for this finding

cannot be given.

Interestingly, oral co-treatment with Cd 2 ? EE2

resulted in a slightly lower UWW and also UEH compared

with EE2-treatment alone. This differs from our previous

findings where co-treatment with Cd 2 and E2, by i.p.

injection resulted in a slightly higher UWW and UEH

(non-significant) and non-significant elevations of molec-

ular markers for estrogenicity (Kluxen et al. 2012). The

divergent effects for combinations of Cd with steroid

estrogen between oral and i.p. studies may be explained

by major differences in internal Cd tissue concentrations:

As shown before, three consecutive oral doses of Cd

2 mg/kg b.wt result in a 100-fold lower uterine Cd content

than a single dose of Cd 2 mg/kg b.wt after i.p. injection

(Höfer et al. 2009). This is also reflected in the strong dose-

and route-dependency for estrogenic effects of Cd in the rat

uterus. On the other hand, a bi-phasic regulation of the

uterine complement C3 expression was observed over a

wide range of Cd doses, with decreased levels at lower

doses and induction at the highest dose (Höfer et al. 2009).

Furthermore, Ali et al. reported a decreased luciferase

activity in several tissues after three subcutaneous low

doses of Cd (0.005 mg/kg b.wt) in ERE-luc reporter mice

(Ali et al. 2010), indicative for anti-estrogenic effects of

Cd.

From the above, it appears that Cd can exert estrogenic

as well as anti-estrogenic activity in the uterus, either by

competitive antagonist-like interaction with the ER or

mediated by other signaling cascades or involved co-fac-

tors. However, except for the present and a previous study

(Kluxen et al. 2012), combinatory effects of steroid estro-

gens and the metallohormone Cd have not been investi-

gated in vivo so far. Future studies should also investigate

Cd-induced modulation of endocrine parameters in intact

female animals, taking into account possible interactions

with hormonal circuits as indicated by a feeding-study in

female pigs (Han et al. 2006).
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Cd-induced modulation of Mt1a in small intestine

Mt1a mRNA expression was investigated as a marker for

Cd exposure. In the small intestine, Cd 2 induced Mt1a

expression as expected (Fig. 2a). Moreover, Cd induced

Mt1a expression dose-dependently after long-term treat-

ment (Fig. 2b). This is in line with our previous findings in

uterus (Kluxen et al. 2012) and also in liver and kidney

(Höfer et al. 2010). In the intestine, Cd 2 ? ZK and ZK

alone also induced Mt1a mRNA expression significantly

(Fig. 2a). Interestingly, the combination Cd 2 ? EE2

potentiated Mt1a expression compared to the Mt1a

induction of the single compounds (Fig. 2a). Presently, we

can only speculate why the combination of Cd 2 and EE2

resulted in a synergistic effect in this tissue and on the

biological relevance (see below).

Metallothionein (MTs) are small, cysteine-rich proteins

that contain zinc ions, but also bind other metals (Coyle

et al. 2002). They are involved in zinc homeostasis,

mediate resistance to Cd toxicity (e.g., reviewed by Kla-

assen et al. 2009; Nordberg 2009), and have been

described to be regulated by estrogens (Rivera-Gonzalez

et al. 1998). Induction of MTs involves binding of zinc to

the metal transcription factor (MTF-1) that is also

important in the regulation of genes that play a role in

cellular response to various stressors (Coyle et al. 2002).

The Cd-induced MT up-regulation may be mediated by

replacing the MT-bound zinc ions, and interestingly Cd is
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reported to replace zinc in the ER (Predki and Sarkar

1994). Furthermore, metal depletion of the ER (a zinc

finger protein) via MTs has been described (Cano-Gauci

and Sarkar 1996), which might subsequently lead to

reduced DNA binding of the ER. It is unknown whether

zinc ions released upon binding of Cd to MTs may affect

ER activity.

We reported that i.p. treatment of OXV rats with E2

reduced Mt1a expression in the uterus and this effect was

reversed by pure anti-estrogen ZK (Kluxen et al. 2012).

On the other hand, E2 in combination with Cd did not

affect the metal-induced uterine Mt1a expression. This

differs from the findings in the small intestine where oral

co-treatment (Cd 2 ? EE2) strongly increased Mt1a

expression (Fig. 2a). It is unclear whether differences in

Cd tissue concentration and/or ER-subtype expression

might be involved in the tissue-specific regulation. Thus,

further studies are of interest, how hormonal status

influences MT expression, Cd-distribution, and biological

effects of Cd.

Modulation of AhR-associated genes in uterus

and small intestine by cadmium and steroid estrogens

Cyp1a1 mRNA expression in the uterus was analyzed to

investigate whether Cd and steroid estrogen affect this

response parameter similarly or differently in the small

intestine. After oral treatment, both EE2 and Cd down-

regulated Cyp1a1 mRNA expression in the uterus

(Fig. 3). This has also been observed after i.p. injection of

the compounds (Kluxen et al. 2012). Thus, Cyp1a1

mRNA expression appears to be a suitable uterine marker

of Cd and estrogen exposure. Down-regulation of uterine

Cyp1a1 mRNA after oral Cd exposure was antagonized

by anti-estrogen ZK, while ZK treatment alone had no

effect on its expression (Fig. 3). This result is in accord

with previous data where co-treatment with ZK prevented

the Cd- and estradiol-induced uterine Cyp1a1 mRNA

decrease (Kluxen et al. 2012). The findings support the

view that down-regulation of Cyp1a1 mRNA by Cd and

estrogen in the uterus is mediated by the ER.

To assess the modulation of the AhR pathway by EE2

and Cd in the small intestine after oral treatment, we

analyzed Ahr mRNA expression and AhR target genes,

Cyp1a1 and Gsta2, that are modulated by 17 beta-estradiol
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in the rat uterus (Kluxen et al. 2012; Kretzschmar et al.

2010) and Nqo1 as another gene of the classic AhR gene

battery (Abel and Haarmann-Stemmann 2010; Ashida et al.

2008).

In the small intestine, Ahr mRNA expression was

decreased only by Cd 2, but not significantly affected by

EE2 or other treatments (Fig. 4a). This differs from the

pattern observed in rat uterus where Ahr mRNA was down-

regulated by both Cd and steroid estrogen (Kluxen et al.

2012). Yet, the intestinal expression of Cyp1a1, Nqo1, and

Gsta2, down-stream target genes of the AhR, is signifi-

cantly down-regulated by steroid estrogen and to a lesser

extent also by Cd (Fig. 4b–d). Cyp1a1 is considered as a

prototypical AhR target gene due to the presence of XREs

but it has also three glucocorticoid response elements in the

first intron (Linder et al. 1999). Furthermore, Gsta2 and

Nqo1 have also been associated with another nuclear

receptor, Nrf2, and have (anti-)oxidant response elements

(ARE) in the promotor region (reviewed in Abel and

Haarmann-Stemmann 2010; Anwar-Mohamed et al. 2009).

Thus, it is interesting that all three genes are modulated

similarly after EE2 and Cd exposure in the small intestine

(Fig. 4b–d).

Co-treatment with ZK reduced the Cd (and estrogen-)-

induced decreases in mRNA levels of Ahr, Gsta2, and

Nqo1, while the Cd-induced down-regulation of Cyp1a1

was not antagonized (Fig. 4b). This differs from our find-

ings in rat uterus (see Fig. 3 in this study and also Kluxen

et al. 2012). Interestingly, the EE2-induced down-regula-

tion of Cyp1a1 and Nqo1 (and Gsta2 to a lesser extent)

mRNA levels is antagonized by co-treatment with Cd

in vivo (Fig. 4). Again, this differs from the combination

effect observed for Cyp1a1 mRNA expression in rat uterus

(see Fig. 3 in this study and also Kluxen et al. 2012).

ZK treatment alone had no effect on Ahr, Cyp1a1, and

Nqo1 mRNA expression in the small intestine. But the anti-

estrogen ZK significantly induced intestinal Gsta2 mRNA

expression (Fig. 4c) that is in line with our previous finding

in uterus (Kluxen et al. 2012). Montano and Katzenel-

lenbogen (1997) suggested that antioxidant activity of anti-

estrogens (trans-hydroxytamoxifen, tamoxifen, and ICI

182,780) in breast cancer cells may contribute to their

anticancer action. Thus, it might be of concern that Cd

antagonized the ZK-induced increase in Gsta2 mRNA

expression (Fig. 4c, and Kluxen et al. 2012). Another

interesting finding is that Gsta2 expression is differently
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affected by steroid estrogens and Cd in the two tissues

studied, with a more or less pronounced down-regulation in

the small intestine (Fig. 4c) and an up-regulation in the

uterus (Kluxen et al. 2012; Kretzschmar et al. 2010). The

tissue-specific responses of Gsta2 may be related to dif-

ferences in the expression of nuclear receptors and

co-regulators.

In light of the rather complex regulation of the AhR and

associated genes that can also involve cross-talk between

the AhR with other nuclear receptors (Anwar-Mohamed

et al. 2009) and what has been said earlier in this section,

we can presently only speculate on the mechanisms

involved in the observed effects of Cd and estrogen in the

small intestine. A complex mix of competitive co-factor

recruitment to ER beta or overlapping/contra-directional

signal transduction might play a role as well as ER-inde-

pendent mechanisms, e.g., modulation of extracellular

kinases as reported in vitro (Brama et al. 2007; Kato et al.

2000; Liu et al. 2008). Also mechanisms responsible for

the synergistic induction of MT1a in the small intestine

after combined exposure to Cd and EE2 are not yet

understood. Nonetheless, this effect and the observed

effects on AhR-associated genes for this combination may

be taken as an indication for an interaction between Cd and

estrogen-signaling.

Dose-dependent Cd-induced modulation of AhR-

associated genes in small intestine

The results of the 28-day drinking water experiment

(Fig. 5) confirm the modulation of AhR-associated genes

in the small intestine observed with 3-day gavage admin-

istration of Cd and EE2. The Cd doses chosen for our

subchronic study of 0.4 and 4 mg/kg b.wt/d frame the Cd

2 mg/kg b.wt/d dose of the short-term study. The EE2

doses were similar (0.08 or 0.1 mg/kg b.wt/d) in both

studies. Except for Ahr mRNA expression that was slightly

induced by EE2, the AhR downstream target genes Cyp1a1,

Gsta2, and Nqo1 were down-regulated by the steroid

estrogen (Fig. 5). While Cd 0.4 had no effect on AhR

expression, mRNA levels were reduced by Cd 4, similarly

as observed in the gavage study with Cd 2. However, the

Cd 0.4 dose down-regulated Cyp1a1, Gsta2, and Nqo1

mRNA level more efficiently than the Cd 4 dose (Fig. 5b–

d). The inverse dose–response of Cd treatment on Cyp1a1,

Gsta2, and Nqo1 mRNA expression interestingly correlates

with Mt1a expression in the small intestine after long-term

oral administration (Fig. 2b). That intestinal Mt1a is

induced by Cd 4 (but not by Cd 0.4) could affect the ratio

of bound and ‘free’ Cd in this tissue. Thus, a possible link

between Cd-induced MT modulation and Cd-induced

effects on gene transcription should be investigated in

future studies. Overall, the modulation of AhR-associated

genes by Cd is dependent on the administered dose, and to

some extent also upon duration of exposure.

Cd-induced modulation of Mt2a and AhR-associated

genes in HT-29 and Caco-2 cells

HT-29 and Caco-2 are cell lines derived from colorectal

adenocarcinomas of a female and a male donor, respec-

tively. Both cell lines are considered to be ER alpha neg-

ative. While ER beta expression has been reported before

in HT-29 and Caco-2 (e.g., Campbell-Thompson et al.

2001; Gilad et al. 2005), other groups (Edvardsson et al.

2011; Paruthiyil et al. 2009) did not find detectable

amounts of ER in these tumor cell lines. This is a major

challenge for mechanistic in vitro studies, yet in line with

the drop in ER beta levels observed during progression of

several tumors, including colon cancer (Deroo and Buen-

suceso 2010).

Cyp1a1 mRNA expression was measured in HT-29 and

Caco-2 cells after single and co-treatment with steroid

estrogen and Cd to elucidate further whether ER-inde-

pendent mechanisms play a role in Ahr-associated gene

transcription. Moreover, metallothionein (Mt2a) mRNA

induction was measured as a marker for Cd exposure

of Caco-2 and HT-29 and demonstrates a functional

response to heavy metal treatment. The results are shown

in Fig. 6.

Cd (1 lM) induced Mt2a mRNA expression in both cell

lines. Interestingly, the Mt2a induction by Cd was more

pronounced in Caco-2 than in HT-29 cells (Fig. 6a, b). This

may explain the higher resistance of Caco-2 to cytotoxicity

of CdCl2 (with an IC50 value of 27 lM for 24 h treatment

in the neutral red uptake assay) compared to HT-29 (IC50

value of 2.2 lM). Co-treatment with Cd ? E2 had no

effect on Cd-induced Mt2a induction, neither in HT-29 nor

in Caco-2 cells. Treatment with E2 alone resulted in a slight

induction of Mt2a mRNA in HT-29 cells, but not in Caco-2

cells. While Cd effects in vitro resemble those seen in vivo

(Fig. 2a), there is a difference in the effects of the metal-

steroid estrogen combination that caused a much higher

induction of metallothionein than Cd alone in the small

intestine, but not in the ER-deficient colon cancer cell

lines.

E2 treatment (0.01 lM) down-regulated Cyp1a1 mRNA

levels in both cell lines, with a stronger effect in Caco-2

than in HT-29 cells (Fig. 6c, d). In comparison, Cyp1a1

mRNA down-regulation by Cd was less pronounced, but

detectable in both cell lines (more in HT-29 than in Caco-

2). However, in both Caco-2 and HT-29 cells, co-treatment

with Cd antagonized the E2-induced Cyp1a1 mRNA down-

regulation. This combination effect in vitro resembles our

in vivo findings in the small intestine where oral admin-

istration of Cd 2 together with steroid estrogen also
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antagonized the EE2-induced down-regulation of Cyp1a1

(Fig. 4b). Overall, this finding and the down-regulation of

Cyp1a1 in HT-29 and CaCo-2 (Fig. 6c, d) suggest that the

modulation of AhR-associated gene expression by estrogen

and/or Cd in the intestine is mediated by ER-independent

mechanisms.
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Fig. 5 Relative mRNA expression of a Ahr, b Cyp1a1, c Gsta2, and
d Nqo1 in small intestine after 28 days via drinking water (Cd 0.4 or

4 mg/kg b.wt (5 or 50 ppm), EE2 0.08 mg/kg b.wt). Mean values

(fold induction) ± SD are given for n = 6 animals per dose group;

asterisk marks values significantly different from the control (OVX)

or as indicated by lines. p\ 0.05
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Fig. 6 Relative mRNA

expression of Mt2a in a HT-29

cells and b Caco-2 cells and

relative mRNA expression of

Cyp1a1 in c HT-29 cells and in

d Caco-2 cells after 5 days

treatment with 0.01 lM E2

and/or 1 lM CdCl2 in 0.1 %

DMSO. Mean values (fold

induction) ± SD are given for

three independent experiments;

asterisk marks values

significantly different from the

control (DMSO) or as indicated

by lines. p\ 0.05
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Conclusion

The new data show that estrogens modulate AhR-associ-

ated gene expression in the small intestine. Also the

metalloestrogen Cd dose-dependently modulates AhR-

associated gene expression similar to estrogens. We pro-

pose that ER-independent mechanisms might play a role

since Cd-induced modulation of AhR target genes is not

antagonized by anti-estrogen and also observed with

estradiol in ER-negative cell lines. Our data further suggest

interference of Cd with estrogen- and AhR-signaling in the

small intestine.
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Abstract 

Cadmium (Cd) is an environmental and food contaminant with pronounced toxicity, but also 
potential endocrine disrupting properties. An estrogen-like activity of Cd has been mostly 
described with regard to classic estrogen target tissues (i.e. uterus, breast) or in in vitro models 
that express estrogen receptor (ER) alpha. However, Cd also shows estrogenic activity in the 
small intestine, a tissue that predominantly expresses ER beta.  

The major route of exposure to Cd is via food, and estrogens can modulate homeostasis and 
inflammatory responses in the small intestine. Thus, Cd may also affect estrogen-regulated gene 
expression in the intestine. But to date, only few estrogen-sensitive genes are known in this 
tissue. To identify estrogen- and Cd-modulated genes in duodenal mucosa of rats, we 
performed a microarray analysis (Affymetrix Gene Chip Rat Genome 230 2.0 Array) of tissue 
samples of the following in vivo study.  

Female ovariectomized Wistar rats (n=12) were orally treated with either vehicle, 0.1 mg/kg b.wt 
17alpha-ethinylestradiol (EE2), 0.5 or 4 mg/kg b.wt CdCl2 for three days. After sacrifice the total 
RNA of mucosa was isolated and cDNA synthesized.  

In all treatment groups, a total of 129 genes were significantly modulated compared to controls 
(FC ≥ 2 or ≤ –2 and a p-value ≤ 0.05). Among these, 21 known and 5 unknown transcripts were 
significantly modulated by estrogen. A selection of genes was subsequently analyzed by real-
time RT-PCR: Cd dose-dependently induced Papss2, Reg1a, Akr1cl1, and Slc37a2 similar to EE2. 
Cd modulated the estrogen-sensitive genes Bcl6, Fam55b, Fabp6, and Il-33, but with a 
nonmonotonic dose-response relationship. 

Together we this study gives evidence that Cd modulates estrogen-sensitive gene expression in 
the rat intestine and an overview of the most responsive genes. 
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Introduction 

Cadmium (Cd) is an environmental and food contaminant. Occupational exposure to the metal 
is mainly via inhalation but the general population is exposed via diet (ATSDR 2008; ATSDR 
2012; EFSA 2009; EFSA 2012; UNEP 2010). Classic Cd toxicity has been long known (since the 
mid-1800s) and well characterized (Järup and Åkesson 2009; Nordberg 2009). However, 
emerging evidence more recently suggests hormonal disruption by divalent Cd ions (see 
reviews by Byrne et al. 2009; Silva et al. 2012). Cd mimics estrogen in vivo and in vitro. However, 
Cd’s estrogen-like activity has been mostly described with regard to classic estrogen target 
tissues, e.g. uterus (Höfer et al. 2009; Johnson et al. 2003; Kluxen et al. 2012b), or in in vitro 
models that express estrogen receptor (ER) alpha (Garcia-Morales et al. 1994; Stoica et al. 2000). 
On the other hand, Cd also shows estrogenic activity in the small intestine (Höfer et al. 2010; 
Kluxen et al. 2012a) – a tissue that predominantly expresses ER beta (Kuiper et al. 1997).  

Estrogens modulate homeostasis (Schleipen et al. 2011) and inflammatory response (Harnish et 
al. 2004) of the small intestine via ER beta. Thus this tissue’s exposure to Cd is of concern, since 
Cd may interfere with estrogenic signaling. However, only a few estrogen-sensitive intestinal 
genes are known.  

To identify estrogen- and Cd-modulated genes in duodenal mucosa of rats, we performed a 
microarray analysis (Affymetrix Gene Chip Rat Genome 230 2.0 Array) of tissue samples from the 
following in vivo study. Female ovariectomized Wistar rats (n=12) were orally treated with 
vehicle, 0.1 mg/kg b.wt 17alpha-ethinylestradiol (EE2), 0.5 or 4 mg/kg b.wt CdCl2 for three days. 
We used the ordinary p-value of moderated t-score along with fold change (FC) value to 
determine the differentially expressed transcripts in the microarray data (p-value ≤ 0.05 and FC 
≥ 2 or FC ≤ –2), because the data of the biological replicates did not escape false discovery rate 
(FDR) correction (see Material and Methods). A selection of co-regulated genes was 
subsequently analyzed by RT-PCR. 
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Material and Methods 

Animals and experimental treatments 

All animal husbandry and handling conditions were according to the Institutional Animal Care 
and Use Committee guidelines, and legal permission to conduct the animal experiments was 
obtained from the local responsible authorities. Juvenile female Wistar rats of 4–5 weeks (101–
125 g) were obtained from Janvier (Le-Genest St-Isle, France) and acclimatized for one week. 
Rats were kept under controlled conditions (temperature 20 ± 1 °C, humidity 50–80 %, 
illumination 12L/12D) and had free access to tap water and a diet low in phytoestrogen content 
(R/M-H, from Ssniff GmbH, Germany). Prior to the experiments, ovaries of the rats were 
ectomized (OVX). After the endogenous hormonal decline within 14 days, the animals were 
randomly allocated to vehicle or treatment groups, n=3. 

CdCl2 was dissolved in tap water and administered at doses of 0.5 or 4 mg/kg b.wt on three 
consecutive days; the estrogen reference group received ethinylestradiol (EE2, dissolved in 
propanediol/ethanol, 80:20) at a daily dose of 0.1 mg/kg b.wt. 

Tissue collection 

Freshly excised pieces of small intestine were collected and snap-frozen in liquid nitrogen for 
RNA preparations. 

RNA preparation and cDNA syntheses 

RNA was purified from mucosal tissue with RNAlater Kit (Quiagen) according to the 
manufacture’s protocol. The RNA was quantified by UV spectrophotometry (Nanodrop, Peqlab). 
Denaturing agarose gel electrophoresis was used for quality control: only RNA with intact 
ribosomal bands was used for gene chip analyses. 

Microarray 

The Affymetrix Gene Chip Rat Genome 230 2.0 Array (Genechip, Affymetrix, Santa Clara, CA) was 
used for gene expression profiling. RNA samples were handled according to the manufacturer’s 
instructions. The arrays were tested for quality control and observed to be within bounds of 
optimal threshold values set. Transcripts that were detected to be present (MAS 5.0) were RMA-
normalized and used for data analysis.  

The normalized dataset was taken for the Principal Component Analysis. It was observed that 
the biological replicates (individual animals) of all the 4 groups were scattered (see 
supplementary material Fig. 1). However, correlating the transcriptional expression levels of the 
arrays showed a strong positive correlation (see supplementary material Fig. 2). 

The fold change (FC) value for each transcript was calculated with the average values of the 
biological replicates of experimental group and reference group. FC = average of biolocical 
replicates of the experimental group / average of biological replicates of the reference group. 

To assess the differential expression of the genes with Limma, a R and Bioconductor package, a 
linear model was employed. Moderated t-statistic calculation was used to determine the 
differentially expressed transcripts between the experimental and the reference groups. 
Because none of the transcripts from the comparison escaped false discovery rate (FDR) 
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correction (when p-values of moderated t-scores were adjusted with Benjamini-Hochsberg to 
have FDR controlled p-values), we used the ordinary p-value of moderated t-score along with 
the FC-value to determine the differentially expressed transcripts (p-value ≤ 0.05 and FC ≥ 2 or ≤ 
–2).  

Real-time RT-PCR 

Amplication of cDNA by real-time RT-PCR was performed in a MX3005P thermal cycler 
(Stratagene). The protocol comprised 5 min at 95 °C followed by 45 cycles of 94, 60, and 72°C for 
1 min each. The data were normalized relative to the housekeeping gene subunit 1A of 
cytochrome c oxidase via the delta delta CT method (Pfaffl 2001). Primers are depicted in Table 
1. We have performed at least three measurements from independently synthesized cDNA of 
the same pooled RNA samples. 
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Results 

To investigate estrogen and Cd-induced modulation of intestinal gene expression in 
ovariectomized Wistar rats after 3 day of treatment, we performed an explorative microarray 
experiment. 129 genes were modulated by treatment (Fig. 1). 26 transcripts were modulated by 
estrogen (Table 2), 58 genes were modulated by the low dose group of Cd (Table 3), and 68 
gene by the high dose group (Table 4). Groups that are similarly modulated by two or three 
compounds are depicted in Table 5. The microarray expression of selected genes was 
subsequently controlled by real-time RT-PCR.  

Mt2a mRNA expression was measured as marker for Cd exposure. Mt2a mRNA in the intestine 
was induced only in the highest dose group (Fig. 2). 

Real-time RT-PCR confirmed the expression patterns of the microarray analysis. The expression 
pattern of the investigated genes can be divided into two groups: Estrogen-sensitive genes that 
are dose-dependently induced by Cd and genes that have a nonmonotonous dose-response 
relationship, as follows.  

Cd dose-dependently induces Reg1a, Papss2, Ark1cl1, and Slc37a2 similar to EE2 (Fig. 3). EE2 
induces Papss2 and Slc37a2 more than Cd 4. EE2 and Cd 4 similarly induce Reg1a and Akr1cl1.  

EE2 and Cd 0.5 induce Bcl6 expression. Treatment with Cd 4 has no effect. EE2 and Cd 0.4 
strongly induced (40 and 60 fold respectively) Fam55b expression. Treatment with Cd4 induces 
Fam55b expression less (about 30 fold) than either EE2 or Cd 0.5. Fabp6 is down-regulated by 
EE2 and Cd 4. Interestingly Cd 0.5 induces Fabp6 expression about 50 fold. Il-33 is down-
regulated by EE2 and Cd 0.5. Treatment with Cd 4 has no effect on Il-33 expression (Fig. 4). 
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Discussion 

We performed an explorative microarray experiment to investigate estrogen- and Cd-induced 
modulation of intestinal gene expression in ovariectomized Wistar rats after 3 day of treatment. 
Estrogens play a vital role in gut homeostasis and pathology but there is a lack of knowledge 
about estrogen-sensitive genes in the intestine. There is however an increased risk to be 
exposed to potential hormonally active compounds/potential endocrine disruptors via dietary 
exposure. 

As outlined in Material and Methods we used the ordinary p-value of moderated t-score to 
determine differently expressed transcripts. This method might have a lower accuracy and 
reproducibility (Tibshirani 2007), therefore, a p-value ≤ 0.05 was applied and only FC-values ≥ 2 
or ≤ –2 were reported. This reduced the number of transcripts to 129 (see Table 2–4).  

To identify genes that are similarly regulated by both Cd and estrogen we measured mRNA 
expression of genes that appear in the intersections of the 3-way-venn diagram (Fig.1): EE2 � Cd 
0.5 � Cd 4 and EE2 � Cd 4 (see Table 5). 

Metallothionein response 

We used metallothionein (Mt) expression as a marker for Cd exposure. MT isoforms Mt1a and 
Mt2a were dose-dependently induced by Cd and therefore show a functional response of the 
tissue to the heavy metal. Interestingly Mt2a expression seems to be more pronounced than 
Mt1a expression (Table 4), the isoform we analyzed in rat-intestine before (Höfer et al. 2010). We 
observed in real-time RT-PCR that Mt2a mRNA Expression was induced by Cd but not by EE2 
(Fig. 2) contrary to the results reported for Mt1a before. However, real-time RT-PCR confirmed 
the results reported for microarray expression. 

Real-time RT-PCR of selected genes 

Cd dose-dependently induced Papss2, Reg1a, Akr1cl1, and Slc37a2 similar to EE2. Cd modulated 
the estrogen-sensitive genes Bcl6, Fam55b, Fabp6, and Il-33, but with a non-monotonic dose-
response relationship. A non-monotonic dose-response has been reported repeatedly in other 
studies that investigated hormonally active compounds (Andrade et al. 2006; Narita et al. 2007; 
Takano et al. 2006; Welshons et al. 2003; Wetherill et al. 2002; Wozniak et al. 2005). We reported 
that high doses of Cd induce complement C3 mRNA expression, a classic ERE-containing, 
estrogen target gene, while lower doses repress its expression (Höfer et al. 2009). These effects 
create tremendous problems for risk assessment (Conolly and Lutz 2004), since low-dose 
toxicity is usually extrapolated from the toxicity of higher doses by assuming a monotonous 
dose response relationship. A complex mix of forming transcriptionally less efficient receptor 
dimers (Conolly and Lutz 2004), recruiting ineffective coactivators (Kohn and Melnick 2002) 
together with non-classic receptor activation/modulation and other signal transduction might 
be involved. However, at the moment no explanation can be given.  

Cd and EE2 induce genes associated with tumor progression 

It is of concern that both estrogen and Cd induce genes that have been associated with tumor 
progression (Bcl6 and Reg1a). Especially Reg1a recently received increased attention. 
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Bcl6 is a repressive zinc finger transcription factor that is implicated in the pathogenesis of 
diffuse large B cell lymphoma (Pellicano and Holyoake 2011). Compared to adenocarcinoma, 
lymphoma in the intestine are relatively rare, but their prognosis is poor (Gustafsson et al. 2008). 
Expression of BCL6 protects B cell lines from DNA damage-induced apoptosis, probably by 
inactivation of p53 (Phan and Dalla-Favera 2004). It has not been described to be regulated by 
estrogens before.  

Reg1a is a growth factor affecting pancreatic islet beta cells. It might be involved in the 
progression of various cancer types including those in the gastrointestinal tract. In patients 
whose pancreatic cancers express Reg1a, Reg1a serum levels and Reg1a levels in pancreatic 
juice have also been shown to be elevated compared to controls. Thus, Reg1a might be a 
potential tumor marker for pancreatic tumors (Park et al. 2011). High expression levels of Reg1a 
in tumors is an independent predictor of poor prognosis in patients with breast (Sasaki et al. 
2008) or gastric cancers (Yamagishi et al. 2009). In colorectal cancer patients Reg1a is a predictor 
of disease-free survival and is already significantly raised in peritumoral normal tissue compared 
to mucosa from healthy individuals (Astrosini et al. 2008). Reg1a expression occurs also in 
inflammatory diseases of the intestine, as follows. Reg1a has been shown to be upregulated in 
illeum of children with Crohn's Disease compared to control (Sim et al. 2011). Reg1a expression 
differentiates neoplastic lesions from non-neoplasticin ulcerative colitis tissues (Tanaka et al. 
2011). It might serve as a biological mediator for immune cell-derived IL-22 in these tissues 
(Sekikawa et al. 2010). Interestingly Reg1a is also up-regulated in parasite-induced colitis, but 
the biological role in this is unclear – Peterson et al. proposed a possible protection from 
parasite-induced apoptosis (Peterson et al. 2011). 

Estrogens modulate the homeostasis of the small intestine. Antiproliferative and proapoptotic 
effects are mediated via ER beta (Schleipen et al. 2011). The modulation of Bcl6 and Reg1a by 
estrogen and Cd has to be investigated in future mechanistic studies. And since, cancer in the 
small intestine is seldom compared to colon (Schottenfeld et al. 2009) those studies should also 
be conducted in colon tissue. 

Together our data demonstrates that Cd-modulates estrogen-sensitive genes in the intestine. 
The newly identified estrogen-sensitive and Cd-modulated genes in the small intestine might 
provide a good basis for future studies. 
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Tables: 

Table 1 Primers (designed in Primer3 0.4.0) used in control real-time RT-PCR of the genes that 
were modulated in the microarray by the indicated compounds with a p-value ≤ 0.05 and a FC ≥ 
2 or ≤ --2. 

mRNA   Sequence 5'-3' 

1A fwd CGTCACAGCCCATGCATTCG 

rev CTGTTCATCCTGTTCCAGCTC 

Genes that were modulated by EE2, Cd 0.5, and Cd 4  

Bcl6 fwd TAAAGAGCCATCTGCGCATC 

rev AAGGGGCTGGAGAGAAAAAG 

Fam55b fwd GGGCTTCCTTTTGGAGAGAG 

rev TCATGGTGGTGTTTCTGTGC 

Papss2 fwd TGCCTCACCCTGAGACAAAG 

rev TCTGGGGGATCTTCTCCTTC 

Reg 1a fwd TTCCAATCGTGGCTACTGTG 

rev GGAAGAGGGGGTTGACTTTG 

Genes that were modulated by EE2 and Cd 4 

Slc37a2 fwd CTGTCACGGCCATCATTGAC 

rev TGGGTTAGGGCCAGACTAGAG 

Akr1cl1 fwd TTGAATTGACCCCAGAGGAC 

rev GACAAGCACAAGGCAACAAG 

Genes that were modulated by either EE2 or Cd 4 

Il-33 fwd ATGGGAAGAAGCTGATGGTG 

rev ACCAGAGCCAGTTGGTTGTC 

Fabp6 fwd CACCATTGGCAAAGAATGTG 

  rev CAAGCCACCCTCTTGCTTAC 
 

Table 2 Genes in rat-mucosa that are modulated after three days oral treatment with 0.1 mg/kg 
b.wt 17alpha-ethylestradiol. 

�
Gene Title 

Gene 

Symbol 

Probe Set 

ID 

Fold 

Change 

p-

value 

family with sequence similarity 55, member B Fam55b 1383833_at 19.00 0.033 

�
Similar to Hypothetical protein MGC75664 

RGD156155
1 

1390691_at 5.54 0.017 

�
solute carrier family 37 (glycerol-3-phosphate transporter), member 
2 

Slc37a2 1377058_at 4.13 0.011 

3'-phosphoadenosine 5'-phosphosulfate synthase 2 Papss2 1395721_at 4.10 0.024 

S100 calcium binding protein G S100g 1368339_at 3.90 0.033 

frizzled homolog 8 (Drosophila) Fzd8 1383721_at 3.67 0.001 

alkaline phosphatase 3, intestine, not Mn requiring Akp3 1387758_at 3.67 0.021 

--- --- 1397423_at 3.63 0.007 

3'-phosphoadenosine 5'-phosphosulfate synthase 2 Papss2 1376047_at 3.41 0.027 

regenerating islet-derived 1 alpha Reg1a 1368629_at 3.39 0.020 

Forkhead box Q1 Foxq1 1385464_at 3.34 0.019 
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FK506 binding protein 5 Fkbp5 1388901_at 3.28 0.028 

transmembrane 7 superfamily member 3 Tm7sf3 1389609_at 2.62 0.000 

WDNM1 homolog LOC360228 1393260_at 2.58 0.019 

--- --- 1381591_at 2.51 0.012 

--- --- 1373944_at 2.45 0.000 

B-cell CLL/lymphoma 6 Bcl6 1379368_at 2.35 0.025 

aldo-keto reductase family 1, member C-like 1 Akr1cl1 1394681_at 2.10 0.044 

metallothionein 1a Mt1a 1371237_a_at 2.08 0.032 

cathepsin Z Ctsz 1370885_at 2.01 0.026 

Genes with  --2 < FC < 2  and/or p-values > 0.05 were excluded 

--- --- 1380669_at -2.01 0.002 

interleukin 33 Il33 1389581_at -2.09 0.004 

--- --- 1389986_at -2.21 0.002 

Myotubularin related protein 11 Mtmr11 1383311_at -2.66 0.045 

�
stearoyl-CoA desaturase (delta-9-desaturase) Scd 

1367668_a_
at 

-2.90 0.016 

�
similar to HTGN29 protein; keratinocytes associated 
transmembrane protein 2 

RGD131035
2 

1380407_at -3.05 0.010 

 

Table 3 Genes in rat-mucosa that are modulated after three days oral treatment with 0.5 mg/kg 
b.wt CdCl2. 

Gene Title Gene Symbol 
Probe 

Set ID 

Fold 

Change 

p-

value 

family with sequence similarity 55, member B Fam55b 1383833_at 20.54 0.03 

immunoglobulin heavy chain 1a (serum IgG2a) Igh-1a 1388272_at 8.57 0.01 

TRAF-interacting protein with forkhead-associated domain Tifa 1382311_at 4.06 0.01 

--- --- 1391106_at 3.74 0.00 

--- --- 1387902_a_
at 3.73 0.04 

3'-phosphoadenosine 5'-phosphosulfate synthase 2 Papss2 1395721_at 3.47 0.03 

immunoglobulin joining chain Igj 1383163_at 3.44 0.04 

family with sequence similarity 43, member A Fam43a 1390403_at 3.33 0.00 

regenerating islet-derived 1 alpha Reg1a 1368629_at 3.23 0.01 

regenerating islet-derived 3 gamma Reg3g 1370631_at 3.14 0.02 

complement component 7 /// tubulin, beta 2c C7 /// Tubb2c 1388557_at 3.14 0.00 

3'-phosphoadenosine 5'-phosphosulfate synthase 2 Papss2 1376047_at 3.12 0.03 

Tenascin C Tnc 1373401_at 3.00 0.05 

heme oxygenase (decycling) 1 Hmox1 1370080_at 2.94 0.00 

frizzled homolog 8 (Drosophila) Fzd8 1383721_at 2.91 0.01 

ceruloplasmin Cp 1368419_at 2.77 0.00 

--- --- 1386695_at 2.76 0.01 

complement component 1, s subcomponent C1s 1387893_at 2.76 0.03 

adrenomedullin Adm 1387219_at 2.64 0.00 

MAX gene associated Mga 1391600_at 2.61 0.00 

membrane-spanning 4-domains, subfamily A, member 7 Ms4a7 1378193_at 2.57 0.01 

similar to RIKEN cDNA 2010001M09 RGD1310251 1385813_at 2.56 0.04 



Draft: Identification of estrogen- and cadmium-modulated genes in the rat-intestine by microarray analysis 

--- --- 1382702_at 2.54 0.00 

vascular cell adhesion molecule 1 Vcam1 1368474_at 2.48 0.05 

Cd5 molecule-like Cd5l 1385635_at 2.45 0.00 

cathepsin Z Ctsz 1370885_at 2.42 0.02 

matrix metallopeptidase 2 Mmp2 1370301_at 2.38 0.02 

WDNM1 homolog LOC360228 1393260_at 2.38 0.04 

CD3 molecule, gamma polypeptide Cd3g 1384787_at 2.37 0.01 

chemokine (C-C motif) ligand 2 Ccl2 1367973_at 2.34 0.00 

--- --- 1383211_at 2.32 0.01 

clusterin Clu 1367784_a_
at 2.32 0.01 

similar to paired immunoglobin-like type 2 receptor alpha 
LOC685020 

/// Pilra 
1376688_a_

at 2.30 0.00 

--- --- 1382746_s_
at 2.29 0.04 

complement factor H Cfh 1387029_at 2.28 0.04 

legumain Lgmn 1368430_at 2.27 0.01 

periostin, osteoblast specific factor Postn 1373911_at 2.27 0.03 

plasminogen activator, tissue Plat 1367800_at 2.23 0.03 

chemokine (C-X-C motif) receptor 4 Cxcr4 1389244_x_
at 2.22 0.01 

B-cell CLL/lymphoma 6 Bcl6 1379368_at 2.20 0.02 

receptor-interacting serine-threonine kinase 3 Ripk3 1370422_at 2.19 0.01 

Fas apoptotic inhibitory molecule 3 Faim3 1382184_at 2.19 0.00 

spondin 1, extracellular matrix protein Spon1 1370312_at 2.15 0.03 

guanylate binding protein 2 Gbp2 1368332_at 2.13 0.00 

--- --- 1385029_at 2.11 0.00 

actin, alpha 1, skeletal muscle Acta1 1369928_at 2.05 0.05 

low density lipoprotein receptor-related protein 3 Lrp3 1378136_at 2.05 0.01 

interleukin 22 receptor, alpha 2 Il22ra2 1391612_at 2.03 0.04 

collectin sub-family member 12 Colec12 1372818_at 2.02 0.03 
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Table 4 Genes in rat-mucosa that are modulated after three days oral treatment with 4 mg/kg 
b.wt CdCl2. 

Gene Title Gene Symbol 
Probe Set 

ID 

Fold 

Change 

p-

value 

family with sequence similarity 55, member B Fam55b 1383833_at 17.38 0.039 

metallothionein 2A Mt2a 1388271_at 7.92 0.002 

regenerating islet-derived 1 alpha Reg1a 1368629_at 7.54 0.002 

Similar to Hypothetical protein MGC75664 RGD1561551 1390691_at 7.39 0.011 

3'-phosphoadenosine 5'-phosphosulfate synthase 2 Papss2 1395721_at 6.55 0.004 

metallothionein 1a Mt1a 1371237_a_a
t 4.53 0.001 

3'-phosphoadenosine 5'-phosphosulfate synthase 2 Papss2 1376047_at 4.48 0.009 

heme oxygenase (decycling) 1 Hmox1 1370080_at 4.17 0.003 

--- --- 1379739_at 4.07 0.049 

cytochrome b reductase 1 Cybrd1 1377369_at 4.02 0.045 

Forkhead box Q1 Foxq1 1385464_at 3.38 0.013 

solute carrier family 37 (glycerol-3-phosphate transporter), member 2 Slc37a2 1377058_at 3.33 0.016 

heat shock 70kD protein 1A /// heat shock 70kD protein 1B (mapped) 
Hspa1a /// 

Hspa1b 
1368247_at 3.15 0.002 

tumor necrosis factor (ligand) superfamily, member 13 Tnfsf13 1377353_a_a
t 3.00 0.037 

serine peptidase inhibitor, Kazal type 4 Spink4 1393747_at 2.90 0.038 

deleted in malignant brain tumors 1 Dmbt1 1368007_at 2.86 0.008 

glutathione S-transferase, theta 3 Gstt3 1371942_at 2.82 0.016 

--- --- 1386695_at 2.80 0.027 

regucalcin (senescence marker protein-30) Rgn 1368627_at 2.76 0.013 

B-cell CLL/lymphoma 6 Bcl6 1379368_at 2.63 0.017 

HIV-1 tat interactive protein 2, homolog (human) Htatip2 1390208_at 2.60 0.016 

aldehyde dehydrogenase 7 family, member A1 Aldh7a1 1371567_at 2.56 0.000 

solute carrier family 2 (facilitated glucose/fructose transporter), 
member 5 

Slc2a5 1368460_at 2.54 0.014 

aldo-keto reductase family 1, member C-like 1 Akr1cl1 1394681_at 2.48 0.032 

solute carrier family 30 (zinc transporter), member 2 Slc30a2 1378896_at 2.44 0.033 

--- --- 1381591_at 2.42 0.004 

heat shock 70kD protein 1B (mapped) Hspa1b 1370912_at 2.40 0.015 

--- --- 1382702_at 2.39 0.023 

solute carrier family 30 (zinc transporter), member 2 Slc30a2 1398264_at 2.39 0.031 

--- --- 1379400_at 2.27 0.005 

1-acylglycerol-3-phosphate O-acyltransferase 3 Agpat3 1382041_at 2.27 0.017 

--- --- 1383460_at 2.26 0.028 

glutathione S-transferase Yc2 subunit Yc2 1371089_at 2.24 0.040 

forkhead box Q1 Foxq1 1368550_at 2.16 0.040 

--- --- 1372318_at 2.14 0.037 

--- --- 1377946_at 2.14 0.019 

--- --- 1381384_at 2.12 0.005 

--- --- 1380865_at 2.10 0.042 

CD3 molecule, gamma polypeptide Cd3g 1384787_at 2.06 0.033 

putative GTP-binding protein LOC293589 1372212_at 2.05 0.037 

lactate dehydrogenase D Ldhd 1382061_at 2.04 0.030 

CD302 molecule Cd302 1374061_at 2.04 0.005 
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similar to 9630058J23Rik protein RGD1564833 1381390_at 2.04 0.005 

cathepsin L1 Ctsl1 1370244_at 2.02 0.022 

lactate dehydrogenase D Ldhd 1376746_at 2.02 0.037 

--- --- 1384567_at 2.02 0.001 

Genes with  --2 < FC < 2  and/or p-values > 0.05 were excluded 

v-ets erythroblastosis virus E26 oncogene homolog 1 (avian) Ets1 1368851_at –2.00 0.00 

polymerase (RNA) III (DNA directed) polypeptide K, 12.3 kDa Polr3k 1398875_at –2.01 0.00 

Cd247 molecule Cd247 1370621_at –2.03 0.01 

--- --- 1376673_at –2.04 0.01 

Serine (or cysteine) peptidase inhibitor, clade B, member 9 Serpinb9 1373672_at –2.04 0.01 

Cd53 molecule Cd53 1368518_at –2.05 0.03 

acyl-CoA synthetase family member 3 Acsf3 1388969_at –2.06 0.02 

--- --- 1377190_at –2.06 0.02 

histocompatibility 2, class II antigen E alpha H2-Ea 1370883_at –2.07 0.03 

CD3 molecule, epsilon polypeptide Cd3e 1379791_at –2.08 0.01 

ST6 beta-galactosamide alpha-2,6-sialyltranferase 1 St6gal1 1370907_at –2.11 0.01 

CD3 molecule delta polypeptide Cd3d 1387472_at –2.17 0.01 

RT1 class II, locus Db1 RT1-Db1 1370383_s_a
t –2.24 0.03 

protein tyrosine phosphatase, receptor type, C Ptprc 1390798_at –2.27 0.01 

RT1 class II, locus Ba RT1-Ba 1370822_at –2.32 0.02 

chemokine (C-C motif) ligand 5 Ccl5 1369983_at –2.34 0.02 

RT1 class II, locus Db1 RT1-Db1 1370382_at –2.90 0.04 

serine peptidase inhibitor, Kazal type 3 Spink3 1368447_x_a
t –3.01 0.04 

immunoglobulin heavy chain 6/similar to single chain Fv antibody 
fragment scFv 7-10A 

Igh-6 /// 
LOC314509 

1380366_at –3.24 0.03 

cytochrome P450 4F5 Cyp4f5 1388055_at –4.22 0.03 

phospholipase B Phlpb 1370447_at –8.52 0.01 

fatty acid binding protein 6, ileal Fabp6 1368697_at –14.48 0.00 

 

Table 5 Transcripts that are similarly regulated by two or three compounds. 

EE2 � Cd 0.5 Cd 0.5 � Cd 4 EE2 � Cd 4 EE2 � Cd 0.5 � Cd 4 

Probe set ID Gene Symbol Probe set ID Gene Symbol Probe set ID Gene Symbol Probe set ID Gene Symbol 

1383721_at Fzd8 1370080_at Hmox1 1390691_at RGD1561551 1383833_at Fam55b 

1393260_at LOC360228 1386695_at --- 1377058_at Slc37a2 1395721_at Papss2 

1370885_at Ctsz 1382702_at --- 1385464_at Foxq1 1376047_at Papss2 

1384787_at Cd3g 1381591_at --- 1368629_at Reg1a 

1394681_at Akr1cl1 1379368_at Bcl6 

        1371237_a_at Mt1a     
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Figure legends 

Fig. 1 129 genes are regulated in rat-mucosa after oral exposure with EE2 or Cd (see Table 2-4). 
EE2 modulated 21 known and 5 unknown transcripts. The sets of genes modulated by two of 
three compounds (unions) are depicted in Table 5. 

Fig. 2 Relative mRNA expression of Mt2a expression after 3 days gavage (Cd 0.5 and 2 mg/kg 
b.wt, EE2 0.1 mg/kg b.wt). Mean values (fold induction) ± SD are given for n=7 animals per dose 
group; * (asterisk) marks values significantly different from the control (OVX) or as indicated by 
lines. P < 0.05 

Fig. 3 Cd induces (a) Reg1a, (b)Papss2, (c) Akr1cl1 and (d) Slc37a2 mRNA expression dose-
dependently and similar to EE2 after 3 days gavage (Cd 0.5 and 2 mg/kg b.wt, EE2 0.1 mg/kg 
b.wt). Mean values (fold induction) ± SD are given for n=7 animals per dose group; * (asterisk) 
marks values significantly different from the control (OVX) or as indicated by lines. P < 0.05 

Fig. 4 (a) Bcl6, (b) Fam55b, (c) Fabp6, and (d) Il-33 mRNA expression is modulated by EE2 and 
with a nonmonotonic dose-response by Cd after 3 days gavage (Cd 0.5 and 2 mg/kg b.wt, EE2 0.1 
mg/kg b.wt). Mean values (fold induction) ± SD are given for n=7 animals per dose group; * 
(asterisk) marks values significantly different from the control (OVX) or as indicated by lines. P < 
0.05 
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Fig. 1 129 genes are regulated in rat-mucosa after oral exposure with EE2 or Cd (see Table 2-4). 
EE2 modulated 21 known and 5 unknown transcripts. The sets of genes modulated by two of 
three compounds (unions) are depicted in Table 5. 

 

 

 

Fig. 2 Relative mRNA expression of Mt2a expression after 3 days gavage (Cd 0.5 and 2 mg/kg 
b.wt, EE2 0.1 mg/kg b.wt). Mean values (fold induction) ± SD are given for n=7 animals per dose 
group; * (asterisk) marks values significantly different from the control (OVX) or as indicated by 
lines. P < 0.05 
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 Fig. 3 Cd induces (a) Reg1a, (b)Papss2, (c) Akr1cl1 and (d) Slc37a2 mRNA expression dose-
dependently and similar to EE2 after 3 days gavage (Cd 0.5 and 2 mg/kg b.wt, EE2 0.1 mg/kg 
b.wt). Mean values (fold induction) ± SD are given for n=7 animals per dose group; * (asterisk) 
marks values significantly different from the control (OVX) or as indicated by lines. P < 0.05 
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 Fig. 4 (a) Bcl6, (b) Fam55b, (c) Fabp6, and (d) Il-33 mRNA expression is modulated by EE2 and 
with a nonmonotonic dose-response by Cd after 3 days gavage (Cd 0.5 and 2 mg/kg b.wt, EE2 0.1 
mg/kg b.wt). Mean values (fold induction) ± SD are given for n=7 animals per dose group; * 
(asterisk) marks values significantly different from the control (OVX) or as indicated by lines. P < 
0.05 

 



Draft: Identification of estrogen- and cadmium-modulated genes in the rat-intestine by microarray analysis 

 

Supplementary material: 

Cd 4 #1

Cd 4 #2

Cd 4 #3

EE2 #2

EE2 #1

EE2 #3

Cd 0.5 #1

Cd 0.5 #2

Cd 0.5 #3

NC #1

NC #2

NC #3

3 D graph of Principal Component Analysis

 

Fig 1 (supp.): Principal component analysis shows that the biological replicates are scattered. 
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Correlation Scatter Plot 
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Fig 2 (supp.): Correlation on the transcriptional expression levels of the arrays shows a strong 
positive correlation. 
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3RL + 3RX −−⇀↽−− LRRL + 2LRRX+XRRX.
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