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Introduction
Currently public and scientific attentions have been focused on 
environmental chemicals having endocrine disruptive activity. 
Endocrine disrupting chemicals are ubiquitous in the environment 
which alters normal function and signaling effect of hormones. 
Bisphenol A (BPA) is well-known industrial chemical, acts as a 
xenoestrogen because of its structural resemblance with 17-β 
estradiol, an active form of estrogen. BPA disrupts the normal action 
of 17-β estradiol by interfering with estrogen signaling pathway [1].

Endogenous estrogen signaling mainly occurs in ligand-
dependent/genomic pathways. Estrogen ligand directly binds to 
estrogen receptors (ER-α/ER-β) which translocates in to nucleus 
where ER-DNA interaction regulates the expression of estrogen 
responsive genes or through a tethering mechanism in which 
ERs tether to DNA with other transcription factors. The binding 
affinity of ER and transcription apparatus is facilitated by co-
activators. The nuclear receptor co-activator family (p160 family) 
of protein such as steroid receptor co activators such as steroid 

receptor co-activator 1, 2, 3 (SRC1, SRC2, SRC3) act as binding 
protein for the assembly of complex machinery required for 
chromatin remodeling and RNA synthesis [2].

Ligand-independent/non-genomic pathway involves the 
activation of other signal transduction pathways that lead to rapid 
responses, within minutes of estrogen exposure. The mechanism 
of non-genomic ER signaling is thought to be mediated by 
membrane-associated G-protein-coupled receptor known as 
GPR30 which mediates rapid estrogen signaling independent 
of ERs [3]. Further, GPR30 induces mitogen activated protein 
kinase (MAPK) or phosphatidylinositol kinase (PI3K) signaling 
pathway changes in intracellular calcium or stimulation of cAMP 
production [4-7]. Diethylstilbestrol (DES) also induces rapid 
estrogen signaling via non-genomic ER signaling pathway. Most 
of the environmental chemicals are bind to GPR30 and express 
the similar effect of ERs [8]. A number of studies reveal that the 
BPA exert rapid estrogen signaling via binding to GPR30 [9,10]. 
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Abstract
The present study was aimed to evaluate the protective effect of 3, 
3-diindolylmethane (DIM) on bisphenol A (BPA) induced estrogen signaling in 
the mammary glands of female Sprague-Dawley rats. Chronic administration of 
BPA (10 μg/kg/bw) to rats exerts rapid estrogenic action via GPR30 and activate 
cascade of signaling molecule which induce cell proliferation in the mammary 
gland. Western blot analysis of mammary tissues shows over expression of GPR30, 
SRC, RAS, PI3K and Akt proteins and immunohistochemical analysis reveals over 
expression of PCNA and no significant changes in ERs. Further, oral administration 
of DIM (5 mg/kg/bw), alternative days to BPA treated rats for the period of 12 
weeks show significant decrease in the expression pattern of GPR30, SRC, RAS, 
PI3K, Akt and PCNA. The results of our study demonstrate that BPA induces rapid 
action via the over expression of proteins in non-genomic estrogen signaling 
pathway. Administration of DIM inhibits the action of BPA by modulating the 
expression of proteins involved in GPR30 cascade signaling pathway mediated cell 
proliferation in mammary glands of female rats.  
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Di-indolyl methane (DIM) is a plant indole found in cruciferous 
vegetables such as broccoli, Brussels sprouts, cabbage, cauliflower 
and kale. It has potential estrogen-modulating and antineoplastic 
activities. DIM is a stable derivative of indole-3-carbinol (I3C), 
which promotes estrogen metabolism by increasing the formation 
of 2-α hydroxy estrogen metabolites, thereby increasing 
antioxidant, antiestrogenic and antiandrogenic activities [11-
13]. DIM shows anticarcinogenic effects by controlling cell cycle, 
cell proliferation in hormone dependent as well as independent 
cancer [14] (Figure 1).

The previous study reported that Hippo signaling and Akt 
pathway controlling cell proliferation by PI3K inhibitor and DIM 
treatment in colon cancer cells [15]. In addition, DIM induced 
G1 cell cycle arrest that coincided with a strong induction of 
P21 gene expression and promoter activity in both estrogen 
responsive and nonresponsive breast cancer cells [16]. In this 
study, we explore the protective effect of DIM against the low 
dose of BPA activated GPR30 mediated alteration in PI3K-Akt 
pathway in Sprague-Dawley rats.

Material and Methods
Chemicals
Bisphenol A (BPA), diindolylmethane (DIM), were purchased from 
Sigma Aldrich chemicals Pvt. Ltd., Bangalore, India. Antibodies for 
GPR30, SRC, RAS, PI3K, AKT, ER, PCNA and β-actin were procured 
from Santa Cruz Biotechnology, USA. All the other chemicals 
used were of analytical grade.

Animal model
Six to seven weeks old female Sprague-Dawley rats (weighed 
100-120 g), were purchased from National Institute of Nutrition, 
Hyderabad, India. Rats were maintained in the Central Animal 
House, Raja Muthiah Medical College and Hospital, Annamalai 
University, Chidambaram, Tamil Nadu, India. The experimental 
protocol was approved by the institutional animal ethics 
committee by the Committee for the Control and Supervision 
of Experimental Animal (CPCSEA Approval no: 1028). The rats 
were maintained under controlled condition of temperature (24 
± 2˚C) humidity (50 ± 10%), 12 h light/dark cycle feed and water 
provided ad libitum. 

Experimental design
Total numbers of 24 rats were randomly divided into four groups 
and each group contains six rats. Group I: Control (vehicle 

treated) rats received 1 ml of corn oil for 12 weeks, group II: Rats 
received  BPA alone (10 µg/kg bw dissolved in 1 ml of corn oil for 
12 weeks), group III: Rats received DIM control (1.0 ml corn oil+5 
mg/kg, bw/alternative days, in 1 ml of 2% DMSO, orally), group 
IV: Rats received BPA (10 µg/kg bw in 1 ml of corn oil)+DIM (5 
mg/kg, bw/alternative days, in 1 ml of 2% DMSO, orally). 

At the end of 12th week, rats were fasted overnight and sacrificed 
by cervical decapitation. The mammary tissues were immediately 
subdivided and processed for distribution to each experiment.

Immunohistochemistry
Paraffin embedded mammary tissue sections were processed 
and then immunostained with the primary antibodies for ER-α, 
and PCNA (proliferating cell nuclear antigen) at a concentration 
of 1 µg/ml with 3% BSA in TBS and incubated overnight at 4˚C. The 
slides were washed thrice with TBST, and incubated with their 
respective HRP conjugated secondary antibodies, diluted 1:200 
with 3% BSA in TBS and incubated for 2 h at room temperature. 
Sections were then washed with TBST and incubated with 0.02% 
diaminobenzidine containing 0.01% hydrogen peroxide for 5-10 
min and counter staining was performed using haematoxylin 
and the slides were visualized under a light microscope. The 
percentage of the positively stained cells were semi-quantitatively 
analysed by using image J, software.

Western blotting analysis
Mammary tissues were homogenized in ice-cold RIPA buffer. The 
homogenate was centrifuged at 12,000 rpm for 15 min at 4°C. 
The supernatant was collected and the protein concentration 
was measured by the method of Lowry et al. [17]. Total cellular 
proteins containing 50 µg were loaded and separated using 10% 
SDS polyacrylamide gel electrophoresis. The separated proteins 
were transferred into PVDF membrane. The membranes were 
incubated in blocking buffer containing 5% BSA (Bovine Serum 
Albumin) for 2 h to reduce non-specific binding sites and then 
incubated with the specific primary antibodies for GPR30, SRC, 
Ras, PI3K, Akt, and β-actin were diluted with 5% BSA in TBS (Tris-
Buffered Saline) for overnight at 4°C. Membranes were washed 
thrice with TBST (Tris-Buffered Saline Tween 20) for 10 min 
each. The membranes were incubated with their corresponding 
secondary antibodies for 2 h at room temperature. Protein bands 
were visualized by an enhancing chemiluminescence method 
using an ECL kit (GenScript ECL kit, USA). Bands were scanned 
using a scanner and quantitated by Image J, a public domain Java 
image processing software, Wayne Rasband, NIH, USA, which 
control was set to 1.

Statistical analysis
Statistical analysis was performed using SPSS 16 (SPSS, Inc., 
Chicago) statistical package. The data are expressed as mean ± 
standard deviation (SD). One way analysis of variance (ANOVA) 
followed by Duncan Multiple Range Test (DMRT) comparison 
method was used to correlate the difference between the 
variables. Data are considered statistically significant if p values 
are less than 0.05.

Figure 1 Chemical structure of 3,3-Diindolylmethane.
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estrone metabolite is crucial to determine its pathological effects. 
Increasing the ratio of 2-α hydroxyl estrone to 16-α hydroxyl 
estrone, may reduce the risk of estrogen-related cancer. DIM 
favorably alter estrogen metabolism and helps to increase the 
ratio of 2:16 estrogen metabolites [20].

GPR30 is a G-protein coupled transmembrane receptor 
responsible for non-genomic signaling of estrogen and estrogen-
like chemicals. Recently GPR30 is considered as an estrogen 
receptor hence it is called as G-protein estrogen receptor (GPER) 
[21]. But its mode of functions is obviously differing from those 
of the classical nuclear ERs. Several studies were reported that 

Figure 2a Western blots analysis. Protein samples (100 mg/lane) 
resolved in SDS-PAGE was probed with corresponding 
antibodies. β actin was used as loading control. 

Figure 3 Immunohistochemical analysis of ER-α status in the 
mammary tissues of control and experimental animals. 
I: control rats (group I) II: BPA-induced rats (group II) 
III: DIM-alone induced rats (group III) IV: BPA-induced 
rats treated with DIM (group IV) all groups of ER-α 
expression showed normal in epithelial cells. Values are 
given as mean ± SD for groups of ten rats in each. Values 
not sharing a common superscript differ significantly 
at p<0.05 (DMRT). 40x magnification. Arrows indicates 
positively stained cells.

Results
Effect of DIM on BPA induced protein expression 
of GPR30, SRC, RAS, PI3K and AKT in mammary 
tissues of control and experimental rats
Figure shows the western blot analysis of GPR30, SRC, Ras, PI3K 
and Akt protein expression in mammary tissues of control and 
experimental rats. The histogram analysis reveals the expression 
of GPR30, SRC, RAS, PI3K and Akt are significantly (p<0.05) 
increased in group II BPA alone treated rats when compared to 
group I control rats. Whereas the expression of GPR30, SRC, RAS, 
PI3K and Akt are significantly (p<0.05) decreased in group IV BPA 
and DIM treated rats when compared to the group II BPA alone 
treated rats. However, there are no significant (p<0.05) changes 
in the expression pattern of GPR30, SRC, RAS, PI3K and Akt in 
group III DIM alone treated animals when compared to group I 
control animals (Figure 2). 

Effect of DIM on BPA induced expression of ER-α 
and PCNA in mammary tissues of control and 
experimental rats
Figures show the immunohistochemical expressions of ER-α 
and PCNA in the mammary tissues of control and experimental 
rats. The expression of PCNA are significantly (p<0.05) increased 
in group II BPA treated rats when compared to group I control 
rats. Whereas the expression of PCNA are significantly (p<0.05) 
decreased in group IV BPA and DIM treated rats when compared 
to group II BPA alone treated rats. However, there are no 
significant (p<0.05) changes in the expression of PCNA in group 
III DIM alone treated rats when compared to group I control rats. 
Further, we observed no significant changes in the expression of 
ER-α in all groups (Figures 3 and 4).

Discussion
Phytochemicals and its derivative DIM have been reported to 
modulate many gene expression involved in controlling cell cycle, 
cell proliferation, signal transduction and apoptosis [18,19]. The 
relationship between 2-α hydroxyl estrone and 16-α hydroxy 

Figure 2b Densitometric analysis. The protein expression from 
control was designated as 100% in the graph. Values 
are given as mean ± SD for groups of six rats in each. 
Values not sharing a common superscript (#,*,) differ 
significantly with each other (p<0.05, DMRT).
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reduced Akt activity and over activation of Akt occur in SRC-3/
A1B1-over expression mice [32]. Over expression of SRC1-3 
observed in prepubertal BPA exposure without altering ER-α in 
rat mammary tissues [33]. In this study also over expression of 
SRC family proteins are observed.

Under normal condition, the cell proliferation is maintained 
through GPR30 includes the mitogen-activated protein kinase 
(MAPK) mainly extracellular signal-regulated kinase (ERK) and PI3K 
pathways. Ligands binding to their respective receptor activate 
SRC which in turn leads to activation of matrix metalloproteinases 
(MMPs) which release the active form of heparin-binding 
epidermal growth factor (HB-EGF) [34,35]. This transactivates 
the epidermal growth factor receptor (EGFR), leading to the 
activation of Ras which ultimately activates Akt kinase through 
PI3K kinase [36]. Akt regulates the expression of estrogen 
responsive genes controlling cell proliferation, growth survival, 
and metastasis [37]. Atrazine, an environmental chemical having 
estrogenic potential induce the expression of estrogen specific 
target genes and cell proliferation via GPR30/EGFR/MAPK signal 
transduction pathway. Atrazine not directly bind and activate 
ER-α, along with GPR30 is important for estrogen-like activity 
[38]. Immunohistochemical analysis of PCNA, a cell proliferative 
marker, was used to examine the proliferative response of BPA 
in mammary epithelial cells in rats. BPA exposure stimulates 
mammary gland epithelial cell proliferation leads to hyperplasia 
in BRCA1 mutant mice [39].

DIM inhibit angiogenesis by modulating VEGF receptor signaling 
through down-regulating ERK1/2 activity. RAS-GTP content was 
decreased with DIM treatment, resulted in the reduced activities 
of Raf and MAPK kinase [40]. In this study, oral administration of 
DIM to BPA treated rats normalized the expression of Ras, PI3K, 
Akt protein level and PCNA expression. Phytochemicals reduce 
the adverse effects of E2 and its metabolites. Chen et al. reported 
that DIM given as 5 mg/kg, every other day inhibited DMBA 
induced rat mammary tumor growth and volume that was not 
accompanied by induction of hepatic CYP1A1-dependent activity 
[41]. DIM or its precursor I3C, have been found to inhibit estrogen-
induced genes [12]. DIM decreasing the E2 induced LNCaP cells 
proliferation [42]. Rajoria et al. demonstrate that DIM inhibits cell 
proliferation by combined suppression of ERK and Akt pathway 
[43]. Particularly, DIM targets and inhibits the phosphorylation 
of key molecules ERK 1/2 and Akt and also targets the in vitro 
metastasis of HT-29 (50-TS) cells as evidenced by decreased 
migration, adhesion and invasion of these cells. Garikapatty et al. 
reported that DIM induces the down-regulation of Akt, p-Akt and 
PI3 kinase [44]. Wang et al. reported that DIM inhibits the growth 
of breast cancer cell lines that are over-expressing Her-2 and 
activated Akt via the modulation of the PI3K/Akt pathway and 
p27Kip1 independent of estrogen receptor status [45]. Hence, 
DIM has the potential to inhibit cell proliferation in the mammary 
gland of low dose BPA treated rats via modulating the activation 
of GPR30 mediated PI3K cascade signaling molecules involved in 
cell proliferation. The putative mechanism of action of DIM on 
the GPR30 is given in the diagram (Figure 5).

the GPR30 mediates the effect of several xenoestrogens through 
rapid activation of signal transduction pathways [22]. BPA and 
other endocrine disruptors have high binding affinity to GPR30. 
BPA act as a mitogenic agent inducing mammary gland cell 
proliferation, promoting growth and puberty in rats [23,24]. 
The recent study reported that BPA-induced cell proliferation 
occurs via JAK/Stat3, MAPK/ERK and PI3K/Akt pathways [25]. 
BPA can exert Erk1/2/c-fos signaling through GPR30 in SKBR3 
cells and up-regulate the expression of an AP1-target gene pS2 
via a pathway induced by Erk1/2/c-fos signaling [26]. In this 
study, western blot analysis showing over expression of GPR30, 
SRC, Ras, PI3K and Akt and immunohistochemical analysis shows 
increased expression of PCNA in mammary glands of BPA alone 
treated rats. These results are finds in line with above studies.

The activation of p160 SRC family proteins (SRC1, SRC2 and 
SRC3) occurs by interacts with nuclear receptors and specific 
transcription factors [27]. They initiate chromatin remodeling and 
activation of enzymes which facilitate assembly of transcriptional 
apparatus for transcriptional activation, SRC activation is vital 
for mitogenic responses of growth factors, such as epidermal 
growth factor or platelet-derived growth factor [28]. The 
increased expression of SRC has been implicated in breast cancer 
susceptibility [29]. The multitude of signals such as estrogen, 
growth factor are activate are SRC-3 which plays a vital role in 
breast cancer cell proliferation, invasion and metastasis through 
the over expression of ER-α, EGFR and MMPs. Recent study also 
reported that increased SRC activity has been associated with 
carcinogenesis and inhibition of SRC family kinases can decrease 
the renal interstitial fibroblasts proliferation [30]. In transgenic 
mice, over expression of SRC-3 shows an increased susceptibility 
to mammary cancer [31]. SRC-3/A1B1-deficient mice also show 

Figure 4 Immunohistochemical analysis of PCNA status in the 
mammary tissues of control and experimental animals. 
(I-IV) control animals (group I) II: BPA-induced rats 
(group II) III: DIM-alone induced rats (group III) IV: BPA-
induced rats treated with DIM (group IV) Values are 
given as mean ± SD for groups of ten rats in each. Values 
not sharing a common superscript differ significantly 
at p<0.05 (DMRT). 40x magnification. Arrows indicates 
positively stained cells. 
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mammary cell proliferation via PI3K-Akt signaling pathway. This 
study may be beneficial to prevent the occurrence of estrogen 
induced breast cancer.
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Figure 5 Schematic representation of the mechanism of action of DIM in BPA-induced nongenomic 
estrogen signaling pathway. Supplementation of DIM abrogates GPR30 mediated BPA-
induced proliferation by targeting PI3K/Akt-signaling. DIM prevents the phosphorylation 
and nuclear translocation of Akt thereby prevents the transactivation of Akt target genes 
which are involved in cell proliferation.

Conclusion
To conclude, the BPA (10 µg/kg bw) induces activation of GPR30 
and activate SRC which in turn activate MMPs and EGFR which 
further leads to over expression of RAS. RAS promote the up 
regulation of PI3K and Akt. Being a plant indole, DIM can induce 
anti estrogenic responses through the ligand-independent 
activation of ERs prevent the up-regulated expression of a 
phosphorylated form of PI3K-Akt activities and hence protect 
the abnormal state of cell proliferation. Our study revealed 
that treatment of DIM protected the BPA induced abnormal 
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