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Abstract

Cumulative and excessive exposure to estrogens is associated with increased breast cancer 
risk. The traditional mechanism explaining this association is that estrogens affect the rate 
of cell division and apoptosis and thus manifest their effect on the risk of breast cancer 

by affecting the growth of breast epithelial tissues. Highly proliferative cells are susceptible to ge-
netic errors during DNA replication. The action of estrogen metabolites offers a complementary 
genotoxic pathway mediated by the generation of reactive estrogen quinone metabolites that 
can form adducts with DNA and generate reactive oxygen species through redox cycling. In this 
chapter, we discussed a novel mitochondrial pathway mediated by estrogens and their cognate 
estrogen receptors (ERs) and its potential implications in estrogen-dependent carcinogenesis. 
Several lines of evidence are presented to show: (1) mitochondrial localization of ERs in human 
breast cancer cells and other cell types; (2) a functional role for the mitochondrial ERs in regula-
tion of the mitochondrial respiratory chain (MRC) proteins and (3) potential implications of the 
mitochondrial ER-mediated pathway in stimulation of cell proliferation, inhibition of apoptosis 
and oxidative damage to mitochondrial DNA. The possible involvement of estrogens and ERs in 
deregulation of mitochondrial bioenergetics, an important hallmark of cancer cells, is also described. 
An evolutionary view is presented to suggest that persistent stimulation by estrogens through ER 
signaling pathways of MRC proteins and energy metabolic pathways leads to the alterations in 
mitochondrial bioenergetics and contributes to the development of estrogen-related cancers.

Introduction
Cumulative and excessive exposure to endogenous and exogenous estrogens is an important 

determinant of breast cancer risk in postmenopausal women.1-3 The traditional mechanism to 
explain this association is that estrogens affect the rate of cell division and thus manifest their ef-
fect by stimulating the proliferation of breast epithelial cells. Proliferating cells are susceptible to 
genetic errors during DNA replication which, if uncorrected, can ultimately lead to a malignant 
phenotype.4 This paradigm has recently been expanded by a complementary genotoxic pathway 
mediated by the generation of reactive estrogen quinone metabolites that can form adducts in 
DNA and generate reactive oxygen species through redox cycling. Evidence supporting a role for 
estrogen metabolites in animal and human breast carcinogenesis has been reviewed (Fig. 1).1,4 
While both the traditional paradigm and the genotoxic pathway are plausible, the precise role of  
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17-  estradiol (E2) in breast cancer development is not fully understood, pointing to the involve-
ment of other pathways.

Estrogen receptors (ERs) are ligand-activated transcription factors that mediate the biological 
activities of estrogens in target tissues. These receptors usually reside in the cytosol where they bind 
to their ligands and translocate to the nucleus. Like other steroid hormone receptors, the nuclear 
ERs typically bind as dimers to consensus cis-acting regulatory target DNA sequences termed 
estrogen responsive elements (EREs) and directly regulate gene transcription. Alternatively, ERs 
can also interact with other chromatin-bound transcription factors such as AP-1 or Sp1 to enhance 
or repress gene transcription.5,6 These have been referred to as the genomic or nuclear-initiated 
estrogen responses. Alternatively, several rapid, nongenomic pathways mediated by membrane 
localized ERs also affect cell proliferation and apoptosis.7,8 Even more intriguing are the recent 
findings that ERs localize within mitochondria and regulate mitochondrial gene transcription and 
the intrinsic mitochondrial apoptotic pathways.9-12 In this chapter, we will discuss novel estrogen 
activities that are mediated by the ER-dependent mitochondrial pathway and the potential im-
plications of this pathway in estrogen carcinogenesis.

A Novel Paradigm: Estrogen/Estrogen Receptor-Mediated 
Mitochondrial Pathway
Mitochondria as Important Targets for the Action of Steroid and Thyroid 
Hormones and Their Respective Receptors

Mitochondria are cellular organelles with a double membrane. Although the outer membrane 
is relatively smooth, the inner membrane is highly convoluted, forming folds termed cristae. It 
is on these cristae that metabolic substrates are combined with oxygen to produce ATP (Fig. 2). 
Mitochondria traditionally participate in multiple cellular functions including: generation of 
more than 90% of the cell’s energy requirements through oxidative phosphorylation; regulation of 
intracellular calcium homeostasis; control of various ion channels and transporters and participation 

Figure 1. Pathways for estrogen carcinogenesis This figure was taken from Yager JD, Davidson 
NE. N Engl J Med 2006; 354(3):270-282 with permission granted by New England Journal of 
Medicine © 2006 Massachusettes Medical Society. All rights reserved.1 
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in heme and steroid biosynthesis. In addition, mitochondria have a role in regulation of cellular 
proliferation and apoptosis.13,14 Each human cell contains hundreds to several thousand copies of 
the 16.5 kb mitochondrial genome (mtDNA).15 The coding sequences for 2 rRNAs, 22 tRNAs 
and 13 proteins are contiguous and without introns. A single major noncoding region, referred 
to as the displacement loop (D-loop), contains the primary regulatory sequences for transcrip-
tion and initiation of replication. MtDNA is first transcribed to a larger mitochondrial transcript 
precursor, from which the 13 mRNAs, 22 tRNAs and 2 rRNAs are derived.

The transcription and translation of the mRNAs into thirteen proteins within mitochondria16,17 
are under the regulation of various molecules.18 Among these molecules are hormones and other 
factors, including cortisol,19,20 androgen,21 glucocorticoids,22-27 1, 25 -dihydroxyvitamin D3,

28 
thyroid hormone,29-31 estrogens,32 and peroxisome proliferators,33 that have profound effects on 
mitochondrial respiratory chain (MRC) activities. Support for the regulatory effects of these 
hormones on mitochondrial gene transcription, specifically on genes involved in oxidative phos-
phorylation comes from several types of studies. First, the receptors for glucocorticoids,18,24,26,34 
thyroid hormone,26,29,35,36 estrogens,11,12,32,37,38 (see below for details) and androgens,39 have been 
detected in mitochondria (Fig. 2); Second, specific steroid hormone responsive elements for glu-
cocorticoids,40-45 thyroid hormone,30,46-48 and estrogen,9,49 are found in the nucleotide sequence of 
the human mtDNA regulatory region; Third, the ligand-activated glucocorticoid receptor,18,25 a 
variant form of the thyroid hormone receptor30,46-48 and a 45 kDa protein related to peroxisome 
proliferator-activated receptor 233 have each been shown to mediate stimulatory effects on 
mitochondrial gene expression; and Fourth, these hormones and their receptors control a num-
ber of cellular processes including apoptosis and cell proliferation.50,51 It is likely that hormonal 
regulation of mitochondrial gene transcription occurs through mechanisms similar to those that 

Figure 2. Structural features of mitochondria and the presence of steroid and thyroid hormone 
receptors and nuclear transcriptional factors within mitochondria. AR: androgen receptor; 
AP-1: Activation protein-1; BRCA1: protien coded by breast cancer-1 gene; CREB: cyclic AMP 
response element binding protein; ER  and : Estrogen receptor  and ; GR: glucocorticoid 
receptor; JNK: Jun N-terminal kinase; HMGA-1: high mobility group protein A-1; NF- B: 
nuclear factor B; T3R: Thyroid hormone receptor.
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control nuclear gene transcription. These insights extend our understanding of hormone action 
at the cellular level.

In addition to steroid hormone receptors, other nuclear transcription factors (e.g., NF- B, 
AP-1 and p53) have been detected in mitochondria (Fig. 2). The cis-acting regulatory binding 
sites for these and other transcription factors have been identified in the mtDNA (for review see 
ref. 18) and their ability to modulate mitochondrial gene expression and affect energy regulation 
has been observed.

The mitochondria store a host of critical apoptotic activators and inhibitors in their intermem-
brane space. The release of such factors could represent another mode of action for these hormone 
receptors and transcription factors within mitochondria.

Collectively, these observations suggest that the mitochondrial genome is an important target 
for the direct actions of steroid and thyroid hormones and their cognate receptors. The effects of 
glucocorticoid and thyroid hormones and their receptors on mitochondrial function have been 
reviewed.18,26,52,53 Here, we focus on the role of estrogens and ERs in the regulation of mitochon-
drial function.

Mitochondrial Localization of Estrogen Receptors
During the past decade, a number of studies detected both ER  and ER  in the cytoplasm 

of many types of cells and tissues (see ref. 11 for review), although it was unclear whether these 
receptors were free within the cytoplasm or resided within specific organelles. Monje and col-
leagues were the first to report the presence of ER  and ER  in the mitochondria of rat ovarian 
and uterine tissues.38,54 More recent studies have definitively demonstrated the presence of ER  
and ER  in mitochondria. For example, Chen et al used confocal microscopy and immunogold 
electron microscopy to show the predominant localization of ER , but also ER  in mitochondria 
of MCF-7 cells.11,55 These observations were independently confirmed by Pedram et al.56 ER  has 
also been detected in mitochondria of other cells, including human liver tumor-derived cancer 
HepG2 cells;10,57 osteosarcoma SaOS-2 cells,57 sperm,39 lens epithelial cells,58,59 cardiomyocytes37 and 
periodontal ligament cells;60 rat primary neurons and cardiomyocytes37 and murine hippocampal 
cells.37,61 ER  was localized in mitochondria of rat cerebral blood vessels.62 Interestingly, these 
cell types exhibit a common requirement for high levels of energy derived from mitochondria to 
maintain their normal physiological activities.

Stimulation of Mitochondrial Respiratory Chain Gene Expression  
and Function by Estrogen and ERs

The presence of ER  and ER  in mitochondria suggests that they may play a key role in the 
regulation of MRC function by estrogens. As mentioned above, mtDNA encodes 13 proteins 
that participate in the processes of oxidative phosphorylation. Mounting evidence supports a role 
for estrogens in mitochondrial gene transcription. For instance, a 16-fold increase in the levels of 
cytochrome oxidase II(COII) mRNA was observed in GH4C1 rat pituitary tumor cells treated 
with 0.5 nM E2 for 6 days.63 Treatment of ovariectomized female rats with E2 induced transcript 
levels of COIII in the hippocampus following treatment for 3 hours.64 Several mtDNA gene 
transcripts, including COI, COII, COIII, NADH dehydrogenase subunit 1 (ND1) and ATP 
synthase subunits 6 and 8, were increased in HepG2 cells and rat hepatocytes treated with ethinyl 
estradiol (EE).65-67 In human beast cancer MCF-7 cells, E2 treatment enhanced the transcript levels 
of COI, COII and ND1 and these effects were blocked by the ER antagonist, ICI182780, suggest-
ing the involvement of ERs.10,11 Hsieh et al68 observed up-regulation of MRC complex IV by the 
ER -selective ligand, diarylpropionitrile (DPN), in rat cardiomyocytes. Jonsson et al60 observed 
that E2-induced attenuation of COI expression in human periodontal ligament cells involved ER . 
Stirone et al69 reported that in vivo treatment of ovariectomized female rats with E2 increased 
the levels of nuclear- and mtDNA-encoded MCR proteins in cerebrovascular mitochondria and 
increased the energy-producing capacity of these cells.

Whereas the mechanisms of estrogen-induced mitochondrial gene transcription are not 
fully understood, several lines of evidence support a role for the binding of ERs to EREs in 
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the mtDNA in response to E2. First, nucleotide sequences with homology to the EREs found 
in estrogen-responsive nuclear genes have been detected in the D-loop of mouse and human 
mtDNA.49,70 Second, using electrophoretic mobility shift assays and surface plasmon resonance 
analysis, recombinant human ER (rhER ), rhER  and ER  present in mitochondrial protein 
extracts were shown to bind specifically to these mtDNA EREs and this binding was enhanced 
by E2 in a time- and dose-dependent manner (Fig. 3).9,10 The presence of these putative mtDNA 
EREs and the binding of ER  and ER  to them lend support for a novel ER signal transduction 
pathway. These lines of evidence suggest that ERs mediate mtDNA transcription in the same 
manner as the glucocorticoid receptor which is translocated into the mitochondria and binds to 
glucocorticoid response elements after treatment with glucocorticoids.22,25

The majority of MRC proteins and a number of other proteins involved in the assembly of 
MRC complexes, the replication and transcription of mtDNA and translation of mtRNAs, are 
encoded by nuclear DNA, synthesized in the cytosol and subsequently imported into mitochon-
dria. However, proper MRC biogenesis and functions depend on the coordinate expression and 
correct assembly of both nuclear- and mtDNA-encoded proteins, a complex process that requires 
a variety of well orchestrated regulatory mechanisms between the physically separate nuclear and 
mitochondrial compartments.71,72

Numerous observations now support a role for estrogens in induction of nuclear-encoded 
MRC proteins and stimulation of mitochondrial respiration. Treatment of ovariectomized rats 
with estrogens substantially increased respiratory rate, glycolytic activities and glucose utilization 
in their uterus in concert with uterine growth.73 In the liver of EE-treated rats and in E2-treated 
HepG2 cells, transcript levels for nuclear genes, e.g., mitochondrial ATP synthase subunit E, were 
increased along with the enhanced mRNA levels for several mtDNA genes.65,66 Moreover, these 
effects were accompanied by increased MRC activity.66,74 Among the estrogen responsive genes 
identified in MCF-7 cells was the nDNA-encoded COVII whose promoter region contained a con-
sensus ERE that exhibited E2-dependent enhancer activity.75 Several nuclear-encoded MRC genes 

Figure 3. Time- and concentration-dependent effects of E2 on the binding on MCF-7 mito-
chondrial protein extracts to D-loop ERE III MCF-7 cells cultured in media containing 5% 
charcoal-striped fetal bovine serum (FBS) for five days were treated with E2 (100 nM) for the 
indicated time points (A) or with E2 (B) at the indicated concentrations. Mitochondrial protein 
extracts were prepared and EMSA were performed as described.9 This figure was taken from 
Chen et al9 with permission granted by the Journal of Cellular Biochemistry.
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(e.g., COVa; and mitochondrial ATP synthase subunits  and F) were up-regulated in dysplastic 
prostates of Noble rats following administration of testosterone and E2.76 The nuclear-encoded 
subunit C isoform of the F0 complex of mitochondrial ATP synthase (F1/F0) and mitochondrial 
ribosomal protein 3 were up-regulated by estrogens in ER -positive breast cancer cells.77 O’Lone et 
al78 performed gene expression profiling in aorta of ER  knock out (ER  KO) and ER KO mice 
to identify comprehensive gene sets whose levels of expression were regulated by long-term (one 
week) estrogen treatment. They noted that ER  was essential for the stimulation of a majority of the 
estrogen-induced genes in the aorta whereas ER  primarily mediated estrogen-dependent decreases 
in gene expression. Among the estrogen-regulated genes were those involved in electron transport 
and the control of reactive oxygen species. Of particular note, the estrogen/ER  pathway mediated 
down-regulation of mRNAs for nuclear-encoded subunits in each of the MRC complexes. The 
estrogen receptor related receptor , an orphan receptor that is identified as a regulator of cellular 
energy metabolism, together with its co-activator, proliferator-activator receptor  1, played an 
important role in the regulation of several genes encoding MRC proteins.79,80

Morphological observations of abnormal mitochondrial cristae in cardiomyocytes of ER KO 
mice81 and gender differences in mitochondrial morphology and functionality82,83 suggest that E2 
and ERs are integrally involved in the coordinate expression of mtDNA-and nuclear-encoded 
subunits. Moreover, nDNA-encoded regulatory/accessory factors are required for mtDNA rep-
lication, transcription, translation and assembly.

The effects of E2/ERs on MRC protein expression are associated with their effects on MRC 
activities, as reflected by increased superoxide production, O2 uptake,66 and intracellular ATP 
levels.67,84 The E2-mediated mitochondrial effects can be inhibited by the pure ER antagonist, 
ICI182780.11,74 Estrogen induced higher levels of glutathione (GSH) in mitochondria and nuclei 
and decreased apoptosis.67,85 Consistent with these observations is the finding that liver mitochon-
dria from female rats have greater capacity for oxidative phosphorylation than liver mitochondria 
from male rats.86 Doan et al observed that prenatal blockade of E2 synthesis impaired respiratory 
and metabolic responses to hypoxia in newborn and adult rats.87

Taken together, these observations provide significant insights into the molecular mechanism 
by which E2 and ERs contribute to the preservation and regulation of mitochondrial function. 
ERs are present in mitochondria and E2 enhances mtDNA transcription. Through induction of 
MRC protein synthesis, E2 and ERs may regulate mitochondrial structure and function and thus 
other energy-dependent physiological processes. We proposed (Fig. 4) that once inside the cells, 
binding of E2 to ER  and/or ER  enhances their translocation to the nucleus where they stimulate 
the expression of nuclear-encoded MRC proteins and protein factors for mtDNA transcription 
such as mitochondrial transcription factor A (mtTFA) and other accessory factors for assembly of 
MRC complexes. These proteins are synthesized in the cytosol and imported into mitochondria. 
On the other hand, binding of E2 to cytosolic ER  (or ER ) leads to their import into mitochon-
dria and stimulation of mtDNA transcription and MRC protein synthesis. Assembly of MRC 
complexes enhances MRC activity, leading to increased ATP and ROS, which could be involved 
in the control of cellular processes, as described below.

Potential Role of E2/ER-Mediated Mitochondrial Pathway  
in Estrogen Carcinogenesis

Estrogens control biogenesis and maintenance of mitochondria through the cross-talk be-
tween nuclear and mitochondrial genomes, which appears to control estrogen-induced signaling 
pathways involved in the cell proliferation, apoptosis and differentiation of both normal and 
malignant cells.

Potential Role in Cell Proliferation
Estrogens are essential for growth and differentiation of normal, premalignant and malignant 

cell types including breast epithelial cells, through interaction with ER  and ER . The majority of 
cellular ATP is generated via the MRC.88 Under physiological conditions, about 2% of electrons leak 
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from the MRC, which reduce oxygen to superoxide anion and trigger the formation of a cascade of 
free radicals that are collectively termed reactive oxygen species (ROS).89 The MRC-generated ATP 
and ROS are essential for the viability of cells. E2-induced MRC protein synthesis and, perhaps, 
energy metabolism are physiologically important in E2-target cells and tissues, which have high 
demand for energy. Therefore, a relative deficiency or overabundance of MRC activities may lead 
to pathological consequences, depending on the types and ages of the target cells where the energy 
demand, the availability of E2 and ERs and the duration of their actions vary. Overabundance of 
E2/ER-mediated MRC protein synthesis and energy metabolism may exist in human breast cells 
as they are likely exposed to relatively high E2 levels due to the active in situ synthesis of E2.90-93

Cell survival, growth and proliferation require large amounts of ATP. For example, cell cycle 
progression, biosynthetic pathways, kinase-mediated signaling pathways and a wide variety of 
cross-membrane transporters and channels all require ATP for their proper function. Thus, without 
sufficient ATP supply, cells are not viable. However, with an excess of ATP, cell proliferation may 
be enhanced. For example, in rapidly proliferating cells, rates of cell proliferation were closely cor-
related with enhanced mitochondrial gene expression and MRC activities.94,95 The E2/ER-mediated 
mitochondrial pathway may stimulate cell proliferation by overproduction of ATP.

The importance of ATP for regulation of cell proliferation was demonstrated in several 
studies. Vascular smooth muscle cells respond to ATP by increasing their intracellular calcium 
concentrations and rate of proliferation. In many cells the extracellular signal-regulated kinase 
(ERK) cascade plays an important role in cell proliferation. Wilden et al96 observed that the 
binding of ATP to an UTP-sensitive P2Y nucleotide receptor activated ERK1/ERK2 in coronary 
artery smooth muscle cells (CASMC). ATP-induced activation of ERK1/ERK2 is dependent 
on mitogen-activated protein kinase (MAPK)/ERK kinase. Shen et al97,98 reported in cultured 
CASMC that adenosine stimulated phosphorylation of ERK, Jun N-terminal kinase ( JNK) and 
AKT. Moreover, adenosine-induced phosphorylation of these kinases was inhibited by the inhibi-
tors of respective kinase pathways, which, in turn, was associated with abolishment or diminution 
of adenosine-induced increases in DNA/protein synthesis and cell number. These observations 

Figure 4. Proposed model for E2/ER-mediated mitochondrial pathway.
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suggest that both ERK1/ERK2and PI3K activities are required for CASMC proliferation. ATP 
also stimulated the proliferation of several cell types.99-102

Recent studies103-106 have suggested that estrogen-mediated mitochondrial ROS act as signal-
ing molecules to regulate the expression of growth-related proteins. Several proteins involved 
in redox-regulated signaling pathways, including A-Raf, Akt, protein kinase C(PKC), ERK, 
MAPK/ERK kinase (MEK) and transcription factors AP-1, nuclear factor B (NF- B) and 
cAMP response element-binding protein (CREB), are targets of both estrogen and ROS. Felty et 
al103,104 observed that these same redox sensor kinases and transcription factors were responsible 
for cell cycle progression in response to estrogen-induced stimulation of mitochondrial ROS. 
In another study, Felty et al106 reported that E2-induction of mitochondrial ROS promoted cell 
motility through increases of cdc42, activation of Pyk2 and increased phosphorylation of c-jun 
and CREB. These observations suggest that induction of mitochondrial ROS by E2 acts as a signal 
to control cell growth and proliferation.

Potential Role of E2/ER-Mediated ROS to Oxidative Damage  
and Mutations on mtDNA

Persistent E2/ER-mediated mitochondrial ROS production may cause mutations in mtDNA 
and damage to mitochondrial proteins. As mentioned above, in rat hepatocytes and human HepG2 
cells treated with E2 or EE, mitochondrial superoxide levels were enhanced by several fold and 
inhibited by ICI182780, indicating that these effects were mediated via ERs.67,74 Under normal 
conditions, MRC-generated superoxide is detoxified by mitochondrial antioxidant systems that 
include manganese superoxide dismutase (Mn-SOD), catalase and glutathione. Since estrogens 
also induce MnSOD expression and activity, the increased superoxide is likely detoxified by 
MnSOD. However, if the antioxidant system is impaired, superoxide will accumulate within 
mitochondria. On the other hand, estrogens are known to stimulate the expression of inducible 
nitric oxide synthase within mitochondria,107 which catalyzes the generation of nitric oxide (NO–). 
Superoxide can combine with nitric oxide to form a highly toxic peroxynitrite species (OONO–). 
Increased levels of superoxide itself and/or of OONO– in response to estrogens could lead to 
oxidative damage to mtDNA and to the redox, heme-containing proteins located in the inner 
mitochondrial membrane (Fig. 5).

Unlike nuclear DNA, mtDNA is considered by some authors to be highly susceptible to oxi-
dative damage because it is not associated with protective histones and is continually exposed to 
high levels of ROS generated by MRC. Furthermore, since mitochondria have less-efficient repair 
mechanisms than the nuclear systems,108,109 damaged mtDNA may not be efficiently repaired. A high 
frequency of somatic mtDNA mutations that affect the energetic capability have been described 

Figure 5. Proposed model for generation, degradation and accumulation of superoxide within 
mitochondria.
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in breast cells.110,111 In addition, the mtDNA polymorphism, G10398A, results in a nonconserva-
tive amino acid substitution of threonine (encoded by the A allele) for alanine (encoded by the G 
allele) in NADH dehydrogenase subunit 3 (ND3). Canter et al112 reported that African-American 
women carrying this variant allele are 60 percent more likely to develop invasive breast cancer than 
African-American women without this genetic marker. Increased risk of prostate cancer was also 
observed in African American men who carry this allele.113 Mutations in nuclear-encoded MRC 
genes [e.g., succinate dehydrogenase B and C, MRC complex II genes) predispose to two differ-
ent types of inherited neoplasia syndromes.114-116 Pathogenic mtDNA mutations that impinge on 
mitochondrial energy transduction do play a relevant role in the etiology of cancer by any one 
and/or combination of the following mechanisms: excessive ROS signaling,117 diminished cellular 
apoptotic potential118 or mitochondrial signaling that triggers invasive phenotypes.119

ROS-induced mitochondrial dysfunction can also lead to activation of nuclear genes and 
signaling pathways involved in tumor initiation and progression. For example, ROS can induce 
stress response pathways that increase the expression of  hypoxia induced factor 1 , which, in turn, 
can activate genes involved in angiogenesis and tumor metastasis.120 In addition, ROS-mediated 

disruption of mitochondrial functions has been shown to activate the calcium-dependent PKC 
pathway, which activates cathepsin L and other downstream genes involved in tumor invasive-
ness.119 Whereas only a few nuclear genes are known to be targets of mitochondrial dysfunction 
in cancer, the effects of mitochondria on nuclear stress signaling in tumor progression may provide 
clues to the identification of subtypes of tumors that respond to the targeted disruption of specific 
pathways as effective therapies.

Potential Role in Inhibition of Apoptosis
Apoptosis is a fundamental cellular activity to protect against neoplastic development by 

eliminating genetically damaged cells or those cells that have been improperly induced to divide 
by a mitotic stimulus. Inhibition of spontaneous and/or metabolically-induced apoptosis could 
be one of the mechanisms underlying carcinogenesis.

Estrogens normally inhibit apoptosis in human breast cancer and other types of cells.121-124 
While several membrane ER-mediated pathways mediate E2-dependent inhibition of apoptosis,8,125 
the E2/ER-mediated mitochondrial pathway may play a role in the control of apoptosis as well. 
Mitochondria serve to integrate cellular apoptotic signals and to amplify apoptotic responses.126 
Enhanced MRC gene expression is associated with decreased apoptosis67,127,128 whereas reduced 
MRC gene expression and MRC function has been associated with increased apoptosis.129-132 By 
regulating E2-mediated mtDNA gene expression and energy metabolism, mitochondrial ERs may 
contribute to inhibition of apoptosis.

The role of the mitochondrial ER  in E2-mediated inhibition of apoptosis was demonstrated 
by Pedram et al12 who used several approaches to separate the contributions of the mitochondrial 
ER from the nuclear and membrane ER signaling pathways in investigating how E2 inhibits 
UV-induced apoptosis. ER negative HCC-1569 breast cancer and CHO cells were transfected 
with the ligand binding E domain of ER  targeted to the nucleus, membrane or mitochondria. 
Anti-apoptotic effects were not seen with the nuclear-targeted E domain ER construct, whereas 
both the membrane and mitochondria targeted E domain ER constructs inhibited UV-induced 
apoptosis. To address the mechanism of this protective effect by E2, Pedram et al12 examined the 
effects of E2 treatment on the activity of MnSOD in intact cells and isolated mitochondria. E2 
increased MnSOD activity in both untreated and UV-irradiated intact cells. While others have 
shown that MnSOD transcription is enhanced by E2, Pedram et al12 showed that E2 stimulated 
MnSOD activity just in isolated mitochondria. The E2-enhanced MnSOD activity was inhibited 
by ICI182780 in both intact cells and isolated mitochondria. This appears to represent the first 
report indicating that E2 can increase MnSOD activity through a process mediated by the E 
domain of the ER. Additional studies are needed to uncover the mechanism involved and spe-
cifically to determine whether it results from a direct interaction between the E domain of ER 
and MnSOD protein, or as an indirect effect.133 On the other hand, up-regulation of mtDNA 
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encoded respiratory chain complex IV expression by DPN, an ER -selective ligand, was critical 
for inhibiting mitochondrial apoptotic signaling in rat cardiomyocytes.134 This finding together 
with that of Pedram et al12 suggest that there may be several mechanisms by which the ERs may 
mediate inhibition of apoptosis following E2 treatment.

It is likely that the E2/ER-mediated enhancement of cell proliferation and inhibition of apoptosis 
contribute, at least in part, to estrogen carcinogenesis. Consistent with this notion, MRC gene 
expression is significantly enhanced in immortalized and transformed cells.135

Potential Role in Anti-Cancer Drug Resistance
Tamoxifen (TAM) is an antiestrogen used for treatment of ER-positive human breast cancer. 

While TAM therapy is initially successful, most tumors become TAM resistant (TAM-R) and the 
disease ultimately progresses.136 To date, the majority of studies on TAM-R have focused on the 
actions of TAM-mediated nuclear- and plasma membrane-ERs, but primary mechanisms leading 
to TAM-R have yet to be identified. There is evidence that mitochondria are an important target 
for the action of TAM.137-142 Proteomic analysis using human breast cancer xenografts identified 
several MRC proteins whose expression was up-regulated in TAM-R cells.143 Altered mitochon-
drial proteome and MRC functions have been observed in adriamycin resistant MCF-7 cells.144 
A role for ER  in TAM-R is suggested by several observations: a) ER  expression is up-regulated 
in TAM-R tumor cells145 and low levels of ER  protein predict TAM-R in breast cancer.146 TAM 
did not abrogate E2-induced cell proliferation and transformation of MCF-10F cells,2,147 in which 
ER  is predominantly localized in mitochondria and is involved in E2-induced expression of MRC 
proteins. Together, these observations suggest that the E2/ER -mediated mitochondrial pathway 
could be an important target for TAM and other anti-cancer drugs and that alterations in the 
E2/ER -mediated mitochondrial function via differential subcellular localization of ERs may con-
tribute to TAM-R and resistance to other anticancer drugs. On the other hand, the mitochondrial 
localization of ERs can result in fundamental changes in the way cells respond to anti-estrogens. 
Consistent with this notion, it was reported148 that long-term treatment of MCF-7 cells with TAM 
facilitated the translocation of ER  out of the nuclei and enhanced its interaction with epidermal 
growth factor receptor in the cytoplasm. This change in ER  subcellular localization was thought 
to be responsible for the acquired TAM-R.

Deregulation of Mitochondrial Bioenergetics in Cancer Cells  
and Involvement of Estrogens and ERs

Epidemiological studies149-155 suggest an association of energy imbalance with increased risk of 
breast, prostate, colon, ovarian, lung and other cancers. While the biological and pathological rel-
evance of these observations remains to be determined, they suggest that altered energy metabolism 
and utilization is an emerging paradigm in cancer development. It is possible that an imbalance 
of energy metabolism and utilization could be caused by prolonged exposure to estrogens, which 
may contribute to estrogen carcinogenesis in the breast, ovary and prostate.

It has long been known that the bioenergetics of cancer cells substantially differ from those of 
normal cells in that cancer cells need an unusual amount of energy to survive and grow. Cancer cells 
typically depend more on glycolysis than on oxidative respiration (Warburg effect) in contrast to 
most normal cells that predominantly rely on oxidative phosphorylation for energy production.156,157 
For example, glycolysis was up-regulated upon malignant transformation in breast cancer tissue.158 
Increasing evidence from recently reviewed studies on bioenergetics of cancer cells indicate that 
deregulation of bioenergetics is an important hallmark of cancers, including breast cancer159,160 and 
plays a crucial role in cancer development. Alterations in energy metabolism pathways including 
glycolysis, the tricarboxylic acid (TCA) cycle and MRC in cancer cells have been recognized. E2 

and ERs are likely involved in causing these alterations.
Glycolysis is a biochemical pathway catalyzed by enzymes that break hexose sugars into 

three-carbon molecules, e.g., pyruvate, with generation of two molecules of NADH and ATP. 
Altered expression of proteins involved in glycolysis has been seen in human colorectal, breast, 
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ovarian and prostate cancers.160-163 Hexose kinase (HK) catalyzes the first step in glycolysis. Drugs 
that dissociate HK from the mitochondrial membrane caused apoptosis and interfered with growth 
pathways.164 The activity and expression of pyruvate kinase, which catalyzes the last step of gly-
colysis, was substantially elevated in liver, colon and breast cancer tissues.158,160,161 E2 stimulated and 
TAM inhibited glycolysis in human breast MCF-7 cells.165 During growth of orthotopic MCF-7 
breast cancer xenografts in vivo, the rate of glucose metabolism through glycolysis was increased by 
E2 whereas TAM induced growth arrest and a concomitant decrease in glycolytic rate. In congru-
ence, glucose transporter-1 expression was stimulated by E2 up to 3-fold relative to that found in 
the presence of TAM, suggesting that E2-induced changes in glycolysis appeared to be mediated 
via regulation of glucose transport.166

As a biochemical pathway, the TCA cycle, together with electron transport and oxidative phos-
phorylation, plays a pivotal role in cellular respiration. Altered expression and activity of proteins 
of the TCA cycle have been seen in breast,163 prostate167 and colorectal162 cancers. Citrate synthase, 
the enzyme that initiates the TCA cycle, is enhanced in rat cerebral blood vessels following estrogen 
treatment.62 Aconitase and isocitrate dehydrogenase (ICDH) catalyze the second and third steps 
in the TCA cycle. Inhibition of aconitase activity reduced cell proliferation in human prostate 
carcinoma cells.168,169 Aconitase and ICDH activities were enhanced by estrogens.170

Several lines of evidence indicate that the deregulation of MRC bioenergetics in cancer cells 
may contribute to cancer development: (i) As mentioned above, many types of mutations in 
mtDNA and altered expression of MRC proteins and function have been seen in a number of 
cancer cells including breast and prostate cancer cells.171-176 A recent proteomic study on breast 
cancer brain metastases163 revealed an increased expression of proteins involved in glycolysis, 
TCA cycle, oxidative phosphorylation and pentose phosphate pathways. This protein profile is 
consistent with either a selection of predisposed cells or bioenergetics adaptation of the tumor 
cells to the unique energy metabolism in brain; (ii) As was underlined above, forcing cancer cells 
into mitochondrial respiration efficiently suppressed cancer growth. Impaired mitochondrial 
respiration may have a role in metastatic processes;177 and (iii) Mutations in nuclear-encoded 
MRC genes [e.g., succinate dehydroganse B and D (SDHB) and SDHC], MRC complex II genes) 
involved in MRC bioenergetics have been shown to predispose to two different types of inherited 
neoplasia syndromes.114-116

Concluding Remarks, Evolutionary View and Future Directions
The evidence presented supports: (1) mitochondrial localization of ERs in human breast 

cancer cells and other cell types; (2) a functional role for the mitochondrial ERs in the regula-
tion of MRC energy metabolism; (3) potential implications of the mitochondrial ER-mediated 
pathway in stimulation of cell proliferation, inhibition of apoptosis and oxidative damage to 
mitochondrial DNA and (4) deregulation of mitochondrial bioenergetics in cancer cells and 
involvement of estrogens and ERs in this dysregulation. The regulation of mitochondrial gene 
transcription and energy metabolism pathways by estrogens and ERs opens a new paradigm to 
better understand estrogen action at the cellular levels and a potential role for this new pathway 
in estrogen carcinogenesis.

These data provide a basis for the evolutionary view that persistent stimulation by estrogens and 
ERs of the expression and activities of proteins involved in the bioenergetics pathways including 
glycolysis, TCA cycle and MRC may lead to alterations in mitochondrial function, which in turn 
contributes, at least in part, to initiation and development of hormone-related cancers.

The molecular mechanisms underlying this E2/ER-mediated pathway and its precise role in 
estrogen carcinogenesis are still far from being understood. Several important questions need to 
be addressed: (1) How are ERs imported into mitochondria? (2) Are both or either ER  and ER  
directly involved in E2-induced MRC protein synthesis? (3) Do ERs mediate the E2-induced MRC 
protein synthesis and activity via their interactions with transcription factors within mitochondria? 
and Finally and importantly, (4) What are the physiological and pathological implications of the 
overabundance of E2/ER-mediated mitochondrial effects in cancer cells? New studies should be 
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directed toward answers to these questions. In-depth investigations of these regulatory mechanisms 
are relevant to the development of novel drugs for the treatment of estrogen-dependent disease, 
notably cancers.

References
 1. Yager JD, Davidson NE. Estrogen carcinogenesis in breast cancer. N Engl J Med 2006; 

354(3):270-82.
 2. Russo J, Hasan Lareef M, Balogh G et al. Estrogen and its metabolites are carcinogenic agents in human 

breast epithelial cells. J Steroid Biochem Mol Biol 2003; 87(1):1-25.
 3. Feigelson HS, Henderson BE. Estrogens and breast cancer. Carcinogenesis 1996; 17(11):2279-84.
 4. Okobia MN, Bunker CH. Estrogen metabolism and breast cancer risk—a review. Afr J Reprod Health 

2006; 10(1):13-25.
 5. Tsai MJ, O’Malley BW. Molecular mechanisms of action of steroid/thyroid receptor superfamily members. 

Annu Rev Biochem 1994; 63451-86.
 6. Pettersson K, Delaunay F, Gustafsson JA. Estrogen receptor beta acts as a dominant regulator of estrogen 

signaling. Oncogene 2000; 19(43):4970-78.
 7. Song RX, Barnes CJ, Zhang Z et al. The role of Shc and insulin-like growth factor 1 receptor in me-

diating the translocation of estrogen receptor alpha to the plasma membrane. Proc Natl Acad Sci USA 
2004; 101(7): 2076-81.

 8. Levin ER. Integration of the extranuclear and nuclear actions of estrogen. Mol Endocrinol 2005; 
19(8):1951-59.

 9. Chen JQ, Eshete M, Alworth WL et al. Binding of MCF-7 cell mitochondrial proteins and recombinant 
human estrogen receptors alpha and beta to human mitochondrial DNA estrogen response elements. J 
Cell Biochem 2004; 93(2):358-73.

 10. Chen JQ, Yager JD. Estrogen’s effects on mitochondrial gene expression: mechanisms and potential 
contributions to estrogen carcinogenesis. Ann N Y Acad Sci 2004; 1028258-72.

 11. Chen JQ, Delannoy M, Cooke C et al. Mitochondrial localization of ERalpha and ERbeta in human 
MCF7 cells. Am J Physiol Endocrinol Metab 2004; 286(6):E1011-22.

 12. Pedram A, Razandi M, Wallace DC et al. Functional estrogen receptors in the mitochondria of breast 
cancer cells. Mol Biol Cell 2006; 17(5):2125-37.

 13. Green DR, Reed JC, Mitochondria and apoptosis. Science 1998; 281(5381):1309-312.
 14. Bossy-Wetzel E, Green DR, Apoptosis: checkpoint at the mitochondrial frontier. Mutat Res 1999; 

434(3):243-51.
 15. Kelly DP, Scarpulla RC. Transcriptional regulatory circuits controlling mitochondrial biogenesis and 

function. Genes Dev 2004; 18(4):357-68.
 16. Clayton DA. Transcription and replication of mitochondrial DNA. Hum Reprod 2000; 15 Suppl 

211-17.
 17. Clayton DA. Replication and transcription of vertebrate mitochondrial DNA. Annu Rev Cell Biol 

1991; 7453-478.
 18. Psarra AM, Solakidi S, Sekeris CE. The mitochondrion as a primary site of action of steroid and thyroid 

hormones: presence and action of steroid and thyroid hormone receptors in mitochondria of animal 
cells. Mol Cell Endocrinol 2006; 246(1-2):21-33.

 19. Mansour AM, Nass S. In vivo cortisol action on RNA synthesis in rat liver nuclei and mitochondria. 
Nature 1970; 228(272):665-67.

 20. Yu FL, Feigelson P. A comparative study of RNA synthesis in rat hepatic nuclei and mitochondria under 
the influence of cortisone. Biochim Biophys Acta 1970; 213(1):134-141.

 21. Cornwall GA, Orgebin-Crist MC, Hann SR. Differential expression of the mouse mitochondrial genes 
and the mitochondrial RNA-processing endoribonuclease RNA by androgens. Mol Endocrinol 1992; 
6(7):1032-42.

 22. Demonacos CV, Karayanni N, Hatzoglou E et al. Mitochondrial genes as sites of primary action of 
steroid hormones. Steroids 1996; 61(4):226-32.

 23. Demonacos C, Djordjevic-Markovic R, Tsawdaroglou N et al. The mitochondrion as a primary site 
of action of glucocorticoids: the interaction of the glucocorticoid receptor with mitochondrial DNA 
sequences showing partial similarity to the nuclear glucocorticoid responsive elements. J Steroid Biochem 
Mol Biol 1995; 55(1):43-55.

 24. Scheller K, Sekeris CE, Krohne G et al. Localization of glucocorticoid hormone receptors in mitochon-
dria of human cells. Eur J Cell Biol 2000; 79(5):299-307.

 25. Scheller K, Sekeris CE. The effects of steroid hormones on the transcription of genes encoding enzymes 
of oxidative phosphorylation. Exp Physiol 2003; 88(1):129-40.

 26. Scheller K, Seibel P, Sekeris CE. Glucocorticoid and thyroid hormone receptors in mitochondria of 
animal cells. Int Rev Cytol 2003; 2221-61.



13Mechanisms of Hormone Carcinogenesis

 27. Moutsatsou P, Psarra AM, Tsiapara A et al. Localization of the glucocorticoid receptor in rat brain 
mitochondria. Arch Biochem Biophys 2001; 386(1):69-78.

 28. Kessler MA, Lamm L, Jarnagin K et al. 1,25-Dihydroxyvitamin D3-stimulated mRNAs in rat small 
intestine. Arch Biochem Biophys 1986; 251(2):403-12.

 29. Casas F, Rochard P, Rodier A et al. A variant form of the nuclear triiodothyronine receptor c-Er-
bAalpha1 plays a direct role in regulation of mitochondrial RNA synthesis. Mol Cell Biol 1999; 
19(12):7913-24.

 30. Wrutniak-Cabello C, Casas F, Cabello G. Thyroid hormone action in mitochondria. J Mol Endocrinol 
2001; 26(1):67-77.

 31. Enriquez JA, Fernandez-Silva P, Garrido-Perez N et al. Direct regulation of mitochondrial RNA synthesis 
by thyroid hormone. Mol Cell Biol 1999;19(1):657-70.

 32. Chen JQ, Yager JD, Russo J. Regulation of mitochondrial respiratory chain structure and function 
by estrogens/estrogen receptors and potential physiological/pathophysiological implications. Biochim 
Biophys Acta 2005; 1746(1):1-17.

 33. Casas F, Domenjoud L, Rochard P et al. A 45 kDa protein related to PPARgamma2, induced by peroxi-
some proliferators, is located in the mitochondrial matrix. FEBS Lett 2000; 478(1-2):4-8.

 34. Psarra AM, Bochaton-Piallat ML, Gabbiani G et al. Mitochondrial localization of glucocortocoid recep-
tor in glial (Muller) cells in the salamander retina. Glia 2003; 41(1):38-49.

 35. Morrish F, Buroker NE, Ge M et al. Thyroid hormone receptor isoforms localize to cardiac mito-
chondrial matrix with potential for binding to receptor elements on mtDNA. Mitochondrion 2006; 
6(3):143-48.

 36. Wrutniak C, Cassar-Malek I, Marchal S et al. A 43-kDa protein related to c-Erb A alpha 1 is located 
in the mitochondrial matrix of rat liver. J Biol Chem 1995; 270(27):16347-54.

 37. Yang SH, Liu R, Perez EJ et al. Mitochondrial localization of estrogen receptor beta. Proc Natl Acad 
Sci USA 2004; 101(12):4130-35.

 38. Monje P, Boland R. Subcellular distribution of native estrogen receptor alpha and beta isoforms in 
rabbit uterus and ovary. J Cell Biochem 2001; 82(3):467-79.

 39. Solakidi S, Psarra AM, Nikolaropoulos S et al. Estrogen receptors {alpha} and {beta} (ER{alpha} and 
ER{beta}) and androgen receptor (AR) in human sperm: localization of ER{beta} and AR in mitochon-
dria of the midpiece. Hum Reprod 2005; 20(12):3481-87.

 40. Ioannou IM, Tsawdaroglou N, Sekeris CE. Presence of glucocorticoid responsive elements in the mito-
chondrial genome. Anticancer Res 1988; 8(6):1405-09.

 41. Demonacos C, Djordjevic-Markovic R, Tsawdaroglou N et al. The mitochondrion as a primary site 
of action of glucocorticoids: the interaction of the glucocorticoid receptor with mitochondrial DNA 
sequences showing partial similarity to the nuclear glucocorticoid responsive elements. J Steroid Biochem 
Mol Biol 1995; 55(1):43-55.

 42. Demonacos C, Tsawdaroglou NC, Djordjevic-Markovic R et al. Import of the glucocorticoid receptor 
into rat liver mitochondria in vivo and in vitro. J Steroid Biochem Mol Biol 1993; 46(3):401-43.

 43. Demonacos CV, Karayanni N, Hatzoglou E et al. Mitochondrial genes as sites of primary action of 
steroid hormones. Steroids 1996; 61(4):226-32.

 44. Tsiriyotis C, Spandidos DA, Sekeris CE. The mitochondrion as a primary site of action of glucocor-
ticoids: mitochondrial nucleotide sequences, showing similarity to hormone response elements, confer 
dexamethasone inducibility to chimaeric genes transfected in LATK- cells. Biochem Biophys Res Com-
mun 1997; 235(2):349-54.

 45. Sekeris CE. The mitochondrial genome: a possible primary site of action of steroid hormones. In vivo 
1990; 4(5):317-20.

 46. Casas F, Rochard P, Rodier A et al. A variant form of the nuclear triiodothyronine receptor c-Er-
bAalpha1 plays a direct role in regulation of mitochondrial RNA synthesis. Mol Cell Biol 1999; 
19(12):7913-24.

 47. Enriquez JA, Fernandez-Silva P, Garrido-Perez N et al. Direct regulation of mitochondrial RNA synthesis 
by thyroid hormone. Mol Cell Biol 1999; 19(1):657-70.

 48. Wrutniak C, Cassar-Malek I, Marchal S et al. A 43-kDa protein related to c-Erb A alpha 1 is located 
in the mitochondrial matrix of rat liver. J Biol Chem 1995; 270(27):16347-54.

 49. Sekeris CE. The mitochondrial genome: a possible primary site of action of steroid hormones. In vivo 
1990; 4(5):317-20.

 50. Sionov RV, Kfir S, Zafrir E et al. Glucocorticoid-induced apoptosis revisited: a novel role for glucocor-
ticoid receptor translocation to the mitochondria. Cell Cycle 2006; 5(10):1017-26.

 51. Sionov RV, Cohen O, Kfir S et al. Role of mitochondrial glucocorticoid receptor in glucocorticoid-in-
duced apoptosis. J Exp Med 2006; 203(1):189-201.

 52. Bassett JH, Harvey CB, Williams GR. Mechanisms of thyroid hormone receptor-specific nuclear and 
extra nuclear actions. Mol Cell Endocrinol 2003; 213(1):1-11.



14 Innovative Endocrinology of Cancer

 53. Psarra AM, Solakidi S, Sekeris CE. The mitochondrion as a primary site of action of regulatory agents 
involved in neuroimmunomodulation. Ann N Y Acad Sci 2006; 1088:12-22.

 54. Monje P, Zanello S, Holick M et al. Differential cellular localization of estrogen receptor alpha in uterine 
and mammary cells. Mol Cell Endocrinol 2001; 181(1-2):117-29.

 55. Chen JQ, Eshete M, Alworth WL et al. Binding of MCF-7 cell mitochondrial proteins and recombinant 
human estrogen receptors alpha and beta to human mitochondrial dna estrogen response elements. J 
Cell Biochem 2004; 93(2):358.

 56. Pedram A, Razandi M, Wallace DC et al. Functional Estrogen Receptors in the Mitochondria of Breast 
Cancer Cells. Mol Biol Cell 2006; 17(5):2125-37.

 57. Solakidi S, Psarra AM, Sekeris CE. Differential subcellular distribution of estrogen receptor isoforms: 
localization of ERalpha in the nucleoli and ERbeta in the mitochondria of human osteosarcoma SaOS-2 
and hepatocarcinoma HepG2 cell lines. Biochim Biophys Acta 2005; 1745(3):382-92.

 58. Cammarata PR, Chu S, Moor A et al. Subcellular distribution of native estrogen receptor alpha and 
beta subtypes in cultured human lens epithelial cells. Exp Eye Res 2004; 78(4):861-71.

 59. Cammarata PR, Flynn J, Gottipati S et al. Differential expression and comparative subcellular localiza-
tion of estrogen receptor beta isoforms in virally transformed and normal cultured human lens epithelial 
cells. Exp Eye Res 2005; 81(2):165-75.

 60. Jonsson D, Nilsson J, Odenlund M et al. Demonstration of mitochondrial oestrogen receptor beta and 
oestrogen-induced attenuation of cytochrome c oxidase subunit I expression in human periodontal 
ligament cells. Arch Oral Biol 2007; 52(7):669-76.

 61. Milner TA, Ayoola K, Drake CT et al. Ultrastructural localization of estrogen receptor beta immuno-
reactivity in the rat hippocampal formation. J Comp Neurol 2005; 491(2):81-95.

 62. Stirone C, Duckles SP, Krause DN et al. Estrogen increases mitochondrial efficiency and reduces oxida-
tive stress in cerebral blood vessels. Mol Pharmacol 2005; 68(4):959-65.

 63. Van Itallie CM, Dannies PS. Estrogen induces accumulation of the mitochondrial ribonucleic acid for 
subunit II of cytochrome oxidase in pituitary tumor cells. Mol Endocrinol 1988; 2(4):332-37.

 64. Bettini E, Maggi A. Estrogen induction of cytochrome c oxidase subunit III in rat hippocampus. J 
Neurochem 1992; 58(5):1923-29.

 65. Chen J, Schwartz DA, Young TA et al. Identification of genes whose expression is altered during mito-
suppression in livers of ethinyl estradiol-treated female rats. Carcinogenesis 1996; 17(12):2783-86.

 66. Chen J, Gokhale M, Li Y et al. Enhanced levels of several mitochondrial mRNA transcripts and mito-
chondrial superoxide production during ethinyl estradiol-induced hepatocarcinogenesis and after estrogen 
treatment of HepG2 cells. Carcinogenesis 1998; 19(12):2187-93.

 67. Chen J, Delannoy M, Odwin S et al. Enhanced mitochondrial gene transcript, ATP, bcl-2 protein levels 
and altered glutathione distribution in ethinyl estradiol-treated cultured female rat hepatocytes. Toxicol 
Sci 2003; 75(2):271-78.

 68. Hsieh YC, Yu HP, Suzuki T et al. Upregulation of mitochondrial respiratory complex IV by estrogen 
receptor-beta is critical for inhibiting mitochondrial apoptotic signaling and restoring cardiac functions 
following trauma-hemorrhage. J Mol Cell Cardiol 2006; 41(3):511-21.

 69. Stirone C, Duckles SP, Krause DN et al. Estrogen increases mitochondrial efficiency and reduces oxida-
tive stress in cerebral blood vessels. Mol Pharmacol 2005; 68(4):959-65.

 70. Hatzoglou E, Sekeris CE. The detection of nucleotide sequences with strong similarity to hormone 
responsive elements in the genome of eubacteria and archaebacteria and their possible relation to similar 
sequences present in the mitochondrial genome. J Theor Biol 1997; 184(3):339-44.

 71. Grivell LA. Nucleo-mitochondrial interactions in mitochondrial gene expression. Crit Rev Biochem 
Mol Biol 1995; 30(2):121-64.

 72. Garesse R, Vallejo CG. Animal mitochondrial biogenesis and function: a regulatory cross-talk between 
two genomes. Gene 2001; 263(1-2):1-16.

 73. Roberts, Szego CM. The influence of steroids on uterine respiration and glycolysis. J Biol Chem 1953; 
201(1):21-30.

 74. Chen J, Li Y, Lavigne JA et al. Increased mitochondrial superoxide production in rat liver mito-
chondria, rat hepatocytes and HepG2 cells following ethinyl estradiol treatment. Toxicol Sci 1999; 
51(2):224-35.

 75. Watanabe T, Inoue S, Hiroi H et al. Isolation of estrogen-responsive genes with a CpG island library. 
Mol Cell Biol 1998; 18(1):442-49.

 76. Thompson CJ, Tam NN, Joyce JM et al. Gene expression profiling of testosterone and estradiol-17 
beta-induced prostatic dysplasia in Noble rats and response to the antiestrogen ICI 182,780. Endocri-
nology 2002; 143(6):2093-105.

 77. Weisz A, Basile W, Scafoglio C et al. Molecular identification of ERalpha-positive breast cancer 
cells by the expression profile of an intrinsic set of estrogen regulated genes. J Cell Physiol 2004; 
200(3):440-50.



15Mechanisms of Hormone Carcinogenesis

 78. O’Lone R, Knorr K, Jaffe IZ et al. Estrogen Receptors {alpha} and {beta} Mediate Distinct Pathways of 
Vascular Gene Expression, Including Genes Involved in Mitochondrial Electron Transport and Genera-
tion of Reactive Oxygen Species. Mol Endocrinol 2007 [Epub ahead of print].

 79. Huss JM, Torra IP, Staels B et al. Estrogen-related receptor alpha directs peroxisome proliferator-activated 
receptor alpha signaling in the transcriptional control of energy metabolism in cardiac and skeletal 
muscle. Mol Cell Biol 2004; 24(20):9079-91.

 80. Huss JM, Kelly DP. Nuclear receptor signaling and cardiac energetics. Circ Res 2004; 95(6):568-78.
 81. Zhai P, Eurell TE, Cooke PS et al. Myocardial ischemia-reperfusion injury in estrogen receptor-alpha 

knockout and wild-type mice. Am J Physiol Heart Circ Physiol 2000; 278(5): H1640-47.
 82. Rodriguez-Cuenca S, Pujol E, Justo R et al. Sex-dependent thermogenesis, differences in mitochon-

drial morphology and function and adrenergic response in brown adipose tissue. J Biol Chem 2002; 
277(45):42958-63.

 83. Justo R, Frontera M, Pujol E et al. Gender-related differences in morphology and thermogenic capacity 
of brown adipose tissue mitochondrial subpopulations. Life Sci 2005; 76(10):1147-58.

 84. Degani H, Shaer A, Victor TA et al. Estrogen-induced changes in high-energy phosphate metabolism 
in rat uterus: 31P NMR studies. Biochemistry 1984; 23(12):2572-77.

 85. Chen J, Gokhale M, Schofield B et al. Inhibition of TGF-beta-induced apoptosis by ethinyl estradiol 
in cultured, precision cut rat liver slices and hepatocytes. Carcinogenesis 2000; 21(6):1205-11.

 86. Justo R, Boada J, Frontera M et al. Gender dimorphism in rat liver mitochondrial oxidative metabolism 
and biogenesis. Am J Physiol Cell Physiol 2005; 289(2): C372-78.

 87. Doan VD, Gagnon S, Joseph V. Prenatal blockade of estradiol synthesis impairs respiratory and meta-
bolic responses to hypoxia in newborn and adult rats. Am J Physiol Regul Integr Comp Physiol 2004; 
287(3): R612-18.

 88. Papa S. Mitochondrial oxidative phosphorylation changes in the life span. Molecular aspects and phys-
iopathological implications. Biochim Biophys Acta 1996; 1276(2):87-105.

 89. Boyer PD. The ATP synthase—a splendid molecular machine. Annu Rev Biochem 1997; 66717-49.
 90. Brodie A, Lu Q, Nakamura J. Aromatase in the normal breast and breast cancer. J Steroid Biochem Mol 

Biol 1997; 61(3-6):281-86.
 91. Santen RJ, Santner SJ, Pauley RJ et al. Estrogen production via the aromatase enzyme in breast carci-

noma: which cell type is responsible? J Steroid Biochem Mol Biol 1997; 61(3-6):267-71.
 92. Chen S, Itoh T, Wu K. et al. Transcriptional regulation of aromatase expression in human breast tissue. 

J Steroid Biochem Mol Biol 2002; 83(1-5):93-99.
 93. Yue W, Santen RJ, Wang JP et al. Aromatase within the breast. Endocr Relat Cancer 1999; 

6(2):157-64.
 94. Kim H, You S, Kim IJ et al. Increased mitochondrial-encoded gene transcription in immortal DF-1 

cells. Exp Cell Res 2001; 265(2):339-47.
 95. Dong X, Ghoshal K, Majumder S et al. Mitochondrial transcription factor A and its downstream targets 

are up-regulated in a rat hepatoma. J Biol Chem 2002; 277(45):43309-18.
 96. Wilden PA, Agazie YM, Kaufman R et al. ATP-stimulated smooth muscle cell proliferation requires 

independent ERK and PI3K signaling pathways. Am J Physiol 1998; 275(4 Pt 2): H1209-15.
 97. Shen J, Halenda SP, Sturek M et al. Cell-signaling evidence for adenosine stimulation of coronary smooth 

muscle proliferation via the A1 adenosine receptor. Circ Res 2005; 97(6):574-82.
 98. Shen J, Halenda SP, Sturek M et al. Novel mitogenic effect of adenosine on coronary artery smooth 

muscle cells: role for the A1 adenosine receptor. Circ Res 2005; 96(9):982-90.
 99. Heo JS, Han HJ. ATP stimulates mouse embryonic stem cell proliferation via protein kinase C, phos-

phatidylinositol 3-kinase/Akt and mitogen-activated protein kinase signaling pathways. Stem Cells 2006; 
24(12):2637-48.

 100. Yu SM, Chen SF, Lau YT et al. Mechanism of extracellular ATP-induced proliferation of vascular 
smooth muscle cells. Mol Pharmacol 1996; 50(4):1000-09.

 101. Wagstaff SC, Bowler WB, Gallagher JA et al. Extracellular ATP activates multiple signalling pathways 
and potentiates growth factor-induced c-fos gene expression in MCF-7 breast cancer cells. Carcinogenesis 
2000; 21(12):2175-81.

 102. Schafer R, Sedehizade F, Welte T et al. ATP- and UTP-activated P2Y receptors differently regulate 
proliferation of human lung epithelial tumor cells. Am J Physiol Lung Cell Mol Physiol 2003; 285(2):
L376-85.

 103. Felty Q, Roy D. Mitochondrial signals to nucleus regulate estrogen-induced cell growth. Med Hypotheses 
2005; 64(1):133-41.

 104. Felty Q, Roy D. Estrogen, mitochondria and growth of cancer and noncancer cells. J Carcinog 2005; 
4(1):1.

 105. Felty Q, Xiong WC, Sun D et al. Estrogen-induced mitochondrial reactive oxygen species as signal-trans-
ducing messengers. Biochemistry 2005; 44(18):6900-09.



16 Innovative Endocrinology of Cancer

 106. Felty Q, Singh KP, Roy D. Estrogen-induced G(1)/S transition of G(0)-arrested estrogen-dependent 
breast cancer cells is regulated by mitochondrial oxidant signaling. Oncogene 2005; 24(31):4883-93.

 107. Karpuzoglu E, Fenaux JB, Phillips RA et al. Estrogen up-regulates inducible nitric oxide synthase, nitric 
oxide and cyclooxygenase-2 in splenocytes activated with T-cell stimulants: role of interferon-gamma. 
Endocrinology 2006; 147(2):662-71.

 108. Richard SM, Bailliet G, Paez GL et al. Nuclear and mitochondrial genome instability in human breast 
cancer. Cancer Res 2000; 60(15):4231-37.

 109. Bianchi NO, Bianchi MS, Richard SM. Mitochondrial genome instability in human cancers. Mutat Res 
2001; 488(1):9-23.

 110. Parrella P, Xiao Y, Fliss M et al. Detection of mitochondrial DNA mutations in primary breast cancer 
and fine-needle aspirates. Cancer Res 2001; 61(20):7623-26.

 111. Tan DJ, Bai RK, Wong LJ. Comprehensive scanning of somatic mitochondrial DNA mutations in breast 
cancer. Cancer Res 2002; 62(4):972-76.

 112. Canter JA, Kallianpur AR, Parl FF et al. Mitochondrial DNA G10398A polymorphism and invasive 
breast cancer in African-American women. Cancer Res 2005; 65(17):8028-33.

 113. Mims MP, Hayes TG, Zheng S et al. Mitochondrial DNA G10398A polymorphism and invasive breast 
cancer in African-American women. Cancer Res 2006; 66(3):1880; author reply 1880-81.

 114. Habano W, Sugai T, Nakamura S et al. Reduced expression and loss of heterozygosity of the SDHD 
gene in colorectal and gastric cancer. Oncol Rep 2003; 10(5):1375-80.

 115. Neumann HP, Pawlu C, Peczkowska M et al. Distinct clinical features of paraganglioma syndromes 
associated with SDHB and SDHD gene mutations. Jama 2004; 292(8):943-51.

 116. Baysal BE, Ferrell RE, Willett-Brozick JE et al. Mutations in SDHD, a mitochondrial complex II gene, 
in hereditary paraganglioma. Science 2000; 287(5454):848-51.

 117. Petros JA, Baumann AK, Ruiz-Pesini E et al. mtDNA mutations increase tumorigenicity in prostate 
cancer. Proc Natl Acad Sci USA 2005; 102(3):719-24.

 118. Shidara Y, Yamagata K, Kanamori T et al. Positive contribution of pathogenic mutations in the 
mitochondrial genome to the promotion of cancer by prevention from apoptosis. Cancer Res 2005; 
65(5):1655-63.

 119. Amuthan G, Biswas G, Zhang SY et al. Mitochondria-to-nucleus stress signaling induces phenotypic 
changes, tumor progression and cell invasion. EMBO J 2001; 20(8):1910-20.

 120. Gao N, Ding M, Zheng JZ et al. Vanadate-induced expression of hypoxia-inducible factor 1 alpha and 
vascular endothelial growth factor through phosphatidylinositol 3-kinase/Akt pathway and reactive 
oxygen species. J Biol Chem 2002; 277(35):31963-71.

 121. Perillo B, Sasso A, Abbondanza C et al. 17beta-estradiol inhibits apoptosis in MCF-7 cells, inducing 
bcl-2 expression via two estrogen-responsive elements present in the coding sequence. Mol Cell Biol 
2000; 20(8):2890-901.

 122. Kim JK, Pedram A, Razandi M et al. Estrogen Prevents Cardiomyocyte Apoptosis through Inhibition 
of Reactive Oxygen Species and Differential Regulation of p38 Kinase Isoforms. J Biol Chem 2006; 
281(10):6760-67.

 123. Patten RD, Pourati I, Aronovitz MJ et al. 17beta-estradiol reduces cardiomyocyte apoptosis in vivo and 
in vitro via activation of phospho-inositide-3 kinase/Akt signaling. Circ Res 2004; 95(7):692-99.

 124. Mattson MP, Robinson N, Guo Q. Estrogens stabilize mitochondrial function and protect neural cells 
against the pro-apoptotic action of mutant presenilin-1. Neuroreport 1997; 8(17):3817-21.

 125. Song RX, Santen RJ. Membrane initiated estrogen signaling in breast cancer. Biol Reprod 2006; 
75(1):9-16.

 126. Kroemer G, Reed JC. Mitochondrial control of cell death. Nat Med 2000; 6(5):513-19.
 127. Ikeuchi M, Matsusaka H, Kang D et al. Overexpression of mitochondrial transcription factor a ame-

liorates mitochondrial deficiencies and cardiac failure after myocardial infarction. Circulation 2005; 
112(5):683-90.

 128. Matsuyama S, Xu Q, Velours J et al. The Mitochondrial F0F1-ATPase proton pump is required for 
function of the proapoptotic protein Bax in yeast and mammalian cells. Mol Cell 1998; 1(3):327-36.

 129. Comelli M, Di Pancrazio F, Mavelli I. Apoptosis is induced by decline of mitochondrial ATP synthesis 
in erythroleukemia cells. Free Radic Biol Med 2003; 34(9):1190-99.

 130. Mills KI, Woodgate LJ, Gilkes AF et al. Inhibition of mitochondrial function in HL60 cells is as-
sociated with an increased apoptosis and expression of CD14. Biochem Biophys Res Commun 1999; 
263(2):294-300.

 131. Wang J, Silva JP, Gustafsson CM et al. Increased in vivo apoptosis in cells lacking mitochondrial DNA 
gene expression. Proc Natl Acad Sci USA 2001; 98(7):4038-43.

 132. Wolvetang EJ, Johnson KL, Krauer K et al. Mitochondrial respiratory chain inhibitors induce apoptosis. 
FEBS Lett 1994; 339(1-2):40-44.



17Mechanisms of Hormone Carcinogenesis

 133. Yager JD, Chen JQ. Mitochondrial estrogen receptors—new insights into specific functions. Trends 
Endocrinol Metab 2007; 18(3):89-91.

 134. yHsieh YC, Yu HP, Suzuki T et al. Upregulation of mitochondrial respiratory complex IV by estrogen 
receptor-beta is critical for inhibiting mitochondrial apoptotic signaling and restoring cardiac functions 
following trauma-hemorrhage. J Mol Cell Cardiol 2006; 41(3):511-21.

 135. Torroni A, Stepien G, Hodge JA et al. Neoplastic transformation is associated with coordinate induction 
of nuclear and cytoplasmic oxidative phosphorylation genes. J Biol Chem 1990; 265(33):20589-93.

 136. Muss HB. Endocrine therapy for advanced breast cancer: a review. Breast Cancer Res Treat 1992; 
21(1):15-26.

 137. Cardoso CM, Custodio JB, Almeida LM et al. Mechanisms of the deleterious effects of tamoxifen 
on mitochondrial respiration rate and phosphorylation efficiency. Toxicol Appl Pharmacol 2001; 
176(3):145-52.

 138. Cardoso CM, Moreno AJ, Almeida LM et al. 4-Hydroxytamoxifen induces slight uncoupling of mito-
chondrial oxidative phosphorylation system in relation to the deleterious effects of tamoxifen. Toxicology 
2002; 179(3):221-32.

 139. Cardoso CM, Moreno AJ, Almeida LM et al. Comparison of the changes in adenine nucleotides 
of rat liver mitochondria induced by tamoxifen and 4-hydroxytamoxifen. Toxicol In vitro 2003; 
17(5-6):663-70.

 140. Tuquet C, Dupont J, Mesneau A et al. Effects of tamoxifen on the electron transport chain of isolated 
rat liver mitochondria. Cell Biol Toxicol 2000; 16(4):207-19.

 141. Kallio A, Zheng A, Dahllund J et al. Role of mitochondria in tamoxifen-induced rapid death of MCF-7 
breast cancer cells. Apoptosis 2005; 10(6):1395-410.

 142. Zhao Y, Wang LM, Chaiswing L et al. Tamoxifen protects against acute tumor necrosis factor 
alpha-induced cardiac injury via improving mitochondrial functions. Free Radic Biol Med 2006; 
40(7):1234-41.

 143. Besada V, Diaz M, Becker M et al. Proteomics of xenografted human breast cancer indicates novel targets 
related to tamoxifen resistance. Proteomics 2006; 6(3):1038-48.

 144. Strong R, Nakanishi T, Ross D et al. Alterations in the mitochondrial proteome of adriamycin resistant 
MCF-7 breast cancer cells. J Proteome Res 2006; 5(9):2389-95.

 145. Speirs V, Malone C, Walton DS et al. Increased expression of estrogen receptor beta mRNA in tamox-
ifen-resistant breast cancer patients. Cancer Res 1999; 59(21):5421-24.

 146. Hopp TA, Weiss HL, Parra IS et al. Low levels of estrogen receptor beta protein predict resistance to 
tamoxifen therapy in breast cancer. Clin Cancer Res 2004; 10(22):7490-99.

 147. Lareef MH, Garber J, Russo PA et al. The estrogen antagonist ICI-182-780 does not inhibit the trans-
formation phenotypes induced by 17-beta-estradiol and 4-OH estradiol in human breast epithelial cells. 
Int J Oncol 2005; 26(2):423-29.

 148. Fan P, Wang J, Santen RJ et al. Long-term Treatment with Tamoxifen Facilitates Translocation of Es-
trogen Receptor {alpha} out of the Nucleus and Enhances its Interaction with EGFR in MCF-7 Breast 
Cancer Cells. Cancer Res 2007; 67(3):1352-60.

 149. Jasienska G, Thune I, Ellison PT. Energetic factors, ovarian steroids and the risk of breast cancer. Eur 
J Cancer Prev 2000; 9(4):231-39.

 150. Simopoulos AP. Energy imbalance and cancer of the breast, colon and prostate. Med Oncol Tumor 
Pharmacother 1990; 7(2-3):109-20.

 151. Malin A, Matthews CE, Shu XO et al. Energy balance and breast cancer risk. Cancer Epidemiol Bio-
markers Prev 2005; 14(6):1496-501.

 152. Silvera SA, Jain M, Howe GR et al. Energy balance and breast cancer risk: a prospective cohort study. 
Breast Cancer Res Treat 2005; 1-10.

 153. Silvera SA, Jain M, Howe GR et al. Energy balance and breast cancer risk: a prospective cohort study. 
Breast Cancer Res Treat 2006; 97(1):97-106.

 154. Chang SC, Ziegler RG, Dunn B et al. Association of energy intake and energy balance with postmeno-
pausal breast cancer in the prostate, lung, colorectal and ovarian cancer screening trial. Cancer Epidemiol 
Biomarkers Prev 2006; 15(2):334-41.

 155. Suzuki S, Platz EA, Kawachi I et al. Intakes of energy and macronutrients and the risk of benign prostatic 
hyperplasia. Am J Clin Nutr 2002; 75(4):689-97.

 156. Warburg O. On the origin of cancer cells. Science 1956; 123(3191):309-14.
 157. Warburg O. On respiratory impairment in cancer cells. Science 1956; 124(3215):269-70.
 158. Balinsky D, Platz CE, Lewis JW. Enzyme activities in normal, dysplastic and cancerous human breast 

tissues. J Natl Cancer Inst 1984; 72(2):217-24.
 159. Garber K. Energy deregulation: licensing tumors to grow. Science 2006; 312(5777):1158-59.
 160. Isidoro A, Martinez M, Fernandez PL et al. Alteration of the bioenergetic phenotype of mitochondria 

is a hallmark of breast, gastric, lung and oesophageal cancer. Biochem J 2004; 378(Pt 1):17-20.



18 Innovative Endocrinology of Cancer

 161. Isidoro A, Casado E, Redondo A et al. Breast carcinomas fulfill the Warburg hypothesis and provide 
metabolic markers of cancer prognosis. Carcinogenesis 2005; 26(12):2095-104.

 162. Bi X, Lin Q, Foo TW et al. Proteomics analysis of colorectal cancer reveals alterations in metabolic 
pathways-mechanism of tumorigenesis. Mol Cell Proteomics 2006; 5(6):1119-30.

 163. Chen EI, Hewel J, Krueger JS et al. Adaptation of energy metabolism in breast cancer brain metastases. 
Cancer Res 2007; 67(4):1472-86.

 164. Pedersen PL, Mathupala S, Rempel A et al. Mitochondrial bound type II hexokinase: a key player in 
the growth and survival of many cancers and an ideal prospect for therapeutic intervention. Biochim 
Biophys Acta 2002; 1555(1-3):14-20.

 165. Neeman M, Degani H. Metabolic studies of estrogen- and tamoxifen-treated human breast cancer cells 
by nuclear magnetic resonance spectroscopy. Cancer Res 1989; 49(3):589-94.

 166. Rivenzon-Segal D, Boldin-Adamsky S, Seger D et al. Glycolysis and glucose transporter 1 as markers 
of response to hormonal therapy in breast cancer. Int J Cancer 2003; 107(2):177-82.

 167. Dakubo GD, Parr RL, Costello LC et al. Altered metabolism and mitochondrial genome in prostate 
cancer. J Clin Pathol 2006; 59(1):10-16.

 168. Juang HH. Modulation of iron on mitochondrial aconitase expression in human prostatic carcinoma 
cells. Mol Cell Biochem 2004; 265(1-2):185-94.

 169. Juang HH. Modulation of mitochondrial aconitase on the bioenergy of human prostate carcinoma cells. 
Mol Genet Metab 2004; 81(3):244-52.

 170. Yadav RN. Isocitrate dehydrogenase activity and its regulation by estradiol in tissues of rats of various 
ages. Cell Biochem Funct 1988; 6(3):197-202.

 171. Copeland WC, Wachsman JT, Johnson FM et al. Mitochondrial DNA alterations in cancer. Cancer 
Invest 2002; 20(4):557-69.

 172. Chatterjee A, Mambo E, Sidransky D. Mitochondrial DNA mutations in human cancer. Oncogene 
2006; 25(34):4663-74.

 173. Brandon M, Baldi P, Wallace DC. Mitochondrial mutations in cancer. Oncogene 2006; 
25(34):4647-62.

 174. Krieg RC, Knuechel R, Schiffmann E et al. Mitochondrial proteome: cancer-altered metabolism associ-
ated with cytochrome c oxidase subunit level variation. Proteomics 2004; 4(9):2789-95.

 175. Capuano F, Varone D, D’Eri N et al. Oxidative phosphorylation and F(O)F(1) ATP synthase activity 
of human hepatocellular carcinoma. Biochem Mol Biol Int 1996; 38(5):1013-22.

 176. Haugen DR, Fluge O, Reigstad LJ et al. Increased expression of genes encoding mitochondrial proteins 
in papillary thyroid carcinomas. Thyroid 2003; 13(7):613-20.

 177. Schulz TJ, Thierbach R, Voigt A et al. Induction of oxidative metabolism by mitochondrial frataxin 
inhibits cancer growth: Otto Warburg revisited. J Biol Chem 2006; 281(2):977-81.


