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ABSTRACT

Estrogens have cell-specific effects on a variety of physiological endpoints including regulation of mitochondrial biogenesis and activity.
Estrogens regulate gene transcription by the classical genomic mechanism of binding to estrogen receptors « and B (ERa and ERB) as well as
the more recently described nongenomic pathways involving plasma membrane-associated ERs that activate intracellular protein kinase-
mediated phosphorylation signaling cascades. Here I will review the rapid and longer-term effects of estrogen on mitochondrial function. The
identification of ERa and ERP within mitochondria of various cells and tissues is discussed with a model of estrogen regulation of the
transcription of nuclear respiratory factor-1 (NRF-1, NRFI). NRF-1 subsequently promotes transcription of mitochondrial transcription factor
Tfam (mtDNA maintenance factor, also called mtTFA) and then Tfam targets mtDNA-encoded genes. The nuclear effects of estrogens on gene
expression directly controlling mitochondrial biogenesis, oxygen consumption, mtDNA transcription, and apoptosis are reviewed. Overall, we
are just beginning to evaluate the many direct and indirect effects of estrogens on mitochondrial activities. J. Cell. Biochem. 105: 1342-1351,

2008. © 2008 Wiley-Liss, Inc.
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W omen have longer life expectancies in developed
countries than men and this difference has been attributed
to protective effects of premenopausal estrogens [Vina et al., 2005].
Mitochondrial reactive oxygen species (ROS) production during ATP
generation by the electron transport chain (ETC) damages
macromolecules including mitochondrial DNA (mtDNA). Damaged
molecules and mitochondrial dysfunction accumulate over time and
contribute to aging [Guarente, 2008]. Estrogens exert direct and
indirect effects on mitochondrial function in a variety of tissues.
While the neuroprotective effects of estrogen are arguably the best-
studied, the mechanisms by which estrogens achieve their
physiological and pharmacological effects are complex and not
completely elucidated [reviewed in Simpkins et al., 2008]. Indeed,
the impact of steroid hormones, including estradiol (E,) on
mitochondrial function “is a new and novel area of investigation”
[Gavrilova-Jordan and Price, 2007]. The ability of estrogen to
regulate nuclear DNA- and mitochondrial DNA (mtDNA)- encoded
mitochondrial genes in MCF-7 cells was recently reviewed and the
authors concluded that mitochondrial effects of estrogen may play a
role in breast cancer, cardiovascular function, and gender-
differences in neuroprotection [Gavrilova-Jordan and Price,
2007]. The role of estrogens in mitochondria and the role of
mitochondria on nuclear estrogen action has been reviewed [Felty
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and Roy, 2005a,b; Chen et al., 2008]. In breast cancer cells, Felty and
Roy speculated that E, acts via membrane ER (mER) or
mitochondrial ER (mtER) in breast cancer cell lines to alter three
mitochondrial pathways: (1) direct interaction with the mitochon-
drial respiratory complexes (MRC) generates ROS leading to protein
kinase activation; (2) mER activation of Ca**—dependent proteases
and protein kinases; and (3) mER activation causes cytoskeletal
changes leading to mitochondrial changes and protein kinase
activation [Felty and Roy, 2005a]. Whether this model differs in a
cell-type-specific manner remains to be evaluated. Further, the role
of estrogens in protecting against mitochondrial ROS damage
associated with aging has been disputed based on study of C57Bl/6
mice in which males and females have similar longevity [Sanz et al.,
2007]. This observation reflects the complexity of estrogen action at
the molecular level.

Another topic of debate in understanding how estrogens affect
mitochondrial function is whether there is a direct role for estrogen
receptors a and B (ERa and ERB) localized within mitochondria on
mtDNA gene transcription and mitochondrial function. A number of
steroid/nuclear receptors (NR) in addition to ERa and ER, that is,
glucocorticoid receptor (GR), androgen receptor (AR), thyroid
receptor (TR), retinoid X receptor (RXR), retinoic acid receptor
(RAR), and peroxisome proliferator activated receptor gamma
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(PPAR+y2), have been reported to be present in the mitochondria of
various cell types and tissues [reviewed in Psarra and Sekeris, 2008].
However, there are those who dispute these findings. For example,
Gustafsson’s group reported that ERB could not be positively
identified in mouse liver mitochondria by MALDI-TOF mass
spectrometry [Schwend and Gustafsson, 2006]. This finding was
refuted based on the fact that ER( expression is low in mouse liver
and that the mitochondrial localization of ER may be cell-specific
because ERB was identified in human heart mitochondrial proteins
by MALDI-TOF [Yang et al., 2006].

We recently reported that E, increases the transcription and
protein expression of nuclear respiratory factor-1 (NRF-1) and
upregulates mitochondrial biogenesis in MCF-7 human breast
cancer cells through activation of genomic ERa function [Mattingly
et al., 2008]. NRF-1 is a key nuclear-encoded transcription factor
that regulates the expression of a number nuclear-encoded genes
regulating mitochondrial function [Scarpulla, 2006]. Interestingly,
NRF-1 and many MRC genes were recently identified as E,-
regulated in opposite directions by ERa and ERB in mouse aorta
[O'Lone et al., 2007]. Many questions regarding the mechanisms by
which E, regulates mitochondrial function remain to be addressed
[Burris and Krishnan, 2005]. This review will summarize the
mechanisms of estrogen action, discuss transcriptional regulation of
the mitochondrial genome, and provide an overview on various
aspects of estrogen action in mitochondria. I apologize in advance
for the many scientists/references that are not cited directly but
whose work is included in reviews that are cited due to limitations of
the format for this article.

The genomic activity of estrogens is mediated by ERa and ERB that
are members of the steroid/nuclear receptor superfamily of
transcription factors. The ER protein is divided into six domains:
A-F [Kuiper et al., 1998]. The A/B N-terminal domain has low amino
acid (aa) homology between ERa and ERB and regulates
transcription by activating function 1 (AF-1) in a ligand-
independent, cell-specific manner. In contrast, the DNA binding
domain (DBD), domain C, has high aa homology between the two ER
subtypes. The ligand binding domain (LBD) and AF-2 in the E and F
domains share 59% and 18% aa homology, respectively [Kuiper
et al., 1996]. Once activated by E,, or an estrogen-like compound,
ERs form homodimers or heterodimers of ERa/ERB and bind with
high affinity to estrogen response elements (EREs) in the promoters,
introns, or 3’ untranslated regions of target genes [reviewed in
Klinge, 2000]. The ERE is composed of a 15 bp palindromic inverted
repeat consensus sequence: 5'-AGGTCAnnnTGACCT-3’ (n=any
nucleotide) [Klinge, 2003]. Figure 1 shows E,-ER bound to an ERE
within the nucleus. In addition to direct ERE binding, ERa and ERP
interact with DNA-bound transcription factors, for example, Sp1 or
AP1, at their binding sites and via a “‘tethering mechanism” activate
transcription [reviewed in Klinge, 2000]. ER« and ER interact with
NF-kB to inhibit transcription [Kalaitzidis and Gilmore, 2005].
Ligand-activated ERs mediates their genomic effects through
interactions with coactivators that recruit chromatin remodeling
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Fig. 1. ERa and ERB have genomic and nongenomic/membrane initiated
activities. As reviewed in the text, ERa and ERP are located in the cytoplasm
and nucleus, within caveolae in the plasma membrane and within mitochon-
dria. For genomic (nuclear) ER activity, E, binds and activates ER causing
dimerization, ERE binding (or interaction with other transcription factors
bound to DNA, not shown), coactivator recruitment, chromatin remodeling,
and increased transcription in the nucleus. For nongenomic/membrane
initiated estrogen signaling, E, binds ER in caveolae in the plasma membrane.
ER interacts with G-proteins, the p85 subunit of PI3K, with c-Src, and
caveolin-1 (Cav-1) to initiate PI3K/AKT and MAPK signaling cascades. In
the cytoplasm, ER interacts with MNAR and Shc which play a role in the
nongenomic activities of ER. ER interacts with the EGF- and IGF-1 receptors in
plasma membranes. ER in mitochondria interact with the D-loop of mtDNA and
directly increase MnSOD activity.

complexes, alter nucleosomal structure, enhance recruitment of
general transcription factors, and increase recruitment of RNA
polymerase II to transcribe target genes [McKenna and 0’Malley,
2002]. According to my count of the literature, 60 different protein
coactivators have been reported to interact with ERa and/or ERpB.
The total number of NR coactivators is 200 [Lonard and O’Malley,
2006]. Coactivators exist in large complexes of proteins with many
activities in addition to the initiation of transcription, including
topoisomerase II [Ju et al., 2006], mRNA translation and splicing,
and post-translational protein modifications [reviewed in Klinge,
2000]. When ERa is occupied by the selective ER modulator (SERM)
4-hydroxytamoxifen (4-OHT), the conformation of a critical a-helix
(helix 12) within the LBD, is altered such that the coactivator binding
groove is unavailable and corepressors, for example, silencing
mediator of retinoic acid and thyroid hormone receptor (SMRT) and
nuclear receptor corepressor (NCoR), interact with the LBD and
recruit histone deacetylase (HDAC) complexes to suppress gene
transcription in a cell type- and gene-dependent manner [Smith and
0'Malley, 2004]. The NURSA website has further information on
coactivators, corepressors and chromatin remodeling at http://
WWW.Nnursa.org.

In addition to regulation by ligand binding and coregulator
protein recruitment, ERs are regulated by phosphorylation in both a
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ligand-dependent [Lannigan, 2003] and ligand-independent man-
ner [Feng et al., 2001]. Depending on which sites of ERa are
phosphorylated, phosphorylation can either increase [Denton and
Notides, 1992; Tzeng and Klinge, 1996; Coleman et al., 2003] or
inhibit ERa-DNA binding [Al-Dhaheri and Rowan, 2007] and alter
nuclear localization [Picard et al., 2008], and thus alter gene
transcription. MAPK phosphorylates the N-terminus of ER,
enhancing ERB-SRC-1-CBP interaction and gene transcription
[Tremblay and Giguere, 2001]. E, binding promotes ERa ubiqui-
tination and targeting to the 26S proteasome as a regulatory
mechanism for ER turnover [Wijayaratne and McDonnell, 2001].
Likewise, ERP stability is also regulated by phosphorylation and
ubiquitination [Picard et al., 2008]. Other post-translational
modifications including glycosylation [Cheng and Hart, 2001; Li
et al., 2003] and sumoylation also regulate ERa and ERB activity.

E, has “nongenomic, extra-nuclear, or membrane-initiated” effects,
that is, independent of ER-mediated transcription, that occur within
minutes after E, administration in a G-protein-coupled manner [as
reviewed in Pedram et al., 2006a; Watson et al., 2007; Arpino et al.,
2008]. Since ERa lacks a transmembrane domain, how it gets to the
plasma membrane (PM) has been controversial but it appears to
require palmitoylation [Moriarty et al., 2006]. ERa or its splice
variant ERa46 (N-terminally truncated so that the A/B domain and
thus AF-1 is missing) also interacts with a number of proteins that
are part of a “‘signalsome complex” including c-Src, the p85 subunit
of PI3K, caveolin-1, straitin, MNAR (modulator of nongenomic
activity of ER), and eNOS located in caveolae in the PM [Li et al.,
2007]. ERa has been shown to interact with the EGF-receptor
(EGFR), IGFR1, and HER?2 in the plasma membrane of breast cancer
cells [reviewed in Pietras and Marquez-Garban, 2007]. Figure 1
depicts an overview of nongenomic ER interactions. In MCF-7 cells,
the adaptor protein Shc shuttles ERa from the nucleus to the PM
where ERa interacts with the IGF-1 receptor (IGF-1R) [Song et al.,
2004] and arginine methylation of ERaR260 by PRMT1 was recently
shown to be essential for complex formation [Le Romancer et al.,
2008]. In endothelial cells (EC), E, rapidly increased intracellular
cAMP [Farhat et al., 1996], inhibited of Ca™ influx [Mueck et al.,
1996], stimulated Ca™? release from internal stores [Improta-Brears
et al,, 1999], and stimulated nitric oxide (NO) production [Kauser
and Rubanyi, 1997]. In MCF-7 human breast cancer cells, E, rapidly
increased PIP2-phospholipase C activity [Graber et al.,, 1993],
mobilized intracellular Ca®", and activated the MAPK [Improta-
Brears et al., 1999] and PI3K/AKT pathways [Stoica et al., 2003].
An “orphan” 7-transmembrane G protein-coupled receptor,
GPR30, was reported to bind E, with high affinity (Kq=2.7 nM)
resulting in activation of adenylate cyclase, MAPK, AKT, and
calcium signaling [reviewed in Prossnitz et al., 2008]. Interestingly,
and in contrast to ERa or ERB, tamoxifen and ICI 182,780
(Fulvestrant) also bind GPR30 with high affinity and mimic the
effects of E, [Thomas et al., 2005]. Although the role of GPR30 has
been questioned [Pedram et al., 2006a; Otto et al., 2008], it appears
likely that differences between cell/tissue types, for example,

thyroid [Vivacqua et al., 2006] or brain [Raz et al., 2008], may be
responsible for whether GPR30 is a bona fide novel membrane
estrogen receptor.

Essential metabolic pathways for energy production and home-
ostasis are located in mitochondria, for example, the MRC of
oxidative phosphorylation for ATP production, heme biosynthesis,
B-oxidation, metabolism of certain amino acids, and steroid
synthesis. Mitochondrial DNA (mtDNA) is a 16.5 kb circular
genome encoding 13 mRNAs, 2 rRNAs, and 22 tRNAs with 10°-10*
copies of mtDNA/ mammalian cell [Chen et al., 2005]. Thirteen of the
80 proteins of the ETC complexes [, II, III, IV, and V are encoded by
mtDNA [Chen et al., 2005]. The remaining subunits of the ETC as
well as other proteins involved in mtDNA metabolism and function
are nuclear-encoded [Chen et al., 2005]. Once translated, these
proteins are targeted to mitochondria via a signal sequence and
imported by translocases [Schmidt et al., 2001]. MtDNA transcrip-
tion is initiated at two promoters (P and Py) located in the D-loop
regulatory region through the binding of mitochondrial RNA
(mtRNA) polymerase and the mitochondrial transcription factors
Tfam (mtDNA maintenance factor, also called mtTFA) and TFB
(mitochondrial transcription factor B, TFBIM and TFB2M)
[Scarpulla, 2006]. TEAM, TFB1M, and TFB2M are nuclear-encoded
genes whose transcription is regulated by NRF-1 [Scarpulla, 2006].
Although mitochondrial gene expression depends on nuclear
genome function and reciprocally by “retrograde communication”
mitochondrial activity regulates nuclear gene expression [Poyton
and McEwen, 1996], the mechanisms coordinating these events
remain to be clarified.

ERa and ERB have been identified in mitochondria and to bind to
the D-loop of mouse and human mtDNA [reviewed in Chen et al.,
2008]. It is not clear whether ERa and ERB directly regulate mtDNA
transcription or whether this effect is mediated through nuclear
effects on nuclear-encoded genes that in turn regulate mtDNA
transcription. Nonetheless, the presence of ER in both nucleus and
mitochondria provide a possible mechanism for E, coordination of
the expression of mtDNA and nuclear-encoded mitochondrial
respiratory complex (MRC) genes. Whether ER is involved in
retrograde communication between the mitochondria and nucleus is
unknown. E, induces the transcription of nuclear-encoded MRC
proteins including mitochondrial ATP synthase subunit E, COVII,
and a number of other genes reviewed in [Chen et al., 2008].

NRF-1 is a 68 kDa protein containing an N-terminal nuclear
localization signal and a C-terminal transcriptional activation
domain that is ubiquitously expressed [Gugneja et al., 1996].
Homozygous deletion of murine NRF-1 results in embryonic death
[Huo and Scarpulla, 2001]. NRF-1 homodimerizes and binds to
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palindromic NRF-1 response elements (RE) in the promoter of
nuclear-encoded mitochondrial genes, thus regulating the tran-
scription of genes regulating mitochondrial activity in a cell-type
specific manner [Scarpulla, 2002]. Research from Scarpulla’s lab has
demonstrated that NRF-1 plays a critical role in integrating nucleo-
mitochondrial interactions by initiating transcription of nuclear-
encoded mtDNA-specific transcription factors including Tfam,
TFB1M, and TFB2M [Scarpulla, 2006]. Additional NRF-1 target
genes include subunits of the five ETC complexes, components of
the mtDNA transcription and replication machinery, mitochondrial
and cytosolic enzymes of heme biosynthesis, components of
mitochondrial protein import, and >400 genes involved in cell
cycle regulation, metabolism, DNA replication, and transcriptional
regulation [Cam et al., 2004]. Recently, NRF-1 was shown to bind
and increase transcription of all 10 nuclear-encoded mouse COX
genes [Dhar et al., 2008]. NRF-1 activity was inhibited by
phosphorylation by cyclin D1 and NRF-1 interacts directly with
cyclin D1 in MCF-7 cells [Wang et al., 2006]. The reciprocal
regulation of cyclin D1 and NRF-1 was proposed to reduce
mitochondrial activity and shift glucose metabolism toward
glycolysis, that is, the Warburg effect, in cancer cells [Cuezva
et al., 2002]. This hypothesis offers an explanation for the lack of
inclusion of NRF1 in gene module analysis revealing an association
of nuclear-encoded mitochondrial gene expression with reduced
breast cancer survival [Wong et al., 2008]. This study reported
increased expression of 218 nuclear-encoded mitochondrial genes
including a number of NRF-1 targets, for example, TFAM SDHB,
and COX5B, although not NRF-1 itself, as associated with poor
prognosis in breast cancer [Wong et al., 2008]. Notably, what
regulates NRF-1 expression and activity is less well characterized
[Scarpulla, 2006]. Thyroid hormone (T5) increased NRF-1 transcrip-
tion in rat liver “probably through a thyroid response element,”
although this element is undefined [Weitzel et al., 2001, 2003].

Studies from Duckles’ lab reported that NRF-1 was upregulated in
the cerebral blood vessels of ovariectomized (ovex) rats chronically
treated (2 weeks) with E,, suggesting that estrogen may regulate
NRF-1 transcription [Stirone et al., 2005]. We followed up that
observation at the molecular level and recently reported that NRF-1
mRNA expression was increased by E, in a time-dependent manner
in two estrogen-responsive cell lines: MCF-7 breast cancer and
H1793 lung adenocarcinoma cells [Mattingly et al., 2008]. The ER
antagonist ICI 182,780 blocked the E,-induced increase in NRF-1
mRNA, indicating that ER mediates the E,-stimulated increase in
NRF-1. The transcriptional inhibitor actinomycin D (Act D) and
protein synthesis inhibitor cycloheximide (CHX) indicated that
the E,-ER mediated increase in NRF-1 was a direct effect of ER at the
genomic level. Indeed, pretreatment of MCF-7 cells for 1 h with the
MAPK (MEK) and PI3K inhibitors PD98059 and Wortmannin,
respectively, did not inhibit the E,-induced increase in NRF-1,
indicating that the E,-induction of NRF-1 was not mediated by
nongenomic/membrane-initiated activation of the PI3K/Akt and
MAPK signaling pathways. We concluded that NRF-1 is a

primary E,-responsive gene [Mattingly et al., 2008]. NRF-1 protein
expression increased in a time-dependent manner in E,-treated
MCE-7 cells, commensurate with the increase seen in NRF-1 mRNA
expression.

We reported that E, increased the interaction of both ERa and
ERB with a 5’ promoter region of the human NRF-1 gene containing
a imperfect ERE [Mattingly et al., 2008]. However, siRNA against
ERP did not inhibit E,-induced NRF-1 transcription, whereas siRNA
against ERa did, thus implicating ERa as mediating the increase in
NRF-1 induced by E, in MCF-7 cells. Thus, why E, increases ERP
recruitment to the NRF1 promoter remains to be defined. However,
recent microarray profiling of genes regulated by E, in aortas of
wildtype, ERa, and ERB knockout («ERKO and BERKO) mice
revealed opposite regulation of NRF-1 and many mitochondrial
respiratory chain (MRC) gene targets by ERa and ERB [O’Lone et al.,
2007]. Therefore, we hypothesize that the direct interaction of ERa
and ERB with the NRF-1 promoter recruits different coregulators,
that is, coactivators and corepressors, in a ligand- and cell-specific
manner. Further, the regulation of NRF-1 transcription by estrogen
may be cell type specific. Brown adipose tissue from male versus
female Wistar rats showed higher transcript levels of nrf1 and tfam,
but not pparg [Rodriguez-Cuenca et al., 2007]. E, reduced nrf1 and
tfam transcription in primary cultured brown adipocytes from male
NMRI mice [Rodriguez-Cuenca et al., 2007], the opposite of E,-
induced NRFI in MCF-7 and H1793 cells [Mattingly et al., 2008]. A
microarray gene profiling study showed a 7.3-fold increase in NRF-
1 expression in Fulvestrant-resistant versus TAM-resistant MCF-7
cells [Table S2 in Fan et al., 2006], but no one has examined how
TAM or 4-OHT affects NRF1 expression in MCF-7 or other breast
cancer cells.

NRF-1 stimulates transcription of the Tfam gene by binding to an
NRF-1 response element in the promoter [Scarpulla, 2006].
Subsequently, Tfam increases the transcription of mtDNA-encoded
gene targets. We have reported that E, increased nuclear-encoded
Tfam transcription in MCF-7 cells and also two mitochondrial-
encoded mRNAs regulated by Tfam: Complex IV, cytochrome ¢
oxidase subunit I; (MTCO1, COI) and NADH dehydrogenase subunit
1 (MTND1,ND1) [Mattingly et al., 2008]. Tfam mRNA was increased
12-72 h after E, treatment. The expression of Tfam-regulated,
mtDNA-encoded MTCOI and MTND 1 mRNAs was increased 48-72 h
after E, treatment and was inhibited by ICI 182,780, indicating an
ER- dependence. COI and cytochrome ¢ oxidase (COX IV, nuclear-
encoded), both subunits of Complex IV in the MRC, protein
expression was similarly increased by E, treatment [Mattingly et al.,
2008]. MTCOI is transcriptionally regulated by Tfam and TFBs while
COX IV is a direct target of NRF-1 [Scarpulla, 2006]. Thus, we
proposed a model (Fig. 2) in which E, induced NRF-1 expression
results in the increased expression of Tfam, as well as TFB1 and 2,
and MRC genes, that subsequently entered mitochondria to increase
the expression of mtDNA-encoded genes, mitochondrial biogenesis,
and oxidative phosphorylation [Mattingly et al., 2008].
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Fig. 2. E2-ERa increases NRF-1 gene transcription. This model is based on
our recent report showing that E,-ERa binds a non-consensus ERE in the
5’ promoter of the human NRF-1 gene and increases NRFT gene transcription
[Mattingly et al., 2008]. The subsequent increase in NRF-1 protein increases
the transcription of NRF-1 target genes in the nucleus, for example, increased
Tfam transcription. PGC-1a is a coactivator needed for NRF-1 regulated gene
transcription. Increased Tfam as well MRC gene products are imported into
mitochondria resulting in increased ETC oxidative phosphorylation. Tfam and
TFB1 and TFB2 increase transcription of mtDNA and increase mitochondrial
biogenesis.

Regulation of mitochondrial biogenesis involves the coordinated
actions of both mtDNA and nuclear-encoded gene products
including NRF-1, NRF-2, Tfam, and PGC-1a [reviewed in Kelly
and Scarpulla, 2004]. mtDNA copy number is a measure of
mitochondrial biogenesis. Increased numbers of mitochondria and
increased mitochondrial size were observed in the glandular
epithelium and stromal endometrium of pregnant bonnet monkeys,
an effect attributed to increased E, [Rosario et al., 2008]. We
reported that E, significantly increased mtDNA copy number after
24, 48, and 72 h. in MCF-7 cells [Mattingly et al., 2008]. Because
Tfam is essential for mtDNA replication [Larsson et al., 1998], these
data are consistent with the increase in E,-induced Tfam mRNA that
we observed. Notably, siRNA knockdown of NRF-1 inhibited the E,-
induced increase in mtDNA, indicating that the E,-induced increase
in mitochondrial biogenesis is mediated by NRF-1 and not directly
by E,.

We note that the ability to estrogen to increase mitochondrial
biogenesis may be cell-specific because E, treatment of ovariecto-
mized (ovex) rats did not increase mitochondrial biogenesis as
measured by the COXII (mitochondrial)/B-actin (nuclear) ratio in
brain [Irwin et al., 2008]. On the other hand, studies in male mouse
heart following trauma-hemorrhage revealed that E, and the ERB
agonist diarylpropionitrile (DPN) increased mitochondrial biogen-
esis via upregulation of mitochondrial ERB [Hsieh et al., 2006].
Further, mitochondrial ERB upregulated mtDNA transcription and
MRC activity [Hsieh et al., 2006]. In mouse heart, E,- or DPN-
activated mitochondrial ERB specifically increased mitochondrial

respiratory complex-IV (MRC-IV, cytochrome c oxidase) activity
[Hsieh et al., 2006]. E, also increased PGC-1ae mRNA and protein
levels in the trauma-hemorrhage mouse heart model [Hsieh et al.,
2005].

Isoflavones, for example, daidzen and genistein, are phytoestro-
gens that bind ERB and ERa with pM affinities and have additional
activities that are independent of ER binding [Kuiper et al., 1997].
Isoflavones were reported to increase mitochondrial biogenesis in
primary rabbit renal proximal tubule cells (RPTC) in an ER-
independent manner by increasing the expression and activity of
sirtuin 1 (SIRT1) which in turn deacetylates and activates PGC-1a
[Rasbach and Schnellmann, 2008]. The coactivator PGC-1a is
considered a master regulator of mitochondrial biogenesis in
mammals [reviewed in Ventura-Clapier et al., 2008]. On the other
hand, genistein (0.5 pM) was shown to decrease H,0, levels in cells
via nongenomic ER-activation of the MAPK pathway leading to
NFkB activation and increased MnSOD expression in MCF-7 cells
[Borras et al., 2006]. Again, these results point to cell type-
specific responses to phytoestrogens in affecting mitochondrial
activities.

There is surprisingly little information regarding the role of estrogen
in regulating oxygen consumption as an index of MRC activity. An
early study reported that E, inhibited oxygen consumption/
mitochondrial respiration in isolated rat liver mitochondria with
an [Cso > 0.1 mM E, [Vallejos and Stoppani, 1967], a concentration
which is not physiologically relevant since serum E, is 0.28 nM in
follicular phase and 1.1 nM in luteal phase in premenopausal women
[Clarke et al., 2003]. Rats in estrous had enhance mitochondrial
respiration compared to pseudopregnant or ovex rats, suggesting
that E, increases mitochondrial respiration [Gigli and Bussmann,
2001]. Another study revealed that brain mitochondria isolated
from E,-treated ovex rats displayed significantly greater oxygen
consumption following Ca™™ challenge in State 3 respiration and a
significantly higher respiratory control ratio (RCR) than mitochon-
dria from control rats [Nilsen et al., 2006]. We reported a significant
increase in oxygen consumption after 4 and 6 days of E, treatment
in MCF-7 cells [Mattingly et al., 2008]. This delayed time of response
was consistent with the upregulation of COI and COIV proteins
beginning at 48 h. Interestingly, E, did not increase oxygen
consumption in MDA-MB-231 ERa-negative breast cancer cells
[Mattingly et al., 2008].

Although pM concentrations of E, have antioxidant activity in
isolated hepatocytes [Leal et al., 1998], such levels are not
physiologically relevant as indicated previously in this review.
Likewise, although 4-hydroxytamoxifen was shown to specifically
inhibit MRC Complexes IIl and IV (cytochrome c oxidase) in isolated
rat liver mitochondria with ICsys ~ 45-80 wM [Tuquet et al., 2000],
the serum concentration of 4-OHT in breast cancer patients on oral
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tamoxifen is ~0.2 wM [Clarke et al., 2003]. Numerous reports from
Simpkins’ lab have demonstrated the protective effects of E, against
exogenous or endogenous ROS in neuronal and lens epithelial cells
as measured by maintenance of ATP levels and inhibition of
mitochondrial Ca®™" influx [reviewed in Simpkins et al., 2008].
Studies from Yager’s lab have demonstrated that E, increases
superoxide production, O, uptake, and intracellular ATP levels
through ER-activation because these effects are inhibited by
Fulvestrant (ICI 182,780, a pure steroidal ER antagonist) [reviewed
in Chen et al., 2008]. These data argue against any effect of the
putative membrane estrogen receptor GPR30 since Fulvestrant
activates GPR30 [reviewed in Filardo et al., 2006].

However, estrogen activation of membrane-associated ER (here
referring to either ERa and/or ERR, i.e., the ESRI and ESR2 gene
products) thus initiating MAPK and NF-«kB signaling resulting in
increased transcription of mtDNA-encoded manganese-superoxide
dismutase (MnSOD) and glutathione peroxidase (GPx) [Vina et al.,
2005] offers a mechanism for estrogen’s mitochondrial-protective
activity. These enzymes detoxify ROS and thus protect mtDNA and
macromolecules despite E,-activation of the MRC to increase ATP
production and thus cell proliferation and movement [Chen et al.,
2008]. However, this mechanism may be cell type-specific. In viral-
transformed human lens epithelial cells (HLE-B3), E, rapidly
activated MnSOD activity, but had no effect on MnSOD mRNA or
protein expression [Gottipati and Cammarata, 2008]. In human
brain microvascular endothelial cells (HBMECs), E, and Raloxifene
(RAL) suppressed mitochondrial superoxide production through
ERa, not ERB, activation, but did not affect MnSOD RNA or protein
levels in isolated mitochondria [Razmara et al., 2008]. E, increased
the ratio of aconitase/fumerase enzyme activity, indicative of
reduced ROS production in HBMECs. E, increased the transcription
of cytochrome c through ERa activation in HBMECs and the authors
suggested that the increase in cytochrome c by activating the
cytochrome c-mediated electron-leak pathway, in which the
electron of ferrocytochrome ¢ migrates directly to H,0, rather
than to cytochrome c¢ oxidase [Zhao and Xu, 2004], offers a
mechanism by which E, suppresses ROS [Razmara et al., 2008].
Interestingly, NRF-1, which, as discussed previously, is directly
upregulated by E,-ERa binding to an ERE in the NRF1 promoter
[Mattingly et al., 2008], directly regulates cytochrome c gene
transcription by interacting with its palindromic response element
in the promoter [Scarpulla, 2006], but whether the observed E,-ERa-
induced increase in cytochrome ¢ was mediated directly or through
NRF-1 in HBMECs was not evaluated [Razmara et al., 2008].

E, directly increased MnSOD activity in isolated mitochondria
from MCF-7 human breast cancer cells and thus reduced ROS
[Pedram et al., 2006b]. The investigators in the Levin group also
transfected ER-null CHO cells with a targeting vectors that
specifically directed the expression of the E domain (ligand binding
domain) of ERa to the plasma membrane, nucleus, or mitochondria
and examined the effect of UV to increase apoptosis in the E,-treated
cells [Pedram et al., 2006b]. Only the cells in which the ERa-E
domain was targeted to mitochondria did E, prevent the UV-
stimulated cytochrome c¢ release [Pedram et al., 2006b], thus
demonstrating the requirement of E,-E-domain interaction within
mitochondria to inhibit apoptosis.

Physiological evidence for a role of ERa in mitochondrial
function in vivo comes from studies with «ERKO mice and ovex
rodents. After subjecting «ERKO versus wildtype(wt) mouse hearts
to cardiac ischemia-reperfusion, mitochondria in the «ERKO hearts
showed ultrastructural damage and reduced ETC function [Zhai
et al., 2000a]. In a similar study comparing myocardial ischemia-
reperfusion injury in the hearts of ovex or E,-treated ovex rats,
the E,-treated rats showed less myocardial mitochondrial damage
and greater maintenance of ETC function [Zhai et al., 2000b].
Microarray profiling of aortas from ovex versus E,-supplemented
ovex aERKO, BERKO, and wt mice identified >18 nuclear-encoded
MRC subunits that are E,-ERa regulated [0O'Lone et al., 2007].
Importantly, NRF-1 mRNA was decreased in the «ERKO but not
BERKO mice, indicating that E,-ER«a regulates NRF-1 expression in
mouse aorta. Notably, NRF-1 was downregulated by E,-ERB and
genes including an NRF-1-RE in the -1kB promoter were also
downregulated in the aortas of «ERKO mice indicating that ERP
actively represses a subset of MRC genes. A caveat of this study is
that the mice were given 1 week of E, treatment [O’Lone et al., 2007];
thus, many identified genes are unlikely to be direct E, targets, but
rather secondary or tertiary targets.

In vivo E, or progesterone treatment of ovex rats increased
respiratory activity in isolated brain mitochondria [Irwin et al.,
2008]. Both E, and progesterone also increased the mRNA levels of
both nuclear and mtDNA-encoded components of the MRC, that is,
mt-encoded COXI, COXII, and COXIII and nuclear encoded COXIV
[lrwin et al., 2008]. Studies on changes in the proteome of
mitochondria isolated from the brains of ovex rats treated for 24 h
with E, revealed increased expression of many proteins that couple
glucose utilization to the TCA cycle as well as ETC proteins, for
example, complex IV subunits I-IV [Nilsen et al., 2007]. The authors
concluded that E, regulates both mitochondrial and nuclear encoded
genes, requiring coordinated control of mitochondrial and nuclear
encoded gene transcription, a feat presumably regulated by the
localization of ERs in both cellular organelles [Nilsen et al., 2007].

Techniques including immunoblotting of mitochondrial prepara-
tions, immunocytochemistry, and mass spectrometry have revealed
that ERB is localized in mitochondria in a variety of tissues,
including rabbit ovaries and uterus, human lens epithelial cells,
spermatocytes, primary cerebral cortical and cerebral cortical and
hippocampal neurons, primary cardiomyocytes, as well as HepG2,
Sa0S-2, and MCF-7 cell lines [reviewed in Psarra and Sekeris, 2008].
ERa has also been reported to be in mitochondria of a few tissues, for
example, rabbit uterus [Monje and Boland, 2001] and in MCF-7 cells
[reviewed in Chen et al., 2008], but many more cell lines have
mitochondrial ERB [reviewed in Psarra and Sekeris, 2008]. E,
enhanced ERa and ERB mitochondrial localization in MCF-7 cells
[reviewed in Chen et al., 2008]. Other nuclear transcription factors,
for example, p53, NF-«kB, AP-1, CREB, wnt, c-src, and c-myc, have
also been observed in mitochondria [reviewed in Psarra and Sekeris,
2008]. This raises the possibility that ER interaction with these
proteins in the mitochondria may impact mtDNA gene expression or
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other functions. On the other hand, a recent proteomic/bioinfor-
matic analysis of mitochondrial proteins in 14 different C57Bl/6
mouse tissues did not reveal either ERa or ERB in any tissue, even
with an estimated 85% of proteins identified and a false discovery
rate of 10% [Pagliarini et al., 2008], see also http://www.broad.mit.
edu/publications/MitoCarta/.

ER is transcriptionally active within mitochondria. An E,-
stimulated increase in mRNA levels of mtDNA-encoded genes
cytochrome c oxidase subunits I and IT (COI and COII) was inhibited
by ICI 182,780, indicating ER-dependence [Chen et al., 2004a].
Yager’s group identified a mitochondrial targeting protein sequence
(mTPS) in ERB aa 220-270 and reported that ERa lacks a mTPS
[Chen et al., 2004a]. Other studies indicate that ERB interaction with
Tom?70 and Hsp70 may play a role in mitochondrial trafficking of
ERB [reviewed in Simpkins et al., 2008]. The D-loop of mtDNA
contains replication and transcriptional control elements. ERB
bound to D-loop EREs in MCF-7 mtDNA in vitro [Chen et al., 2004b].
Recently, ER was reported by be predominantly localized in
mitochondria of immortalized “normal’ and E,-transformed human
breast epithelial cell lines (MCF-10F) [Chen et al., 2007]. Further, the
Russo group reported that ERB shifts from mitochondria to nuclei
during E,-induced neoplastic transformation and that E, and the
ERB-selective agonist DPN, but not the ERa-selective agonist PPT,
induced expression of mtDNA-encoded MRC genes and proteins
COI, COIIL, and ND1 [Chen et al., 2007]. However, the authors did not
state how long the cells were treated with E, or DPN and thus
whether the effect is primary or secondary, that is, due to increased
NRF-1, Tfam, TFBI1, etc. (as in Fig. 1), is unknown.

Programmed cell death, that is, apoptosis, is an energy-dependent
series of cellular events that is critical in tissue remodeling during
development, for example, the breast at puberty, during pregnancy/
lactation, and involution, and is involved in breast cancer
development [Conner, 2007]. Apoptosis can be initiated through
either the intrinsic or extrinsic pathway leading to caspase
activation [Kaufmann and Hengartner, 2001]. Mitochondria are
central to the induction of apoptosis [van Heerde et al., 2000].
Growth factors and trophic hormones reciprocally regulate breast
cell apoptosis and proliferation. In the pre-ovulatory phase of the
menstrual cycle, when estrogen levels are high, breast cell apoptotic
activity is low [Conner, 2007]. The intrinsic, mitochondrial-
mediated apoptotic pathway is regulated by Bcl-2 family members
that either promote or inhibit apoptosis depending on their
interaction with pro-survival family members, for example, Bcl-
2, Bel-xL and McI-1, or pro-apoptotic, for example, Bax, Bak, and
Bok, Bim, Bid, Puma, and Bad [Labi et al., 2008] E, protects MCF-7
cells from apoptosis by upregulating transcription of anti-apoptotic/
pro-survival Bcl-2 [Perillo et al., 2000]. In neuronal tissues, E,
inhibits apoptosis by increasing mitochondrial sequestration
of Ca™" [Nilsen and Brinton, 2003; Nilsen and Brinton, 2004]
and by suppressing transcription of pro-apoptotic genes such as
nip2 [Belcredito et al., 2000]. In addition, membrane-initiated E,

activation of MAPK and PI3K/pathways is anti-apoptotic [Razandi
et al., 2000].

Recent studies have identified microRNAs with anti- or pro-
apoptotic functions [reviewed in Park and Peter, 2008]. Among the
miRNA genes identified was let-7c that increased TRAIL-induced
caspase 3 activation in MDA-MB-453 breast cancer cells,
presumably by targeting CD95L [Ovcharenko et al., 2007]. Of
interest in terms of estrogen regulation of apoptosis is the report that
let-7c expression was higher in ERa positive than ERa negative
human breast tumors [Blenkiron et al., 2007]. On the other hand,
transfection of miR-182 inhibited TRAIL-induced caspase 3
activation in MDA-MB-453 breast cancer cells, presumably by
targeting caspase 3 and Fas-associated death domain (FADD)
protein [Ovcharenko et al., 2007]. Like let-7c, miR-182 was higher in
ERa positive than ERa negative human breast tumors [Mattie et al.,
2006]. We found that MCF-7 cells treated with 10 nM E, for 6 h
increased miR-182 (the mature form of this miRNA) by ~3-fold as
measured by realtime Q-PCR (Klinge, unpublished data). These data
are consistent with a potential estrogen-mediated anti-apoptotic
function of miR-182. However, remarkably little is known about
estrogen regulation of miRNA expression, let alone the targets of
miRNA in apoptosis.

Given that E, increases anti-apoptotic Bcl-2 and mtDNA-encoded
MRC expression, and our report that E, increases NRF-1 [Mattingly
et al., 2008], we propose that NRF-1 is also anti-apoptotic.
Supporting this idea, knockout of NRF-1 regulated gene Tfam in
mouse heart tissue, which results in deficiency in mtDNA
transcription, was associated with increased in vivo apoptosis
[Wang et al., 2001]. Indeed, one review concluded that the
persistent E,/ER-induced ETC protein synthesis and energy
metabolism play an important role in apoptotic inhibition [Chen
et al., 2005]. Additionally, cellular quiescence has been shown to be
maintained by a balance between c-Myc and NRF-1 expression and
the overexpression of c-Myc in cancer results in sensitization of cells
to apoptosis under serum deprivation by selectively competing with
NRF-1 for select NRF-1-target genes triggering apoptosis [Morrish
et al., 2003]. Thus, another possible mechanism by which E, inhibits
apoptosis is by increasing NRF-1 expression to achieve a higher
ratio of NRF-1/c-Myc.

Estrogens have direct and indirect effects on mitochondrial activity
that are mediated by genomic and nongenomic/membrane-initiated
activities of ERa and ERB [reviewed in Felty and Roy, 2005a,b; Chen
et al., 2008]. E, increases NRF-1 gene transcription by increasing
ERa binding to an ERE in the gene promoter [Mattingly et al., 2008].
An increase in Tfam followed the E,-induced increase in NRF-1
which was followed in time by increased Tfam-regulated mtDNA-
encoded COI and NDI genes and increased mitochondrial biogenesis
(modeled in Fig. 2). The localization of ER« and ERB in both nuclear
and mitochondrial compartments offers a potential mechanism for
regulating coordinate nuclear and mitochondrial gene expression
and function that remains to be clarified.
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