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Summary

Receptors for glucocorticoids, estrogens, androgens, and thy-
roid hormones have been detected in mitochondria of various cell
types by Western blotting, immunofluorescence labeling, confocal
microscopy, and immunogold electron microscopy. A role of
these receptors in mitochondrial transcription, OXPHOS biosyn-
thesis, and apoptosis is now being revealed. Steroid and thyroid
hormones regulate energy production, inducing nuclear and mi-
tochondrial OXPHOS genes by way of cognate receptors. In addi-
tion to the action of the nuclearly localized receptors on nuclear
OXPHOS gene transcription, a parallel direct action of the mito-
chondrially localized receptors on mitochondrial transcription
has been demonstrated. The coordination of transcription activa-
tion in nuclei and mitochondria by the respective receptors is in
part realized by their binding to common trans acting elements
in the two genomes. Recent evidence points to a role of the mito-
chondrial receptors in cell survival and apoptosis, exerted by
genomic and nongenomic mechanisms. The identification of addi-
tional receptors of the superfamily of nuclear receptors and of
other nuclear transcription factors in mitochondria increases
their arsenal of regulatory molecules and further underlines the
central role of these organelles in the integration of growth, meta-
bolic, and cell survival signals. © 2008 TIUBMB
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INTRODUCTION

Steroid and thyroid hormones are major regulators of meta-
bolic, growth, immune, and differentiation processes, exerting
their biological effects by a variety of molecular strategies.
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One major mechanism of action is by way of nuclear recep-
tors and modulation of gene expression (/). The steroid/thyroid
hormone receptors (TRs) are members of the superfamily of nu-
clear receptors (2). In the ligand unbound, unactivated state, the
receptors are components of a macromolecular complex with
heat-shock and immunophilin chaperones. Upon ligand binding
(LBD), their conformation and dynamic behavior changes, they
are released from the complex in an activated form, dimerize,
and interact in the nucleus with respective DNA sequences, the
hormone responsive elements (HREs). This leads to recruitment
of several regulatory proteins, such as coactivators or corepres-
sors, some containing intrinsic histone modifying enzymes, and
to alteration of chromatin structure, thus facilitating or blocking
the access of the transcriptional machinery to DNA (3). The
receptors can also be activated by cross-talk with other regula-
tory agents, for example mitogens (4) and neurotransmitters (5),
involving phosphorylation of the receptors by MAP-kinases or
protein kinase A. Gene regulation by nuclear receptors is also
achieved, not by direct binding to DNA, but by interaction with
other DNA-binding transcription factors, resulting in enhance-
ment or attenuation of transcription (6). The steroid and thyroid
hormones also exert rapid effects by way of membrane bound
receptors—classical, G-protein associated, or still unidentified
molecules (7-/0) resulting in modulation of membrane, cyto-
plasmic, and/or nuclear associated processes (//). The detection
of steroid and TRs in mitochondria of a variety of cells raised
the question as to the role of these agents in mitochondrial
physiology and in the coordination of processes necessitating
the involvement of both nuclear and mitochondrial actions
12-27).

STEROID AND THYROID HORMONE
RECEPTOR STRUCTURE

Steroid and TRs are members of the superfamily of nuclear
receptors, showing common structural characteristics (Fig. 1).
They harbor well conserved domains for LBD and DNA bind-
ing (DBD). The amino-terminal regions of the receptors contain
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Figure 1. Structural features of glucocorticoid (A), estrogen (B), androgen (C), and thyroid hormone (D) receptors. Data from
Refs. 8, 9, 28, 29, 30, 31, 32-37.
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a variable constitutive trans-activating domain (AF-1) and the
C-terminal regions have a ligand dependent trans-activation do-
main (AF2), interacting with other transcription factors and reg-
ulatory molecules. Further regions have been identified, impor-
tant for dimerization, for interaction with heat shock proteins,
for nuclear translocation, and for posttranslational modification.
Various receptor isoforms are generated from one gene as a
result of differential splicing (28, 29) (Fig. 1). The catalog of
receptor isoforms is increasing by the addition of receptor mole-
cules produced by alternative translation initiation of the mes-
sage (28, 29) (Fig. 1) and by posttranslational modification of
the proteins by phosphorylation, acetylation, methylation, ubig-
uitination, and sumoylation (38, 39). The role of these various
isoforms is now beginning to be revealed in connection to the
increase of regulatory possibilities and of transcription specific-
ity (40).

Two major glucocorticoid receptor isoforms, GRa and GRf,
have been detected, products of alternative splicing (30, 317)
(Fig. 1A). The classical hGRa consists of 777 amino acids. In
GRJ3, the 50 carboxy-terminal amino acids of GRa have been
replaced by 15 others encoded by exon 9f, resulting in a pro-
tein of 742 amino acids. Only GRa possesses hormone LBD ac-
tivity and is the most abundant isoform. GRf associates physi-
cally with GRa forming heterodimers, in this way hindering the
formation of transcriptionally active GRo homodimers. Each
GRo or GRff mRNA produces additional isoforms by alternative
translation initiation at seven internal AUG sites (28). Eight
such GRa isoforms have been detected. They all are functional
receptors, as they possess the intact LBD domain and demon-
strate differences in LBD characteristics, tissue distribution, and
gene expression patterns. GRo recognizes specific sequences on
DNA (glucocorticoid responsive elements, GREs), either posi-
tive, dictating induction of transcription, or negative, directing
transcription repression (4/). The positive GREs represent palin-
dromic sequences of the general type AGAACAxxxXTGTTCT.
In some genes only one half of the palindrome is sufficient to
evoke glucocorticoid signaling. The negative GREs (nGREs)
show varying nucleotide composition.

Two major estrogen receptors have been demonstrated, ERo
and ERf}, encoded by two different genes (32) (Fig. 1B). Both
are physiologically active, show differential tissue distribution
and differing gene activation patterns. Differential splicing of
the ERx and ERf genes results in various splicing variants,
lacking certain exons. Two major variants of ERf, ERf1 and
ERf2, differ from one another by the insertion of a 54 base
pair alternatively spliced exon. The splicing variants are coex-
pressed in the various tissues and seem to be biologically
active. ERo and ERf bind to estrogen responsive elements
(EREs), consisting either of palindromic sequences of TGACCT
with a 3-bp spacer, or only of half palindromes.

The androgen receptor (AR-B) is a 110 kDa protein binding
testosterone and dihydroxytestosterone (Fig. 1C) (33). The ami-
noterminal domain of AR represents 60% of the entire AR pro-
tein. A shorter isoform (AR-A) has been identified, a product of

differential translation initiation of the gene. The two isoforms
are identical except for the additional 165 amino acids found in
the N-terminus of isoform B. The isoforms mediate their own
genes and physiological effects with little overlap. A splicing
variant of AR-B has been detected in prostate cancer, AR 23.
This variant results from aberrant splicing of intron 2, resulting
in the insertion of 23-amino acids between the two zinc-fingers
of the DNA-binding domain. This AR-variant is exclusively
localized in the cytoplasm (34). AR recognizes and binds to re-
spective responsive elements (ARE) representing two hexameric
direct repeats (AGAACA) separated by a three nucleotide
spacer, with the half site repeated on the same strand.

The TRs are encoded in two genes, c-erbAa and c-erbAf,
localized in chromosomes 17 and 3, respectively (35, 36).
Because of alternative splicing (Fig. 1D) three proteins are gen-
erated from the c-erbAa gene, a;, a,, and a3, of which only a,
binds thyroid hormone. Two additional TRa; forms are pro-
duced by alternative translational initiation of internal AUGs
(Fig. 1D), proteins p28 and p43, detected specifically in mito-
chondria (37). Alternative splicing of c-erbAb leads to two pro-
teins, ff; and f5,, both binding T3 with high affinity. These
receptors show differential tissue distribution and are develop-
mentally regulated. The TRs form homodimers, but also hetero-
dimers, particularly with the retinoid X receptor (RXR), but
also with the vitamin D receptor and the peroxisome prolifera-
tor-activated receptor (PPAR).

TRs bind to respective thyroid hormone responsive elements
(TREs), consisting of a basic hexameric consensus sequence
AGGT/ACA, in several different arrangements, such as direct
repeats separated by a 4-bp spacer, everted repeats, separated
by 4-bp, or other configurations.

THE DETECTION OF STEROID AND
THYROID RECEPTORS IN MITOCHONDRIA

The presence of steroid and TRs in mitochondria was sug-
gested on the basis of early studies using radiolabeled hormone
ligands and binding experiments with mitochondrial extracts.
The purification of receptor proteins and the availability of re-
spective antibodies permitted the application of immune techni-
ques, that is Western blotting, immunofluorescence, confocal
and immunogold electron microscopy, for the identification of
glucocorticoid (GR), estrogen (ER), androgen (AR), and thyroid
hormone (TR) receptors in mitochondria (Fig. 2, Table 1) (37,
42-60, 66-69).

GR was the first receptor to be identified in mitochondria
with this methodology (Fig. 2A, Table 1). Specifically, GR was
found in rat liver mitochondria of adrenalectomized animals, 15
min after dexamethasone administration, whereas in noninduced
animals the mitochondria showed only traces of the receptor
(45). GR was detected in mitochondria of HeLa cells (46), in
cytoplasmic and synaptosomal mitochondria of rat brain (47), in
mitochondria of Mueller glia cells of the Salamander retina (48)
and of rat C6 glioma cells (49). GR was also located in HepG2
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Figure 2. Localization of glucocorticoid (A) (42), estrogen (B) (43), androgen (C) (44), and thyroid hormone (D) receptors (9) in
mitochondria of HepG2 human hepatocarcinoma cells (A, B), human sperm cells (C), and HeLa cells (D). Cells were treated with
CMX-Mitotracker (A, B, C, D). Subsequently, the methanol-acetone fixed specimens were incubated with antibodies against anti-
bodies to GRo (A’), ERf (B’), AR (C’), and TR (D'), followed by FITC-conjugated secondary antibodies. Merged images A”, B”,

C”, and D".

hepatocarcinoma and SaOS-2 osteosarcoma cell lines (42).
Using specific antibodies to GRa and GRJf, it was shown that
GRo was the isoform detected in mitochondria, in addition to
its presence in the cytoplasm and the nucleus, whereas GRf
was confined solely to the nucleus, accumulating preferentially
in the nucleoli (42). Two main bands, reacting with anti-GRe,
of molecular weight 95 and 90 K were observed in Western
blots, as well as smaller proteins, which could represent GR

degradation products. Mitochondrial GR was described by Sio-
nov et al. (50) in T-lymphocytes, in relation to glucocorticoid
induced apoptosis (see “Role of Mitochondrial Steroid Hormone
Receptors in Apoptosis™ section).

First reports for the presence of estrogen receptors in
mitochondria were based on the distribution and binding of
radioactively labeled ligands (52, 66, 67). Later, using immuno-
techniques, ER was detected in mitochondria of rat uterine and
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Table 1
Receptors of the superfamily of nuclear receptors found
in mitochondria

Receptor Cell type References
Glucocorticoid Rat liver 45
HeLa, Hep-2 46
Rat brain 47
Mueller 48
C6-glioma 49
HepG2, SaOS-2 42
Thymic epithelial 50
Periodontal ligament 51
Estrogen beta HepG2 52
Rabbit ovaries, uteri 53
MCEF-7 16
Neurons, cardiomyocytes, 54
hippocampal
Human lens epithelial 55
HepG2, SaOS-2 43
Hippocampal 56
Breast cancer 57
Spermatocytes 44
Androgen Spermatocytes, LNCaP 44
Thyroid Rat liver 58
Rat liver 59
Rat liver 37
Rat liver 60
Cardiomyocytes 61
RXR Rat liver 37
Rat liver 60
RAR Rat liver 62
Nur77/TR3 T cells, LNCaP 63
Gastric cancer cell lines 64
PPARgamma?2 Rat liver 65

ovarian cells (53), of MCF-7 breast cancer cells (/6, 57), of
cultured human lens epithelial cells (55), and of rat hippocam-
pus and neuronal cells (56). Furthermore, ER was localized in
mitochondria of cardiomyocytes (54), of endothelia (/7), of
HepG2 hepatocarcinoma and SaOS-2 osteosarcoma cells (43),
of human sperm cells (44), and of human periodontal ligament
cells (57). Although in some cell mitochondria the presence of
both ERa and ERf has been shown (55, 57), in most cases the
predominant or sole receptor isoform is ERf (16, 43). In
HepG2 and SaOS-2 cells, ERf is found solely in mitochondria,
whereas ERo is confined to the nucleus, enriched in nucleoli
(43). The molecular weights of the mitochondrial ERfs in the
various cells and tissues span a range between 58 and 66 K,
possibly reflecting among others, the presence of various recep-
tor isoforms and posttranslational modifications of the receptors.
The presence of ERf in human heart mitochondria, as reported
by Yang et al. (54), was contested by Scheyd and Gustafsson

(68) on the basis of MALDI-TOF MS. However, Yang et al.
(69) responded, attributing the negative results of the Gustafs-
son laboratory to the low concentration of ERf in the mouse
liver preparations assayed by this group.

Only scant information exists as to the mitochondrial local-
ization of AR, and none at all as regards the progesterone re-
ceptor. AR has been detected in mitochondria of LNCaP cells
(44) and of human sperm cells (44) in the midpiece, the region
which harbors a high concentration of mitochondria. Two pro-
teins reacting with AR antibodies were visualized on Western
blots of human sperm extracts, one having a MW of 110 K con-
form to that of intact AR-B, and one of MW 90 K, which could
represent AR-A, a specific mitochondrial AR or an AR degrada-
tion product.

TRs have been detected in rat liver mitochondria by bio-
chemical (37, 58-60) and immunofluorescence techniques (9,
37). In a detailed analysis of mitochondrial TR, Wrutniak et al.
(37) demonstrated the presence of two proteins with molecular
weights of 43 K (p43) and 28 K (p28) reacting with antibodies
to TRa, representing products of alternative translation initiation
of the c-ErbAa gene (Fig. 1D). p43 is instrumental for media-
ting the transcriptional inducing effect of T3 in isolated mito-
chondria (/4, 37, 60) (see the following section). An alternative
translation initiation isoform of the c-ErbAa gene, TRa2, the
dominant negative isoform of TR lacking the functional ligand-
binding domain, has been detected in mitochondrial extracts of
cardiomyocytes by Morrish et al. (6/). Additionally, TRal and
the isoforms p43 and p28 were also identified in these mito-
chondria by the same group (67). Neither of the nuclear recep-
tors possesses a classical aminoterminal mitochondrial localiza-
tion signal. However, Sionov et al. (50) experimentally defined
internal mitochondrial localization signals in the glucocorticoid
receptor and Psarra et al. (42), on the basis of computer analy-
sis, also reported internal mitochondrial targeting sequences in
the same receptor.

THE ROLE OF STEROID AND THYROID HORMONE
RECEPTORS IN MITOCHONDRIA: REGULATION OF
MITOCHONDRIAL TRANSCRIPTION AND
OXPHOS BIOSYNTHESIS

The presence of steroid and TRs in mitochondria raises the
question as to their role in mitochondrial physiology. Impor-
tantly, mitochondria are the key providers of the energy needs
of the cell, generating by oxidative phosphorylation in the respi-
ratory chain more than 90% of the total required ATP. The
high rate of oxygen consumption in the aerobic ATP production
unavoidably, as a consequence, leads to the formation of reac-
tive oxygen species (ROS), which to a great extent can be inac-
tivated by the mitochondrion with its appropriate enzymatic ma-
chinery. In case, however, this ROS inactivating process is
compromised, ROS accumulate with deleterious effects on
DNA (mutations) and on other macromolecules, leading to re-
duced ATP availability and increased oxidative stress, activation
of the mitochondrial permeability transition pore and initiation
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of apoptosis (70, 71). The effects of ROS on mitochondrial
macromolecules have been etiologically correlated to various
disease states (72—74), particularly neuromuscular and degenera-
tive diseases (Alzheimer’s, Parkinson’s) (75), ageing (76), and
cancer (77). Thus, the regulation of the energetic requirements
of the cell is a crucial process, involving a pleiade of agents
(22), necessitating a tight coordination of mitochondrial func-
tions with those of other cell compartments (21, 22, 26, 78-81).
The mitochondrion reacts to low ADP levels by mobilization of
metabolically inactive mitochondria (82) and allosteric activa-
tion of enzymes of oxidative phosphorylation (OXPHOS) (83),
the mitochondrial RNA polymerase being one of the sensors of
the ADP/ATP ratio. However, higher energy requirements
demand increased biosynthesis of OXPHOS, increased tran-
scription of OXPHOS genes in the nucleus and in mitochondria,
eventually an increase in mitochondrial gene dosage (84, 85).

Of the 82 subunit components of the mitochondrial respira-
tory complexes, 13 are encoded by mitochondrial genes, the
rest by nuclear ones (Fig. 3). Under steady state conditions
there is a clear relationship between levels of mRNAs for the
OXPHOS encoded in the nucleus with those encoded in the mi-
tochondrial genome and expression of nuclear and mitochon-
drial OXPHOS genes is coordinately regulated (92, 93). This is
achieved mainly by pretranslational mechanisms, importantly by
transcription control (9).

Steroid and thyroid hormones are major regulators of energy
metabolism, acting in the nucleus and in the mitochondrion by
inducing OXPHOS gene transcription and OXPHOS biosynthe-
sis (9). Although a coordinated expression of nuclear and mito-
chondrial OXPHOS genes in the induced states is generally
accepted, this does not seem to apply for all these genes, sug-
gesting the existence of multiple control circuits (94). Parallel
to inducing the cohort of genes involved in the hormones’ phe-
notypic effects (95-99), these regulatory agents stimulate ATP
generation required for these ongoing processes and for the
replenishment of the cell’s energy stores. Several publications
refer to the stimulatory effects of glucocorticoids, estrogens,
androgens, and thyroid hormones on transcription of nuclear
and mitochondrial OXPHOS genes in various organs, such as
heart, skeletal muscle, liver, kidney, and brain. Among others,
well documented are the effects of glucocorticoids on the
increase of COXI, COXIIL, and 12S RNA transcripts in rat skel-
etal muscle (85), of COXI, II, III, and 16S RNA in rat distal co-
lon (100), of COXII in rat GH4C1 pituitary cell (/07), and of
COXIII in rat hippocampus (/02). Furthermore, the effects of
estradiol on COXI and COXII mRNA in MCF-7 breast cancer
cells (/03), and of thyroxine on COXIII, COXIV, ND 1,4,5,6,
and 16S RNA transcription in neonatal rats (/04). Thus, the
hormonal stimulus by way of the respective receptor must
induce OXPHOS genes located in two different cell compart-
ments. This can be accomplished by direct activation of nuclear
OXPHOS genes containing HREs in their regulatory sites, or,
indirectly, by induction of HRE-containing nuclear genes encod-
ing transcription factors (e.g. NRF1 and NRF2), required for nu-

clear OXPHOS gene transcription. Furthermore, the same tran-
scription factors can induce in the nucleus genes encoding mito-
chondrial transcription factors (TFAM, TFB1M, TFB2M) (Fig.
4), which, subsequently, can activate mitochondrial OXPHOS
gene expression.

The presence of the mitochondrial genome sequences similar
to nuclear HREs (Fig. 3) and the detection of steroid and TRs
in these organelles suggested the possibility of an additional,
direct mechanism for the induction of mitochondrial OXPHOS
genes. Accordingly, the hormone-receptor complex can bind to
the HREs of the mitochondrial genome and induce its transcrip-
tion, parallel to the hormone’s effect on nuclear OXPHOS
genes, ensuring, thus, a coordinate expression of nuclear and
mitochondrial OXPHOS genes (Fig. 4). Several findings demon-
strate effects of steroid and thyroid hormones on mitochondrial
transcription (reviewed in refs. 9, I8, 20, 23 and 107). Experi-
mental proof for a direct action of thyroid hormones on this
process has been provided by Enriquez et al. (/5) and of Casas
et al. (/08), using an in organello mitochondrial system.

Enriquez et al. (/5) studied the influence of in vivo treatment
and of in vitro addition of thyroid hormone on in organello mito-
chondrial DNA transcription. Hypothyroid rat liver mitochondria
showed a 50% reduction of incorporation of radioactive precursor
into RNA compared to that of euthyroid controls and a decrease
in the mRNA/rRNA ratio. Administration of thyroid hormone to
the hypothyroid animals restored the incorporation rate and the
mRNA/rRNA ratio. In vitro addition of thyroid hormone to mito-
chondria form hypothyroid animals also restored the mRNA/
rRNA ratio. Footprinting experiments showed that the hormonal
effect is partially exerted by transcriptional action on the initia-
tion step and selective modulation of the H-strand transcription
initiation site and does not require previous activation of nuclear
genes. Casas et al. (/08) also using the in organello system tar-
geted the mitochondrial specific TR p43 to mitochondria and
observed that this lead to increased levels of precursor and
mature RNA and of the mRNA to rRNA ratio, in a thyroid hor-
mone dependent manner. These experiments demonstrate that the
mitochondrial TR is a mitochondrial, thyroid hormone activated
transcription factor, which in analogy to the action of the nuclear
transcription factors would exert its modulatory effect by interac-
tion with the mitochondrial transcriptosome (Fig. 5).

ROLE OF MITOCHONDRIAL STEROID HORMONE
RECEPTORS IN APOPTOSIS

The mitochondria receive and integrate a series of exogenous
and endogenous apoptotic and survival signals (72, 78-81, 105,
110). Among the major exogenous signals are steroid and thy-
roid hormones and accumulating findings demonstrate that some
of the hormonal apoptotic/antiapoptotic effects are mediated by
the respective mitochondrial receptors. Depending on the nature
of the target cell, the same hormone can act as an apoptotic or
as a survival factor, in part due to tissue specificity of the mito-
chondria. Proteomic analysis has shown differences in the com-
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Figure 3. The mitochondrial genome and sites of positioning of putative HREs. The mammalian mitochondrial genome is a circu-
lar double stranded molecule, composed of one heavy (H) and one light (L) strand (/9, 86, 87). The L strand is transcribed from
one promoter (PL) and the H strand from two adjacent ones (PH1, PH2). All promoters are localized in the regulatory region, the
D-loop. Modulation of gene expression is confined to the D-loop, however the presence of potential intragenic regulatory sequences
(e.g. HREs) offers possibilities of regulation of other stages of the transcription process. Transcription from PH2 and PL generates
long, polycistronic products, which are processed at the sites of transfer RNA coding genes, liberating mature mRNAs and tRNAs.
Transcription from PHI produces a short message containing the two rRNAs. ND6 and the tRNAs for Gln, Ala, Asn, Cys, Tyr,
Ser, Glu, and Pro are generated from transcription of the light strand, whereas COXI, II, III, NAD1-5, cytochrome b, ATP-synthase
(ATP 6, 8), 12SRNA, 16SRNA, and the rest tRNAs from PH2. With the present level of knowledge, the transcription machinery
of the mitochondrion seems rather simple, in comparison to the respective nuclear one. A single polypeptide, prokaryotic-type
DNA-dependent RNA polymerase (POLRMT), displaying high sequence similarity to the C-terminal part of theT3/T7 bacterio-
phage family polymerases, is the sole RNA synthesizing enzyme in mitochondria (/9, 86, 87). To interact with promoter elements,
POLRMT requires the mediation of the mitochondrial transcription factor A (TFAM) and one of the two transcription factor B
paralogues, TFBIM and TFB2M. POLRMT, TFAM, and TFBIM or TFB2M are sufficient to sustain transcription from a promoter
containing DNA fragment. In addition to these transcription factors involved primarily in transcription initiation, a transcription fac-
tor, mTERF, has been isolated. mTERF binds in a sequence specific manner to the transcription termination site at the 3’ end of
Leu-tRNA and to a region close to the transcription start site of PH1. It plays a role in termination of the H1 transcript and in
blocking L-strand transcription, but also in facilitating reinitiation of PH1 transcription. A new transcription factor, MTERF3, act-
ing as a negative regulator of mitochondrial transcription, has been added to the list of mitochondrial transcription factors. The sites
on the genome of the predicted (/2, 13, 88) and experimentally verified (/4, 16, 18, 89-91) binding sites for steroid and thyroid
hormone receptors are depicted: red triangles, HREs for class I receptors (consensus sequence, AGAACAxxxTGTTCT), black tri-
angles, HREs for class II receptors (consensus sequence AGGTCAxxxTGACCT). Mutations not only of the structural genes but
also of regulatory sites of the genome (D-loop), can be linked to disease states.

position of the mitochondrial proteins in different cell types, Glucocorticoids protect cells of epithelial origin, for example
only a subset of proteins being common to all mitochondria ~mammary gland cells, follicular cells, and hepatocytes, against
(111, 112). Furthermore, the mitochondria vary in infrastructure  apoptotic stimuli (//4). However, glucocorticoids are apoptotic
and in their intrinsic oxidative phosphorylation capacity (/13). agents for cells of the hematopoietic system, such as monocytes,
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Figure 4. Coordination of transcription of nuclear and mitochondrial genes encoding OXPHOS by steroid and thyroid hormones.
Nuclear receptors (NR) can directly induce in the nucleus genes having HREs in their regulatory regions, that is OXPHOS genes, nu-
clear transcription factor genes (NRF1/2), and mitochondrial transcription factor genes (TFAM, TFB1M, and TFB2M). NRF1/2 has
a stimulatory effect on OXPHOS genes and on the mitochondrial transcription factor genes. The “master regulator” of mitochondrial
biogenesis, peroxisome proliferator-activated receptor gamma-coactivator la (PGC-1a), acts directly on nuclear OXPHOS gene tran-
scription and indirectly on nuclear and mitochondrial OXPHOS genes by way of induction of NRF1/2 and mitochondrial transcrip-
tion factors, respectively. PGC-1alpha can be induced by various agents, among them steroid and thyroid hormones, IFN gamma and
various stressors, by way signal transduction and Ca®>* dependent pathways (9, 1416, 21, 25, 26, 79, 85, 99, 105, 106).

macrophages, thymocytes, and leukemic cells (/15, 116). Sev-
eral genes of the extrinsic and intrinsic death pathways are
expressed in a proapoptotic manner in sensitive lymphoid cells
treated with glucocorticoids, although additional signals are nec-
essary to activate the apoptotic process. In this respect, Sionov
et al. (50, 117) using T-lymphoid cell lines varying in sensitiv-
ity toward glucocorticoids have revealed a direct effect of the
mitochondrial glucocorticoid receptor in the apoptotic process.
In these cells, glucocorticoids induce a translocation of the cog-
nate receptor from the cytoplasm to mitochondria, whereas in
glucocorticoid resistant cells no such movement of GR is evi-
dent. Importantly, targeting of GR to mitochondria by linking
the receptor to a mitochondrial localization signal resulted in an
apoptotic effect, irrespective of the presence of glucocorticoids.
Targeting to mitochondria of a GR devoid of its DBD domain

also resulted in apoptosis, leading to the conclusion of a nonge-
nomic action of GR in the process.

Estrogens are antiapoptotic factors for many cell types, such
as breast cancer cells, endothelia, and brain cells. Stirone et al.
(2005) (17, 118) showed that mitochondrial dysfunction is
implicated in the etiology of vascular disease and that vasopro-
tection may involve hormonal effects on mitochondria. These
researchers isolated mitochondria from cerebral blood vessels of
ovariectomized rats with or without estrogen replacement, in
which they detected ERo. Estrogen treatment increased the lev-
els of nuclear encoded proteins, such as ERo, cytochrome c,
COX IV, and manganese superoxide dismutase, and also of
COX I, encoded in the mitochondrial genome. Furthermore,
they showed an increase in the activity of citrate synthase and
of complex IV. Incubation of cerebral vessels in the presence of
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Figure 5. Mitochondrial transcription modulation by steroid/thyroid hormone receptors. On the basis of two models proposed by
Bonawitz et al. (86), the role of the receptor on transcription initiation would be either to enhance the promoting action of MTFA
on the formation and/or stabilization of an open DNA complex which is then recognized by POLRMT, either in complex or not
with MTFB (1/2) (Model 1), or to promote promoter opening and/or stabilization of the core machinery after recruitment of
POLRMT to the promoter and formation of the preinitiation complex (Model 2). Additionally, the hormone receptor could interact
with the POLRMT/MTFB (1/2) complex. The characterization of MTERF3 as a negative effector of mitochondrial transcription
offers additional possibilities of action of the nuclear receptors in the transcription process (/09). In contrast to nuclear gene tran-
scription involving a variety of genes serving diverse functions, each with its own promoter, the mitochondrial DNA possesses
only three promoters, all with the sole role in the synthesis of OXPHOS and their translational machinery. Thus, the regulatory
functions of the steroid/thyroid receptors or other relevant transcription factors on mitochondrial transcription, deal with the amount
of the transcripts formed and their relative concentration, for example ratio of rRNA to mRNA. This implies that the regulatory
agents acting on mitochondrial transcription, irrespective of their molecular structure, will show a uniform mode of action on the
three mitochondrial promoters and will lack the versatility of the nuclear transcription factors acting on nuclear genes, as regards
the choice of promoters. Accordingly, the number of mitochondrial transcription factors to be eventually discovered promises to be
rather low. Some putative hormone response elements of steroid thyroid hormone receptors are placed within the structural genes
(Fig. 3). As the effect of these hormones is not restricted to transcription initiation regulation, but also affects transcription termina-
tion, processing of the polycistronic message and stability of the transcripts, it is tempting to speculate that the HREs found outside
the D-loop could be involved in such regulatory steps. One HRE found in the 16S RNA-Leu-tRNA transition area, overlapping the
mTERF binding site, is of particular interest in this respect (9) (Reproduced from Ref. 86, with permission from Elsevier).
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estradiol elevated the levels of cytochrome c, an effect blocked
by ER antagonists. The authors concluded that vascular protec-
tion by estrogens is in part mediated by modulation of mito-
chondrial functions, resulting in greater energy-producing
capacity and decreased ROS production. Prolonged depression
of cardiovascular functions, such as decreased cardiac output,
occurs in rats subjected to trauma or hemorrhage, parallel to the
decrease in cardiac mitochondrial ERf (/19). Restoration of
cardiac function and of ERf is achieved by the ERf agonist
DPN, but not by the agonist of ERa, PPT. Estradiol increased
the binding of ERf to mitochondrial DNA, the expression of
COX I and COX 1I, and the activity of complex IV and ATP
production, implicating ERf mediated effects in the cardiopro-
tective actions of estrogens. Lu et al. (/20) have also demon-
strated a protective effect of estrogens on cerebral blood vessels
and cultured epithelial cells, supporting the involvement of mi-
tochondrial estrogen receptors.

Applying gene expression profiling in mouse aorta in a pro-
gram focused on the regulation of vascular tone, O’Lone et al.
(121) observed that ERa and ERf regulate distinct and non-
overlapping sets of genes and that ERu is essential for most of
the observed estrogen-mediated decrease in gene expression.
Nuclear genes encoding subunits of the major respiratory com-
plexes are among the genes attenuated by direct binding of ERf}
to the promoter of these genes. The down regulation of these
genes in the aorta contrasts the stimulatory effects of ERf in
other cell types. Pedram et al. (57) applied the model system of
UV irradiation of MCF-7 cancer cells to evaluate the role of
estrogen receptors in cell survival. This treatment increases the
mitochondrial generation of ROS and the translocation of the ap-
optotic factor Bax to mitochondria, decreases the mitochondrial
membrane potential and leads to cytochrome c release, resulting
in apoptosis. These effects are inhibited by estrogens. These
researchers (57) then proceeded to show a direct antiapoptotic
involvement of the mitochondrial estrogen receptors. They trans-
fected ER-negative breast cancer derived HCC-1569 and CHO
cells with the ligand-binding (E) domain of ER, specifically tar-
geted either to the nucleus or to the mitochondria. No estrogen
protection of the irradiated cells was observed by targeting the
E-domain to the nucleus, however the cells were protected by its
targeting to the mitochondria. As the estrogen receptor construct
lacks the DNA-binding domain, its antiapoptotic effect appears
to be mediated by a nongenomic action, in part due to activation
of manganese superoxide dismutase, the mitochondrial enzyme
catalyzing superoxide radical breakdown. Estrogen protection
from oxidative stress was also demonstrated by Razmara et al.
(122), involving activation of the same enzyme.

THE PRESENCE OF ADDITIONAL NUCLEAR
RECEPTORS AND OTHER NUCLEAR TRANSCRIPTION
FACTORS IN MITOCHONDRIA

Several publication report the presence of mitochondrial
receptors of the nuclear receptor superfamily, in addition to the

ones discussed above, and of other nuclear transcription factors
(123, 124). Thus, the retinoic acid receptor RAR (62), the reti-
noid receptor alpha (RXRoa) (60), the orphan receptor Nur 77/
TR3 (63, 64), and the PPAR f- and y2-coactivator (PPAR ff-and
y2) related proteins (65) have been localized in mitochondria
(Table 1). Among the nuclear transcription factors found in mi-
tochondria are NF-xB, AP-1, CREB, p53, c-myc, wnt 13, Dok-
4, HMG-A1, and c-src (reviewed in refs. /23 and /24). The
role of these factors in mitochondrial functions is now being
explored and their involvement in mitochondrial transcription
regulation and in apoptosis/survival is now emerging (/23,
124). These effects are realized both by genomic mechanisms-
binding sites in the D-loop and in other regions of the mito-
chondrial genome for some of these factors and also their inter-
action with these regions has been revealed and by nongenomic
effects by way of protein—protein interactions with apoptotic
and survival proteins (/23, 124).

CONCLUDING REMARKS

The recognition of the central role of mitochondria in apo-
ptosis achieved in the last years had a stimulatory effect on
research toward delineating the multiple functions of this organ-
elle and the realization of its significance as a major integrator
of cell signaling. In parallel, significant progress was achieved
concerning the mechanisms of mitochondrial transcription, with
the discovery of novel initiation and termination transcription
factors (/09), and in further understanding the functions of the
mitochondrial RNA polymerase (86, 87). The detection of
receptors of steroid and TRs in mitochondria, hormones that
play an important role in metabolism, growth, development, and
immunomodulation, stimulated research toward exploring the
function and molecular mode of action of these receptors in mi-
tochondria. Results stemming from many laboratories support
the role of steroid and TRs as mitochondrial transcription fac-
tors, acting on mitochondrial transcription in a way similar to
the action of the receptors on nuclear genes. A parallel action of
the receptors on the OXPHOS genes in the two separate cell
compartments is being revealed, an action aimed at the coordi-
nate regulation of OXPHOS in response to hormonal stimula-
tion, necessitating increase in energy yield. Furthermore, a role
of the mitochondrial receptors on cell survival and apoptosis is
being revealed. Both genomic and nongenomic actions of the
mitochondrial receptors in this context are implicated. The
detection in mitochondria of additional receptors of the super-
family of nuclear receptors and of nuclear transcription factors
with well described nuclear actions expands the regulatory arse-
nal of the mitochondria. Some genomic and nongenomic actions
of these regulatory factors in mitochondria have already being
revealed. The future challenge in this rapidly evolving field is to
further characterize and understand the role and mode of action
and interaction of the host of nuclear receptors and transcription
factors in mitochondria, and to elucidate the integration of their
functions in mitochondria with the nuclear actions of these fac-
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tors toward common regulatory goals. The new knowledge
attained will be instrumental in understanding derangements in
the mitochondrion-nuclear regulatory circuit and their role in
the etiopathology of mitochondria related diseases.
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