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ABSTRACT: Mitochondria are the major sites where energy is produced in the cell. Functions of organs
such as the heart which has high energy demand are seriously affected by dysfunction of mitochondria.
The functional changes in energy-dependent organs such as heart due to aging or any other cause are
expected to be reflected in changes in expression of genes related to mitochondrial structure and function.
Conversely, alteration of mitochondrial gene expression by any reason may also adversely affect function
of organs such as heart that are energy-dependent. Molecular profiling of mitochondrial gene expression
is therefore critical to understanding the mechanism of organ dysfunction. Mitochondrial structure and
function are controlled by genes in the nuclear DNA and those in the mitochondrial DNA (mtDNA). The
transcriptome from these two sources, together, contributing to the structure and function of
mitochondria may be called mitoscriptome. This review elaborates on data gathered using a gene chip,
RoMitochip, developed in our laboratory to study mitochondrial functional alteration in cardiomyocytes
and left ventricular tissue following hypoxia or hemorrhagic injury. RoMitochip consists of probesets
representing genes from nuclear DNA and mtDNA of both mice and rats. Our experiments using this
chip in in vitro model of hypoxia and in vivo hemorrhagic injury model determined mitoscriptome
signatures following hypoxia and hemorrhage, respectively. In addition, we also discuss past initiatives
from other investigators that led to the development of microarray tools to profile mitoscriptome.
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Mitochondria are organelles with individuality. A
mitochondrion has its own DNA, though a smaller one
compared to the nuclear genome, and originates from
another mitochondrion [1]. The main function of
mitochondria is generation of ATP, the energy molecule,
by a very efficient energy producing bioprocess called
oxidative phosphorylation. As mitochondria meet most
of the energy demands of the cell, they are often called
the “powerhouse” of a cell. Oxidative phosphorylation
generates an estimated 26 of the 30 molecules of ATP
that are formed when glucose is completely oxidized to
carbon dioxide and water [2]. Therefore, any functional
defect in mitochondria is likely to profoundly affect the
cellular energetics and function. The number of
mitochondria per cell may vary from one to several
thousand, depending on the metabolic requirement of the
tissue. Though a number of factors are necessary for
mitochondrial DNA (mtDNA) maintenance, the

mechanism by which mtDNA levels are controlled is
unknown [3]. Apart from supplying metabolic energy to
sustain cell function, mitochondria may also control cell
death by initiating apoptosis. During hypoxic
conditions, however, mitochondrial function s
diminished as the oxidative phosphorylation in
mitochondria decreases with reduced oxygen availability
with uncoupling of glycolysis from mitochondrial
oxidation.

Mitochondria in aging

Functional preservation of mitochondria is important for
longevity and to minimize age-related diseases. Several
studies have shown an age-dependent decline in
mitochondrial function [4]. One of the theories still
hotly debated in this context is the free radical theory of
aging [5]. According to this theory, aging is due to
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sustained oxidative damage to cellular constituents over
time by free radicals. Mitochondria are a major source of
free radicals and due to the proximity to such reactive
oxidation species (ROS) there could be increased ROS
exposure and damage to mitochondrial proteins and
DNA [6,7]. The mitochondrial oxidative damage by free
radicals causes a vicious cycle that perpetuates more free
radical production and further damage to mitochondria,
leading to declining mitochondrial function with age.
Mitochondria lack the extensive DNA repair systems
compared to nuclear DNA [8]. Possibly owing to their
purported origins as symbiotic bacteria, mitochondria are
deficient in DNA-binding histones and interspersed
introns [6,8]. These factors contribute to a higher rate of
mtDNA mutation compared to nuclear DNA [9]. For
example, mice expressing mtDNA polymerase with a
mutated polymerase gamma subunit A demonstrated
increased somatic mtDNA mutations associated with
reduced lifespan and premature onset of aging-related
phenotypes [10,11]. The reduced capacity for energy
transduction upon aging leads to secondary dysregulation
of cellular processes [12]. According to the Framingham
Longevity Study of Coronary Heart Disease, longevity is
more strongly associated with age of maternal death than
that of paternal death, further implicating mitochondrial
DNA (mtDNA) in aging [13]. It is suggested that
declining bioengetic capacity may be the most important
factor that compromises organ system functional reserve
with aging [14].

Mitoscriptome and the mitochondrial structure

Alterations in the function of mitochondria are not solely
due to changes in proteins or RNA encoded only in the
mitochondrial genome. Most of the genetic information
for the mitochondrial biogenesis and function resides in
the nuclear genome [11,15,16]. Therefore, the
expression profile of the transcripts on mitochondrial
genomes and those on the nuclear genomes contributing
to the mitochondrial structure and function is critical in
understanding the role of mitochondria in health and
disease. This subset of transcriptomes, of mtDNA and
nuclear DNA origin, can be together called
mitoscriptome.

The mammalian mtDNA is a double-stranded circular
DNA with about 16500 bp (Fig 1). Unlike genes on the
nuclear DNA, the genes on the heavy (H) or light (L)
strand of mtDNA are transcribed as a single
polycistronic RNA, which is then cleaved and
polyadenylated [17-19]. There are several factors that
control the cleavage, polyadenylation and stability of
each mRNA and therefore, despite a polycistronic
transcription the transcript levels of each molecular

entity vary [17, 20]. The mtDNA encodes for 37
transcripts: 13 polypeptides, 22 transfer RNA (tRNAs)
and two ribosomal RNAs (rRNAs). The 13 polypeptides
encoded on mtDNA are: seven subunits (ND1, ND2,
ND3, ND4, ND4L, ND5 and ND6) of NADH
dehydrogenase (Complex 1), cytochrome b (complex
I11), three subunits (CO1, CO2 and CO3) of cytochrome
c oxidase (complex IV) and two subunits of ATP
synthase (ATP6 and ATP8). Profiling the mitoscriptome
is important in understanding the molecular basis of
diseases that may be related to mitochondrial
dysfunction.  Mitoscriptome profiling may also be
important in the identification of valuable biomarkers in
health and disease.

Mitochondrial DNA

Figure 1: Structure of mitochondrial DNA. Mammalian
mitochondrial DNA (mtDNA) is a double-stranded circular DNA
with approximately 16,000 base pairs. mtDNA is formed by a
light strand and a heavy strand. Pink color bands denote tRNA
coding sequences (there are 22 mitochondrial tRNAs, each are
labeled by the respective amino acid code). Protein coding
segments on mtDNA do not have introns and are transcribed by a
single polycistronic mRNA from each strand. All protein coding
sequences are marked in green color with respective gene name
abbreviations. Abbreviations: Cyt b, Cytochrome b; ND, NADH
dehydrogenase; CO, cytochrome c¢ oxidase; and ATPase, ATP
synthase. The two ribosomal (rRNAs) locations are marked, 12S
and 16S RNAs. D-loop (grey color) region does not have coding
sequences. The map is not on scale.
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Mitochondrial genomics by mitoscriptome profiling

The exact number of mammalian mitochondrial proteins
is not known, though about 1200 proteins have been
suggested to constitute this organelle [16]. Proteomic
studies have reported approximately 600 mitochondrial
proteins in the mouse and about 700 in the rat [16,21].
Though most, if not all, mitochondrial genes encoded in
the nuclear genome are represented in the existing
Affymetrix mouse and rat gene chips, the lack of
representation of genes of mtDNA in these chips and the
presence of over 30- to 50,000 thousand probe sets,
necessitates the need to analyze several thousand genes.
This increased workload demands time and computing
power, making focused arrays an attractive alternative.

While the expression level of a small subset of genes
can be probed using tools such as a PCR array, probing a
greater abundance of several hundred or few thousand
genes requires microarray technology. This may be
achieved using glass slides, or more preferably,
employing commercial printing technologies such as that
used in Affymetrix chips. Mitochondrial arrays using
both methods have been developed. While Affymetrix
technology use short oligonucleotides, most other
methods use longer cDNA based probe sets. Currently
mitochondrial gene chip arrays are available for human,
mouse and the rat, though none of them as yet is
commercially available.

In the process of developing an integrated systems
biological approach to understand the role of
mitochondrial function in health and disease, we
developed a custom gene chip to profile the
mitoscriptome of the rat and mouse. This rodent
mitochondrial gene chip, RoMitoChip, incorporates
genes from the nuclear genome contributing to the
mitochondrial structure and function as well as the genes
on the mtDNA [20,22]. By incorporating the well-
annotated mitochondria-related genes of both these
species into the same chip, one can interrogate either rat
or the mouse mitoscriptome using the same gene chip
[20, 22]. Included in this chip are 1088 probesets from
the mouse and 419 from the rat.  The genes
corresponding to these probe sets were selected from
existing databases such as the Rat Genome Database,
Mouse Genome Database, NetAffx, RatMap database
and Mitop2. The probesets were designed using
Affymetrix custom algorithm and the 11 micron chip
was printed on the Affymetrix platform.

In our laboratory, the RoMitochip was first used to
address changes in mitochondrial gene expression in
cardiomyocytes subjected to hypoxia in vitro [20].
Mouse cardiomyocytes were subjected to normoxia or
hypoxia (1% oxygen) for 8 or 24 hours and the

mitoscriptome was profiled using the RoMitochip.
Among the most upregulated genes following hypoxia
were Aldoc, Bnip3, Hk1, and Pdk1, which are known to
have hypoxia responsive element (HRE) binding
domains on their promoters and regulated directly by
hypoxia-inducible factor (Hif)-la. The oxygen sensing
transcription factor Hif-1 binds to HRE on multiple
chromosomal loci, and initiates transcription of several
genes during hypoxia. The specific role of Hif-1 in
aging process remains controversial [23-25]. It has been
reported that transgenic expression of non-degradable
Hif-1 increases lifespan. In contrary to this, Zhang et al
observed that deletion of Hif-1 increases lifespan [25].
Another study found that the Hif-1 loss-of-function
mutant extends lifespan under rich nutrient conditions
but fails to show lifespan extension under dietary
restriction [23]. Leiser et al suggest that Hif-1
modulates longevity and healthspan in a temperature-
dependent manner and further proposes that the reported
discrepancy in previous study results on the role of Hif-1
in altering longevity could be due to the disparate models
used [26]. Though these studies suggest an important
role for Hif-1 in worm aging, whether as a positive or
negative regulator of longevity, further studies are
required to understand the specific role of Hif-1 in the
context of aging [27]. Nevertheless, the hypoxic
response is emerging as a promising new avenue in
aging research.

Hypoxia is a secondary factor in most injuries, and it
is known that injury outcome worsens with aging. When
young adult (6 months) and old (22 months) Fisher 344
rats were subjected to either hemorrhagic injury or sham
operation, we found a significant decrease in +dP/dt (a
measure of cardiac contractility) in the aged group [22].
In addition, aging in the absence of injury also
demonstrated a significant decline in cardiac contractility
[22]. Using our custom mitochondrial gene chip,
RoMitochip, we found a decreased alteration in
mitochondrial gene expression in these rats with age,
following hemorrhagic injury. Among the genes that
were altered with hemorrhagic injury, we found c-myc, a
pleotropic transcription factor, to be the most
upregulated gene in both 6- and 22-month-old rats [22].
When 142 probesets were significantly altered (39 up
and 103 down) in 6-month old rats, only 66 were altered
(30 up and 36 down) in 22-month old rats following
hemorrhage. The marked decrease in the extent of gene
expression  changes in  the  post-hemorrhage
mitoscriptome profile of aged animals may be due to
cellular senescence. It has been noted that though
mitochondria can adapt in response to a wide range of
intra- and extra-cellular stimuli, the plasticity decreases
with age [4]. The expression of c-myc and cardiac cell
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death promoting gene Bnip3 were increased, and the
expression of mitochondrial biogenesis factors Pgcl-a
and Ppara were decreased following hemorrhage. This is
consistent with a previous report suggesting that c-myc

Hemorrhage

activation leads to downregulation of Pgc-1a as well as
the downstream target Cpt-1 implicated in fatty acid
oxidation [28].

Aging
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Figure 2: A model for hemorrhage and age-induced mitochondrial dysfunction. Hemorrhage causes a complex injury
including whole body hypoxia. Upregulation of the transcription factor Myc and downregulation of Pgc-1a have been
observed following hemorrhagic injury. The specific role of c-myc in mitochondrial biogenesis following hemorrhage is not
known. However, it is possible that an enhanced Myc expression is one of the factors responsible for declined Pgc-la
expression and resulting mitochondrial dysfunction following hemorrhage. Aging is also known to downregulate Pgc-la [49]

and decrease mitochondrial biogenesis and function [4] . Red arrows denote the effect due to hemorrhage or aging.

Pgc-la co-activates the coordinated expression of
genes involved in mitochondrial biogenesis, energy
production and defense systems against reactive oxygen
species (ROS). These include genes encoding Tfam,
ATP synthase, and uncoupling proteins such as Ucp2.
Pgc-la acts with transcription factors such as Ppar-y,
retinoid receptor (RXR)-a and nuclear respiratory factor-
1 (Nrf-1). Zingarelli and coworkers have previously
shown that Ppar expression decreases following
hemorrhagic injury and when its expression was
augmented using specific agonist, liver apoptosis was
significantly decreased [29]. The Pgc-1 family of
transcriptional coactivators control fatty acid oxidation
and mitochondrial biogenesis in the adult heart.
Hemorrhage causes a complex injury, but is known to
reduce cardiac function and organ blood flow, and
induce whole body hypoxia [30, 31]. Low oxygen levels
will force intracellular stabilization of Hif-1a, thereby

promoting transcription of Hif-1-inducible genes.
Previous experiments by us and others have clearly
demonstrated the effect of hypoxia in promoting
glycolysis while reducing ATP production through
decreased mitochondrial oxidation [20,32]. The
upregulation of c-myc following hemorrhage is
suggestive of its role in promoting glycolytic processes
in the ensuing hypoxic condition. Additionally, c-myc
protein level has been shown to increase markedly after
hypoxia and ischemia [33]. c-myc is also known to
activate p53 and promote apoptosis [34,35]. In a cancer
model, it was hypothesized that the c-myc transgene
causes cell death and probably also inhibition of
proliferation, which may be related to its inhibition of
cyclin D1 and other oncogenes (e.g., Bcl-2) and
induction of p53 and other tumor suppressor genes [34].
Hif and c-myc act on multiple targets to regulate carbon
metabolism and act in concert to fine tune adaptive
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responses to hypoxic environment [36]. Ahuja et al
recently reported that in response to pathological stress
such as hemodynamic load or ischemia, Myc regulates
the increased metabolic energy demand by enhancing
glycolysis and downregulating fatty acid oxidation genes
[28]. But they also observed that Myc activation
attenuates ischemia-induced left ventricular function and
increases mitochondrial biogenesis [28]. On the other
hand both left ventricular function and mitochondrial
biogenesis were decreased following hemorrhage,
indicating disparate regulation of Myc-induced pathways
in these conditions [22, 30, 37]. However, the
upregulation of c-myc in our experiment was consistent
with the observed decreased expression of genes
negatively regulated by c-myc, such as Cptl (-2.3 fold)
and Gpam (-2.1 fold). Nevertheless, additional studies
are required to further elucidate the role of c-myc in
mitochondrial biogenesis regulation in aging and injury
(Fig 2). Our studies demonstrate the significance of
mitoscriptome profiling in aging and injury, as we were
able to obtain valuable information pertaining to both
aging and injury in relation to mitochondrial functional
alteration.

There were several past initiatives to study
mitoscriptome using focused gene expression profiling.
Alesci et al developed a human mitochondrial gene chip
(hMitChip) to study the mitochondrial involvement in
glucocorticoid-induced myopathy [38, 39]. The initial
version of the chip, hMitChip2, contained 501 nuclear
DNA-encoded genes but mtDNA-encoded genes were
not represented. In order to correct this deficiency, they
constructed an enhanced hMiChip3 with 37 mtDNA-
encoded genes and 1098 nuclear DNA-encoded and

mitochondria-related genes [40]. Unlike the
RoMitochip, which used small oligonucleotide
probesets, hMitChip3 was created as a cDNA

microarray.  Their custom database associated 645
molecular functions with 946 hMitChip3 genes, 612
biological processes with 930 genes, 172 cellular
components with 869 genes, 107 biological chemistry
pathways with 476 genes, 23 reactome events with 227
genes, 320 genetic disorders with 237 genes, and 87
drugs targets with 55 genes [40, 41]. The hMitChip3 can
be used with either the one- or two-fluorescent approach
according to users’ preferences [40]. In experiments
where only one dye is used, the user may label control
and test targets with the same dye and hybridize them on
to two different microarrays, where as in two-dye
approaches, one dye is used to label target sequences
from the control sample and the other dye is used to label
the test sample. In the latter, one microarray unit is
hybridized with a mixture of the two dyes. The
fluorescent  detectors can  separately  quantify

hybridization signals due to each dye, and therefore
distinctively recognize targets from each sample [42].

A mouse  mitochondria-specific ~ microarray,
MitoChip, was developed by Desai et al to measure
transcripts of mitochondria-associated genes in various
diseases and drug-induced toxicities in the mouse [43].
The original chip was made by printing oligonucleotides
on poly-L-lysine-coated glass slides. The mouse array
had 542 oligonucleotides that represented genes from the
mitochondrial and nuclear genomes associated with
mitochondrial structure and functions [43]. Using this
gene chip, the expression of mitochondrial genes was
measured in the liver of both p53 heterozygous and wild-
type C3B6F1 female mice exposed to antiretroviral
agents, Zidovudine (AZT) and Lamivudine (3TC). They
found a significant effect of AZT and 3TC combination
treatment on expression levels of approximately 317
genes on the MitoChip. They also observed a high
correlation between microarray and real-time PCR
results [43].

In another initiative where one of the authors of this
manuscript (R.R.) was involved, a human mitochondrial
gene chip (huMITOchip) was created using a technology
similar to that was used for the RoMitochip [44]. The
huMITOchip contains 4,774 probe sets identical to the
Affymetrix U 133 plus 2.0 chip covering genes affecting
mitochondrial, lipid, cytokine, apoptosis, and muscle
function transcripts. Unlike some other gene chips
described above, the huMITOchip has 51 probe sets that
interrogate 37 genes of the mitochondrial genome [44].
The chip was validated by comparison with the
Affymetrix U 133 gene chip and profiling the expression
change in mitoscriptome following treatment of the
muscle cell line CCL136 with IFN-J. The validation of
the huMITOchip with the Affymetrix U 133 Plus 2.0,
such as with the stimulation of muscle cells with a
proinflammatory marker, adds to early reliability and
validity of this gene array [44].

Age, environment and mitochondria-mediated
disease-associated changes on mitochondrial function as
well as drug-induced toxicities may have their imprint in
the mitoscriptome. Therefore profiling mitochondrial
gene expression may be of paramount importance in
understanding the fundamental basis of mitochondrial
dysfunction and disease. The gene array technology is
not without drawbacks. One of the major impediments
in this line of study is the associated cost, which would
prohibit the use of such tools in smaller laboratories.
However, in high throughput screening to evaluate
mitochondrial pathway specific gene expression
changes, using chips such as the RoMitochip may be
more practical, considering the fact that the use of whole
genome chips entails analysis of expression levels of
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thousands of genes. A drawback is the continuously
evolving gene annotations that makes such chips
obsolete after few years, unless newer versions are
developed, dropping some genes and adding others with
newly established significance.

With the emergence of ever-increasing significance
for mitochondrial biology in health and disease [7, 45-
48], mitoscriptome profile information will likely be
useful in developing diagnostic methods and new
therapeutic strategies. The high relevance of energetics
to the maintenance of cellular structure and function
places mitoscriptome analysis as an important piece of
the puzzle in the understanding of aging and age-related
studies.
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