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Importance of mitochondrial dysfunction in oxidative stress response:
A comparative study of gene expression profiles

MOTOKO SHIBANUMA, ANNA INOUE, KYOTA USHIDA, TETSU UCHIDA,
FUMIHIRO ISHIKAWA, KAZUNORI MORI & KIYOSHI NOSE

Department of Cancer Cell Biology, Showa University School of Pharmacy, Shinagawa-ku Tokyo 142-8555, Japan

(Received date: 27 December 2010; Accepted date: 5 February 2011)

Abstract

Mitochondria are considered to play an important role in oxidative stress response since they are a source of reactive oxygen
species and are also targeted by these species. This study examined the mitochondrial conditions in cells of epithelial origin
that were exposed to H,0O, and found a decline in the membrane potential along with a specific loss of UQCRCI, a sub-unit
of complex III, suggesting that mitochondrial dysfunction occurs upon exposure to oxidative stress. This observation led to
the hypothesis that certain cellular responses to oxidative stress occurred because of mitochondrial dysfunction. When mito-
chondria-less (pseudo p0) cells were examined as a model of mitochondrial dysfunction, striking similarities were found in their
cellular responses compared with those found in cells exposed to oxidative stress, including changes in gene expression and
gelatinolytic enzyme activities, thus suggesting that cellular responses to oxidative stress were partly mediated by mitochon-
drial dysfunction. This possibility was further validated by microarray analysis, which suggested that almost one-fourth of the
cellular responses to oxidative stress were mediated by mitochondrial dysfunction that accompanies oxidative stress, thereby
warranting a therapeutic strategy that targets mitochondria for the treatment of oxidative stress-associated diseases.

Keywords: H,0,, pseudo p0 cell, DNA microarray, MMPs, NMuMG cell

Abbreviations: COX5A, cytochrome c oxidase, sub-unitVa; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; MMUE matrix
metalloproteinase; mtDNA, mitochondrial DNA; ROS, reactive oxygen species; SDHA, succinate delydrogenase complex, sub-unit A,
favoprotein (Fp); UQCRC 1, ubiquinol-cytochrome ¢ reductase core protein 1.

Introduction cellular oxygen and converts ~ 1-3% of molecular
oxygen into superoxide radicals. Consequently, mito-
chondria are also prospective targets of ROS within
cells. In fact, mitochondrial DNA (mtDNA) has been
demonstrated to undergo more oxidative modifica-
tion than nuclear DNA [2], possibly due to its proxi-
mity to the sites of ROS production and vulnerability

to mutagenic lesions, which is attributable to its pecu-

Oxidative stress is a common and fundamental cause of
a wide range of degenerative diseases [1]. Under oxidative
stress conditions, excessive reactive oxygen species
(ROS) that are produced either enzymatically or non-
enzymatically overwhelm the antioxidative capacities of
target cells and deleteriously modify macromolecules
such as lipids, proteins and DNA, thereby exhibiting

pleiotropic effects on these cells, including epigenetic
and genetic effects.

Mitochondria contain a cellular compartment that
plays pivotal roles in oxidative stress [2—5]. This com-
partment is a major site of ROS production within cells
where the respiratory chain consumes 90% of the total

liar features such as the lack of histone protection and
limited DNA repair capacity.

The damage in mtDNA in turn generally leads to
direct and indirect loss of the components of the respi-
ratory chain complexes, resulting in entire defects in the
respiratory function as described below. Notably, the
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mutations and deletions in mtDNA are fatal because
mtDNA is devoid of introns and is exclusively coded
to build multi-enzymatic machinery for oxidative phos-
phorylation, including rRNA and tRNA for the trans-
lation. Thus, lesions in mtDNA often result in direct
loss or deficiency in components of the respiratory
chain. Besides, it is possible that some of the nuclear-
encoded components of the respiratory chain are also
lost in an indirect manner as discussed by Marusich
et al. [6]. Importantly, resultant dysfunction of the respi-
ratory chain generally leads to leakage of electrons to
oxygen or increased ROS production, which was defined
in the cells exposed to inhibitors of the respiratory com-
plexes, such as rotenone and antimycin A [5]. Accord-
ingly, damage to mtDNA structurally and functionally
disrupts the respiratory chain in most cases, leading
to inappropriate generation of ROS and increased
mtDNA damage, a consequence of which is the cata-
strophic cycle of respiratory function dysregulation that
leads to further ROS generation. Eventually this cycle
results in devastating cellular injury. In summary,
oxidative stress and mitochondrial respiratory dysfunc-
tion occur at the same time to potentiate oxidative
stress-associated morbidities.

Based on the above-mentioned factors, mitochon-
drial dysfunction has often been implicitly associated
with oxidative stress in the literature. However, few
studies have directly addressed mitochondrial dys-
function and its role in oxidative stress. In the case of
myocardial failure, chronic increases in ROS produc-
tion have been reported to impair mitochondrial func-
tion, although the significance of this phenomenon
remains unexplored [7].

Previously, we studied the effects of long-term oxi-
dative stress on epithelial cells and observed the remark-
able morphological and phenotypical alterations induced
by stress. The expression of genes such as matrix met-
alloproteinases (MMPs) and integrins was affected and,
eventually, the cells acquired a motile phenotype [8].
In this study, we examined the possibility that such cel-
lular changes resulted from mitochondrial dysfunction,
at least partially, which was in turn caused by oxidative
stress.

Materials and methods

Cell culture and mitochondria-less (pseudo p0)
cell preparation

NMuMG mouse mammary epithelial cell line was
obtained from the American Type Cell Collection
(Manassas, VA) and maintained as described previ-
ously [9]. For the preparation of pseudo pO cells, the
cells were cultured in a normal medium containing
250 ng/ml ethidium bromide (EtBr) and 50 pg/ml
uridine for 4-7 days [10].
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JC-1 and H,DCF staining

Mitochondrial membrane potential (AWYm) and
intracellular ROS production were monitored as
described previously using 5,5’,6,6"-tetrachloro-1,1’,
3,3’-tetraethylbenzimidazole (JC-1) [9] and 2",7’-dichlo
rofluorescein (H,DCF) diacetate [11], respectively.

Real-time RT-PCR

Total RNA from cultured cells was extracted and cDNA
was synthesized and analysed by methods described
previously [12].The primers were designed by Primer
Express software v3.0 for real-time PCR (Applied
Biosystems, Carlsbad, CA).

Antibodies and Western blotting

The procedure for Western blotting was essentially
the same as that described previously [13]. Monoclonal
antibodies used were anti-UQCRC1 (Invitrogen,
Camarillo, CA),anti-SDHA (Invitrogen), anti-COX5A
(Invitrogen), anti-prohibitin (IL.ab Vision Corporation,
Fremont, CA), anti-cytochrome ¢ (BD Biosciences, San
Jose, CA) and anti-glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) (Chemicon, Temecula, CA).
Anti-Mn-SOD polyclonal antibody was purchased
from Upstate (Lake Placid, NY).

DNA microarray

DNA microarray analysis was performed according to
the Two-Colour Microarray Gene Expression Analysis
protocol as described previously [12]. Total RNA sam-
ples isolated from cells were reverse-transcribed and
cyanine 3- or 5-labelled cRNA was synthesized. Then,
equal amounts of cRNA samples per pair were hybridi-
zed to whole mouse genome (4 X 44k) Oligo Micro-
array chips (Agilent Technologies, Santa Clara, CA).
Image, normalization and statistical analyses of pri-
mary spot intensity were performed with Feature
Extraction Software (Agilent Technologies). Selection
of genes was conducted with Gene Spring (Agilent
Technologies).

Gelatin zymography

The procedure was essentially the same as that described
previously [8]. Cells were incubated in serum-free
medium for 24 h, after which the conditioned medium
was collected and concentrated. After normalizing for
cell number with the sample buffer, the medium was
separated by electrophoresis on 7.5% polyacrylamide
gels containing 1 mg/ml gelatin as a substrate.

Results
Mitochondrial dysfunction caused by oxidative stress

Mouse mammary epithelial NMuMG cells were exposed
to H,O, (0.2 mM) for 24 days, as previously described
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[8], and the expression of several mitochondrial pro-
teins was examined by Western blotting. The results
show that the expression of ubiquinol-cytochrome c
reductase core protein 1 (UQCRC1), a nuclear-encoded
sub-unit of the complex III of the respiratory chain,
was specifically decreased (Figure 1A). Complex IV
sub-unit Va (COX5A; cytochrome c oxidase, sub-unit
Va) and complex II 70kDa sub-unit (SDHA; succinate
dehydrogenase complex, sub-unit A, flavoprotein (Fp)),
which are also encoded in the nuclear DNA, showed
aslight decrease (COX5A) or a marginal change (SDHA)
in their expression levels.

Consistent with the observed decrease in the expres-
sion of UQCRC, the activity of the respiratory chain,
or AYm, which was monitored using the membrane
potential-sensitive probe JC-1, significantly declined
to levels that were less than half of those noted under
normal conditions on day 4 of treatment (Figures 1B
and C). Notably, UQCRCI1 was recently identified as
a protein that is most susceptible to mitochondrial stress
[14]. Therefore, the exposure to oxidative stress was
shown to have detrimental effects on mitochondria,
which were manifested by decreases in the nuclear-
encoded component of the respiratory chain and AWYm.
Mn-SOD, prohibitin and cytochrome c levels remained
unchanged (Figure 1A); therefore, it appears that
mitochondria-localized proteins were not randomly lost,
indicating that the mitochondria were not severely dam-
aged. Rather, the function of the respiratory chain appears
to have been selectively disrupted.

As shown in Figure 1D, ROS levels in the cells treated
with H,O, were found to be elevated shortly after treat-
ment. However, the steady-state levels of ROS declined
after long-term treatment with oxidants (Figure 1E),
possibly due to the resultant mitochondrial dysfunction
as described above. In fact, ROS levels were decreased
when the respiratory function was disrupted in pseudo
p0 cells, a model of mitochondrial dysfunction, as
described below (Figure 2D).

A model of mitochondrial dysfunction

Based on the above observations, we postulated that
cellular responses to oxidative stress essentially resulted,
at least partially, from stresses to the mitochondria,
thereby being regulated by mitochondrial stress signals
rather than those directly activated by the oxidants.
To test this possibility, we subjected cells directly to
mitochondrial stress and tested whether certain cel-
lular responses to oxidative stress were similarly induced
under mitochondrial stress conditions. The model of
mitochondrial stress condition employed in this study
used the pseudo pO0 state that was attained by treating
cells with EtBr, which inhibits mitochondrial gene tran-
scription and replication, thereby depleting mtDNA [10].

As shown in Figure 2A, EtBr treatment significantly
decreased the expression of mitochondria-encoded
genes, a sub-unit of NADH hydrogenase (ND1), and

cytochrome b after 4 days, thus ensuring that mito-
chondrial transcription was indeed inhibited. Expres-
sion levels were slightly restored after 6 days, possibly
due to the induction of resistance to the agent, which
has been previously reported in mouse cell lines [15].
Among the mitochondria-localized proteins shown in
Figure 2B, the expression of UQCRCI1 decreased
dramatically, whereas that of other proteins remained
essentially unchanged (the expression of COX5A was
slightly reduced). This expression pattern was the
same as that caused by oxidative stress (Figure 1A).

As a consequence of the decreased expression of
mitochondrial proteins constituting the respiratory chain
(Figures 2A and B), A¥Ym of the pseudo pO cells was
markedly decreased (Figure 2C) and levels of intrac-
ellular ROS were reduced after 4 days (Figure 2D),
although it recovered on day 7 concomitantly with the
recovered expression of the above-mentioned mito-
chondria-encoded transcripts (Figure 2A). Of note,
all the behaviours of the p0 cells were also observed
in the cells treated with oxidants (Figure 1), lending
support to the relevance of the pseudo pO state as a
model of mitochondrial dysfunction caused by oxidative
stress conditions.

Given that dysfunction of the respiratory chain leads
to increased ROS production [5], as mentioned in the
Introduction, it was possible that the loss of some of
the respiratory chain components as above caused dis-
turbance of the respiratory chain activity in p0 cells,
resulting in ROS production. In fact, the ROS levels
were apparently increased on day 0.5 and 1 after EtBr
treatment. However, the increases were small and not
statistically significant (Figure 2D).

Comparison of gene expression under oxidative and
mitochondrial stress conditions

In a previous study, we found that repeated exposure
to oxidative stress caused remarkable morphological
changes that were accompanied by alterations in gene
expression, including that of MMPs and integrins, in
epithelial cells [8]. In the present study, we determined
whether similar changes are observed under mito-
chondrial stress conditions, assuming that some of the
responses to oxidative stress originated from mitochon-
drial stress occurring as a consequence of the oxidative
stress. In fact, the responses were strikingly similar
between the two stress conditions, including the induc-
tion of MMP-13 at the mRNA level (Figures 3A and
B), a dramatic increase in the zymogen of MMP-2
and proteolytic activation of MMP-9 (Figure 3C) [8].
Taken together with changes observed in integrin
sub-unit expression, which were also essentially the
same between the two conditions (data not shown)
[8], these comparative studies revealed a considerable
concordance in gene expression patterns under the
two stress conditions. Although further study should
be needed to clarify cause and effect, it is plausible

RIGHTS LI N Kdx



Free Radic Res Downloaded from informahealthcare.com by University of Saskatchewan on 12/05/11
For personal use only

Oxidative stress and mitochondrial dysfunction 675

H202
A 0 2 4 (day)
UQCRC! | eommmmm—
SDHA |-——_.._..|

COXSA |= = @ =« -

Mn-SOD WOy . etn

Pronhibitin S — —

Cytochrome ¢ — — p—

GAPDH — ——
B JC-1 (membrane potential) C
High | * |
~ 1.0
S ol |
S
= 08
Control .'5’
T
= 06
&)
2 04
H202
0.2
0
0 2 3 4 (day)
H202 treatment
D E
33'5 * > 1.2 .
2 30 @ | |
3 i S 10| 4
€ 25 k=
§ * § 0.8
g 2.0 5
1) @ 06
© 15 8
S o]
2 10 2 0.4
L [T
8 0.5 8 0.2
£ £
O 0 1 1 !
0 25 50 (uM) 0 9 3 4 (day)
H202 treatment H202 treatment

Figure 1. Mitochondria dysfunction caused by oxidative stress. NMuMG cells were treated with H,0, (0.2 mM) for 4 days as previously
described [8] and protein expression (A), A¥m (B, C) and H,O, levels were examined (D). (A) Cell lysates were prepared on the indicated
day and analysed by Western blotting with antibodies specific to each protein (Materials and methods). GAPDH was used as the loading
control. (B, C) On each day of treatment, A¥m was examined by JC-1 staining (Materials and methods). Mitochondria with an intact AYm
(higher than 100 mV) concentrate JC-1, which fluoresces green as a monomer, into aggregates that fluoresce red. (B) Images taken on day 4
of treatment. Low and High, the corresponding images of green and red fluorescence of JC-1 captured on a fluorescence microscope; Ph,
phase-contrast images. The fluorescence intensities of the images were analysed using Aquacosmos software (Hamamatsu Photonics, Hamamatsu,
Japan) and the relative intensities to the control (day 0) are shown (C). Values are expressed as means of four independent samples = SD. The
significance of the differences was assessed using the ztest (p < 0.05). (D, E) ROS levels were measured using H,DCF and the fluorescence
images captured on the microscope were analysed using the software described in the Materials and methods section. In Figure 1D, the ROS
levels were measured in the cells treated with H,O, at the indicated doses for 10 min. Values are expressed as the means of three independent
samples = SD relative to the control. The significance of the differences was assessed by z-test ("p < 0.05, “p < 0.005).
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Figure 2. Pseudo p0 cells derived from NMuMG cells. NMuMG cells were treated with EtBr (250 ng/ml) as described in Materials and
methods section and examined for the expression of mitochondrial transcripts (A), mitochondrial protein levels (B), AYm (C) and ROS
production (D). (A) Total RNA was extracted and analysed by real-time RT-PCR using primers specific to the target genes. mRNA
quantities were normalized with that of GAPDH and are shown relative to the normal cells. (B) Cell lysates prepared from the normal
(N) and EtBr-treated (p0) cells were examined by Western blotting as described in Figure 1A. (C) JC-1 staining and evaluation were
performed as described in Figure 1C. Values are expressed as means of three independent samples = SD. (D) ROS levels were measured
using H,DCEF, as described above. Values are expressed as means of four independent samples = SD relative to the control. The significance
of the differences was assessed by z-test (p < 0.05, “p < 0.005).
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Figure 3. Changes in gene expression in pseudo p0 and H,O,-treated cells. (A-C, E and F) Total RNA and conditioned medium were
obtained from the control (C), pseudo p0 (treated with EtBr for 4 days) (A, C, E) and H,O,-treated cells (treated with H,O, [0.2 mM]
for 4 days as described previously [8]) (B, F) and analysed by real-time RT-PCR (A, B, E and F) and gelatin zymography (C), respectively.
The mRNA quantities are shown as in Figure 2A. Values are expressed as means of three independent samples = SD. The significance of the
differences was assessed by z-test (*p < 0.05, “p < 0.005, “**p < 0.000 05). The arrows in (C) indicate pro-MMP-9 (solid) and -MMP-2
(empty) and the corresponding arrowheads indicate MMP-9 and MMP-2, respectively. (D) Summary of the microarray analysis performed for
the changes in gene expression under oxidative and mitochondrial stress conditions (see Table I and text).
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that certain oxidative stress responses are mediated
by mitochondrial dysfunction.

Finally, we extended the above pilot study to include
a genome-wide analysis of the gene expression that
occurs under the two stress conditions, by performing
DNA microarray analysis. cRNA pairs generated based
on RNA obtained from the control and H,O,- or
EtBr-treated cells were hybridized with a mouse DNA
microarray for this analysis. As summarized in Figure 3D,

~ 2000 genes were up- or down-regulated by as much
as 2-fold under each stress condition and, notably,
approximately half of these changes were shared between
the two conditions. The overlapping genes (the top 20
genes that were up- or down-regulated by H,0,) are listed
inTable I. Real-time RT-PCR verified the up-regulated
(Gsat2-3,Ndg2 and Dditl) and down-regulated (Mts1)
changes that were observed in cells treated with EtBr
(Figure 3E) and H,O, (Figure 3F).

Table I. Gene list of microarray analysis. Total RNA was extracted from normal (C), H,O,-treated (H), mitochondria-less (pseudo p0)
(p) and H,O-treated p0 (pH) NMuMG cells. For each combination, C/H; normal vs H,O,-treated, C/p; normal vs p0, p/pH; p0 vs H,0O,-
treated pO0, three independent pairs of samples were generated and hybridized with a whole mouse genome microarray. Analysis was
performed as described in the Materials and methods section. For selection of genes, first, genes that showed a change of more than 2-fold
after H,0,- or EtBr-treatment were extracted. Then, among these genes, those overlapping between the two treatments were extracted and
the top 20 genes (each of up- and down-regulation) are listed in the order of the fold changes after H,O, treatment. The average listed is the
mean of the fold changes (control vs H,O,-treated or p0) obtained from the three independent pairs for each combination.

Gene name Official name

C/H Clp p/pH

Average SD  Average SD  Average SD

Up-regulation

Gst2-3 glutathione S-transferase, alpha 3 37.03 40.69 22.65 2341 2.60 1.18
Esgl developmental pluripotency associated 5 2551 15.42 5.96 4.15 6.53 4.67
sut; xCT solute carrier family 7, member 11 24.88 18.62 6.23 4.51 4.66 1.43
Avdp aldo-keto reductase family 1, member B7 23.98 17.87 26.10 26.38 1.74 0.72
COXVIaH cytochrome c oxidase, sub-unit VI a 23,71 11.99 25.21 13.07 2.05 1.66
Gst2-1 glutathione S-transferase, alpha 1 (Ya) 22.05 19.21 5.51 2.27 4.76 1.30
DOCI carbonic anhydrase 6 22.04 9.33 19.23 8.18 4.85 3.24
A_51_P305138 15.22 7.91 4.70 1.60 4.14 1.39
Ndg2 Nur77 downstream gene 2 15.20 4.69 14.17 5.56 1.83 0.94
MGC19039 aldehyde dehydrogenase 1 family, member 1.2 12.36 5.19 10.09 3.42 1.99 1.44
Gstc-2 glutathione S-transferase, alpha 2 (Yc2) 12.00 5.88 4.59 1.43 4.24 0.72
Out transcription factor 23 10.90 7.04 2.45 1.00 3.04 0.94
Gm566 gene model 566 (NCBI) 10.45 6.85 1.92 0.79 3.80 1.49
Ddit1 growth arrest and DNA-damage-inducible 45 alpha 10.16 3.46 9.88 4.73 1.50 0.86
AI844617 dual specificity phosphatase 4 9.04 2.14 7.97 6.43 3.54 2.65
Nipk; TRB-3 tribbles homologue 3 (Drosophila) 9.03 2.72 7.32 2.18 1.44 0.57
1810008K03Rik  ChaC, cation transport regulator-like 1 (E. coli) 8.71 5.85 4.75 2.72 1.84 0.79
GTPCH GTP cyclohydrolase 1 8.62 4.33 7.23 3.06 1.54 0.26
Gst2-3 glutathione S-transferase, alpha 3 8.62 5.54 8.10 6.51 2.08 0.81
Wnt-7a wingless-related MMTYV integration site 7A 8.06 1.43 7.95 3.56 1.58 1.22
Down-regulation
Ki-67 antigen identified by monoclonal antibody Ki 67 0.05 0.04 0.18 0.04 0.17 0.13
Misi S100 calcium binding protein A4 0.05 0.01 0.07 0.02 0.35 0.13
TIAP baculoviral IAP repeat-containing 5 0.06 0.04 0.18 0.05 0.21 0.17
mPAL Shc SH2-domain binding protein 1 0.06 0.04 0.19 0.06 0.26 0.15
TOPK PDZ binding kinase 0.06 0.04 0.25 0.04 0.20 0.16
Cox2 complete cds; mitochondrial gene for mitochondrial product 0.06 0.01 0.19 0.07 0.03 0.01
MFT.MO05.13 RIKEN cDNA 5730507H05 gene 0.07 0.05 0.24 0.11 0.26 0.22
BE368005 NCI_CGAP_Lu29 Mus musculus cDNA clone 0.08 0.01 0.26 0.14 0.05 0.01
MPK38 maternal embryonic leucine zipper kinase 0.08 0.04 0.19 0.06 0.32 0.21
Cenp-A centromere protein A 0.08 0.07 0.34 0.22 0.29 0.21
HIB; H1.5; HIfS histone 1, H1b 0.08 0.04 0.14 0.03 0.47 0.03
Msa exonuclease 1 0.09 0.04 0.15 0.01 0.38 0.17
Kns4 kinesin family member 4 0.09 0.07 0.34 0.20 0.24 0.22
Ccnl; Ccna cyclin A2 0.09 0.06 0.31 0.12 0.18 0.15
BC020382 Mus musculus cDNA clone IMAGE:3582855 0.09 0.02 0.28 0.15 0.08 0.03
X57780 M.musculus mRNA for mitochondrial gene for sub-unit I of 0.09 0.01 0.13 0.06 0.07 0.03
cytochrome c oxidase
Reca; Rad51a RAD51 homologue (S. cerevisiae) 0.09 0.05 0.15 0.01 0.36 0.13
Np95 ubiquitin-like, containing PHD and RING finger domains, 1 0.09 0.05 0.17 0.05 0.34 0.15
galectin-4 lectin, galactose binding, soluble 4 0.09 0.01 0.31 0.12 0.32 0.10
AV109292 spindle pole body component 24 homologue (S. cerevisiae) 0.09 0.06 0.19 0.02 0.29 0.12

Standard deviation is indicated as SD. p-values assessed by z-test were between 0.06—0.07. The candidate genes are in italics (see text).
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It could be argued that the observed concurrence
was fortuitous in some cases, being induced indepen-
dently under these two conditions. In an attempt to dis-
criminate this as a casual coincidence, we performed
additional profiling of genes responding to oxidative stress
in pseudo pO cells instead of normal cells. If a response
was mediated by mitochondrial stress, the response to
oxidative stress in this case was expected to be alleviated
because in pseudo pO cells any response to oxidative
stress was assumed to be induced earlier by mitochon-
drial stress signals. As shown in the third column, many
of the responses (p/pH) were affected in an expected
manner and reduced compared with C/H (Table I).

The genes that almost equally responded to either
stress (C/H and C/p) and whose responses to oxidative
stress were affected in the p0O condition by more than
2-fold (p/pH) were underlined as prospective candidates
that are possibly and primarily regulated by mitochondrial
stress signals triggered by oxidative stress conditions.
Thus, it is likely that, in total, approximately one-fourth
of the responses to oxidative stress were potentially
mediated by mitochondrial stress.

Discussion

Oxidative stress has been implicated in the pathogen-
esis of numerous diseases, including atherosclerosis,
cancer, diabetes, ischemia/reoxygenation injury and
alcohol- and drug-induced toxicity [1]. For the devel-
opment of better or novel therapeutics and preventive
strategies for these conditions, a detailed understand-
ing of signals and effectors governing cellular responses
to stress is essential. Clarifying key factors and, if pos-
sible, quantitatively evaluating the contribution of each
factor to morbidity are also important for finding the
appropriate molecular targets for new therapeutics.
In this study, we attempted to validate the currently
prevailing view that mitochondrial dysfunction under-
lies oxidative stress and also to estimate the propor-
tion of oxidative stress responses that are mediated by
mitochondrial dysfunction, thereby warranting a strategy
that targets mitochondria in order to treat the above-
mentioned conditions. In isolated mitochondria as well
as vascular endothelial and smooth muscle cells, mito-
chondrial dysfunction has been shown to occur under
oxidative stress conditions, although this was only eval-
uated after a short-term insult within an hour [7,16].
In this study, we treated cells of epithelial origin with
an oxidant in a repetitive manner, mimicking chronic
inflammatory conditions that occur iz vive by which
most degenerative diseases are caused, and studied
the long-term cumulative effects of oxidative stress on
mitochondria. Features of mitochondrial dysfunction,
similar to those described in previous studies, were
observed in the epithelial cells (Figure 1) and were
also suggested to have an intermediary role in cellular
responses elicited by oxidative stress. Notably, cellular
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alterations in gene expression and gelatinolytic enzyme
activities that have been previously described following
repetitive exposure to oxidative stress [8] were observed
in pseudo pO0 cells (Figures 3A and C), which served as
the model of mitochondrial dysfunction that accom-
panies oxidative stress in this study. The similarities in
cellular alterations that were observed in these two stress
conditions lend support to the role of mitochondrial
dysfunction in the induction of cellular responses to
oxidative stress. It might be argued that mitochondrial
dysfunction due to oxidative stress is not necessarily
equivalent to that observed in the pO state. However, it
is believed that like the pO0 state, mitochondria eventu-
ally lose their functions entirely after exposure to oxi-
dative stress conditions because of the vicious cycle
from ROS production to mtDNA damage. In fact, sim-
ilarly impaired features, including reduced AYm and
specific loss of UQCRCI1 (Figure 1 vs Figures 2B and
C), occurred under both oxidative stress and p0 condi-
tions, supporting the relevance of the pseudo pO state
as a model of oxidative stress-induced mitochondrial
dysfunction. The above-mentioned oxidative stress-
induced cellular alterations observed in the pseudo p0
cells also validate this assumption.

Among the nuclear-encoded components of the
respiratory chain—UQCRC1, SDHA and COX5A—
the protein expression levels of SDHA and COX5A
were in sharp contrast to that of UQCRCI1 under
mitochondrial stress conditions. SDHA levels remained
unchanged and that of COX5A levels were slightly
decreased. These differential steady-state expression
levels of these nuclear-encoded components of the respi-
ratory chain were presumably due to, at least in part,
differences in the protein turnover rates under stress
conditions, which were affected by protein—protein
interactions, a partial assembly of the complex and/
or transcriptional regulation as discussed by Marusich
et al. [6]. Alternatively, it might be argued that chro-
mosome regions containing genes such as UQCRC1
but not SDHA are specifically susceptible to muta-
genic lesions and selectively modified or damaged in
the nucleus by oxidants and EtBr. To exclude this pos-
sibility, the analysis of cells lacking mitochondria by
another method would be helpful.

Importantly, the results of the microarray analysis
suggested that, after oxidative stress, almost one-fourth
of gene expression changes were downstream of mito-
chondrial stress signalling, thus providing a quantitative
estimate of the contribution of mitochondrial dysfunc-
tion to oxidative stress responses for the first time.
Thus, this study reinforces the notion that mitochon-
dria are a promising target for therapeutics designed
to treat degenerative diseases that are triggered by oxi-
dative stress and highlights the importance of protect-
ing mitochondria from oxidative damage.Theoretically
antioxidants that target mitochondria are ideal agents
to prevent the vicious cycle of ROS production and
mitochondrial damage and could be used to mitigate
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oxidative stress as a whole. In fact, MitoQ is a mito-
chondria-targeted antioxidant that has shown promis-
ing activity in phase II clinical trials for treating
Parkinson’s disease and liver damage associated with
hepatitis C [17]. Other antioxidant drugs or dietary
supplements that do not specifically target mitochon-
dria are also currently being marketed or evaluated in
clinical trials as potential therapeutic agents [17].

Alternatively, the study of mitochondrial stress sig-
nalling potentially provides other avenues for treating
oxidative stress-based diseases. We recently studied the
transcriptional network operating under mitochondrial
stress conditions elicited by pharmacological inhibition
of the respiratory chain and found that the CHOP-10
transcription factor plays a role in the regulation of
gene expression [12]. In the p0 state, CHOP-10 appeared
to play a similar role and was found to be involved in the
up-regulation of MMP-13 (data not shown). Hence,
the transcription factor and/or the signalling pathways
that activate it are potential alternative candidates that
serve as the targets of therapeutic agents. Future studies
on the mediators and pathways of stress response could
possibly lead to the development of new medications
that manipulate or intervene in the cellular responses
to stress and, thus, ameliorate the effects of these
diseases with a single agent or in conjunction with
antioxidants.

Conclusion

We found that the oxidative stress did impair respira-
tory activity and mitochondrial stress induced responses
similar to those induced by oxidative stress. Moreover,
a comparative genome-wide DNA microarray analysis
allowed the estimation of the contribution of mitochon-
drial dysfunction to cellular responses following oxidative
stress. Notably, approximately one-fourth of the responses
to the oxidative stress were potentially mitochondrial
stress mediated.

Declaration of interest

This work was supported in part by a Grant-in-Aid
for Scientific Research (C) (21570205) and the High-
Technology Research Center Project from the Minis-
try for Education, Culture, Sports, Science and
Technology (MEXT) of Japan and also by the High-
Tech Research Centre Project for Private Universities:
a matching fund subsidy from MEXT, 2007-2009.

This paper was first published online on Early Online on 18 March
2011.

References

[1] Valko M, Leibfritz D, Moncol J, Cronin MT, Mazur M,
Telser J. Free radicals and antioxidants in normal physiologi-
cal functions and human disease. Int J Biochem Cell Biol
2007;39:44-84.

[2] Van Houten B, Woshner V, Santos JH. Role of mitochondrial
DNA in toxic responses to oxidative stress. DNA Repair (Amst)
2006;5:145-152.

[3] Ott M, GogvadzeV, Orrenius S, Zhivotovsky B. Mitochondria,
oxidative stress and cell death. Apoptosis 2007;12:913-922.

[4] Kakkar P, Singh BK. Mitochondria: a hub of redox activities and
cellular distress control. Mol Cell Biochem 2007;305:235-253.

[5] Kwong LK, Sohal RS. Substrate and site specificity of hydro-

gen peroxide generation in mouse mitochondria. Arch Biochem

Biophys 1998;350:118-126.

Marusich MF, Robinson BH, Taanman JW, Kim SJ, Schillace R,

Smith JL, Capaldi RA. Expression of mtDNA and nDNA

encoded respiratory chain proteins in chemically and geneti-

cally-derived Rho0O human fibroblasts: a comparison of subunit
proteins in normal fibroblasts treated with ethidium bromide
and fibroblasts from a patient with mtDNA depletion syndrome.

Biochim Biophys Acta 1997;1362:145-159.

[7] Ballinger SW, Patterson C, Yan CN, Doan R, Burow DL,

Young CG, Yakes FM, Van Houten B, Ballinger CA, Freeman

BA, Runge MS. Hydrogen peroxide- and peroxynitrite-induced

mitochondrial DNA damage and dysfunction in vascular endothe-

lial and smooth muscle cells. Circ Res 2000;86:960-966.

Mori K, Shibanuma M, Nose K. Invasive potential induced

under long-term oxidative stress in mammary epithelial cells.

Cancer Res 2004;64:7464-7472.

Kanome T, Itoh N, Ishikawa F, Mori K, Kim-Kaneyama JR,

Nose K, Shibanuma M. Characterization of Jumping translo-

cation breakpoint (JTB) gene product isolated as a TGF-betal-

inducible clone involved in regulation of mitochondrial function,
cell growth and cell death. Oncogene 2007;26:5991-6001.

[10] King MP, Attardi G. Isolation of human cell lines lacking
mitochondrial DNA. Methods Enzymol 1996;264:304-313.

[11] Mori K, Hirao E, Toya Y, Oshima Y, Ishikawa F, Nose K,
Shibanuma M. Competitive nuclear export of cyclin D1 and
Hic-5 regulates anchorage dependence of cell growth and
survival. Mol Biol Cell 2009;20:218-232.

[12] Ishikawa F, Akimoto T, Yamamoto H, ArakiY, Yoshie T, Mori K,
Hayashi H, Nose K, Shibanuma M. Gene expression profiling
identifies a role for CHOP during inhibition of the mitochon-
drial respiratory chain. J Biochem 2009;146:123-132.

[13] Ishikawa F, Nose K, Shibanuma M. Downregulation of hepa-
tocyte nuclear factor-4alpha and its role in regulation of gene
expression by TGF-beta in mammary epithelial cells. Exp Cell
Res 2008;314:2131-2140.

[14] Kulawiec M, Arnouk H, Desouki MM, Kazim L, Still I, Singh KK.
Proteomic analysis of mitochondria-to-nucleus retrograde res-
ponse in human cancer. Cancer Biol Ther 2006;5:967-975.

[15] Hayashi J, Tanaka M, Sato W, Ozawa T, Yonekawa H, Kagawa,
Ohta S. Effects of ethidium bromide treatment of mouse cells on
expression and assembly of nuclear-coded subunits of complexes
involved in the oxidative phosphorylation. Biochem Biophys
Res Commun 1990;167:216-221.

[16] Giulivi C, Boveris A, Cadenas E. Hydroxyl radical genera-
tion during mitochondrial electron transfer and the formation
of 8-hydroxydesoxyguanosine in mitochondrial DNA. Arch
Biochem Biophys 1995;316:909-916.

[17] Frantz MC, Wipf P. Mitochondria as a target in treatment.
Environ Mol Mutagen 2010;51:462-475.

[6

[}

[8

[t}

[9

—

RIGHTS LI N Kdx



