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Abstract
Mitochondrial DNA (mtDNA) is essential for proper mitochondrial function and encodes 22
tRNAs, 2 rRNAs and 13 polypeptides that make up subunits of complex I, III, IV, in the electron
transport chain and complex V, the ATP synthase. Although mitochondrial dysfunction has been
implicated in processes such as premature aging, neurodegeneration, and cancer, it has not been
shown whether persistent mtDNA damage causes a loss of oxidative phosphorylation. We
addressed this question by treating mouse embryonic fibroblasts with either hydrogen peroxide
(H2O2) or the alkylating agent methyl methanesulfonate (MMS) and measuring several endpoints,
including mtDNA damage and repair rates using QPCR, levels of mitochondrial- and nuclear-
encoded proteins using antibody analysis, and a pharmacologic profile of mitochondria using the
Seahorse Extracellular Flux Analyzer. We show that a 60 min treatment with H2O2 causes
persistent mtDNA lesions, mtDNA loss, decreased levels of a nuclear-encoded mitochondrial
subunit, a loss of ATP-linked oxidative phosphorylation and a loss of total reserve capacity.
Conversely, a 60 min treatment with 2 mM MMS causes persistent mtDNA lesions but no mtDNA
loss, no decrease in levels of a nuclear-encoded mitochondrial subunit, and no mitochondrial
dysfunction. These results suggest that persistent mtDNA damage is not sufficient to cause
mitochondrial dysfunction.
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1. Introduction
Mitochondrial DNA has been shown to be susceptible to damage by a wide variety of agents
including oxidants [1-6] and alkylating agents [7-11]. While mitochondria lack some repair
pathways they have robust base excision repair of base damage resulting from alkylating or
oxidizing agents [1,5]. Furthermore, mitochondria are the major source of endogenous ROS
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and produce as much as 90% of the cellular ROS during oxidative phosphorylation
(reviewed in [12]). In this regard oxidative stress and mitochondrial dysfunction are
implicated in premature aging [13,14], retinal degeneration [15], neurodegenerative diseases
such as Alzheimer’s and Parkinson’s disease [16,17], and various cancers [18-20] (also
reviewed in [21]).

One commonly used oxidant, hydrogen peroxide (H2O2) is freely diffusible within the cell
and causes a wide range of effects based on concentration and cell type, including an
increase in mtDNA damage compared to nDNA damage (nuclear DNA) [3,4,6,22,23],
mtDNA degradation [10], increased mitochondrial mass [24], cell growth arrest [3,25-29],
apoptosis [6,29-31], autophagy [31], increased secondary ROS such as H2O2 and superoxide
[32], and decreased antioxidant activity [33,34]. However, the only study linking oxidative
stress to a decrease in mitochondrial function is a 2001 study by Szweda and Nulton-
Persson, which suggested that H2O2 treatment of isolated rat heart mitochondria caused a
reversible decline in oxidative phosphorylation [34]. A systematic study linking H2O2-
induced mtDNA damage with subsequent mitochondrial functional decline has not been
performed to date.

With regard to alkylating agents, diethylnitrosamine (DEN), dimethylnitrosamine (DMN),
and N-methyl-N-nitrosourea (MNU) have all been shown to cause significant mtDNA
damage [7-11]. A study in 1970 by Wunderlich et al. used 14C-labeled MNU to show that
mtDNA is preferentially targeted by alkylators [7]. In addition, the authors of a 1985 study
with DEN and DEM gave mice a single dose of 14C-labeled DEN and DMN, and DNA
isolated from the mitochondria of mouse tissues showed a 10–90-fold enrichment of 14C
compared to nDNA, and they concluded that mtDNA was preferentially targeted [11]. These
studies may be incomplete because the authors did not account for the DNA repair that may
have occurred before the harvesting of the tissues. It was not until 1988 that mtDNA repair
of alkylating lesions was addressed in a study by Myers and colleagues in which the authors
found that (1) O6-MeG lesions were present at higher levels in mtDNA than in nDNA and
were repaired in mtDNA at similar rates to nDNA, and yet (2) butyl adducts on mtDNA
were repaired very slowly [8]. In a 1991 study, Pettepher and coworkers showed that in
mammalian mtDNA, the alkali-labile sites produced by the alkylating agent streptozotocin
were 55% repaired by 8 h following treatment, and 70% repaired by 24 h following
treatment [9]. A 2009 study by Shokolenko and coworkers in HeLa cells demonstrated that
mtDNA damage generated during a short treatment (30 min) with MMS (1 mM) and MMS
(2 mM) is 86% and 50% repaired by 6 h, respectively following treatment [10]. However,
the effect of this damage on mitochondrial function was not addressed in this study and the
relationship between mtDNA damage and subsequent declines in mitochondrial function
represents an important knowledge gap.

This present study seeks to elucidate the effects of the oxidant H2O2 and the alkylating agent
MMS on mtDNA and mitochondrial function. We have used two novel approaches
involving quantitative PCR [35] to measure both mtDNA copy number and levels of DNA
damage and the Seahorse flux analyzer to measure oxidative phosphorylation and glycolysis
in cells treated with H2O2 or MMS [36]. The later approach uses real-time measurements
and pharmacological inhibitors to understand mitochondrial function in live cells [37,38].

2. Materials and methods
2.1. Cells and cell culture

The simian virus 40 (SV40)-transformed mouse embryonic fibroblast cell line, 92TAg, a gift
from Dr. Robert Sobol Jr., was maintained at 37 °C and 5% CO2 incubator in Dulbecco’s
Modified Eagle Medium (Gibco), 10% FBS, 1% Penicillin/Streptomycin, 2% Glutamax
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(Gibco). The cells were routinely split 2 times a week to a cell density of 1−2 × 104 cells/
mL.

2.2. Treatment of cells with H2O2 or MMS
92TAg MEFs were plated at a density of 6 × 105 cells in duplicate 60 mm dishes for each
treatment type the evening before treatment. H2O2 (30%, Sigma) was first diluted into
serum-free media to a concentration of 0.1 M, and then further diluted in serum-free media
to the treatment concentration (50–400 μM). MMS (99%, Sigma) was diluted directly into
serum-free media to the treatment concentration (1–3 mM). The original plating media was
saved before the drug-containing media was added to the plates, and this conditioned media
was put back on the plates after treatment for harvest times of 1 h, 4 h, and 8 h. For H2O2,
6.25 mL of serum-free media ± H2O2 was added to each plate, and then cells were incubated
in the media for 15 or 60 min at 37 °C. For MMS, 6.25 mL of serum-free media ± MMS
was added to each plate, and then cells were incubated in the media for 60 min at 37 °C. To
determine DNA damage and repair in a time-course, cells were harvested at 0 h
(immediately following treatment), 1 h, 4 h and 8 h. At the time of harvest, cells were
washed once with PBS, trypsinized, and then pelleted at 1500 rpm. The supernatant was
removed and the pellets were moved to −80 °C. Viability was examined with electric current
exclusion after 48 h [39,40], with 93% viability in cells treated for 60 min with 200 μM
H2O2, and 77% viability in cells treated for 60 min with 2 mM MMS. Visual inspection of
H2O2- and MMS-treated cells at 24 and 48 h after treatment indicated reduced growth rate
compared to control. At 48 h after treatment, H2O2-treated cells looked healthier than MMS-
treated cells.

2.3. DNA isolation and quantitative PCR (QPCR)
High molecular weight DNA was isolated with the automated QIAcube accompanied by the
DNeasy Blood & Tissue kit (Qiagen, Chatsworth, CA) as described by the manufacturer.
The concentration of total cellular DNA was determined by PicoGreen fluorescence
(Invitrogen, Carlsbad, CA) and was read using a BioTek Synergy 2 plate reader (BioTek,
Winooski, VT) with an excitation filter at 485 nm and an emission filter at 528 nm using λ/
HindIII DNA as a standard. When using QIAcube-extracted DNA with mitochondrial
primer sets, we found that the DNA of control-treated samples would not amplify the small
mitochondrial primer set as well as treated samples. This decrease in amplification was
proposed to be due to the supercoiling of undamaged DNA, which would restrict primer
access. DNA was thus digested with HaeII restriction enzyme for 1 h at 37 °C in a 50 μL
digest mix containing 225 ng DNA, 1X BSA, and 20 units of HaeII enzyme. After the
digest, PicoGreen was used to quantitate the DNA and then 15 ng DNA for the QPCR assay
was removed directly from the restriction digest mix. QPCRs were performed in a Biometra
Professional standard thermocycler 96 (Biometra, Göttingen, Germany) with the GeneAmp
XL PCR kit (Applied Biosystems, Foster City, CA) as previously described [35]. Reaction
mixtures contained 15 ng of template DNA, 1.2 mM Mg(AOc)2 for use with the large mito
and β-polymerase primers and 1.1 mM Mg(AOc)2 for use with the small mito primers, 100
ng/μL BSA (Roche, Basel, Switzerland), 0.2 mM deoxynucleotide trisophates (Applied
Biosystems, Foster City, CA), 20 pM primers and 1 unit of rTth DNA polymerase XL
(Applied Biosystems, Foster City, CA). The primer nucleotide sequences were as follows:
for the 6.6-kb fragment of the β-polymerase gene (GenBank database accession number
AA79582), 5′-TATCTCTCTTCCTCTTCACTTCTCCCCTGG-3′ and 5′-
CGTGATGCCGCCGTTGAGGGTCTCCTG-3′; for the 10-kb fragment of the mouse
mitochondrial genome, 5′-GCCAGCCTGACCCATAGCCATAATAT-3′ and 5′-
GAGAGATTTTATGGGTGTAATGCGG-3′, and for the 117-bp fragment of the mouse
mitochondrial genome, 5′-CCCAGCTACTACCATCATTCAAGT-3′ and 5′-
GATGGTTTGGGAGATTGGTTGATGT-3′. For the 6.6-kb and 10-kb fragments, PCR was
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initiated with a 75 °C hot start addition of the polymerase. For the 117-bp fragment,
polymerase was added before the tubes were placed in the thermocycler. The samples
underwent thermocycler parameters as described [35]. To ensure quantitative conditions
within the linear range of fragment amplification, a 50% control containing 7.5 ng of
template DNA was included with each sample set. To ensure a lack of contamination in the
PCR reaction components, a ‘no template’ control was included with each sample set, and
contained a volume of 1X TE equal to the volume of DNA samples in the other reactions.
PCR products were quantified using PicoGreen fluorescence (Invitrogen, Carlsbad, CA) and
a plate reader. The fluorescence of the ‘no template’ control was subtracted from the average
fluorescence of triplicate reads for each PCR reaction. PCR products were run on a 0.8%
agarose gel (for large mito and β-pol fragments) or a 1.8% agarose gel (for small mito
fragments) to ensure correct size of the PCR product and the absence of product in the ‘no
template’ lane. Relative mitochondrial DNA copy number was calculated after subtracting
the ‘no template’ fluorescence from the fluorescence values of the samples and comparing
this fluorescent value to the average fluorescence – no template value of all the samples. The
resultant ratio indicates the relative mtDNA copy number of each sample compared to each
other. DNA lesion frequencies were calculated as described [35]. Briefly, after subtracting
the ‘no template’ fluorescence from the fluorescence values of the control and treated
samples, the fluorescence values of treated samples (FT) were divided by the fluorescence
values of control samples (FC). The resulting ratio is the relative amplification of damaged
to control samples. If lesions are assumed to be randomly distributed, then nondamaged
templates can be set as the zero class in the Poisson equation and can be used to calculate
the lesion frequency per DNA strand of treated samples: λ = −ln FT/FC. One-way analysis
of variance (ANOVA) was utilized for statistical analysis, with p values corresponding to
<0.05 (*) as significant.

2.4. Measurement of mitochondrial function
OCR (oxygen consumption rate) and ECAR (extracellular acidification rate) measurements
were made with a Seahorse XF24-3 Extracellular Flux Analyzer (Seahorse Bioscience,
Billerica, MA). The Seahorse Bioscience XF24 Extracellular Flux Analyzer measures
oxidative phosphorylation (OXPHOS) and glycolysis in real time. The apparatus contains
two fluorophores, one sensitive to changes in pH and the other sensitive to changes in
oxygen concentration. The pH-sensitive fluorophore measures the extracellular acidification
rate (ECAR), which is proportional to the rate of lactate production by glycolysis. The
oxygen-sensitive fluorophore measures the oxygen consumption rate (OCR), which enables
it to accurately measure the rate at which cytochrome c oxidase (complex IV) reduces one
O2 molecule to two H2O molecules during OXPHOS. Cells were seeded in 24-well
Seahorse tissue culture microplates in growth media at a density of 4 × 104 cells per well
and incubated overnight at 37 °C. Before running the Seahorse assay, cells were incubated
for 1 h without CO2 in unbuffered DMEM. OCR and ECAR were measured to establish a
baseline. Additional automated measurements were performed after the injection of four
compounds affecting bioenergetic capacity: oligomycin (1 μM) at injection port A, FCCP
(300 nM) at injection port B, 2-DG (100 mM) at injection port C, and rotenone (1 μM) at
injection port D. Experiments were performed by simultaneously measuring OCR and
ECAR rates in real time by averaging rate data for 4–6 replicate wells of each drug
treatment. Data was reported in pmol/min for OCR and mpH/min for ECAR. After the
completion of the experiment, cells were immediately trypsinized and counted with the
CASY Cell Counter (Innovatis, Bielefeld, Germany) to normalize individual well rate data
to cell counts. ANOVA analysis was used to compare mitochondrial function of control and
drug-treated wells.
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2.5. Western blot analysis
92TAg MEFs were exposed to 200 μM H2O2 for either 15 or 60 min or 2 mM MMS for 60
min and were allowed to recover in conditioned media for 8 h. Antibodies against ND4
(A-16; Santa Cruz), β-actin (AC-15; Sigma), complex V α subunit (Mitosciences) and porin
(Mitosciences) were used. Cell pellets were lysed in 1% NP-40 lysis buffer and protein
concentrations were measured using the Bradford assay (BioRad). Equal volumes and
concentrations of proteins were loaded on a 4–15% Tris–HCl gel (BioRad) and run at 90 V
for 1.5 h. Gels were transferred overnight at 150 mA onto a nitrocellulose membrane
(BioRad). Blocking was performed overnight at 4 °C in 20% PBST milk and antibody
incubations were performed in 10% PBST milk. Primary antibody incubation was
performed overnight at 4 °C with rocking. Secondary antibody incubation was done at room
temperature for 30 min on a shaker. Three 5-min washes in PBST were done between
primary and secondary antibody incubations and after secondary antibody incubation. Blots
were developed using the SuperSignal West Femto Maximum Sensitivity Substrate (Thermo
Scientific) onto X-ray film (Thermo Scientific) and were analyzed using ImageJ software.
Porin, ND4, and complex V α subunit bands were normalized to β-actin.

2.6. Multiplex analysis
92TAg MEFs were plated and treated with 200 μM H2O2 or 2 mM MMS for 1 h and were
harvested 8 h later. The Milliplex® MAP (Millipore, Billerica, MA) Magnetic Bead Panel
for OXPHOS complexes I, III, and V (cat #RM0XPSMAG-17K) coupled with the
Luminex® XMAP® platform was performed in a 96-well plate as previously described [41].
Samples were analyzed using the Bio-Plex suspension array system (Bio-Rad Laboratories,
Hercules, CA).

2.7. Amplex red assay
92TAg MEFs were plated and treated with H2O2 as described in other sections. Amplex Red
solutions (1X reaction buffer, HRP stock solution, Amplex Red solution) were prepared as
described by the manufacturer. At 5–10 min increments after the H2O2 treatment had
commenced, the plate was swirled around and a small sample of media was removed and
placed into ice cold 1X reaction buffer. At the end of the treatment, each sample was mixed
briefly and pipetted into a 96-well plate, along with the standards for a H2O2 standard curve
that had been previously prepared in reaction buffer in H2O2 concentrations ranging from 0
to 20 μM. Amplex Red solution was combined with 1X reaction buffer and HRP stock
solution to make a working solution that was then pipetted into the 96-well plate. The plate
was then incubated at room temperature for 30 min, protected from light. A plate reader with
excitation in the range of 530–560 nM and emission at 590 nM was used to read the
resulting fluorescence. The H2O2 concentration of each sample was calculated using the
H2O2 standard curve.

3. Results
The goal of this study was to understand the relationship between persistent mtDNA damage
and mitochondrial function. To accomplish this goal, we utilized the QPCR assay to
quantify DNA damage and mtDNA copy number in H2O2- and MMS-treated samples
relative to control mock-treated samples, western blots to measure cellular levels of nuclear
and mitochondrially encoded proteins, and the Seahorse Extracellular Flux Analyzer to
measure cellular glycolysis and oxidative phosphorylation.

3.1. Hydrogen peroxide and MMS cause persistent mtDNA damage
92TAg MEFs were incubated in H2O2-containing media for 15 min (Fig. 1A) or 60 min
(Fig. 1B), with a wide range of H2O2 concentrations employed (50–400 μM for 15 min or
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50–200 μM for 60 min). As observed previously, initial mtDNA lesions were dependent on
concentration and influenced by the treatment time [3,6]. For example, a 15-min treatment
with 100 μM H2O2 initially caused 1.1 lesions/10 kb, which were repaired almost
completely by 8 h. In contrast, a 60 min treatment with 100 μM H2O2 initially caused 1.6
lesions/10 kb, which were incompletely repaired, even after 8 h (0.65 lesions/10 kb
remaining). These data indicate that persistent mtDNA damage depended more upon the
treatment time (15 versus 60 min) than on H2O2 concentration. To further illustrate the
differences in mtDNA repair rates between 15- and 60-min treated cells, the number of
mtDNA lesions after a 15- or 60- min treatment with 200 μM H2O2 was measured at 0, 1, 4,
and 8 h recovery (Supplementary Fig. 1A). While the initial mtDNA lesion frequencies are
comparable (Supplementary Fig. 1A), the 60-min treated cells show persistent mtDNA
damage and loss of mtDNA at 8 h (Supplementary Fig. 1B). In regards to nDNA damage,
amplification of a nuclear DNA fragment near the β-polymerase gene indicated that nDNA
damage inflicted by the H2O2 treatment was below the detection range of this assay, ~1
lesion/105 bases (data not shown).

Once persistent mtDNA lesions had been observed in an oxidant model of damage, 92TAg
MEFs were treated with the alkylating agent MMS to determine if a non-oxidant model of
damage would lead to mtDNA lesions persisting at 8 h. Based on the observation that a 60-
min H2O2 was able to cause persistent mtDNA lesions, a 60-min treatment time with MMS
was employed. After performing a dose–response experiment with MMS to establish a
moderate initial lesion frequency (1–2 lesions/10 kb mtDNA)(Supplementary Fig. 2), 2 mM
MMS was used to treat 92TAg MEFs. A 60-min treatment with 2 mM MMS caused 1.5/10
kb initial mtDNA lesions, and by 8 h following treatment, 71% of these lesions persisted
(Fig. 1C). Additionally, this same concentration and treatment time of MMS caused 2.1/10
kb nDNA lesions (Fig. 1D). Unlike the mtDNA damage, nDNA damage was more
effectively repaired (61% reduction in nDNA lesions) by 8 h recovery. MMS caused both
persistent mtDNA and nDNA damage.

3.2. A rapid loss of mtDNA occurs after H2O2 treatment and not after MMS treatment
Treatment with 200 μM H2O2 caused a loss of mtDNA copy number in both 15- and 60-min
treated cells (Fig. 2A and B), with the 60-min treated cells showing increased loss of
mtDNA as compared to the 15 min-treated cells. A time course was performed at 0, 1, 4, and
8 h recovery to measure the rate of mtDNA loss in cells treated for 15 or 60 min with 200
μM H2O2 (Supplementary Fig. 1B). A 15-min 200 μM H2O2 treatment caused a 29% loss of
mtDNA at 8 h as opposed to the 65% loss of mtDNA in the 60-min treated cells. Since the
15 min treatment only caused 29% lower number of lesions, but showed a 2-fold increase in
retention of mtDNA as compared to the 60-min treated cells, these data suggest that it is the
treatment duration and not mtDNA lesion frequency that affects loss of mtDNA.

Although a 60-min treatment with 2 mM MMS caused similar mtDNA lesions to a 60-min
treatment with 100 μM H2O2 (1.4 lesions/10 kb and 1.6 lesions/10 kb, respectively), the
MMS treatment did not result in any loss of mtDNA at 8 h following treatment (Fig. 2C). In
fact, there was a slight increase in the mtDNA copy number at 8 h following MMS
treatment. Thus, H2O2 treatment or MMS treatment, despite causing similar lesion
frequencies, show striking differences in loss of mtDNA.

3.3. A 60 min treatment with H2O2 and not MMS causes a loss of complex V α subunit
Based on the persistent mtDNA lesions in the 60-min H2O2-treated cells and in the MMS-
treated cells, we hypothesized that there would be a decrease in a mitochondrially encoded
protein after these treatments. This hypothesis was further supported by the results of a
previous study that did not look at individual mitochondrial protein levels but showed
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decreased mitochondrial protein synthesis in epithelial cells treated with 200 μM H2O2 [22].
For this purpose, we determined the levels of ND4, a mitochondrially encoded subunit of
complex I, normalized to the nuclear-encoded β-actin (Fig. 3). We found that at 8 h after a
60-min treatment with 2 MMS or 200 μM H2O2, ND4 levels were not significantly
decreased compared to control levels (Fig. 3). Similarly, the 15-min H2O2-treated cells did
not show a decrease in ND4 levels at 8 h after treatment.

We measured levels of a nuclear-encoded mitochondrial protein, the α subunit of complex
V, and observed a significant 37% decrease in the level in cells treated with H2O2 for 60
min, but not in cells treated with MMS for 60 min or in cells treated with H2O2 for 15 min
(Fig. 3). Histogram data was acquired from 3 to 6 biological repeats, with 2–6 samples per
repeat, and 1–4 westerns performed for each biological repeat. Included in summary figures
are representative blots for the H2O2 treatment (Supplementary Fig. 3A) and MMS
treatment (Supplementary Fig. 3B).

In addition to measuring levels of ND4 and complex V α, we measured the levels of the
outer membrane transporter porin (VDAC-1) and found that the levels of porin were highly
variable and thus showed no significant difference from control (Fig. 3).

3.4. Complex I is significantly reduced at 8 h in H2O2-treated cells but not MMS-treated
cells

We sought to reiterate the observed decrease in complex V α subunit using western blot
analysis with a multiplex assay and different capture antibodies. The Milliplex® MAP
multiplex assay utilizes fluorescently labeled magnetic beads to simultaneously assay the
levels of complex I, complex III, and complex V in mouse cell lysates.

We predicted that complex V would be decreased in cells treated for 60 min with 200 H2O2
but not in cells treated for 60 min with 2 mM MMS. Fig. 4 shows the levels of complex I,
complex III, and complex V compared to control-treated cells. This assay showed no
significant differences in complex I, III, or V between MMS-treated cells and control-treated
cells. Interestingly, the assay also showed no difference in complex V level between control-
treated cells and H2O2-treated cells, which is in contrast to our western blot data. However,
the level of complex I was significantly decreased in H2O2-treated cells compared to
control.

3.5. Hydrogen peroxide but not MMS causes a steep decline in oxidative phosphorylation
and a concomitant increase in glycolysis

In order to examine mitochondrial function, a combination of four pharmacological
inhibitors was used consecutively during the Seahorse extracellular flux analysis. The
oxygen consumption rate (OCR) measurements before compound injections are referred to
as the basal OCR. The first compound that is injected is oligomycin, which inhibits complex
V in the electron transport chain and causes a decrease in respiration. The difference
between the resulting OCR and the basal OCR is the ATP-linked OXPHOS (Fig. 5A). The
second and third compounds, FCCP and 2-DG, uncouple the mitochondria and inhibit
glycolysis, respectively, which drives mitochondrial respiration to its maximal capacity,
referred to in this study as the total reserve capacity (Fig. 5A). Finally, rotenone inhibits
oxidative phosphorylation at complex I and blocks all mitochondrial oxygen consumption.

We predicted that persistent mtDNA damage in both 60-min H2O2- and MMS-treated cells
would result in mitochondrial dysfunction at 8 h. Fig. 5B shows the ATP-linked OXPHOS
at 0, 1, 4, and 8 h following either a 15- or a 60-min treatment with H2O2. Immediately after
a 60 min treatment with hydrogen peroxide, mitochondria become uncoupled, as evidenced
by the smaller decrease in oxygen consumption rate after the addition of oligomycin
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(Supplementary Fig. 4A), and this is illustrated in Fig. 5B by the 32% drop in ATP-linked
OXPHOS. After 1 h recovery from H2O2 treatment, there is a decrease in ATP-linked
OXPHOS and total reserve capacity in both 15-min and 60-min H2O2-treated cells. This
effect is greater in the 60-min treated cells (38% decrease in ATP-linked OXPHOS and 62%
decrease in total reserve capacity). By 4 h after the H2O2 treatment, the 15-min treated cells
have nearly recovered their total reserve capacity to control levels, but their ATP-linked
OXPHOS is still decreased. This is in contrast to the 60-min H2O2-treated cells, which did
not recover ATP-linked OXPHOS or total reserve capacity to mock-treated levels (53% loss
of ATP-linked OXPHOS and 68% loss of total reserve capacity). At 8 h recovery, the 15-
min H2O2-treated cells have restored their ATP-linked OXPHOS to control levels, but the
60-min H2O2-treated cells now show a 51% loss of ATP-linked OXPHOS and an 87% loss
of total reserve capacity (Fig. 5C), in addition to a 40% increase in baseline glycolysis (Fig.
5F). The complete Seahorse profiles summarized in Fig. 5B and C are shown in
Supplementary Fig 4A–D.

Fig. 5A shows the mitochondrial pharmacologic profile of MMS-and control-treated cells at
8 h after treatment. Unlike in 60-min H2O2-treated cells, a 60 min treatment with MMS did
not cause massive mitochondrial dysfunction, and in fact only resulted in a 12% loss of
ATP-linked OXPHOS (Fig. 5D) and total reserve capacity (Fig. 5E) at 8 h recovery and no
concomitant increase in glycolysis (Fig. 5G).

4. Discussion
The purpose of this study was to better understand the relationship between persistent
mtDNA damage and mitochondrial dysfunction. In this study we found that: (1) mtDNA
damage persisted in cells treated with H2O2 or MMS for 60 min, but not in cells treated with
H2O2 for 15 min; and that H2O2 damage persistence was not dependent upon the initial
lesion frequency; (2) both the 15 min and 60 min H2O2 treatments caused a significant loss
of mtDNA, but the 60 min treatment with MMS did not result in mtDNA loss; (3) cells
treated for 60 min with MMS did not have significantly decreased levels of mitochondrial
complexes or mitochondrial proteins at 8 h, while the 60-min H2O2-treated cells showed a
decrease in the nuclear-encoded complex V subunit α (37% loss) and complex I (24% loss)
at 8 h; (4) a 60 min H2O2 treatment caused a 51% loss of ATP-linked OXPHOS and a
plunge in mitochondrial function to 13% of the control total reserve capacity by 8 h
following treatment, unlike MMS-treated cells, which only resulted in a 12% loss of
mitochondrial function at 8 h. Collectively, these data suggest that persistent mtDNA
damage is not sufficient to cause rapid mtDNA loss and mitochondrial dysfunction.

QPCR analysis indicated persistent mtDNA lesions at 8 h following a 60 min treatment with
H2O2 or MMS. The persistence of the lesions is not dependent on initial lesion frequency,
but is dependent on treatment time; cells treated for 15 min with H2O2 did not have
persistent mtDNA lesions at 8 h. To better understand the disparities between a 15-min and
a 60-min treatment with H2O2, the H2O2 concentration was measured over time in the
presence and absence of cells. The data show that the half-life of H2O2 in cells to be 15 min
(Supplementary Fig. 5). Although the 15-min-treated cells are exposed to 50% of the H2O2
of the 60-min-treated cells, they have different fates regarding mtDNA, mtDNA damage,
and mitochondrial function.

Although both H2O2 and MMS were able to induce persistent mtDNA damage, we suggest
that persistent mtDNA damage may occur through two different mechanisms (Fig. 6). These
differences may be due to one or more factors, including: (1) oxidation of mitochondrial
proteins during H2O2 treatment that leads to a vicious cycle of ROS production and
generation of mtDNA damage [3,6]; (2) impaired mitochondrial import of DNA repair
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proteins in H2O2- but not MMS-treated cells; (3) direct or indirect ROS-mediated inhibition
of mtDNA repair during a crucial window of time for the initiation of repair; (4) insufficient
alkylation repair pathway and/or (5) oxidant-induced alterations in mitochondrial dynamics
of fission and fusion.

Oxidant treatments for 15- and 60-min led to a loss of mtDNA at 8 h, but a 60-min MMS
treatment did not cause rapid mtDNA loss. Initial mtDNA lesion frequencies for the H2O2
and MMS treatments were similar, and these data indicate that mtDNA loss is not dependent
on DNA lesion frequency. Likewise, mtDNA loss is not predictive for the persistence of
mtDNA damage. Our data supports earlier work, which used different methods to suggest
that oxidatively damaged mtDNA is degraded [10,42]; in addition, it reproduces in
mammalian cells the results of a study in yeast in which MMS treatment showed no loss of
mtDNA [43].

Cells treated for 60 min with 200 μM H2O2 showed a significant 37% decrease in the
nuclear-encoded complex V subunit α (Fig. 3). However, results from the multiplex assay
suggest that this decrease in complex V subunit α does not affect the total levels of complex
V (Fig. 4). The lack of complex V loss suggests that perhaps complex V subunit α is
produced in excess. Western analysis probably measures both free and complex-associated
complex V α, whereas the multiplex assay was designed to pull down only intact complex
V. Although the multiplex assay did not detect a loss of complex V in H2O2-treated cells, it
did show a 24% loss of complex I. The decrease in complex V α in H2O2-treated cells could
be due to (1) oxidant-impaired import of nuclear-encoded mitochondrial proteins [44,45] or
(2) selective oxidative damage to the complex V subunit α gene (ATP5A1α) promoter, as
suggested in a 2004 study [46]. In regard to cells treated with MMS for 60 min, these cells
had no significant loss in either ND4 or complex V α using western blot (Fig. 3), and this
finding was recapitulated using the multiplex assay, which showed no loss of complex I, III,
or V (Fig. 4). The loss of complex I at 8 h after H2O2 treatment but no loss of complex I, III,
or V at 8 h after MMS treatment is consistent with the significant mitochondrial dysfunction
observed at 8 h post-treatment in H2O2-treated but not MMS-treated cells.

A 60 min H2O2 treatment led to a rapid and continual decrease in mitochondrial function.
ATP-linked OXPHOS showed a 32% loss immediately following treatment, which
increased to a 51% loss of ATP-linked OXPHOS at 8 h recovery. Startlingly, the initial 27%
drop in total reserve capacity was exacerbated to 87% by 8 h following H2O2 treatment. In
contrast, MMS-treated cells only showed a 12% loss of mitochondrial function by 8 h.
Although the H2O2 treatment and the MMS treatment both had persistent mtDNA damage at
8 h post-treatment, this was not sufficient to drive mitochondrial dysfunction. The difference
in mitochondrial function between the 60 min H2O2 treatment and the 60 min MMS
treatment may instead be due to other factors, including: (1) oxidant-impaired import of
nuclear-encoded proteins, which is suggested by the 37% loss of complex V α subunit in the
H2O2-treated cells, (2) selective oxidant damage to the promoter region of ATP5A1α and/or
(3) the excessive H2O2-induced loss of mtDNA (>50%), which is supported by the complete
lack of OXPHOS seen in cells deficient in mtDNA (ρ0 cells).

Though the QPCR assay uses recombinant Thermus thermophilus polymerase, the ability of
DNA lesions to block the polymerase is comparable to the mitochondrial DNA polymerase,
polymerase γ. DNA lesions such as abasic sites and 8-oxoguanine in particular have been
previously studied in the context of these two polymerases. Abasic sites are generated not
only by oxidant treatment and base excision repair, but also by heating DNA lesions induced
by alkylating agents [47]. T. thermophilus polymerase is blocked by abasic sites 95% of the
time, and polymerase γ is blocked by this lesion greater than 80% of the time [48,49].
Regarding the 8-oxoguanine lesion, T. thermophilus polymerase was found to be blocked by
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this lesion 89% of the time, whereas polymerase γ is blocked by this lesion 95% of the time
[48,50]. These findings indicate that the number of polymerase-blocking lesions measured in
our study is applicable to polymerase γ.

In summary, this study addressed two important questions: (1) Do persistent mtDNA lesions
lead to rapid mtDNA loss and/or mitochondrial dysfunction? (2) What are the effects of
MMS on mtDNA lesion levels, mtDNA loss and mitochondrial function? The results of this
study demonstrate that persistent mtDNA damage is not sufficient to cause rapid mtDNA
loss or mitochondrial dysfunction. In addition, we showed that MMS generates more nDNA
lesions than mtDNA lesions. Importantly, the mtDNA lesion frequencies that a range of 1–3
mM MMS generates are similar to H2O2-induced lesion frequencies in our study. However,
unlike H2O2, MMS causes no mtDNA loss and a modest (12%) decrease in mitochondrial
function. The question of slow repair kinetics of MMS-induced mtDNA damage remains
unresolved. Surprisingly little is known about the enzymology of alkylation repair in the
mitochondria. Future studies are needed to address the mechanism and kinetics of alkylation
repair in mtDNA.

This study suggests that mitochondrial dysfunction is not caused by initial mtDNA lesion
frequency or by persistent mtDNA damage and may instead be influenced by mtDNA copy
number. With the observation that a 15-min 200 μM H2O2 treatment led to a 30% loss of
mtDNA but a restoration of mitochondrial function by 8 h, it would be predicted that a
>50% loss of mtDNA would lead to the further decline of mitochondrial function as seen in
cells treated with 200 μM H2O2 for 60 min. Similarly, MMS-treated cells show no loss of
mtDNA and perhaps consequently, no loss of mitochondrial function. Future studies will
address the cause of H2O2-induced mtDNA loss and the possible role of mitophagy and/or
mitochondrial fission in this process.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
A 60 min treatment with H2O2 or MMS causes persistent mtDNA damage. Cells were
plated and the following day were treated for 15 or 60 min with various concentrations of
H2O2 or for 60 min with 2 mM MMS in serum-free media. After the treatment, the media
was replaced with conditioned media and the cells were allowed to recover for 0 or 8 h.
Cells at 0 h recovery were immediately harvested following treatment. mtDNA lesions at 0
and 8 h after a (A) 15-min H2O2 treatment, (B) a 60-min H2O2 treatment or a (C) 60-min
MMS treatment. Error bars represent the SEM of n = 4–19, with 2–9 biological experiments
and 2–3 replicates per treatment type. H2O2 at 400 μM was not used to treat cells for 60
min. One-sided ANOVA and a Tukey test were used to analyze these data, p < 0.05 (*).
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Fig. 2.
H2O2 and not MMS causes rapid loss of mtDNA. Cells were plated and the following day
were treated for 15 or 60 min with various concentrations of H2O2 in serum-free media or
for 60 min with 2 mM MMS in serum-free media. After the treatment, the media was
replaced with conditioned media and the cells were allowed to recover for 0 or 8 h. Cells at
0 h recovery were immediately harvested following treatment. Fraction of mtDNA copy
number remaining at 8 h after a (A) 15-min H2O2 treatment, (B) 60 min H2O2 treatment or a
(C) 60-min MMS treatment. Error bars represent the SEM of n = 4–19, with 2–9 biological
experiments and 2–3 replicates per treatment type. H2O2 at 400 μM was not used to treat
cells for 60 min. One-sided ANOVA and a Tukey test were used to analyze these data, p <
0.05 (*). There is a significant difference in the mtDNA copy number at 8 h when
comparing cells treated with 200 μM H2O2 for 15 min to cells treated with 200 μM H2O2
for 60 min.
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Fig. 3.
H2O2 and MMS affect mitochondrial protein levels differently. Cells were plated and the
following day were treated for 15 or 60 min with 200 μM H2O2 or for 60 min with 2 mM
MMS in serum-free media. After the treatment, the media was replaced with conditioned
media and the cells were allowed to recover for 8 h. Cells at 8 h recovery were harvested
and subjected to western blotting with anti-ND4, anti-complex V α subunit, anti-porin and
anti-β-actin. Histogram of ND4 and complex V α subunit levels after H2O2 or MMS
treatment, normalized to β-actin (Fig. 3). For H2O2, four individual experiments were
performed, with 2–4 separate gels per experiment and 1–3 replicates per treatment type. For
MMS, three individual experiments were performed, with 1–2 gels per experiment and 3–6
samples per treatment type. Light gray bar, control; green striped bar, 2 mM MMS for 60
min; black bar, 200 μM H2O2 for 60 min; dark gray bar, 200 μM H2O2 for 15 min. Error
bars represent standard deviation. A one-way ANOVA was used to analyze these data, p <
0.05 (*). Complex V α levels in cells treated for 60 min with 200 μM H2O2 are significantly
decreased compared to control. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of the article.)
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Fig. 4.
H2O2 and MMS affect mitochondrial complex levels differently. Cells were plated and the
following day were treated for 15 or 60 min with 200 μM H2O2 or for 60 min with 2 mM
MMS in serum-free media. After the treatment, the media was replaced with conditioned
media and the cells were allowed to recover for 8 h. Cells at 8 h recovery were harvested
and subjected to a multiplex assay detecting complex I, complex III, and complex V levels.
Histogram of complex I, III, and V levels after H2O2 or MMS treatment. Three individual
experiments were performed, with 1–2 replicates per treatment type. Light gray bar, control;
green striped bar, 2 mM MMS for 60 min; black bar, 200 μM H2O2 for 60 min. Error bars
represent SD, n = 5–6. A one-way ANOVA was used to analyze these data, p < 0.05 (*).
(For interpretation of the references to color in this figure legend, the reader is referred to the
web version of the article.)

Furda et al. Page 17

DNA Repair (Amst). Author manuscript; available in PMC 2014 January 02.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 5.
A 60-min H2O2 treatment and not a 60-min MMS treatment causes major mitochondrial
dysfunction. Cells were plated and the following day were treated for 15 or 60 min with 200
μM H2O2 or for 60 min with 2 mM MMS in serum-free media. After the treatment, the
media was replaced with conditioned media and the cells were allowed to recover. One hour
before putting the cell plate into the Seahorse, unbuffered serum-free media was put on the
cells and the cells were placed in a 0% CO2 incubator to rid the media of CO2. ATP-linked
OXPHOS is represented by X̄1–4–X̄5–7 and total reserve capacity is represented by X̄8–13–
X̄5–7. (A) Pharmacologic profile of mitochondrial OXPHOS 8 h after treatment with 2 mM
MMS. Control-treated cells are represented by —●— and MMS-treated cells are
represented by --▲--. Error bars represent the SEM of 2 separate Seahorse experiments with
6 replicates per run. (B) ATP-linked OXPHOS and (C) total reserve capacity of H2O2-
treated cells at 0, 1, 4, and 8 h as compared to control-treated cells. (D) ATP-linked
OXPHOS and (E) total reserve capacity of MMS-treated cells at 8 h as compared to control-
treated cells. Basal glycolysis at 8 h after (F) H2O2 or (G) MMS treatment as compared to
control-treated cells. ANOVA was used to analyze these data and a Tukey test for multiple
comparisons was used to compare across groups, p < 0.05 (*). At all timepoints measured,
the 60 min with 200 μM H2O2 treatment causes a significant reduction in mitochondrial
function as compared to cells treated for 15 min with 200 μM H2O2.
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Fig. 6.
Model of mtDNA damage persistence in H2O2- versus MMS-treated cells. Mitochondrial
DNA damage is predicted to persist in H2O2-treated cells due to oxidant-induced inhibition
of mitochondrial protein import, direct oxidation of repair proteins, and/or perturbations in
mitochondrial dynamics. MMS-induced mtDNA lesions are predicted to persist due to an
insufficient alkylation repair pathway in mitochondria. As of yet, no proteins that recognize
and repair alkylating lesions have been identified in mammalian mitochondria.
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