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There is an age-associated decline in the mitochondrial
function of the Wistar rat heart. Previous reports from
this lab have shown a decrease in mitochondrial
cytochrome ¢ oxidase (COX) activity associated with
a reduction in COX gene and protein expression and a
similar decrease in the rate of mitochondrial protein
synthesis. Damage to mitochondrial DNA may con-
tribute to this decline.

Using the HPLC—Coularray system (ESA, USA), we
measured levels of nuclear and mitochondrial 8-oxo-
2'-deoxyguanosine (8-oxodG) from 6-month (young)
and 23-month-old (senescent) rat liver DNA. We mea-
sured the sensitivity of the technique by damaging calf
thymus DNA with photoactivated methylene blue for
30s up to 2 h. The levels of damage were linear over the
entire time course including the shorter times which
showed levels comparable to those expected in liver.
For the liver data, 8-oxodG was reported as a fraction of
2-deoxyguanosine (2-dG). There was no change in the
levels of 8-ox0dG levels in the nuclear DNA from 6 to
23-months of age. However, the levels of 8-oxodG
increased 2.5-fold in the mitochondrial DNA with age.
At 6 months, the level of 8-0xodG in mtDNA was 5-fold
higher than nuclear and increased to approximately 12-
fold higher by 23 months of age. These findings agree
with other reports showing an age-associated increase
in levels of mtDNA damage; however, the degree to
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which it increases is smaller. Such damage to the
mitochondrial DNA may contribute to the age-asso-
ciated decline in mitochondrial function.
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THE MITOCHONDRIAL GENOME AND
CYTOCHROME ¢ OXIDASE

Mitochondria contain their own circular genome
that encodes 2 rRNAs, 22 tRNAs, and 13 poly-
peptides. These polypeptides are subunits of the
respiratory chain complexes located in the mito-
chondrial inner membrane.’! With its own
genome, the mitochondrion is capable of transla-
tion, transcription, and DN A synthesis. However,
all of these processes are dependent on cytosolic
components of nuclear origin such as heat-shock
proteins, initiation factors, elongation factors,
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transcription factors, polymerases and DNA
repair enzymes'>?! (Figure 1).

Cytochrome oxidase (COX), the terminal activ-
ity of the respiratory chain and essential for
proper mitochondrial function, is composed of
13 subunits of which the three catalytic subunits
are encoded by the mitochondrial genome.
Therefore, a decline in mitochondrial translation
or transcription of DNA with age could result in
reduced in COX activity.

In addition, damage to mitochondrial DNA
(mtDNA) could play a role in the decrease in
COX function. One of the major theories of
aging states that oxidative damage to mito-
chondrial macromolecules, including mtDNA,
decreases mitochondrial function thereby low-
ering the cell’s energy supply leading to cell
death.! DNA damage could reach deleterious
levels if there was a reduction in repair activity
or if DNA damage levels simply overwhelmed
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FIGURE 1 The process of mitochondrial biogenesis. This flow
chart illustrates the complexity of the interaction between
the nuclear and mitochondrial genomes required for mito-
chondrial biogenesis and function. The “backbone”, shown
with the thick black lines, represents the events that take place
within the mitochondrion. Those activities and proteins of
non-mitochondrial origin are labeled in blue and are re-
quired at numerous points in the pathway as indicated by
the small arrows. They include transcription, initiation, and
elongation factors as well as the heat shock proteins needed
for mitochondrial biogenesis. In addition, numerous nuclear
encoded subunits, such as those of cytochrome oxidase and
the ATP synthase, and proteins are required for proper mito-
chondrial function. (See Color plate I at the end of this issue.)

the repair capacity of the mitochondria. Such a
loss of mtDNA repair and/or increase in
mtDNA damage could adversely affect COX
function.

Previous reports have shown an age-associated
decline in COX activity.®®' After confirming
that there was a decrease in COX activity with
age, we examined other mitochondrial pro-
cesses to determine if some aspect of mitochon-
drial gene expression could account for this
change in function. Using isolated mitochondria,
we investigated both mitochondrial protein
synthesis and transcription to determine if either
or both played a role in the decline of COX
activity.

CHANGES IN MITOCHONDRIAL
PROTEIN SYNTHESIS AND GENE
EXPRESSION WITH AGE

To verify that there was an age-associated
decrease in COX function in our model, we
isolated rat heart mitochondria and compared
cytochrome oxidase activities in young, 6-7-
month old rats and old, 23-24-month old -rats.
In agreement with previous reports, there was a
30% decrease in COX activity with age.>®! Citrate
synthase failed to show an age-associated change
in activity suggesting that the decline in COX
activity was the result of the reduced specific
activity of the enzyme and did not reflect
differential contamination of the preparation.
The decrease in COX activity was associated
with a decrease in the protein levels of the
COX subunits and a lower rate of mitochondrial
protein synthesis with age.”’ There was a similar
decrease in the mRNA expression of the COX
subunits and a reduction in the rate of mitochon-
drial transcription.”? Combined, these decreases
in mitochondrial function could account for the
decrease in COX activity with age. However, we
wanted to determine if damage to mtDNA could
also play a role in this decline.
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Color Plate 1 (see page 574, figure 1) The process of mitochondrial biogenesis. This flow chart illustrates the complexity of the
interaction between the nuclear and mitochondrial genomes required for mitochondrial biogenesis and function. The “back-
bone”, shown with the thick black lines, represents the events that take place within the mitochondrion. Those activities and
proteins of non-mitochondrial origin are labeled in blue and are required at numerous points in the pathway as indicated
by the small arrows. They include transcription, initiation, and elongation factors as well as the heat shock proteins needed
for mitochondrial biogenesis. In addition, numerous nuclear encoded subunits, such as those of cytochrome oxidase and the
ATP synthase, and proteins are required for proper mitochondrial function.
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OXIDATIVE DAMAGE TO OTHER
CELLULAR COMPONENTS

The free radical theory of aging has become part
of the fabric of the scientific community.!®
Because they are one of the major sources of
reactive oxygen species in the cell, mitochondria
are believed to play a role in the aging process.!!
It has been shown that other cellular macro-
molecules such as proteins, phospholipids, and
nucleic acids suffer oxidative damage.”™ We
examined damage to mitochondria by measuring
lipid peroxidation in isolated mitochondria using
the thiobarbituric acid reactive species (TBARS)
assay.'? This spectrophotometric assay mea-
sures levels of malondialdehyde (MDA), a sec-
ondary product of lipid peroxidation.

The results show no change in mitochondrial
TBARS levels indicating no increase in lipid
peroxidation in the aging rat heart. However,
the sensitivity of this spectrophotometric assay
has been brought into question. The problem is
that other aldehydes may react with TBA giving
spurious results. It is possible that the best
method for measuring lipid peroxidation may
be the separation of other aldehydes in the
sample by HPLC followed by a spectrophoto-
metric analysis or electrochemical analysis of
the lipid peroxidation product 4-hydroxy-
nonenal.” The increased sensitivity of these
methods may show a difference in lipid peroxi-
dation levels.

CHANGES IN MITOCHONDRIAL DNA
PROCESSING WITH AGE

Our lab recently characterized a protein called
mitochondrial oxidative damage-specific endo-
nuclease (mtODE)." We have purified and
defined an endonuclease with 8-oxoguanine
specificity that was located within the mitochon-
dria. We thought mtODE could provide some
insight into age-associated changes in mtDNA
processing and /or mtDNA repair. Due to reports

showing an increase in mtDNA damage with age,
we expected to find a decrease in mtODE
activity.”>7} Using a radiolabeled oligo contain-
ing 8-oxoguanine, we tested mitochondrial pre-
parations from young and old rat hearts for
mtODE activity.!"®

We found there to be a 40% increase in mtODE
activity with age.!"® This lead us to speculate that
an increase in DNA damage somehow led to an
increase in the expression or activity of DNA
processing enzymes. To test this hypothesis, we
began isolating DNA from rat heart to confirm
that there were higher levels of oxidative DNA
damage with age. Efforts to determine the levels
of oxidative damage to mtDNA were hampered
by the inability to isolate appropriate amounts of
mtDNA for HPLC-EC analysis from two rat
hearts. For reasons not yet understood, most of
the heart mtDNA failed to precipitate out of the
ethanol. We are currently trying to modify and
optimize the method using the smallest number
of rats possible.

To test our hypothesis, we began using isolated
rat liver mitochondria and began the process of
characterizing liver mtODE activity hoping it
would have the same increase in activity as that
seen in heart. As was the case with heart, liver
mtODE activity increased 40% with age."® So we
felt confident that we could test our theory and
began the isolation of both nuclear and mitochon-
drial DNA from rat liver.

PREPARATION AND ANALYSIS OF
LIVER DNA

Liver mitochondria were isolated by differential
centrifugation for the preparation of mtDNA,
and the pellet of the first low speed spin was
used for the preparation of nuclear DNA. The
DNA was isolated using the standard RNAase
A, proteinase K, and phenol chloroform pro-
cedure with some modifications which gen-
erated enough DNA for analysis (200-500 ng).1%
Nucleosides were prepared enzymatically
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from 100pg of DNA using nuclease P1 and
alkaline phosphatase then filtered through a
0.22-micron filter and a 30kD cutoff spin
column.®”

To determine the levels of DNA damage, we
monitored levels of 8-oxodG, the oxidative
product of 2-dG, in the nuclear and mitochon-
drial DNA samples.”!! This electrochemically
active DNA adduct was measured using an
ESA four-channel coularray with two channels
set at low potentials for the detection of 8-oxodG
and two channels set at higher potentials for
the detection of 2-dG. The midpoint potentials
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FIGURE 2 Hydrodynamic voltammograms (HDVs) of 8-oxodG
and 2-dG. The HDV js a current-voltage curve that indicates
the specific voltage at which a compound is oxidized and
produces a current. Using standards for 8-oxodG and 2-dG,
we found the optimum potential for 2-dG to be around
950mV (panel A) and for 8-oxodG it was around 300mV
(panel B). This allows accurate identification and separation
of the two DNA adducts.

of the two compounds, 8-oxodG and 2-dG,
differed by 400mV simplifying identification
(Figure 2). The levels of 2-dG were too high to
be measured in the same run, so the samples
were diluted 1:100 in mobile phase then ana-
lyzed in a separate run for 2-dG. All samples
were analyzed twice.

The mobile phase was composed of 100 mM
sodium acetate, pH 5.15 and 5% methanol. The
nucleosides were separated isocratically using a
C-8 column at a flow rate of 1 ml/min for 30 min
to avoid spillover to the successive run. Nucleo-
side standards were run first and had approxi-
mately a 70: 30 ratio over the two channels. The
concentrations of the standards were determined
spectrophotometrically. The peaks were identi-
fied in the samples according to the retention time
and ratio accuracy. For our biological samples, the
8-0x0dG was expressed per 10° 2-dG.

To illustrate the sensitivity and accuracy of the
system, calf thymus DNA was damaged with
photoactivated methylene blue for up to 2 h then
analyzed for 8-oxodG content.>?! Damage
increased in a linear fashion over the entire 2-h
time course, and we were able to detect low levels
of damage with only a 30s of light exposure.
More importantly, we were able to confidently
detect levels in the fmol range needed for
biological samples (Figure 3).

To confirm that our peak of interest was indeed
8-oxodG, we damaged rat liver DNA with
methylene blue and light, then split the sample
in two and treated one-half with Fpg to remove
8-0x0dG."**! We analyzed our peak of interest and
found that Fpg reduced the signal by 90% thus
confirming our peak was 8-oxodG.” We then
analyzed our liver DNA.

AGE-ASSOCIATED INCREASE IN
mtDNA DAMAGE

Our results show an approximate 2.5-fold in-
crease in mitochondrial 8-oxodG and no change
in nuclear levels with age. At 6 months of age,
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FIGURE 3 HPLC-Coularray detection of 8-0xodG at physiological damage levels. Photoactivated methylene blue (MB) was used
to induce the lesion, 8-oxodG, in calf thymus DNA. DNA was exposed to MB for 0-120 min, then submitted blind for HPLC
analysis. Channels 1 and 2 were set to detect 8-0x0dG and channels 3 and 4 were set for 2-dG. The induction of damage
remained linear up to 120 min (panel A) and was able to detect damage at physiological levels (Inset).

the 8-0xodG levels in the mtDNA were roughly
four times higher than that in the nucleus.
However, due to the age-associated increase in
mtDNA damage, there was approximately 10
times more mitochondrial than nuclear DNA
damage by 23 months.” The magnitude of the
increase in mtDNA damage was in agreement
with previous reports, however the absolute
values were ten times lower.!>2%

SUMMARY

The decrease in heart cytochrome oxidase activity
is due to a decrease in mitochondrial protein
synthesis and gene expression. Mitochondrial
gene expression may in turn decrease as a result
of mtDNA damage. mtODE activity increases
with age in both rat heart and liver. In the liver,
mitochondrial 8-oxodG content increases 2.5-fold
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while there is no change in the level of damage in
the nuclear DNA with age.

DISCUSSION

The measurement of oxidative damage in DNA
has become an area of intense interest, and there
is a portion of the scientific community that has
dedicated itself to determining the most accurate
method for the measurement of oxidative dam-
age. We have used the HPLC combined with
the electrochemical array to measure 8-oxodG as
an indicator of the degree of oxidative damage.
The relative changes in the levels of mtDNA
damage are evident. There are numerous design
advances that make the array the preferred
method of analysis. The flow through property
of the electrochemical cells allows complete
oxidation of the sample and an accurate measure-
ment. The coularray allows precise identification
of peaks based on both retention time and the
ratio of the current across multiple channels. This
makes peak identification and quantitation more
exact than single channel EC detectors. The
advantage of HPLC-EC over GC-MS is the ease
and relative mildness of the sample preparation
for HPLC analysis reducing the likelihood of
damage produced from handling and derivatiza-
tion for GC-MS. However, it lacks the ability to
measure a wide array of adducts.

The levels of 8-oxodG that we measured were
approximately 10 times lower than those re-
ported by other laboratories.'>17) This is in large
part due to the advances that Ames and his
colleagues have made in the field of DNA
isolation and nucleoside preparation.”” This, in
conjunction with the EC array technology, has
served to “lower the bar” of DNA damage
detection.

An exhaustive search of the literature pro-
duced relatively few original reports regarding
the increased occurrence of mitochondrial DNA
damage with age. The mitochondrial free radical
theory of aging, for the most part, lacks extensive

experimental support.”! These results presented
here can add to the inventory of mtDNA damage
reports, but a comprehensive and long-ranged
study in humans is needed to determine the true
impact of free radical damage to mitochondria in

aging.
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