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Reduced activity of CLK-1/MCLK1 (also known as COQ7), a
mitochondrial enzyme that is necessary for ubiquinone biosyn-
thesis, prolongs the lifespan of nematodes and mice by a mech-
anism that is distinct from that of the insulin signaling pathway.
Here we show that 2-fold reduction of MCLK1 expression in
mice reveals an additional function for the protein, as this level
of reduction does not affect ubiquinone levels yet affects mito-
chondrial function substantially. Indeed, we observe that the
phenotype of youngMclk1�/� mutants includes a severe reduc-
tion of mitochondrial electron transport, ATP synthesis, and
total nicotinamide adenine dinucleotide (NADtot) pool size as
well as an alteration in the activity of key enzymes of the tricar-
boxylic acid cycle. Surprisingly, we also find that Mclk1 het-
erozygosity leads to a dramatic increase inmitochondrial oxida-
tive stress by a variety of measures. Furthermore, we find that
the mitochondrial dysfunction is accompanied by a decrease in
oxidative damage to cytosolic proteins as well as by a decrease in
plasma isoprostanes, a systemic biomarker of oxidative stress
and aging. We propose a mechanism for the conjunction of low
ATP levels, high mitochondrial oxidative stress, and low non-
mitochondrial oxidative damage in a long-lived mutant. Our
model helps to clarify the relationship between energy metabo-
lism and the aging process and suggests the need for a reformu-
lation of the mitochondrial oxidative stress theory of aging.

Mutational inactivation of clk-1 in Caenorhabditis elegans
(1) and partial inactivation of its orthologue Mclk1 in mice (2)
prolong average and maximum lifespan in these organisms.
Genetic evidence in nematodes indicates that the mechanism
by which clk-1 prolongs lifespan is distinct from that of the
insulin signaling pathway but overlaps with that of caloric
restriction (3, 4), which makes the clk-1/Mclk1-dependent
mechanism one of the very few molecularly defined and evolu-
tionarily conserved pathways of animal aging that has been
found to affect mammals (5–7). CLK-1/MCLK1 is a mitochon-
drial hydroxylase that is necessary for the biosynthesis of
ubiquinone (coenzyme Q or UQ), a membrane antioxidant,
lipid soluble enzymatic cofactor, and essential electron trans-

porter of the mitochondrial respiratory chain (8, 9). In the
absence of CLK-1/MCLK1, bothworms and culturedmouse ES
cells accumulate the biosynthetic intermediate demethoxyu-
biquinone (DMQ).2 Furthermore, no UQ can be detected in
Mclk1�/� embryos, which start to die after embryonic day 8 (8).
In contrast, clk-1 mutant worms, although they are equally
unable to manufacture UQ9, survive thanks to their ability to
absorb dietary (bacterial) UQ8 (endogenous UQ9 and bacterial
UQ8 have different isoprenoid side chain lengths, as indicated
by the subscript). These mutants, therefore, contain a mix of
exogenous UQ8 and endogenous DMQ9. In such animals, Kay-
ser et al. (10) discovered a reduction in electron transport from
mitochondrial complex I but not from complex II, an observa-
tion that was interpreted as a difference in the way these com-
plexes interact with the quinone pool. In contrast, inMclk1�/�

mouse ES cells, which contain DMQ9 but no detectable level of
exogenous UQ, only electron transport from complex II is
impaired (8).
Molecular and genetic analysis of different alleles of C. el-

egans clk-1 has previously suggested that CLK-1 might have
other roles in mitochondrial function in addition to that of a
DMQ hydroxylase. In particular, it was found that both the
phenotypically severe allele clk-1(qm30), a partial deletion that
does not produce any CLK-1 protein, and the phenotypically
weaker allele clk-1(e2519), a Glu to Lys missense mutation that
produces wild-type levels of a full-length mutant protein (11),
are equally unable to sustain UQ biosynthesis (12). Further-
more, suppression of clk-1(e2519) by a tRNAmissense suppres-
sor produces only very small amounts of UQ9 but results in full
phenotypic suppression (13). Together these observations sug-
gest that at least part of the phenotype of clk-1 mutants is not
because of the defect in UQ biosynthesis.
Previous analysis of Mclk1�/� mutants revealed that the

level of MCLK1 protein was reduced �2-fold in these animals
and that their lifespan was increased up to 30% compared with
that of their Mclk1�/� siblings in three distinct genetic back-
grounds (2). It was also discovered that in the livers of very old
Mclk1�/�mutants, analyzed shortly before natural death, there
are areas of complete loss of expression ofMclk1, both mRNA
and protein, through a phenomenon of loss-of-heterozygosity
(2). We and others (14) have speculated that the presence of
theseMclk1�/� clonesmight be responsible for the longevity of
Mclk1�/� mutants. However, because Mclk1�/� clones have
been found exclusively in very old animals, the notion of their
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importance for the extended lifespan of these animals implies
that the extension is the result of a protective effect that takes
place in old animals only and not the result of a reduction of the
rate of aging throughout life.
In the present study we have tested various aspects of the

phenotype of young Mclk1�/� mutants, with particular atten-
tion to mitochondria, to better understand the basis of the
increased longevity of these animals. We demonstrate that the
reduction of MCLK1 levels in young Mclk1�/� animals does
not affect UQ levels yet profoundly alters the functions of the
electron transport chain and the tricarboxylic acid (TCA) cycle
while increasing mitochondrial oxidative stress. Additionally,
we show that this early mitochondrial dysfunction leads to a
reduction in the levels of cytosolic oxidative damage to proteins
(protein carbonyls) as well as in a reduction in the levels of a
systemic biomarker of aging (plasma isoprostanes), thus sug-
gesting that the anti-aging effect triggered by lowMCLK1 levels
already occurs at a young age. These results provide a genetic
model that will help to clarify the links between mitochondrial
function and aging.

EXPERIMENTAL PROCEDURES

Animals—All the animals were housed in a pathogen-free
facility at McGill University and were given a standard rodent
diet and water ad libitum. Mice, 3-month-old Balb/c males,
were anesthetized, sacrificed by cervical dislocation, and
perfused with phosphate buffer. Tissues were then rapidly
removed, rinsed, and placed in ice-cold mitochondrial isola-
tion buffer or immediately frozen in liquid nitrogen. All pro-
cedures were approved by the McGill Animal Care and Eth-
ics committees.
Identification of Quinones—The extraction of quinones as

well as their quantification by HPLC were performed as we
previously described (2). The total amount of quinone was nor-
malized to the amount of protein.
Mitochondrial Oxygen Consumption and ATP Production—

Unless otherwise stated, all the chemicals and reagents were
purchased from Sigma. On the day of the experiment, fresh
tissues were homogenized in 10 volumes (w/v) of the indicated
homogenization buffer: 0.25M sucrose, 10mMHepes buffer, pH
7.4, 1 mM EDTA (for liver and kidney); 100 mM sucrose, 10 mM
EDTA, 100 mM Tris-HCl, pH 7.4, 46 mM KCl, 0.5% bovine
serum albumin (BSA) (for muscle); 220 mM mannitol, 70 mM
sucrose, 10 mM Hepes, pH 7.4, 1 mM EGTA, 0.04 mM BSA (for
heart); 75 mM sucrose, 5 mM Hepes, pH 7.4, 1 mM EGTA (for
brain). Mitochondria were isolated by standard differential
centrifugation according to detailed procedures described else-
where (15–18). The purity of the mitochondrial and cytosolic
preparations obtained by following the published methods
were checked by classic Western blotting experiments with
antisera against mitochondrial porin (Calbiochem) and cytoso-
lic �-tubulin. No porin and no �-tubulin could be detected in
the cytosolic and the mitochondrial fractions respectively (Fig.
2A). Oxygen consumption of isolated mitochondria was meas-
ured polarographically with a Clark-type oxygen electrode con-
nected to a suitable recorder (Yellow Springs instruments) in a
1.75-ml thermostatted water-jacketed closed chamber with
magnetic stirring at 30 °C according to Schuh et al. (19) with

some modifications. Briefly, the respiratory reaction medium
consisted of 250mMsucrose, 10mMHEPES, pH7.2, 20mMKCl,
5 mM KH2PO4, and 2 mM MgCl2. Mitochondria were added to
a final concentration of 0.5 mg protein/ml with external elec-
tron donor substrates consisting of either 5 mM glutamate or
pyruvate (with 1 mM malate), 5 mM succinate (with 1 �M rote-
none), or 0.15mMN,N,N�,N�-tetramethyl-p-phenylenediamine
(TMPD, with 2.5 mM ascorbate and 1 �M antimycin). Mito-
chondrial oxygen consumption in the presence of substrates
and ADP (0.8 mM) is reported as state 3, whereas the state cor-
responding to the period after all added ADP has been con-
verted into ATP is defined as State 4 respiration. State 4 respi-
ration was also measured in the presence of 1.25 mg/ml
oligomycin to eliminate the contribution of ATP cycling
enzymes. The respiratory control ratio (state 3/state 4) of con-
trol animals was �7.5 with glutamate/malate and �4 with suc-
cinate plus rotenone, indicating intactness of the inner mito-
chondrial membrane. We also evaluated the coupling between
ADP phosphorylation and oxygen consumption by calculating
the adenosine diphosphate-to-oxygen ratio (ADP/O) from the
trace graph (Fig. 2B), and the resulting data, �3.2 for gluta-
mate/malate and �2 for succinate � rotenone, indicated that
the control mitochondria were well coupled. The fully uncou-
pled rate of oxygen consumption was also measured after the
addition of 1 �M carbonyl cyanide p-trifluoromethoxyphenyl-
hydrazone, and no difference was observed between control
and heterozygous animals (not shown). The quality of mito-
chondria preparation was confirmed by at least a 3-fold
increase in respiration rate in the presence of the uncoupler.
The quantification of ATP synthesis by isolated mitochondria
was performed according to the method previously described
by Drew and Leeuwenburgh (20) and using the ATP determi-
nation kit (Invitrogen) for quantitatively measuring ATP pro-
duction. After the initial luminescence reading, ADP (200 �M)
was added to the respiratory reaction medium containing
freshly isolated mitochondria (0.5 mg/ml), and the increase in
luminescence was monitored for 2 min at 30-s intervals on an
infinite M200 plate reader (Tecan).
Quantitative Determination of Mitochondrial and Tissue

ATP, ADP, and Total NAD Levels—Mitochondrial and tissue
adenine nucleotides (ADP and ATP) levels were determined
using an ATP determination kit (Invitrogen) as described else-
where (21). Total nicotinamide adenine dinucleotide (NAD,
NADH) levels were determined using theNAD�/NADHquan-
tification kit (Biovision) according to the manufacturer’s
instructions. Standard curves generated with known amounts
of purified ATP and NADH were used to calculate mitochon-
drial and tissue concentrations.
Electron Transport Chain Assays—Mitochondrial samples

were diluted with 30mMpotassium phosphate, pH 7.4, to reach
a concentration of about 1 mg/ml protein concentration and
then subjected to three rounds of freezing-thawing. Activities
of the respiratory chain enzymes and levels of electron trans-
port were measured at 30 °C using a Beckman DU 640 spectro-
photometer as described (22). All reactions were initiated by
the addition ofmitochondrial proteins, complex I (10�g), com-
plex II (15�g), complex III (10�g), complex IV (5�g), complex
I-II (5 �g), and complex II-III (5 �g). For complex II activity,
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activity was measured by following the decrease in absorbance
due to the coupled reduction of 2,6-dichlorophenolindophenol
at 600 with 750 nm as the reference wavelength. The reaction
mixture containing 50mMpotassiumphosphate, pH7.4, 20mM
succinate, and 5 mM MgCl2 was preincubated with 15 �g of
mitochondrial protein at 30 °C. After 10 min of incubation,
antimycin (2�g), rotenone (2�g), KCN (2mM), and 2,6-dichlo-
rophenolindophenol (150 �M) were added. 2,6-Dichlorophe-
nolindophenol can accept electrons from the complex II (23),
the complex II-bound ubiquinone, or exogenous ubiquinone.
Thus, the activity was first monitored for 1 min without the
addition of exogenous ubiquinone. Subsequently, complex II
activitywas alsomeasuredwith the addition of ubiquinone (Q1)
(100 �M) and was monitored for 2 min. No difference was
observed between both genotypes with the addition of exoge-
nous Q1 to the reaction.
Assay of TCA Cycle Enzymes—Activities of TCA cycle

enzymes (citrate synthase, aconitase, isocitrate dehydrogenase,
�-ketoglutarate dehydrogenase, and malate dehydrogenase) in
mitochondrial preparations were measured as previously
described (24).
H2O2 Production—Hydrogen peroxide (H2O2) production

from isolated livermitochondriawasmeasured fluorimetrically
utilizing the Amplex RedTM-horseradish peroxidase method
(Invitrogen) as previously described (25) with some modifica-
tions. Briefly, the reaction medium contained 125 mM KCl, 2
mM MgCl2, 0.2 mM EGTA, 2 mM KH2PO4, 10 mM HEPES, pH
7.2, 5 units/ml horseradish peroxidase, 20 units/ml superoxide
dismutase, and 1 �M Amplex Red. After mitochondrial addi-

tion, the oxidizable substrate consisting of 5mM glutamate plus
malate was added. Adenosine diphosphate (0.8 mM) was added
a minute later followed by oligomycin (1.25 �g/ml). Detection
of H2O2 production was measured as an increase in fluores-
cence of Amplex Red dye at 590 nm with the excitation wave-
length set at 545 nm. The dye response was calibrated with the
addition of known amounts of H2O2.
Enzymatic Antioxidant Assays—Mitochondrial and cytoso-

lic Se-GPx activities were determined by the standard indirect
method ofNADPHoxidation using t-butyl hydroperoxide (26).
Manganese-dependent and CuZn-superoxide dismutase activ-
ities were assessed using a commercially available kit (Cayman
Chemical).
ROS Damage—Lipid peroxidation was determined by the

indirect measurement of free aldehydes, malondialdehydes
plus 4-hydroxyalkenals such as 4-hydroxy-2(E)nonenal, using a
commercially available kit (LPO-586, OxisResearch). The level
of protein carbonyl in liver tissues was determined with the
Protein Carbonyl Assay kit (Cayman Chemical) according to
manufacturer’s instructions. Plasma free and esterified 8-iso-
prostanes were quantified with an 8-isoprostanes enzyme
immunoassay kit (Cayman Chemical) according to the pro-
vided protocol. The plasma levels of 8-hydroxy-2-deox-
yguanosine, a biomarker for oxidative damage to DNA, were
determined using an enzyme-linked immunosorbent assay kit
according to the manufacturer’s protocol (Stressgen).
Statistical Analysis—Analyses were performed using an

unpaired two-tailed Student’s t test, and differences between
the two genotypes (10–12 Mclk1�/� and Mclk1�/� animals

FIGURE 1. Ubiquinone levels are normal in Mclk1�/� mice. A, quantification of UQ9 levels in whole liver homogenates from 3-month-old Mclk1�/� and
Mclk1�/� Balb/c males was performed by HPLC analysis. B, UQ9 levels in isolated liver mitochondria from 3-month-old Mclk1�/� and Mclk1�/� males. UQ10 is
barely detectable in liver (not shown). C–F, UQ9 and UQ10 levels in kidney and brain mitochondria from 3-month-old Mclk1�/� and Mclk1�/� Balb/c males. Each
dot in the graphs represents an individual mouse.
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unless otherwise stated in the figure
legends) were considered to be sig-
nificant when p was �0.05.

RESULTS

Reduction in Mitochondrial Elec-
tron Transport between Mitochon-
drial Complexes Despite Normal
Levels of Ubiquinone—We have
shown previously that Mclk1�/� tis-
sues exhibit the expected 2-fold
decrease in Mclk1 mRNA and
MCLK1 protein levels but that UQ9
levelswereunaffected in tissuehomo-
genates from such mice (2, 8). We
have now extended these studies to
mitochondrial extracts,whichwealso
find to display no reduction in either
UQ9 or UQ10 levels in either of the
liver, kidney, or brain of the very ani-
mals used in the various studies
describedbelow(Fig. 1).This suggests
thatMclk1 is in fact fully recessive for
its function inUQbiosynthesis.How-
ever, as we have found that the het-
erozygous mice have an extended
lifespan, and for other reasons out-
lined in the introduction, there are
grounds to believe that CLK-1/
MCLK1 could also have an additional
activity unrelated to UQ biosynthesis
(13) but responsible for the pheno-
types observed in Mclk1�/� het-
erozygous mutants.
As MCLK1 is a mitochondrial

protein, we tested various aspects of
mitochondrial function in young (3
months old) Balb/cMclk1�/� males
in five representative organs. We
found that in liver (Fig. 2, B and C)
and kidney (Fig. 2D), the rate of
electron transport measured by
oxygen consumption from intact
isolated mitochondria is reduced
with both complex I substrates (glu-
tamate in combination with malate)
and a complex II substrate (succi-
nate) aswell aswith an artificial sub-
strate (TMPD plus ascorbate) that
donates electrons directly to cyto-
chrome c and, thus, measures elec-
tron transport fromcytochrome c to
complex IV (27). Similar results
were observedwithMclk1�/�males
from the C57BL/6J and the 129SV/j
X Balb/c genetic backgrounds (data
not shown). We also tested electron
transport between pairs of com-
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plexes (complex I to III and complex II to III) and found
decreases in electron transport of a similar magnitude as for
overall electron transport measured by oxygen consumption
(Table 1; Fig. 2H). In addition, we tested oxygen consumption
with glutamate in skeletal muscle and heart (Fig. 2, F andG). A
clear decrease of oxygen consumption was observed in skeletal
muscle similar to that seen in liver and kidney, and a similar
trend was also observed in heart mitochondria. The reduction
in electron transport inMclk1�/�mutants in the absence of any
reduction in UQ levels in these animals indicates that partial
loss of MCLK1 affects electron transport independently of the
function of the protein in UQ biosynthesis. This conclusion is
also consistent with the finding of a reduction of electron trans-
port from cytochrome c to complex IV, a step that does not
require UQ.
Using specific electron donors and acceptors we also tested

the activities of complexes I through IV individually (Table 1
and Fig. 2H). In liver and kidney the activity of all complexes
appeared essentially intact in the Mclk1�/� mutants. Only
complex II is affected inMclk1�/� mice but only when no sol-
uble UQ1 is provided as a mediator to enhance electron trans-
port to the oxidized acceptor (see “Experimental Procedures”).
This suggests that there is a very mild defect in the mutant
complex that can only be revealed under conditions in which
electron transport by the complex cannot be efficient.
Interestingly, the defects in mitochondrial function that we

describe were not observed in the brain (Fig. 2E). Brain mito-
chondrial function is known to be quite different from that of

non-nervous tissue as is also apparent from our measurements
of thewild type (Table 1). Further experimentswill be necessary
to determine why brain mitochondria are immune to a partial
loss of MCLK1 function.
Reduction in the Rate ofMitochondrial ATP Synthesis, in Cel-

lular ATP, and in Total Nicotinamide Adenine Dinucleotide
Levels—Themain function ofmitochondrial electron transport is
ATP production.We, therefore, determined the rate of ATP syn-
thesis from liver mitochondria (Fig. 3A). We observed a marked
decrease in the rate of ATP synthesis that correlated stronglywith
the rate of oxygen consumption in preparations from individual
animals (Fig. 3B).We alsomeasured ATP levels in the freshly iso-
lated mitochondria at the beginning of the experiment (Fig. 3C)
and observed a reduction in these levels. This suggests that ATP
synthesis is reduced in vivo; that is, even when the mitochondria
are not provided with saturating amounts of substrate, ADP, and
oxygen, as is the case in vitro. We confirmed this observation by
measuring ATP levels in samples of snap-frozen livers, kidneys,
and hearts and observed strikingly lower ATP levels in all three
organs (Fig. 3D). This decrease in ATP levels results in a lower
ATP/ADPratio in liver (Fig. 3E).Ofnote, thedifference inabsolute
ATP levels between tissues and isolated mitochondria is likely
attributable to a lost ofATPcontent that is known to occur during
the isolation procedure (28). One crucial ATP-dependent cellular
process that impinges on energymetabolism andmany other pro-
cesses is the biosynthesis of nicotinamide adenine dinucleotides
(including NAD� and NADH). We, therefore, determined the
totalNADlevel in frozen liver and found it tobe significantly lower

FIGURE 2. Reduction of MCLK1 levels alters mitochondrial function in young Mclk1�/� mice. A, purity of cytosolic and mitochondrial fractions was
assessed by Western blotting with antisera against cytosolic (Cyto.) �-tubulin and mitochondrial (Mito.) porin. B, typical trace graph representing oxygen
consumption by Mclk1�/� and Mclk1�/� liver mitochondria after glutamate/malate addition in respiratory reaction medium. Oxygen consumption levels of
isolated liver (C), kidney (D), and brain (E) mitochondria from young (3 months) males were measured with glutamate/malate, succinate, and TMPD as specific
respiratory substrates. Results with Mclk1�/� are represented with blue bars, and those with Mclk1�/� are represented with red bars. For muscle (F) and heart
(G) mitochondria, respiration was measured with glutamate/malate only. Each bar in the graphs represents the mean � S.E. of 12 Mclk1�/� and 10 Mclk1�/�

animals. The asterisk denotes statistical significance of the difference between Mclk1�/� and Mclk1�/� animals, p � 0.05. H, schematic representation of the
electron transport chain in affected tissues of Mclk1�/� mice. The rates of oxygen consumption by isolated mitochondria are decreased with complex I-,
complex II-, and cytochrome c/complex IV-specific substrates (red arrows). The rates of electron transport between complexes I and III as well as between
complexes II and III are reduced, as shown in orange arrows. Complex II activity is down-regulated (red arrow), whereas the activities of the other complexes are
unaffected (green bars). See Table 1 for complete numerical results.

TABLE 1
Mitochondrial electron transport chain and TCA cycle-related measurements
ND, not determined.

Liver Kidney Brain
Mclk1�/� Mclk1�/� Mclk1�/� Mclk1�/� Mclk1�/� Mclk1�/�

nmol/mg/min nmol/mg/min nmol/mg/min
Electron transport

chain assays
C Ia 144 � 14b 136 � 8 211 � 7 218 � 7 182 � 8 200 � 9
C II 53 � 4 41 � 4c 215 � 5 192 � 6c 118 � 10 113 � 13
C III 261 � 35 254 � 19 262 � 16 265 � 15 748 � 30 765 � 30
C IV 207 � 10 220 � 16 213 � 14 233 � 17 736 � 29 754 � 21
C I-III 263 � 33 178 � 16c 1007 � 34 852 � 23c 467 � 27 483 � 26
C II-III 267 � 28 201 � 9c 427 � 17 355 � 13c 210 � 13 234 � 7

TCA cycle enzymes
Citrate S. 106 � 8 95 � 8 ND ND ND ND
Aconitase 21.3 � 1 16 � 1.1c ND ND ND ND
�-KGDH 10.9 � 1.2 15.9 � 1.4c 56.2 � 3.7 71.6 � 3.7c 39.7 � 2 41.2 � 4
Iso. D. 29.1 � 5.3 33.1 � 2.8 ND ND ND ND
Malate D. 3570 � 281 3261 � 210 ND ND ND ND
GDH 354 � 77 290 � 37 875 � 31 892 � 33 509 � 42 561 � 34

a C I–IV, mitochondrial complexes; C I-III and C II-III, electron transport between complexes; Citrate S., citrate synthase; �-KGDH, �-ketoglutarate dehydrogenase; Iso. D.,
isocitrate dehydrogenase; Malate D., malate dehydrogenase; GDH, glutamate dehydrogenase.

b Data are the means � S.E. of 10–15 samples.
c Statistically significant at p � 0.05.
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in heterozygous mice (Fig. 3F). Thus, the altered mitochondrial
function ofMclk1�/� likely affects the rate of a variety of energy-
dependent cellularprocessesby reducing in vivoATP levels aswell
as total NAD levels.
Altered Activities of the TCA Cycle Enzymes Aconitase and

�-Ketoglutarate Dehydrogenase—Next, we tested the activities
of themain enzymes of the TCA cycle in theMclk1�/�mutants

(Table 1 and Fig. 4F) and found that
the activity of aconitasewas severely
reduced, whereas that of �-ketogl-
utarate dehydrogenase, a rate-limit-
ing enzyme regulating the meta-
bolic flux through the cycle, was
increased. The other enzymes that
were analyzed were unaffected. It is
well known that aconitase is partic-
ularly susceptible to reaction with
superoxide (29), and we believe that
the reduction of aconitase is in fact
because of an increase of oxidative
stress in the mitochondria (see
below). Interestingly, it has been
predicted that in a situation in
which aconitase is depleted due to
oxidative stress the TCA cycle
might function differently and use
�-ketoglutarate dehydrogenase as a
pivotal enzyme to produce NADH
by way of the �-ketoglutarate pro-
duced from glutamate through
transamination (30). Thus, the
increased level of �-ketoglutarate
dehydrogenase that we observe
might represent a compensation for
the loss of aconitase.
High Oxidative Stress in theMito-

chondria of Young Mutants—The
loss of aconitase activity, which is
a commonly used biomarker of
mitochondrial oxidative stress,
suggested that Mclk1�/� mutants
sustain high intramitochondrial
oxidative stress. To investigate this
possibility, we determined the level
of oxidative damage to mitochon-
drial proteins and mitochondrial
lipids. We found that the level of
protein carbonylation was increased
(Fig. 4A), although the level of lipid
peroxidation remained unaffected
(Fig. 4B). This apparent discrepancy
between protein and lipid oxidative
damage could be explained by the
different sensitivities of these reac-
tions to the exact ROS species pres-
ent but also by the fact that proteins
appear to be one of the primary tar-
gets of mitochondrial ROS (31, 32).

Furthermore, it is well known that cells react to increased oxi-
dative stress by increasing the activity of detoxifying enzymes
(33, 34). Thus,we tested twoof the principal components of this
detoxification system in mitochondria, the glutathione peroxi-
dases and themanganese-dependent superoxide dismutase. All
activities were increased inMclk1�/�mutants (Fig. 4,C andD).
We also measured the extramitochondrial production of ROS

FIGURE 3. Mitochondrial ATP synthesis and cellular ATP and NAD levels are decreased in Mclk1�/�

mutants. A, rates of ATP production by isolated mitochondria from liver of young (3 months) Balb/c males of
both genotypes. B, correlation between the rates of ATP production and oxygen consumption by mitochon-
dria isolated from individual animals. C, ATP levels in freshly isolated liver mitochondria from Mclk1�/� and
Mclk1�/� animals. D, cellular ATP levels measured in liver (*, p � 0.03), kidney and heart (*, p � 0.03) samples of
both genotypes. E, ATP/ADP ratio measured in liver. F, total cellular NAD (NAD�, NADH) levels measured in
liver. Each bar in the graphs represents the mean � S.E. of 6 Mclk1�/� and 7 Mclk1�/� animals. The asterisk
denotes statistical significance of the difference between Mclk1�/� and Mclk1�/� animals unless stated oth-
erwise p � 0.05.
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by isolated mitochondria. Production of ROS by mitochondria
is believed to be mostly due to electron transport through the
electron transport chain (33, 35). Furthermore, ROS produc-
tion increases sharply when the rate of electron transport is
blocked, for example by treatment with inhibitors (36). We
found no difference in the absolute level of ROS produced from
Mclk1�/� mitochondria (data not shown). However, the level
of ROS produced relative to oxygen consumption was in-
creased (Fig. 4E). This suggests that electron transport is less
efficient inMclk1�/� mutants in terms of channeling electrons
through the electron transport chain while preventing the loss
of electrons to superoxide production. Thus, in Mclk1�/�

mutants, aconitase and mitochondrial proteins in general sus-
tain increased oxidative damage despite the up-regulation of
detoxifying enzyme activities, and absolute levels of ROS pro-
duction by mitochondria are at least as high as in the wild type.
Taken together, these results suggest that there is a substantial
increase in mitochondrial levels of ROS (Fig. 5H).
Normal or Low Cytoplasmic Oxidative Stress in Young

Mutants—CytoplasmicROSdamageparameterswere alsomeas-
ured, but no indication of an increase in cytoplasmic ROS or ROS
damagewas found (Fig. 5,A–G). In fact, we observed a decrease in
protein carbonylation (Fig. 5A). Cytoplasmic lipid peroxidation
appeared reduced, but the effect did not reach significance (Fig.
5B). Aconitase activity was also normal (Fig. 5C). It is notable that,
because CLK-1/MCLK1 is a mitochondrial protein, the reduced
cytoplasmic protein carbonylation is likely a secondary effect of
the increased oxidative stress or the decreased electron transport
observed in the mitochondria. However, our analysis of detoxify-
ing enzymes (Fig. 5, D and E), which revealed no change in cyto-
plasmic enzymeactivities, suggests that increasedprotection from
cytoplasmic ROS in reaction to themitochondrial stress is not the
mechanism that keeps cytoplasmic carbonylation low. A more
likely mechanism is a reduction in the rate of cytoplasmic ROS-
producing processes due to the decreased levels of ATP and total
NAD in these animals (Figs. 2 and 6).
Reduced Levels of Systemic Oxidative Stress Biomarkers—We

carried out two tests for markers of systemic oxidative stress.
We measured plasma levels of isoprostanes, which can be
secreted into the plasma from multiple tissues as a result of
damage tomembrane lipids (37). These levels, which are known
to increase sharply with age, were reduced in Mclk1 heterozy-
gotes compared withMclk1�/� (Fig. 5F). As themajority of the
oxidative metabolites of lipids that find their way into the
plasma do not originate in the mitochondria but in cellular
membranes, the reduction observed in young Mclk1�/�

mutants are likely because of a decrease in cytoplasmic ROS-
generating processes (Fig. 6). We also analyzed oxidative
damage to DNA by measuring plasma levels of 8-hydroxy-
2�-deoxyguanosine, a modified nucleoside base that is pres-
ent in the plasma, excreted in the urine, and associated with
aging (38). Although the levels of 8-hydroxy-2-deoxy-
guanosine appear slightly reduced in Mclk1�/� animals, we
found no significant difference between genotypes (Fig. 5G).

DISCUSSION

Our study strongly suggests that CLK-1/MCLK1 determines
lifespan in a ubiquinone-independentmanner. Previously, we had

found that UQ levels were reduced in the livers of very old, mori-
bund, Mclk1�/� mutants but not in young animals due to the
presence in the formerofcells thathad lostbothcopiesofMclk1by
loss-of-heterozygosity (2). At the time, the only documented phe-
notype ofMclk1�/� mutants was their increased lifespan, which
could have been the result of the loss ofMclk1 in very old animals
(14). The present findings, however, strongly imply that the well
known functionofCLK1/MCLK1 inUQbiosynthesis isnot linked
to the increased lifespan phenotype. Indeed, we find that Mclk1
heterozygosity affects the function of mitochondria in multiple
organs inyounganimals in theabsenceof anyeffecton the levelsof
UQ (Fig. 1). Mitochondrial function appears very sensitive to the
additional activity of MCLK1, as profound effects result from an
only 2-fold reduction of wild-typeMCLK1. This suggests that this
haplo-insufficient function of MCLK1might not be enzymatic in
naturebut, rather, involvesa stoichiometric relation toothermito-
chondrial proteins. Our conclusion of a second function for CLK-
1/MCLK1 is consistent with a recent study which indicates that
exogenous CoQ10 is unable to restore wild-typeATP levels in dis-
sociated cells fromMclk1�/� embryos cultured in vitro (39).
We have found by several measures that the reduction of

MCLK1 levels alters the function of the electron transport
chain and, thus, leads to early mitochondrial dysfunction. This
defect results in a reduction of energy metabolism as revealed
by a lower oxygen consumption rate and a substantial decrease
in mitochondrial ATP production as well as in cellular ATP
levels. Because ATP is the principal carrier of energy in cells,
this reduction is likely to interfere with many important ATP-
dependent cellular processes. This hypothesis was quickly con-
firmed by our finding that cellular levels of total NAD (NAD�,
NADH), whose generation is dependent on the levels of ATP
(40), were significantly decreased in Mclk1�/� mutants. It is
well established that the NAD�/NADH pool plays crucial roles
in mediating mitochondrial energy metabolism such as by
donating electrons to the electron transport chain or by acting
as a coenzyme for rate-limiting TCA cycle enzymes (41). Thus,
the decrease in NAD and in ATP levels observed in Mclk1�/�

mice likely results in a vicious cycle that depresses energy
metabolism (Fig. 6A). Moreover, NAD as well as ATP are nec-
essary for the generation of nicotinamide adenine dinucleotide
phosphates (including NADP� and NADPH), molecules
involved in important cellular functions such as energy metab-
olism, signal transduction, and calciumhomeostasis (42). Inter-
estingly, NADPH is also the coenzyme for many enzymes par-
ticipating in mitochondrial ROS detoxification, including
glutathione reductases, thioredoxin reductases, and cyto-
chromeP450 reductases (43). In fact, it was shown that a dimin-
ished NADPH concentration in mitochondria results in an ele-
vated level of ROS damage and a significant reduction of the
cellular ATP concentration (44). Therefore, the increase in
mitochondrial oxidative stress that occurs in Mclk1�/� mice
despite the up-regulation of the main antioxidants, especially
glutathione peroxidases, could be attributable to a reduction in
the formation of NADPH, and this phenomenon could further
contribute to the vicious cycle leading to mitochondrial dys-
function (Fig. 6A).
The analysis of the mitochondrial phenotypes of Mclk1�/�

mutants supports the notion that mitochondrial energy metabo-
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lism is crucial to aging. The electron transport chain inmitochon-
dria is the site of ATP production and the main source of energy
production in the cells of animals. Therefore, one expects mito-
chondrial function to be tightly linked to global energy production
andutilization.Wehave found thatmitochondrial functionaswell
as ATP and total NAD levels are significantly reduced in young
Mclk1�/� mutants and further discovered that this decrease is

linked to lower levels of cytoplasmic
oxidative damage and to a reduction
inanage-associated systemicbiomar-
kersofoxidative stress tomembranes.
As Mclk1�/� mutants are known to
be long-lived, our data supports one
aspect of the rate-of-living theory of
aging that postulates the existence of
a link between energy metabolism
and aging (45, 46). Indeed, this theory
proposes that what determines the
lifespan of an organism is the rate at
which it produces and uses energy at
the cellular level. This theory was
originally mostly supported by the
observation that individuals belong-
ing to species that have lower mass-
specific metabolic rates tend to live
longer than individual belonging to
species with higher mass-specific
metabolic rates. However, the infer-
ences drawn from data about basal
metabolic rates and its scaling in spe-
cies of different body masses and life
spans are now considered flawed by
many (45, 46).On the other hand, our
current aswell asother findings (3, 47,
48) lead to the same conclusion, that
is, the importance of energy metabo-
lism, byway of a very different type of
evidence.
Interestingly, our observations also

suggest that the reduction of Mclk1
partially mimics some of the down-
stream effects of caloric restriction,
which include reduced metabolism
(49) and reduced systemic oxidative
damage (50).Wealso found thatTCA
cycle enzymes from liver mitochon-
dria of Mclk1�/� mutants and mito-
chondrial antioxidants are regulated
in part like those of calorie-restricted
rodents (51, 52). Furthermore, given
the evolutionary conservation of the
action of clk-1/Mclk1 on lifespan, it is

likely relevant that our previous work with C. elegans has shown
that the effects of caloric restriction and clk-1 on lifespan are par-
tially redundant (4). However, in contrast towhat is observed in cal-
orie-restricted animals (53), we observe an increase inmitochondrial
oxidativestress inMclk1�/�mutants.Thismightindicatethatcaloric
restriction and Mclk1 converge on the same downstream mecha-

FIGURE 4. Young Mclk1�/� mice have higher mitochondrial oxidative stress and altered TCA cycle. Mitochondria of young Mclk1�/� mice display high
oxidative stress as revealed by accumulation of protein carbonyls (A), higher levels, but not significantly, of lipid peroxidation (B), up-regulation of the major
enzymatic antioxidant defenses, such as Se-GPx (C) and manganese-dependent superoxide dismutase (MnSOD; D), and increased ROS production per mole-
cule of reduced O2 from isolated mitochondria (E). Each bar in the graphs represents the mean � S.E. of 12 Mclk1�/� and 10 Mclk1�/� animals. The asterisk
denotes statistical significance of the difference between Mclk1�/� and Mclk1�/� animals, p � 0.05. F, schematic representation of the effects of Mclk1
heterozygosity on key TCA cycle enzymes. Aconitase (in red) is partially inactivated, and �-ketoglutarate dehydrogenase (�-KGDH, in blue) is up-regulated in
Mclk1�/� animals. Unaffected enzymes are showed in green.

FIGURE 5. Normal or low cytoplasmic and systemic oxidative stress in young Mclk1�/� mutants. Analysis
of cytoplasmic oxidative stress markers, including the levels of cytoplasmic protein carbonyls (A) (*, p � 0.01),
lipid peroxidation (B), and aconitase activity (C) as well as glutathione peroxidase (GPx) and copper-zinc super-
oxide dismutase (Cu,ZnSOD) activities (D–E) revealed low or normal oxidative stress in non-mitochondrial
compartments in Mclk1�/� mice. MDA, malondialdehyde; HAE, 4-hydroxy-alkenal. Furthermore, the measure-
ment of the levels of plasmatic 8-hydroxy-2�-deoxyguanosine (8-OHdG) (F) and free and etherified isopros-
tanes (*, p � 0.03) (G) also indicate low or normal systemic oxidative stress in Mclk1�/� mutants. Each bar in the
graphs represents the mean � S.E. of 12 Mclk1�/� and 10 Mclk1�/� animals. The asterisk denotes statistical
significance of the difference between Mclk1�/� and Mclk1�/� animals. H, schematic representation of the
effects of Mclk1 heterozygosity on mitochondrial, cytosolic, and systemic oxidative stress. Changes that indi-
cate the presence of increased oxidative stress are indicated with red arrows, whereas blue arrows indicate
changes that indicate low oxidative stress and green bars indicate no difference between genotypes.
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nismsbut that the reduction inmitochondrialROS levelsobserved in
calorie-restricted animals might not be the mechanism by which
caloric restriction extends life span.
Our results also suggest thatmitochondrial oxidative stress is

not the link between energy generation and aging. Indeed, a
plausible mechanism for the link between energy metabolism
and lifespan is the generation of ROS as byproducts of mito-
chondrial function (46, 54). Mitochondrial ROS can damage
mitochondria, and there is a well documented gradual loss of
mitochondrial function with chronological age (55, 56). This
loss, by impairing adequate cellular energy production, could

be the cause of the dysfunction of senescent cells and orga-
nisms. Based on these findings, the mitochondrial oxidative
stress theory of aging states that production of ROS during
cellular respiration is responsible for the damage associated
with the aging process and is a key factor affecting species lon-
gevity (57). Experimental evidence in C. elegans supports part
of this model as it indicates that reduction in mitochondrial
electron transport can dramatically prolongworm life span (47,
58).However, this effect inworms is likely notmediated byROS
(48, 58–60). Our findings withMclk1 also appear incompatible
with themitochondrial oxidative stress theory of aging. Indeed,
we have found that youngMclk1�/� mutantmitochondria sus-
tain high oxidative stress, yet their altered function ultimately
results in slow aging. The significance of our findings is that, as
theMclk1�/�mutants live long and differminimally from their
Mclk1�/� siblings at themolecular level (reduced dosage of one
naturally encoded gene), it is difficult to conceive of a mecha-
nism by which the same minimal change could both decrease
the rate of aging and increase mitochondrial oxidative stress if
the latter is the cause of aging.
It is important to note that despite the above considerations,

our results remain in line with the overwhelming number of
studies which have shown that increased oxidative stress is
tightly correlated with the aged phenotype (61). Indeed, this
correlation ismaintained in our experiments as we find that the
phenotype ofMclk1�/� mutants is characterized by a low level
of non-mitochondrial oxidative damage. In fact, most past
observations as well as our current observations are consistent
with the notion that increased oxidative stress is a consequence
of aging that strongly impinges on the aged phenotype.
Our findings should help to redefine the link between mito-

chondrial ROS production, non-mitochondrial oxidative
stress, and lifespan. In fact, our results are consistent with other
studies which have found that early deregulation of mitochon-
drial ROS production can be associatedwith increased lifespan.
Indeed, elevatedROSproduction has beenmeasured in isolated
mitochondria from long-lived C. elegans daf-2 mutants, and it
has been shown that the rates of mitochondrial H2O2 produc-
tion tended to increase with mean survival in different Dro-
sophila lines (62, 63). Another recent study indicates that glu-
cose restriction prolongs C. elegans lifespan by inducing
mitochondrial ROS production (64). Inmammals, it was shown
that various tissues of the long-lived naked-mole rats exhibit
high oxidative damage, that knock-out mice heterozygous for
the mitochondrial manganese-dependent superoxide dis-
mutase showed the expected increases in mitochondrial oxida-
tive stress without any effects on lifespan, and that reduced
levels of the antioxidant enzyme GPX4 increases mouse lifes-
pan (65–67). One possibility to explain these striking results is
that the increased mitochondrial oxidative stress induces com-
pensatorymechanisms that reduce oxidative stress in other cel-
lular compartments such as in the cytosol, nucleus, and mem-
brane systems and ultimately contribute to the long lifespan
phenotype. However, it remains unclear what these compensa-
tory mechanisms would be as we could observe no obvious
increase in the activity of cytosolic detoxifying enzymes. Alterna-
tively, slow cellularmetabolism due to lowATP synthesis and low
ATP levels could result in lower activity of cytoplasmic energy-de-

FIGURE 6. Links between the early mitochondrial dysfunction, the atten-
uation of systemic oxidative stress, and the long-lived phenotype of
Mclk1�/� mice. A, reduction of MCLK1 levels in Mclk1�/� mutants reduces
electron transport chain function. This results in a reduction in ATP levels,
which is likely to have a negative effect on various ATP-dependent mitochon-
drial and cellular processes such as total nicotinamide adenine dinucleotide,
NADtot, biosynthesis. Because the integrity of the NADtot (NAD�, NADH) pool
is crucial for electron transport chain (ETC) function, the resulting reduction in
NADtot levels will also negatively affect mitochondrial energy production,
thus creating a vicious cycle. Additionally, the decrease in NADtot levels will
compromise the ROS-detoxifying capacity of crucial mitochondrial
NADPH-dependent antioxidants such as the glutathione peroxidases (GPx)
that required reduced glutathione generated by glutathione reductase in an
NADPH-dependent reaction. This situation leads to an increase in intramito-
chondrial ROS damage despite an up-regulation of antioxidant activities
which can further contribute to reduction in electron transport chain func-
tion. B, the early mitochondrial dysfunction observed in Mclk1�/� mutant is
paradoxically link to a decrease in the levels of cytosolic and systemic oxida-
tive stress. This could be the result of an up-regulation of cytoplasmic antiox-
idant defenses in response to mitochondrial oxidative stress, but this was not
observed. Thus, a more likely mechanism is a reduction in the rate of cytoplas-
mic ROS-producing oxidases due to the decreased levels of ATP and NADtot.
Because it is well known that systemic oxidative stress is tightly linked to
aging, our model could explain how a reduction in MCLK1 levels ultimately
slows down the aging process.
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pendent processes that produce ROS and lead to oxidative stress
(Fig. 6B). In addition, low levels of total NAD should negatively
affect the activity of extra-mitochondrial NADH/NADPH oxi-
dases, which are known to be major generators of ROS (68, 69)
and, thus, also contribute to reduce the accumulation of systemic
oxidative damage that is likely involved in the increased lifespan
phenotype of theMclk1�/� mice (Fig. 6B).
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