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Previous studies have determined that mice with a homozygous
deletion in the adapter protein p66*“ have an extended life span and
that cells derived from these mice exhibit lower levels of reactive
oxygen species. Here we demonstrate that a fraction of p66**“ local-
izes to the mitochondria and that p66*““~/~ fibroblasts have altered
mitochondrial energetics. In particular, despite similar cytochrome
content, under basal conditions, the oxygen consumption of spon-
taneously immortalized p66*"“~/~ mouse embryonic fibroblasts
were lower than similarly maintained wild type cells. Differences in
oxygen consumption were particularly evident under chemically
uncoupled conditions, demonstrating that p66**~'~ cells have a
reduction in both their resting and maximal oxidative capacity. We
further demonstrate that reconstitution of p66* expression in
p66°"“~'~ cells increases oxygen consumption. The observed defect
in oxidative capacity seen in p66”“~'~ cells is partially offset by
augmented levels of aerobic glycolysis. This metabolic switch is

manifested by p66*"<~/~

cells exhibiting an increase in lactate pro-
duction and a stricter requirement for extracellular glucose in order
to maintain intracellular ATP levels. In addition, using an in vivo
NADH photobleaching technique, we demonstrate that mitochon-
drial NADH metabolism is reduced in p66**~'~ cells. These results
demonstrate that p66** regulates mitochondrial oxidative capacity
and suggest that p66°"° may extend life span by repartitioning met-
abolic energy conversion away from oxidative and toward glycolytic

pathways.

Generation of ATP in the mitochondria represents the most efficient
pathway to meet the energetic needs of a cell. This process, however,
requires the consumption of molecular oxygen with a corresponding
production of reactive oxygen species (ROS).> Generation of ROS
appears to be one of the central mechanisms that contribute to aging in
a wide range of organisms (1-3). In contrast, under aerobic conditions,
energy generation can also be achieved through glycolytic pathways
present in the cytosol. These cytosolic pathways are inherently less
efficient but do not produce ROS. Each cell employs a different rel-
ative balance between these two major energetic pathways, although
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relatively little is known about how this partition is established or
maintained.

Inlower organisms, such as Caenorhabditis elegans and Drosophila, a
number of longevity-associated genes have been isolated. One promi-
nent and well characterized aging pathway regulates the activity of the
transcription factor DAF-16, a member of the Forkhead family of tran-
scriptional regulators. Evidence suggests that DAF-16 is involved in
responding to numerous environmental stresses (4). A rise in intracel-
lular ROS is one particular stress that may be relevant to life span deter-
mination, and in this regard, it is of interest that both DAF-16 and its
closest mammalian ortholog Foxo3a appear to regulate a number of
cellular antioxidant proteins (5-9).

In addition to the DAF-16 pathway, RNAi screens performed in C.
elegans has identified a number of other putative longevity genes (10,
11). Interestingly, functional characterization of these longevity-associ-
ated genes have determined that a number of them appear to be impor-
tant for mitochondrial function. Similarly, direct knockdown of compo-
nents of the electron transport chain has also been shown to extend the
life span of the worm (12). Analysis of these long lived mitochondrial
mutants, as well as in depth energetic analysis of the previously charac-
terized DAF-16-related mutants, has led to the proposal that many life
span-extending mutants in C. elegans slow aging by decreasing mito-
chondrial metabolism (13). This hypothesis suggests that a shift away
from trichloroacetic acid-based mitochondrial metabolism might ex-
tend life by a reduction in oxidative stress. Nonetheless, it should be
mentioned that the relationship between metabolic rate and ROS pro-
duction is not straightforward (3).

In contrast to the wealth of information regarding aging in lower
organisms, there is relatively little known regarding the genetic control
of mammalian life span. Only a handful of genes have to date been
documented to be capable of extending either the mean or maximum
age of mammalian organisms (14). One previously described knock-out
mouse that appears to produce a long-lived but phenotypically normal
animal was obtained after deletion of p66*° (15). Shc proteins are alter-
natively spliced 46-, 52-, and 66-kDa isoforms that were initially viewed
as simple adapter molecules linking receptors with downstream effector
molecules such as Ras proteins (16). The larger p66™ isoform differs
structurally from its two other isoforms by the presence of a 14-kDa
N-terminal CH2 domain. Previous studies have demonstrated that ani-
mals deficient in p66**° have an approximate 30% extension in life span
(15). These animals are resistant to exogenous oxidative stress and also
exhibit lower levels of spontaneous oxidative burden (15, 17, 18). Con-
sistent with these in vivo observations, p665h°'7/ ~ cells have lower levels
of ROS (8, 19). One potential explanation for this effect may come from
amodest increase in scavenging capacity in these cells (8); however, this
is unlikely to explain the much more significant decrease in basal and
stress-induced ROS levels.
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Given that the mitochondria represent the largest source of ROS
generation within cells and that oxygen consumption and ROS genera-
tion represent an important determinant in aging in a number of spe-
cies, we sought to explore whether p66”*° might directly regulate ROS
production by regulating mitochondrial metabolism.

MATERIALS AND METHODS

Cell Lines and Subcellular Fractionation—Spontaneously immortal-
ized MEFs (+/+) cells and p66“~'~ MEFs were a gift of Pier Pelicci
and have been previously described (8). PC12 and HeLa cells were
obtained from ATCC (Rockville, MD). Cells were maintained in
Dulbecco’s modified Eagle’s medium supplemented with 10% fetal calf
serum. To purify the cytosolic and mitochondrial fractions, we used the
ApoAlert Cell Fraction kit (Clontech). To assess the distribution of
p66°, 30 g of mitochondrial or cytosolic fractions were separated by
SDS-PAGE, and the purity of the fractions was assessed by probing for
the cytosolic gene product tubulin (Santa Cruz Biotechnology, Inc.,
Santa Cruz, CA) and the mitochondrial gene product COX4 (Clontech).
For some experiments, we also collected and analyzed the initial 700 X
g pellet containing plasma membranes. For construction of the R177A
mutant, substitution of alanine for arginine residue at amino acid posi-
tion 177 was performed by standard methods, and both the mutant and
wild type were subsequently confirmed by direct sequencing. Reconsti-
tution of p66° into p66°*~'~ cells was achieved by transfection of the
hygromycin resistance plasmid pTK-Hygro only for control cell lines or
this resistance plasmid along with an epitope-tagged p66”“ '~ expres-
sion plasmid that has been previously described (8). In both cases,
hygromycin-resistant colonies were obtained, and p66
was monitored by Western blot analysis employing the epitope tag.
For knock-down expression of p66**“ in PC12 cells, we targeted a 20-nu-
cleotide sequence in p66”“: GTACAACCCACTTCGGAATG. This
sequence was incorporated into the psiRNA vector (InvivoGen) to

expression
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enable the continuous, endogenous expression of small interfering
RNAs in stable clones. For oxygen consumption measurements, two
random knockdown cell lines were compared with two random Zeocin-
selected PC12 cell lines transfected with the psiRNA vector alone.

Mitochondrial NADH and NADH Oxidase Measurements—Cellular
NADH fluorescence was measured at room temperature using an exci-
tation wavelength of 351 nm with emission monitored using a 385—
470-nm band pass filter. Optical slice thickness was set to 1.5 um.
NADH regeneration was assessed using NADH ED-FRAP as previously
described (20-22). In brief, all ED-FRAP data analysis was performed
using custom-written programs in the IDL programming language (RSI
Inc., Boulder, CO). Initial rates of regeneration were determined using a
linear regression of the first five points (2 s) after the photolysis pulse.
Before fitting, all recovery points were filtered using a Lee filter algo-
rithm to smooth out additive image noise. To determine NADH con-
sumption in cytosolic or mitochondrial fractions, MEF lysate was frac-
tionated as above, and 30 pg of either mitochondrial or cytosolic lysate
protein was used. Mitochondrial protein was solubilized in lysis buffer
(20 mm Tris, pH 7.5, 0.5% Nonidet P-40, 25 mMm NaCl, 2.5 mm EDTA)
and subsequently diluted 1:20 (v/v) in phosphate buffer (pH 7.5), and the
disappearance of 100 uM NADH was monitored at 340 nm.

Metabolic Measurements—Oxygen consumption was measured
using an oxygen electrode standardized to room air (0.2 mm O,). The
data were digitized and stored using an analog to digital conversion
system (DASYLab32). All measurements of oxygen consumption were
performed in intact cells. In general, one representative experiment
performed in triplicate is shown. All oxygen consumption experiments
were performed on at least three separate occasions. To maximize oxy-

10556 JOURNAL OF BIOLOGICAL CHEMISTRY

A ++ -
cC M C M
—— — +~— pBBshc
— - +— Tubulin
—— — — COX4

=~ ~— -+— Xpress p66shc

- ——COX4
E <
~

Cc M

FIGURE 1. A fraction of p66°" is associated with the mitochondria. A, subcellular
fractionation of cytosolic (C) or mitochondrial (M) fractions were prepared from wild type
(+/4) or p66*1<~/~ mouse embryonic fibroblasts. Each lane contained 30 ug of protein.
The purity of the fractions was confirmed by assessing the distribution of the cytosolic
protein tubulin and the mitochondrial protein cytochrome oxidase subunit 4 (COX4). B,
subcellular distribution of wild type (WT) Xpress-tagged p66°" or a site-directed posi-
tion 177 mutant (R177A) following transient transfection of HelLa cells.
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gen consumption, the chemical uncoupler carbonylcyanide 4-(triflu-
oromethoxy)phenylhydrazone (FCCP; 5.0 um) was used. Lactate was
measured using the lactate reagent kit (Sigma). Media from wild type
MEFs or p66”“~/~ cells (1 X 10°) were conditioned for 24 h prior to
lactate determination. For the simultaneous determination of oxygen
utilization and lactate levels, we employed the methods previously
described (23). The degree of proton leak was calculated by measuring
oxygen consumption in permeabilized cells (digitonin, 250 wg/ml) in
the presence of oligomycin (25 pg/ml). ATP was measured from 1 X 10°
cells using the ATP determination kit (Molecular Probes, Inc., Eugene,
OR) with cells either maintained in full media or in media lacking glu-
cose. Six hours after glucose withdrawal, cells were lysed in buffer (20
mM Tris, pH 7.5, 0.5% Nonidet P-40, 25 mm NaCl, 2.5 mm EDTA) for
ATP determination. Results of ATP and lactate levels are, except where
indicated, the results of a single representative experiment performed in
triplicate. All experiments were performed at least three separate times.

RESULTS

p66™ Localizes to the Mitochondria and Regulates Oxygen Con-
sumption and Oxidative Capacity—Since Shc proteins were viewed as
adapter molecules for cell surface receptor complexes, the subcellular
localization of p66™*¢ as well as its two other protein isoforms, p46”*° and
p5
Recent reports have challenged this assumption, and in particular evi-
dence suggests that p46** localizes exclusively to the mitochondria and
that a 32-amino acid motif is essential for this targeting (24). This 32-a-
mino acid motif is not unique for p46*° and is also contained within
p66™. Consistent with these observations, recent evidence suggests
that this larger Shc isoform might also be partially localized within the
mitochondria (24, 25). As noted in Fig. 1, we also observed that a pro-
portion of p66* was consistently found within the mitochondrial frac-

2, were initially thought to be confined to the plasma membrane.

tion. Based on calculation of the relative mass of the mitochondrial
fraction, we estimate that ~10% of p665hc is contained within the mito-
chondria of our wild type MEFs. This estimation is in good agreement
with other recent observations (25) as well as indirect immunofluores-
cence data (supplemental Fig. S1).

As mentioned above, importation of p4
requires a nonconventional N-terminal 32-amino acid targeting
sequence and, in particular, an arginine residue at position 22 of the
protein (24). This entire targeting sequence is also contained within the
p665hc isoform, but because of the N-terminal CH2 domain of p665hc, the

6 into the mitochondria
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FIGURE 2. The role of p66°" in oxygen con-
sumption. A, levels of oxygen consumption in
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critical arginine reside occurs at position 177. Making the correspond-
ing Arg'”” substitution in p66™ revealed that this amino acid change
did not significantly alter the distribution of p66™*° (Figs. 1B and S1).
Thus, importation of p66™ into the mitochondria appears to occur via
a mechanism that significantly diverges from the p46* isoform.

6shc

6" in cells

alters mitochondrial function. Given the relationship between mito-

We next sought to understand whether the absence of p6

chondrial metabolism and aging, we first sought to characterize oxygen
consumption in intact wild type and p66”*“ '~ cells. As noted in Fig. 24,
basal oxygen consumption was reduced by ~30-50% in p66™< '~
MEFs. This difference could not be explained by differences in mito-
chondrial number, since cytochrome a and a, content was similar in the
two cell types (wild type MEFs, 40 = 8 umol/107 cell; p66°~'~ MEFs,
50 * 5 umol/107 cell, p not significant). In an effort to measure maximal
oxygen consumption, we treated cells with the chemical uncoupling
agent FCCP. Oxygen consumption of wild type and p66™<~’~ MEFs
treated with FCCP demonstrated a bell-shaped concentration effect
with maximal uncoupling noted at 5 um FCCP, a concentration that was
subsequently employed in all experiments. As noted in Fig. 24, under
these maximally uncoupled conditions, wild type cells more than dou-
bled their oxygen consumption, whereas p66“~/~ cells had a much
more modest rise in oxygen consumption. In contrast, the addition of
the mitochondrial inhibitor oligomycin resulted in a similar and nearly
complete reduction in oxygen consumption in both wild type and

APRIL 14, 2006 +VOLUME 281+-NUMBER 15

p66°“ '~ cells. Therefore, under resting conditions, oxygen consump-
tion in both cell types appears to derive almost exclusively from mito-
chondrial cytochrome chain activity, and the degree of oligomycin-in-
sensitive uncoupled respiration appears low.

To further confirm the role of p66”* in regulating oxygen consump-
tion, we generated stable cell lines with reconstituted p66”*° in an MEF
knock-out cell background. Seven random control clones of p66°~'~
transfected with an empty vector had levels of oxygen consumption
similar to what was previously observed in the p66”*“~/~ parental cell
line (Fig. 2B). In contrast, seven random clones transfected with a p66°"¢
expression vector had increased levels of oxygen consumption (p <
0.01). This difference in respiration did not appear to reflect differences
in uncoupling, since the level of oligomycin-insensitive respiration did
not appreciably differ between the p66**~reconstituted and empty vec-
tor clones (supplemental Fig. S2). To potentially extend these observa-
tions to other cell types, we also created stable clones of PC12 cells
constitutively expressing a short interfering RNA directed at p66™.
Compared with two control PC12 lines, PC12 cells with knock-down
p66™* expression had reduced oxygen consumption (Fig. 2C and inset).

Absence of p66™ Increases Aerobic Glycolysis—If p66™~'~ cells have
less oxygen consumption and hence less mitochondria-dependent energy
generation, then presumably energetic demands are met through an
increase in alternative ATP-generating pathways. One major alternative
pathway is aerobic glycolysis, with the ATP-generating step deriving from
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TABLE 1
Sources of ATP generation in wild type (+/+) and p66*"<~/~ MEFs

Percentage of ATP derived from mitochondrial respiration is decreased in p66°"° =/~

cells. Calculations are based on the level of coupled respiration and aerobic glycol-
ysis in both cell types according to previous methods (23).

Percentage of ATP

i Lactic Total roduction from
O, consumption acid ATP p
Respiration Glycolysis
nmol/min/mg protein % %
+/+ 23*03 1009 24*15 54.1 45.9
—/= 14 *+0.1 14*+14 22*1.6 35.0 65.0
C 2000

NADH level
(arbitrary units)
S
38

]
]

+H+ -

FIGURE 4. p66°" alters NADH levels. Shown is endogenous NADH fluorescent intensity
in wild type cells (A) or in p66°"<~/~ cells (B). C, quantification in arbitrary units of NADH
fluorescent intensity. Data represent the mean = S.D. from 25 random wild type or
p66°"<~/~ cells. *, p < 0.05.

the cytosolic conversion of pyruvate to lactate. Measurement of 24-h lactate
production revealed that p66™~’~ cells did indeed have evidence for
increased lactate production (Fig. 3A4). To understand the relative balance
between aerobic respiration occurring in the mitochondria and glycolysis
taking place within the cytosol, we simultaneously measured oxygen con-
sumption and lactate levels using a previously described method (23). As
noted in Table 1, using these values, as well as the calculated level of proton
leak derived from oligomycin-insensitive respiration (Fig. 3B), we deter-
mined that wild type MEFs had over half of their ATP production derived
from aerobic respiration. In contrast, for p66°“~/~ cells, aerobic respiration
accounted for closer to one-third of ATP production.

The increased reliance on glycolysis for p66”< '~ cells was also dem-
onstrated by the differences in energetic homeostasis in the setting of
glucose withdrawal. Under these conditions, oxidative phosphorylation
is supported by the remaining carbon substrates, most notably gluta-
mate and fatty acids. As noted in Fig. 3C, 6 h after withdrawing glucose
from the media, wild type cells had a modest, but not statistically signif-
icant, fall in intracellular ATP levels. In contrast, the same glucose with-
drawal resulted in a pronounced reduction in intracellular ATP levels in
p66°~'~ cells. These results are consistent with the classical Pasteur
effect, whereby an inhibition of oxidative metabolism results in an
increased reliance on less efficient, glycolytic pathways to meet cellular
energetic demands.

Regulation of Mitochondrial NADH Metabolism by p66“—We next
sought to further understand the basis for the difference in resting oxy-
gen consumption between wild type and p66~/~ MEF. As noted in
Fig. 4, A and B, microfluorometric measurements of the distribution of
NADH appeared similar in wild type and p66** '~ cells. This technique
predominantly measures protein-bound NAD(P)H and is therefore
most reflective of mitochondrial rather then free cytosolic NAD(P)H
levels. Quantification of the NADH fluorescent intensity revealed an
approximate 20% increase in resting fluorescence in knock-out cells
(Fig. 4C). Since the interpretation of resting NADH levels in quiescent
cells is difficult, we next sought to assess whether differences existed
in NADH turnover between these two cell types. Using a previously
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FIGURE 5. p66°"< alters mitochondrial NADH flux. A, representative NADH ED-FRAP
time course from a single wild type (open circles) or p66°"~'~ cell (closed circles). The
arrow indicates the timing of the photolysis pulse. B, composite analysis of the level of
initial NADH recovery (first 2 s) following NADH to NAD photolysis in individual wild type
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FIGURE 6. Permeabilized p66°" mitochondria have reduced NADH consumption.
Measurement of in vitro consumption of exogenous NADH using either cytosolic (squares) or
permeabilized mitochondrial (circles) extracts from wild type MEFs (open symbols) or
p66°1<~/~ cells (closed symbols). Whereas cytosolic consumption of NADH is indistinguish-
able, consumption of exogenous NADH is reduced for p66°"“~'~ mitochondria.
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described NADH photolysis technique, NADH ED-FRAP (20-22), we
noted that p66*°~/~ cells exhibited an overall reduction in the degree of
NADH regeneration following the laser-induced photolysis of NADH
to NAD (Fig. 54). Quantification of the initial recovery rate of NADH
regeneration following photolysis demonstrated an approximate 40%
reduction in p66™<~/~ cells (Fig. 5B). These data are consistent with
p66™“~/~ cells having a blockage or slowing of NADH synthesis from
NAD, a process that normally occurs either in the Krebs cycle or from
reverse electron flow through Site I of oxidative phosphorylation (21).

Whereas the experiments employing ED-FRAP are most consistent
with a defect in mitochondrial NADH metabolism, we could not
exclude a contribution from less abundant cytosolic NADH-regenerat-
ing enzymes. Therefore, to further pursue the question of alterations in
NADH metabolism, we prepared cytosolic and mitochondrial extracts
from wild type and p66*“~/~ cells. As noted in Fig. 6, cytosolic con-
sumption of exogenous NADH was similar in the two cell lines. In
contrast, compared with wild type cells, permeabilized mitochondria
derived from p66°~'~ cells had a considerably slower rate of exoge-
nous NADH consumption. As such, these biochemical measurements
are consistent with the previously described noninvasive, NADH ED-
FRAP measurements and suggest that the defect in NADH metabolism
in p66*™ cells is confined predominantly to the mitochondria.
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DISCUSSION

The identification of gene products that regulate life span has pro-
vided significant insight into the molecular mechanisms that underlie
aging. In contrast to lower organisms, to date, only a handful of mam-
malian longevity genes have been identified, and it remains unclear as to
how these gene products actually regulate life span (14). One dominant
theory regarding aging involves the role of overall metabolism and, in
particular, the contribution of reactive oxygen species generated by
mitochondrial metabolism (1-3). Here we have demonstrated that the
mammalian longevity gene product p66* functions as a regulator of
mitochondrial metabolism.

The impetus for our investigation began with the initial observation
that p66™“~/~ mice exhibit increased resistance to oxidative stress such
as was observed following paraquat exposure (15). There is also evi-
dence that animals lacking p66”*° have a reduction in other markers of
basal oxidative stress (17, 18). Consistent with these observations, cells
derived from p66 animals have reduced resting and stress-induced
levels of ROS (8, 19). In the process of performing these experiments, a
very recent report suggested that p66™*° can generate hydrogen peroxide
in conjunction with reduced cytochrome ¢ (25). These authors have
argued that this property is essential for the burst of mitochondrial ROS
that occurs with the induction of apoptosis. Interestingly, this study
identified a region of p66” required for the in vitro interaction with
cytochrome c that is adjacent to but outside the unique CH2 domain of
the protein. Since this identified region is also present in p52*, it is
unclear whether this ROS-producing property is also shared by the
other Shc isoforms that are not currently associated with longevity. It
also remains unclear how this ability to generate hydrogen peroxide
following apoptotic stress relates to the observation that levels of ROS
are chronically reduced in p66*<~/~
under basal conditions, one would not expect a significant rate of apo-
ptosis. One possibility is that nonapoptotic stresses could also activate
p66° to produce hydrogen peroxide in a cytochrome c-dependent
fashion. Although answers to these questions require further study,
together they argue that p66* has properties beyond being a simple

cells and animals, especially since

adapter molecule.

Whereas our data and previous studies suggest that a fraction of
p665h“' localizes to the mitochondria, it is currently unclear how this
importation occurs. In the related p46*¢ molecule, an N-terminal
stretch of 32 amino acids is responsible for directing this isoform exclu-
sively to the mitochondria (24). This sequence is not recognized by
current bioinformatic methods as a mitochondrial targeting sequence.
Within this region, arginine 22 is essential for mitochondrial targeting
(24). The corresponding 32-amino acid stretch is found in p66, but as
demonstrated here and previously, the majority of p66”* is nonmito-
chondrial. Similarly, as we show here, in contrast to the p4-65hc isoform,
mutation of the corresponding arginine in p66™ does not alter the
subcellular distribution of the protein. It remains possible that our local-
ization of p66°*
chondrial fractions used in our subcellular fractionation experiments
were contaminated in some fashion, perhaps by the inadvertent
inclusion of plasma membranes. Although this remains a possibility,
several observations argue against this. First, previous experiments

within the mitochondria is spurious and that the mito-

using perhaps the gold standard of subcellular localization, immu-
nogold electron microscopy, have consistently detected p66°*
within the mitochondria (25, 26). Similarly, p66*"° has been shown to
form a molecular complex with the mitochondrial protein cyto-
chrome ¢ (25). Finally, analysis of our fractions suggests that, at least
at the level of Western blot detection, the mitochondrial fractions

are relatively free of contamination (supplemental Fig. 3). Nonethe-
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less, until more information is known regarding the mechanisms
underlying mitochondrial localization, we cannot conclusively state
that the metabolic effects seen in our p66*"“~/~ cells are due to the
absence of p66°"¢ in the mitochondria rather then the absence of this
protein in another subcellular compartment.

The observations presented here suggest that p66**“ may regulate the
partition of ATP generation in the cell and that in the absence of p66°”,
mitochondrial oxidative phosphorylation is reduced, whereas the reli-

6shc

ance on glycolysis is increased. Given that mitochondrial electron flow
is the major producer of cellular ROS, these results may provide an
explanation for the previous observation that p66*°~’~ cells and ani-
mals have lower levels of ROS (8, 15, 17—19). It should be noted that our
results were predominantly obtained in spontaneously immortalized
MEFs. A similar albeit smaller role for p66™* in regulating oxygen con-
sumption was also seen in PC12 cells (Fig. 2C). Our preliminary obser-
vations of oxygen consumption in primary MEFs derived from
P66~ animals suggest that the metabolic alterations are signifi-
cantly less then what we observed in our immortalized MEFs (data not
shown). Thus, the role of p66** in mitochondrial metabolism may vary
considerably between different cell types and even between primary and
immortalized MEFs. Although considerable drift can occur with cell
culture, the observation that reconstitution of p66”* in our spontane-
ously immortalized knock-out MEFs increases oxygen consumption
(Fig. 2B) provides strong evidence for a continuous role of p66°* in the
observed metabolic phenotype.

Although to date, relatively few mammalian longevity genes have
been determined, there is a much richer literature from other species
such as nematodes. Although the requirement for oxygen and the ability
to withstand prolonged hypoxia clearly differs between worms and
higher mammals, it is interesting to note that a number of previously
described C. elegans longevity mutants have altered mitochondrial
metabolism (10, 11). Included among these is the isp-I mutant, which
has a defect in Complex III leading to decreased oxygen consumption
and extended life (27). Similarly, RNAi methods have determined that
inhibition of mitochondrial electron transport or other essential mito-
chondrial proteins can often result in worms that have reduced oxygen
consumption, lower ATP levels, and a corresponding increase in life
span (12). Thus, as recently hypothesized, reducing the level of mito-
chondrial metabolism may be an important way of extending the life
span of lower organisms (13). The results presented here, along with
previous studies demonstrating an extended life span of p66°* ™/~ mice
(15), suggest that this paradigm may also be applicable to mammalian
species.
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