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Aging is associated with impaired scavenging of reactive
oxygen species (ROS). Here, we show that TAp73, a p53
family member, protects against aging by regulating
mitochondrial activity and preventing ROS accumula-
tion. TAp73-null mice show more pronounced aging
with increased oxidative damage and senescence. TAp73
deletion reduces cellular ATP levels, oxygen consump-
tion, and mitochondrial complex IV activity, with in-
creased ROS production and oxidative stress sensitivity.
We show that the mitochondrial complex IV subunit
cytochrome C oxidase subunit 4 (Cox4il) is a direct
TAp73 target and that Cox4il knockdown phenocopies
the cellular senescence of TAp73-null cells. Results in-
dicate that TAp73 affects mitochondrial respiration and
ROS homeostasis, thus regulating aging.

Supplemental material is available for this article.
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Aging is a progressive functional decline that compro-
mises fitness and predisposes to diseases such as cancer
and neurodegeneration. Several mechanisms impact on
longevity, such as altered insulin/IGF signaling, stem
cell depletion, and increased oxidative damage due to
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impaired scavenging of reactive oxygen species (ROS)
(Kenyon 2010). In addition to the mammalian target of
rapamycin (mTOR) and the AMP-activated protein ki-
nase (AMPK) regulator of forkhead box O (FOXO), the
metabolic pathways of aging involve the AMPK-activated
PPARY coactivator la (PGCla), a regulator of mitochon-
drial function (Sahin and Depinho 2012). Indeed, reduced
mitochondrial bioenergetics, together with increased ROS
production, is associated with aging (Balaban et al. 2005),
suggesting that progressive mitochondrial dysfunction
plays an important role in the aging process.

p73 and p63 have been identified as the ancestral
members of the p53 family (Belyi et al. 2010); hence, p73,
being a structural and functional homolog of the tumor-
suppressing transcription factor p53, can transactivate p53-
responsive genes and mediate cell cycle arrest and apopto-
sis in response to DNA damage (Melino et al. 2002; Levine
et al. 2011). Despite the high sequence and structural
similarity, the mouse models revealed a crucial role in
neural development for p73 and in epidermal formation for
p63, unlike the tumor susceptibility of p53 knockout mice.
The Tp73 gene is expressed via two distinct promoters as
proteins with (TAp73) or lacking (ANp73) the transactiva-
tion domain (Melino et al. 2002). Although implicated in
the regulation of tumorigenesis and in the chemotherapeu-
tic response (Melino et al. 2002), p73 is essential for proper
development of the CNS (Yang et al. 2000; Tomasini et al.
2008; Wilhelm et al. 2010). Indeed, selective TAp73 knock-
out mice develop tumors and show hippocampal dysgenesis
(Tomasini et al. 2008), while ANp73 knockout mice do not
develop tumors but develop late signs of moderate neuro-
degeneration (Wilhelm et al. 2010).

Here, we report the ability of TAp73 to regulate mi-
tochondrial respiration by directly transactivating the
mitochondrial complex IV subunit cytochrome C oxidase
subunit 4 (Cox4i1). Reduction of Cox4il in TAp73-deficient
mice results in premature aging secondary to mitochondrial
dysfunction and increased ROS generation, and comple-
mentation of TAp73 knockout cells with Cox4il rescues
the reduced mitochondrial oxygen consumption.

Results and Discussion

We previously established that TAp73 deficiency pre-
disposes mice to tumorigenesis (Tomasini et al. 2008). To
assess whether loss of TAp73 also influenced the aging
process, we studied a number of age-related characteris-
tics in old tumor-free animals. First, TAp73 knockout
mice showed reduced survival (mean 19.1 + 1.2 mo, 50%
survival [n = 22], compared with 25.0 = 2.1 mo in wild-
type mice [n=18]; P<0.01) (see also Tomasini et al. 2008).
In addition, 18-mo-old TAp73 knockout mice had lower
body weights with a decreased percentage of body fat,
particularly subcutaneous fat (Fig. 1A,B; Supplemental
Fig. 1A) compared with their wild-type controls. The
knockout mice also had radiological evidence of severe
kyphosis (Fig. 1C), with marked thinning of the epidermis
(Supplemental Fig. 1B) and corneal degeneration (Supple-
mental Fig. 1C). In addition, when subjected to a hair
growth assay, all of the TAp73-null animals showed
essentially no hair growth 20 d after shaving, compared
with robust growth in wild-type mice (Supplemental Fig.
1D). IGF1 serum levels decrease during aging, and TAp73
knockout mice also had reduced serum levels of IGF-1
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Figure 1. TAp73 depletion accelerates aging and senescence. (A)
Reduced body weight affecting TAp73 knockout (KO) animals (n =
8). Mean * SD. (B) Percentage of body fat measured with Lunar
PIXImus densitometry (n = 8). Mean = SD. (C) Radiography showing
enhanced kyphosis in 18-mo-old TAp73 knockout mice. (D) pl6
levels detected by Western blot in organ extracts from old animals.
Tubulin was used as loading control. (E, top) Levels of carbonylated
proteins in the indicated organs of 18-mo-old wild-type (WT) and
TAp73 knockout mice. (Bottom) Coomassie staining of organ extracts
shows even loading. (F) Decreased proliferative capacity in late passage
(P8) TAp73 knockout MEFs versus wild-type control. (G) Quantifica-
tion of SA-B-Gal-positive senescent MEFs. Mean + SD. (H) Western
blot of senescence markers p16 and p19**F in late passage (P8) MEFs.
Tubulin was used as loading control.

(Supplemental Fig. 1E). Western blot analysis of several
organs revealed elevated levels of p16, a well-established
biomarker of aging (Fig. 1D; Krishnamurthy et al. 2004;
data not shown). Finally, immunoblotting of carbonyl
groups showed increased levels of oxidized proteins in the
livers, kidneys, and lungs from knockout mice (Fig. 1E),
suggesting increased oxidative stress in vivo. Together,
these data indicate that TAp73 deficiency aggravates age-
related features and increases expression of markers of
oxidative stress and senescence in vivo.

To investigate the mechanism responsible for the
accelerated aging in TAp73 knockout mice, we generated
mouse embryonic fibroblasts (MEFs) from embryonic day
14.5 (E14.5) null and control embryos, passaged them in
vitro according to the standard 3T3 protocol, and assessed
their propensity to undergo replicative senescence in late
passages (P7-P8). We found that, unlike their wild-type
counterparts, late passage TAp73 knockout MEFs ceased
to proliferate (Fig. 1F) and showed increased B-galactosi-
dase activity (SA-B-gal) (Fig. 1G), suggesting that TAp73
depletion triggers senescence in vitro. As senescent cells
also display increased expression of p194*F and pl6, we
investigated the expression of these markers. Consistently,
late passage TAp73 knockout MEFs expressed increased
levels of p19”F and p16 proteins with respect to wild-type
cells (Fig. 1H). Overall, these data indicate that loss of
TAp73 accelerates senescence in vitro, supporting the age-
related symptoms observed in the knockout animals.

Previous studies showed that senescence in mouse
fibroblasts is the outcome of sustained oxidative damage
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(Parrinello et al. 2003) in standard culturing conditions.
Indeed, MEFs accumulate oxidative damage when cul-
tured in atmospheric (i.e., 20%) oxygen. This “oxygen
sensitivity” slows cell proliferation and triggers senes-
cence, which can be reverted by switching growth con-
ditions to 3% oxygen (Parrinello et al. 2003). Therefore,
we reasoned that deletion of TAp73 might sensitize cells
to oxidative damage. To test this possibility, we chal-
lenged early passage (P2), presenescent wild-type and
knockout MEFs with 0.5 mM hydrogen peroxide (H,O,)
for 16 h and assayed cell death by propidium iodide (PI)
exclusion. Notably, TAp73 knockout MEFs were more
sensitive than their wild-type counterparts to H,O,-
induced death, with an ~50% increase in cell death (Fig.
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Figure 2. Reduced mitochondrial function and unbalanced ROS in
TAp73 knockout early passage MEFs. (A) Wild-type (WT) and TAp73
knockout (KO) MEFs (p2) were left untreated (CTRL) or challenged
with 0.5 mM H,0, (H,O,), and cell death was measured by PI
staining and flow cytometry. Mean *+ SD. (B) Wild-type and TAp73
knockout MEF growth at 20% and 3% oxygen concentration. Cell
number is expressed as fold over wild-type control. Mean = SD. (C)
Wild-type and TAp73 knockout MEFs were treated with vehicle
(CTRL) or 30 uM Trolox/30 wM ascorbic acid antioxidant mixture
(AO). Cells were allowed to grow for 72 h before counting. Cell
number is expressed as fold over wild-type control. Mean =+ SD. (D)
Increased staining of TAp73 knockout MEFs with the ROS fluoro-
phore DCFDA. (E) State IIl oxygen consumption in wild-type and
TAp73 knockout MEFs. Oxygen consumption was measured with
an Oroboros oxygraph and normalized to cell number. State III was
induced by addition of ADP. (F) NADH levels measured in MEFs and
normalized to protein content. Mean = SD. (G) Reduced oxygen
consumption in the lungs and kidneys from wild-type and TAp73
knockout mice. Data are expressed as percentage of wild-type
controls (n = 3). (H) Measurement of mitochondrial O, levels with
MitoSox Red in wild-type and knockout MEFs. (I) ATP levels in
MEFs normalized to protein content and expressed as percentage of
wild-type control. (J) Wild-type and knockout MEFs treated with the
indicated doses of 2-deoxy-D-glucose (2-DG) were assayed for
survival by trypan blue exclusion. Mean *+ SD.



2A). Next, we investigated the effect of oxygen concen-
tration on the proliferative capacity of early passage MEFs
(P2). After 6 d in culture in a 20% oxygen atmosphere,
there were fewer TAp73 knockout cells, although knock-
out and wild-type cells proliferated equally when cul-
tured in low oxygen (3%) (Fig. 2B). A similar rescue of
the growth retardation of TAp73 knockout MEFs was
achieved by addition of antioxidants (Fig. 2C). Of note,
antioxidants were also able to revert the accumulation of
pl6 and SA-B-Gal in late passage MEFs from both wild-
type and TAp73 knockout mice (Supplemental Fig. 2),
further supporting the notion that oxidative damage
elicits senescence in mouse fibroblasts. Overall, these
data suggest that TAp73 protects against oxidative dam-
age and that its depletion slows cell proliferation and elicits
senescence consequent to increased susceptibility to oxy-
gen-associated damage.

Next, we sought to investigate whether the oxidative
imbalance affecting TAp73 knockout cells was accompa-
nied by altered levels of intracellular ROS. To this end, we
measured ROS content in early passage MEFs (P2) with
the radical dye dichlorofluorescein diacetate (DCFDA).
Importantly, the susceptibility of TAp73-depleted cells to
oxidative damage correlated with a robust increase in
intracellular ROS (Fig. 2D).

In an attempt to understand the reason for this increase,
we focused on mitochondria, since mitochondria have
been shown to play a fundamental role in oxidative metab-
olism and aging (Sahin and Depinho 2012) and represent
the main cellular source of ROS. Moreover, p53 is known
to regulate mitochondrial oxygen consumption through
multiple pathways (Gottlieb and Vousden 2010). Since p73
is part of the p53 superfamily, we asked whether the
increased ROS levels triggered by depletion of TAp73 de-
pend on altered mitochondrial activity. We assessed aero-
bic respiration in TAp73 knockout and wild-type MEFs
and found that TAp73-depleted cells had significantly
decreased rates of both basal and state ITI (i.e., ADP-driven)
oxygen consumption (Fig. 2E; Supplemental Fig. 3A). Di-
rect measurement of mitochondrial electron transport
chain (ETC) enzymatic activity showed a consistent se-
lective reduction in complex IV cytochrome C oxidase
(COX) activity (Supplemental Fig. 3B). This reduced flow of
electrons through the ETC would be expected to increase
the amount of reduced NADH, the major ETC electron
donor. Consistently, NADH levels were increased in
TAp73 knockout MEFs when compared with wild-type
cells (Fig. 2F). Finally, to assess whether TAp73 depletion
affects mitochondrial respiration in vivo, we measured
oxygen consumption in the lungs and kidneys from TAp73
knockout mice (which, in wild-type mice, express rela-
tively high TAp73 mRNA levels) and found that oxygen
fluxes were consistently decreased (Fig. 2G).

Reduced complex IV activity will retain upstream
complexes in a reduced state, thereby favoring electron
leakage and increasing mitochondrial ROS production
(Liu et al. 2009). To test this possibility, we measured
anion superoxide (O, ~) in MEFs using the mitochondrial
superoxide dye MitoSox Red and found it robustly in-
creased in TAp73 knockout cells (Fig. 2H), suggesting that
mitochondrial dysfunction is indeed the major source of
the increased ROS levels observed in the absence of
TAp73. Finally, we investigated the impact of TAp73
depletion on cellular energetics. TAp73 knockout cells
have reduced basal ATP levels compared with parental

TAp73 depletion dysregulates metabolism

cells (Fig. 2I), further suggestive of impaired oxidative
phosphorylation (OXPHOS). The reduction of OXPHOS
contribution to energetic balance is underlined by the
increased glucose addiction in TAp73 knockout MEFs, as
revealed by their increased sensitivity to glycolysis in-
hibition by 2-deoxyglucose (Fig. 2]).

Next, we investigated whether these findings could be
extended to human cells. Accordingly, we knocked down
TAp73 in the human colon carcinoma HCT116 cell line
using siRNA technology to selectively target TAp73
isoforms (Fig. 3A; Supplemental Fig. 4). Like mouse
fibroblasts, TAp73-depleted human cells show increased
cell death upon H,O, treatment (Fig. 3B). In addition,
knockdown of TAp73 increased intracellular ROS (Fig.
3C) and, more specifically, mitochondrial O, levels (Fig.
3D). To understand whether TAp73 sustains mitochon-
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Figure 3. Knockdown of TAp73 in HCT116 cells recapitulates the
mouse phenotype. (A) Western blot analysis showing the efficiency
of TAp73 knockdown. Cells were treated with siRNA control (scr)
and siRNA against TAp73 (siTAp73) and assessed at 72 h post-
transfection. (B) Cells treated with siRNA control (scr) and siRNA
against TAp73 (sip73) were left untreated (CTRL) or challenged with
0.2 mM H,0, for 8 h (H,O,), and cell death was quantified by PI
staining and flow cytometry. Mean *= SD. (C) Analysis of siRNA-
treated cells using DCFDA. TAp73-depleted cells show increased
staining. (D) Analysis of mitochondrial O, levels with the selective
dye MitoSox Red in TAp73-depleted HCT116. (E) State III oxygen
consumption in cells treated with siRNA control or siRNA targeting
TAp73. Oxygen consumption was measured with an Oroboros
oxygraph and normalized to cell number. State III was induced by
injection of ADP. Mean *+ SD. (F) Basal respiration of cells treated as
in E. Mean = SD. (G) Activity of the complex IV of the ETC in cells
treated with siRNA control or siRNA targeting TAp73.
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drial function in HCT116 cells, we measured oxygen
consumption in control and TAp73-depleted cells. Notably,
reduced expression of TAp73 results in reduced state III
and basal respiratory rates (Fig. 3E,F), accompanied by
decreased activity of mitochondrial complex IV (Fig. 3G).
Together, these data demonstrate that p73 deficiency com-
promises cellular bioenergetics and mitochondrial func-
tion, resulting in an increased intracellular ROS content.

Mice lacking glutathione peroxidase (GPX-1), which
therefore cannot detoxify ROS, have been reported to be
protected from the insulin resistance induced by a high-
fat diet (HFD) (Loh et al. 2009). To test whether TAp73
knockout mice show a similar phenotype, we fed knock-
out and wild-type littermates with chow (normal diet
[ND]) or a HFD (60% kcal from fat). Intraperitoneal glu-
cose tolerance tests (IPGTTs) and intraperitoneal insulin
tolerance tests (IPITTs) after 16 wk of the HFD revealed
that TAp73 knockout mice were partially protected from
glucose intolerance and insulin resistance (Fig. 4A).
Analysis of energy expenditure under the same condi-
tions revealed that knockout mice had significantly de-
creased oxygen consumption (Fig. 4B).

Next, we sought to investigate the molecular mecha-
nism underlying TAp73-mediated regulation of mito-
chondrial function. We did not observe any differences
in mitochondrial structure and mass or find differences in
expression of the p53 target PGCla between wild-type
and TAp73 knockout MEFs (Supplemental Fig. 5A-D).
However, the decreased enzymatic activity of COX sug-
gests that p73 may regulate expression of genes involved
in complex IV function. Recent studies using gene ex-
pression profiling have suggested that the p53 family may
affect expression of SCO2 and COX4il (Matoba et al.
2006; Lin et al. 2009). Complex IV of the ETC contains
four main core subunits: Mitochondrial-encoded sub-
units I, II, and III provide the catalytic core of COX, while
the nuclear-encoded subunit IV regulates kinetic proper-
ties of the holoenzyme. SCO2 encodes a regulatory pro-
tein that delivers copper to the catalytic site of subunit II,
while Cox4il specifies isoform 1 of the subunit IV of
COX. We failed to detect changes in SCO2 transcript
levels in TAp73 knockout cells (Supplemental Fig. 5E). In
contrast, TAp73 knockout MEFs expressed reduced
mRNA and protein levels of Cox4il (Fig. 5A,B). Cox4il
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Figure 4. Effects of TAp73 deficiency on glucose tolerance during
high caloric intake. (A) TAp73 knockout (KO) mice showed decreased
weight gain and improved insulin sensitivity and glucose tolerance
after a 16-wk treatment with a HFD, compared with a ND. (B) TAp73
knockout mice showed decreased VO,, VCO,, and respiratory ex-
change ratio (RER) after a 16-wk treatment with a HFD. (n = 6 per
group). Mean = SD. (**) P < 0.01.
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protein content was also reduced after siRNA-mediated
knockdown of TAp73 in HCT116 cells (Fig. 5C) and in
kidneys and lungs isolated from TAp73 knockout animals
(Fig. 5D; Supplemental Fig. 6A). Moreover, ectopic ex-
pression of p73 increased Cox4il levels in HCT116
(Supplemental Fig. 6B) and in HA-tagged TAp73 SaOs-
2-Tet-on cell lines (Supplemental Fig. 6C). These findings
and the identification of a p53-responsive element (p53RE)
in intron 1 of the mouse and human Cox4i1 locus (see the
Supplemental Material) suggest that Cox4i1 may be a p73
target gene. A chromatin immunoprecipitation (ChIP)
experiment in SaOs-2-Tet-on-inducible cells showed di-
rect binding of TAp73 to the COX4i1 intronic responsive
element (Fig. 5E). We also cloned a 400-base-pair (bp)
fragment of the COX4i1 intron 1 containing the p53RE
upstream of a luciferase reporter vector and demonstrated
that luciferase activity was increased by ectopic expres-
sion of TAp73 isoforms (Fig. 5F).

To ascertain whether TAp73-mediated regulation of
Cox4il could be responsible for the mitochondrial dys-
function observed in TAp73-depleted cells, we knocked
down Cox4il in HCT116 cells using two independent
siRNAs. Depletion of Cox4il reduced oxygen flux (Fig.
5G) and increased anion superoxide levels (Fig. 5H).
Recent findings suggest that mitochondrial respiration
per se protects against oxygen-associated damage, and
inhibition of mitochondrial activity elicits oxidative
stress in cultured cells (Sung et al. 2010). In agreement
with this hypothesis, Cox4 knockdown augmented H,O,-
induced cell death (Fig. 5I), and, importantly, knockdown
of Cox4il in primary wild-type MEFs also reproduced the
senescent phenotype seen in the TAp73 knockout MEFs
(Fig. 5]). Finally, ectopic expression of Cox4il in TAp73
knockout MEFs restored oxygen consumption to levels
comparable with wild-type cells (Fig. 5K). Overall, these
data suggest that Cox4il is a direct p73 target able to
contribute to the mitochondrial impairment and oxidative
imbalance triggered by depletion of TAp73.

The mechanisms that govern aging are still unclear and
under intense investigation (Kenyon 2010). One widely
accepted theory proposes that progressive accumulation
of oxidative damage, arising from endogenously produced
ROS, leads to tissue degeneration and age-related disor-
ders (Balaban et al. 2005). However, the degree to which
free radicals contribute to aging has recently been ques-
tioned (Lapointe and Hekimi 2010), although it is becom-
ing increasingly evident that mitochondrial bioenergetics
do play a crucial role in the aging process. Indeed, mito-
chondrial respiration decreases with aging (Yen et al.
1989). More directly, mice engineered to express an error-
prone mutant mitochondrial polymerase 8 show reduced
longevity (Trifunovic et al. 2004), which correlates with
decreased mitochondrial function but not with in-
creased ROS production, suggesting that impaired me-
tabolism resulting from compromised mitochondrial
respiration may account for the aging phenotype (Trifunovic
et al. 2005). Moreover, mitochondrial targeted overex-
pression of the scavenging enzyme catalase extends life
span at least partially by preventing the age-associated
decline in mitochondrial activity (Lee et al. 2010). While
we cannot exclude the possibility that TAp73 influences
aging by other mechanisms, compromised complex IV
activity with increased ROS generation is clearly one
mechanism by which TAp73 deficiency leads to an aging
phenotype.
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meditated up-regulation of luciferase activity driven by a 400-bp first intron
fragment of Cox4il. A luciferase vector containing p21RE was used as posi-
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a plasmid expressing Flag-tagged mouse Cox4il. State III was induced by
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mechanisms are still unclear (Keyes et al. 2005;
Matheu et al. 2008; Su et al. 2009; Sahin et al.
2011), and p53-dependent mitochondrial dysfunc-
tion has been described in aging-prone telome-
rase-deficient mice (Sahin et al. 2011) and age-
related cardiovascular and adipose tissue changes
(Minamino et al. 2009). Here we report that se-
lective TAp73 depletion accelerates aging in vivo
associated with altered mitochondrial function at
least partially due to depletion of Cox4il, and
Cox4il knockdown itself results in accelerated
senescence in vitro. Overall, our data are consis-
tent with recent findings from in vivo mouse
models of mitochondrial dysfunction and unbal-
anced ROS homeostasis (Trifunovic et al. 2004,
Laurent et al. 2008; Chen et al. 2009; Liu et al.
2009; Loh et al. 2009; Reilly et al. 2010; Sahin et al.
2011) and expand the p53 and mitochondrial axis of
aging with the addition of new players, TAp73 and
Cox4il.

Materials and methods

Mice

Generation and genotyping of TAp73 mice were described in
Tomasini et al. (2008). Serum IGF was quantified by ELISA (R&D
Systems). Body fat was measured by a PIXImus Small Animal
Densitometer (Lunar). For the hair growth assay, age-matched
wild-type and TAp73 knockout mice (18 mo) were shaved on
their dorsal surface using an electric razor. Pictures were taken
24 d after shaving. Indirect calorimetry was performed using
LabMaster (TSE Systems). Mice were acclimatized for 24 h
before measurements were taken every 15 min for 24 h. Oxygen
consumption (VO,) is expressed as milliliters of O, consumed
per kilogram of body weight per minute. Activity was ex-
pressed by movement-induced beam interruptions per minute
in the calorimeter. Daily food intake was monitored by weigh-
ing food hoppers. For the diet-induced obesity model, mice were
fed a HFD (60% of calories from fat; Research Diets) or a ND
(standard chow, 10% calories from fat; GLP) for 16 wk, starting
in 8-wk-old mice. Metabolic tests were previously described
(Menghini et al. 2009).

Animals were treated in accordance with the NIH Guide for
Care and Use of Laboratory Animals as approved by the Ontario
Cancer Institute Animal Care Committee. Mice were bred and
subjected to procedures under the project license released from
the Home Office.

ROS measurement

To determine ROS levels, HCT116 cells and MEFs were stained
for 10 min with 10 pM DCFDA (Invitrogen, M36008) in Hank’s
balanced salt solution (HBSS). To measure cellular anion super-
oxide content, HCT116 cells and MEFs were stained for 10 and
30 min, respectively with 1 .M MitoSox Red (Invitrogen, C6827)
in HBSS. After washing with HBSS, samples were analyzed by

Dissociation between aging, insulin resistance, and
ROS has been suggested from several models, and thus,
under certain conditions, ROS may promote aging in-
dependently from its effects on glucose metabolism. Our
finding that TAp73 knockout mice on a long-term HFD
showed relatively increased insulin sensitivity could
therefore be due to the positive effects of ROS on insulin
signaling, as reported in JunD or GPX-1 knockout mice
(Laurent et al. 2008; Loh et al. 2009).

The p53 family members p53 and p63 are pivotal in the
control of organismal aging, although the underlying

flow cytometry, acquiring a minimum of 10,000 cells per sample. Each
experiment was performed in triplicate and analyzed with CELLQuest
software.

Respirometry and NADH

Oxygen consumption was measured at 37°C by high-resolution respi-
rometry using Oxygraph-2k and DataLab software (Oroboros). Cells
and tissues were homogenized in respiration medium (0.5 mM
EGTA, 3 mM MgCl,-6 H,O, 60 mM K-lactobionate, 20 mM taurine,
10 mM KH,P04, 20 mM HEPES, 110 mM sucrose, 1g/L BSA) and
assayed with 2-sec-interval measurements. State III respiration was
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induced by addition of 2 mM malate, 10 mM glutamate, and 5-10 mM
ADP.

NADH was measured spectroscopically in protein extracts (excitation
wavelength 366 nm; absorbance wavelength 460 nm) and normalized to
protein content.
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