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Uncoupling protein-2 regulates lifespan in mice
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The long-term effects of uncoupled mitochondrial respiration by
uncoupling protein-2 (UCP2) in mammalian physiology remain con-
troversial. Here we show that increased mitochondrial uncoupling
activity of different tissues predicts longer lifespan of rats compared
with mice. UCP2 reduces reactive oxygen species (ROS) production
and oxidative stress throughout the aging process in different tissues
in mice. The absence of UCP2 shortens lifespan in wild-type mice,
and the level of UCP2 positively correlates with the postnatal survival
of superoxide dismutase-2 mutant animals. Thus UCP2 has a benefi-
cial influence on cell and tissue function leading to increased lifespan.

reactive oxygen species; mitochondria; superoxide dismutase-2; lon-
gevity; aging; fatty acid oxidation

UNCOUPLING PROTEINS (UCPs) are inner mitochondrial mem-
brane proteins regulating mitochondrial homeostasis. The
physiological function of UCP2, which is found throughout
diverse tissues, has been difficult to define. Emerging evidence
suggests that UCP2 plays a positive physiological role by
regulating fatty acid oxidation, mitochondrial biogenesis, sub-
strate utilization, and reactive oxygen species (ROS) elimina-
tion (1, 3, 14, 20) and in doing so provides neuroprotective (2,
5, 10, 17) and anti-aging effects (8, 12). However, numerous
studies have indicated that UCP2 has deleterious effects on cell
function. For example, UCP2 negatively regulates insulin se-
cretion and contributes to insulin resistance and the pathogen-
esis of type 2 diabetes (28). Moreover, inhibition of UCP2
reversed obesity- and glucose-induced 3-cell dysfunction (29)
and restored glucose sensing in hypothalamic proopiomelano-
cortin (POMC) neurons (19). Paradoxically, however, ucp2 '~
mice are more sensitive to weight gain than controls with a
high-fat diet (13). Furthermore, UCP2 exacerbated ischemic
injury (9), suppressed inflammatory and immune responses (4),
and increased sensitivity to apoptosis (25).

A role for UCP2 regulating lifespan is strongly suggested by
the ability of UCP2 to reduce ROS and regulate mitochondrial
function in a diverse range of tissues (1, 4), since mitochondrial
dysfunction and ROS production are at the heart of the aging
process. In flies, overexpressing human UCP2 (hUCP2) to
adult neurons resulted in increased uncoupled respiration, de-
creased ROS production, decreased oxidative damage, and
extended lifespan without compromising fertility or physical
activity (12). These results above support the “uncoupling-to-
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survive” hypothesis proposed by Brand (7). This hypothesis
states that increased uncoupling leads to greater oxygen con-
sumption and reduces the proton motive force by reducing the
mitochondrial membrane potential, which subsequently re-
duces ROS generation. Further evidence for the uncoupling-
to-survive hypothesis comes from a study using outbred mice
with high or low metabolic intensities (23). Mice with high
metabolic intensities had greater resting oxygen consumption
and lived longer than mice with low metabolic intensities. The
long-lived mice with a high metabolic rate also exhibited
greater mitochondrial uncoupling, suggesting that these mice reduce
ROS production despite increased oxygen consumption (23).

In this study, we addressed the overall physiological effects
of UCP2 on health and disease in a simplistic manner; first we
investigated whether mitochondrial uncoupled respiration is
inherently different in mammalian species that have different
lifespans. We then analyzed the causal role of UCP2 in altering
lifespan; first we examined the survival age of ucp2™" and
ucp2~'~ mice and transgenic mice overexpressing hUCP2
(hUCP2 Tg) under normal laboratory conditions.

EXPERIMENTAL PROCEDURES

Mice. The Institutional Animal Care and Use Committee of Yale
University approved all experiments. Mice and rats were kept under
standard laboratory conditions with free access to standard chow
food and water. The generation of ucp2™”~ and transgenic UCP2
(UCP2 + Tg) mice has been previously described (2, 29). Superoxide
dismutase-2 (sod2"/~) breeding pairs were purchased from Jackson
Laboratory. ucp2™~ and sod2™'~ mice were crossed to produce
multiple genotypes for the analysis of UCP2 on lifespan of sod2 +/+
and —/— mice. Mice were back-crossed for at least eight generations
to ensure a stable genetic background. C57/B6 mice at 2, 6, 15, and 24
mo of age were purchased from National Institutes of Health (NIH)
Institute of Aging. Fischer rats at the same ages as above were
purchased from Taconic Farms. Mice live on average 24-30 mo of
age, whereas rats live on average between 36 and 48 mo of age. Thus
we took mice or rats at the same age to determine whether differences
in uncoupled respiration, ROS production, and lipid peroxidation
could explain differences in lifespan.

Mitochondrial respiration. Mice and rats were immediately killed
and perfused with cold mitochondrial isolation buffer (215 mM
mannitol, 75 mM sucrose, 0.1% fatty acid-free BSA, 20 mM HEPES,
1 mM EGTA, pH adjusted to 7.2 with KOH) to preserve mitochon-
drial integrity while tissues were removed. The brain, liver, and
kidney were homogenized in standard isolation buffer while the
muscle and heart were homogenized in isolation buffer with the
proteinase nagarase (Sigma) after fine chopping to ensure complete
homogenization. Mitochondria were isolated using differential cen-
trifugation as previously described (2). Protein concentrations were
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determined with a bicinchoninic acid (BCA) protein assay kit (Pierce,
Rockford, IL). Mitochondrial respirations were assessed using a
Clark-type oxygen electrode (Hansatech Instruments, Norfolk, UK) at
37°C with pyruvate and malate or succinate (with rotenone to inhibit
complex 1 activity) as oxidative substrates in respiration buffer (215
mM mannitol, 75 mM sucrose, 0.1% fatty acid-free BSA, 20 mM
HEPES, 2 mM MgCl, 2.5 mM KH,PO,, pH adjusted to 7.2 with
KOH). After the addition of ADP and oligomycin, UCP-mediated
proton conductance was measured as increased fatty acid-induced
respiration (11), which was then compared with state 4 respiration
induced by oligomycin, an inhibitor of H* transporting ATP synthase.
Mitochondrial ROS production. Mitochondria were isolated as
described above. ROS production was measured in the same samples
that were used for mitochondrial respiration, and ROS production
was quantified using dichlorodihydrofluorescein diacetate (DCF).
DCEF is a cell-permeant indicator for intracellular ROS that is non-
fluorescent until the acetate groups are removed by intracellular
esterases and oxidation occurs within the cell. Mitochondria were
suspended in respiration buffer with DCF and horseradish peroxidase
with or without oligomycin, and ROS production was measured using
a fluorescence plate reader (excitation 485 nm, emission 528 nm).
Oligomycin induces maximal ROS production as it inhibits the ATP
synthase. Data are expressed as arbitrary fluorescence units.
Thiobarbituric acid reactive substances assay. Tissues were ho-
mogenized (1:10, wt/vol) in ice-cold aqueous 20 mM Tris- HCI buffer,
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pH 7.4, using a Teflon pestle motor homogenizer. Lipid peroxidation
was assayed in 100 wl of homogenate after the addition of 10 wl of
100 pM Fe** (ammonium ferric sulfate) solution, and the mixture
was incubated for 30 min at 37°C. The reaction was stopped by the
addition of sodium dodecyl sulfate [100 wl of an 8.1% (wt/vol)
solution] and 750 wl of 20% acetic acid (adjusted to pH 3.5 using
NaOH). Precipitated proteins were then removed by centrifugation at
10,000 g for 15 min. Supernatant was heated in glass tubes capped
with aluminum foil with an equal volume of TBA solution (0.8%,
wt/vol; heated at 60°C to dissolve) at 95°C for 30 min. Samples were
cooled on ice, 100 pl of each were pipetted into 96-well plates, and
absorbance was read at 532 nm using a Ceres UV 900C microplate
reader. Blank values representing samples containing 20 mM
Tris+HCI were subtracted from all values. Each assay was performed
in triplicate. Means of triplicates from each assay were pooled to
obtain the final mean and SE. Typical thiobarbituric acid reactive
substances (TBARS) formation in control brain and brain homoge-
nates plus Fe3* (100 wM) were calculated from the absorbance at 532
nm using 1,1,3,3-tetramethoxypropane as an external standard.
Aging studies. The time of death (survival age) was recorded in
UCP2 wild-type (WT) and —/— mice as well as UCP2 + Tg to
determine whether UCP2 affects lifespan in mice. To assess the role
of ROS production and UCP2 in lifespan, we generated a novel line
of mice by crossing sod2 with UCP2 mice. All mice were monitored
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Fig. 1. Species-dependent longevity is mediated
by uncoupled respiration. Mitochondrial uncou-
pled respiration in the brain (A), muscle (B),
kidney (C), heart (D), and liver (E) increases with
age across both mice and rats. However, in gen-
eral, rats exhibited significantly greater levels of
uncoupled respiration compared with mice in all
tissues (n = 4-8, P < 0.05; A-E). Uncoupled
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after birth at 7 AM in the morning every day until the day of death of
the pups.

ROS production in UCP2/SOD mice. To assess ROS production in
UCP2/SOD2 mice, the brain was collected from embryonic day 18
mice and homogenized for ROS production as described above. A
small sample was collected for genotyping.

Statistics. All data are presented as means * SE. Data were
analyzed using GraphPad Prism 5 for Mac OS X. All data were
analyzed with two-way ANOVA followed by Bonferroni’s post hoc
test except analysis of survival curves. Survival curves were created
using the product limit method of Kaplan and Meier and compared
using the log-rank test.

RESULTS

Species-dependent mitochondrial uncoupled respiration,
ROS production, and oxidative stress. First we investigated
whether mitochondrial uncoupled respiration is inherently dif-
ferent in mammalian species that have different lifespans. We
studied mice and rats, as rats live ~12 mo longer than mice.
Mitochondrial uncoupled respiration was examined the brain,
muscle, heart, kidney, and liver. In the brain, uncoupled res-
piration was significantly increased at 24 mo of age in rats
compared with mice (24-mo-old mice 5.73 * 0.48 vs. 24-mo-
old rats 7.813 = 0.63; n = 5, P < 0.01; Fig. 1). In the muscle,
heart, kidney, and liver, uncoupled respiration was signifi-
cantly elevated at all times points examined. These results
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indicate that aging is associated with an increase in uncoupled
respiration and that this increase is greater in rats compared
with mice.

Next we tested whether greater uncoupled respiration in rats
translated into altered ROS production. In all tissues examined,
ROS production in rats was significantly lower at 24 mo
compared with mice (Fig. 2). Furthermore, ROS production
increased with age in both mice and rats, consistent with the
known effects of aging on ROS production. Elevated ROS
production resulted in increased lipid peroxidation in mice at
24 mo of age. Consistent with ROS production results, lipid
peroxidation was significantly lower in rats compared with
mice at 24 mo of age (Fig. 3). Lipid peroxidation increased
with age in both species. These results collectively suggest that
greater uncoupled respiration in rats leads to lower levels of
mitochondrial ROS production and lipid peroxidation that may
underlie differences in lifespan observed in mice and rats.

Survival proportions of ucp2™'~ and UCP2 overexpressing
mice. To analyze the causal role of UCP2 in altering lifespan,
first we examined the survival age of ucp2™/* and ucp2™'~
mice and transgenic mice overexpressing hUCP2 (hUCP2 Tg)
under normal laboratory conditions. Survival curves were gen-
erated using the product limit method of Kaplan and Meier.
Comparison of survival curves, using the log-rank test, showed
that survival age of ucp2™/~ mice was significantly reduced
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Fig. 2. Greater longevity in rats is associated with
lower reactive oxygen species (ROS) production
compared with mice. Mitochondrial ROS produc-
tion in the brain (A), muscle (B), kidney (C), heart
(D), and liver (E) is significantly reduced at 24 mo
of age in rats compared with mice (n = 4-8, P <
0.05). FCCP, carbonyl cyanide p-trifluormethoxy-
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compared with that of ucp2™" mice (n = 9 for both groups,

x> = 14.51,df 1, P < 0.0001; Fig. 4A4). Mean survival age was
significantly greater in ucp2™" mice compared with ucp2~/~
mice (22.56 = 1.24 vs. 14.33 = 1.13 mo; P = 0.0002). No
difference between survival curves of hUCP2 Tg mice (n =
14) and WT controls was observed (n = 19, x> 0.00085, df 1,
P > 0.05; Fig. 4B), and mean survival age of hUCP2 mice was
not different compared with WT controls [z = 19, 20.93 =
2.65 vs. 23.95 = 1.19 mo, not significant (ns)].

UCP2 mediates survival age in SOD2 mice. To assess the
impact of UCP2 on ROS production and subsequent survival
age, we crossed sod2™'~ with ucp2*/~ and hUCP2 Tg mice.
sod?2 is a critical mitochondrial enzyme that converts superox-
ide generated from mitochondrial respiration into oxygen and
hydrogen peroxide, thereby neutralizing potential ROS-in-
duced cellular damage. sod2~'~ Mice die at ~3 wk of age
from increased mitochondrial oxidative injury mainly in the
central nervous system and heart (15). We hypothesized that
UCP2 regulates survival age by neutralizing ROS production,
and therefore knockout of UCP2 in sod2~'~ should decrease
survival age, whereas overexpression of hUCP2 should in-
crease survival age. Analysis of survival curves showed that
deletion of UCP2 in sod2~/~ mice (sod2™'~ _ucp2™'";n =
7) significantly reduced survival age compared with
sod2™"~ _ucp2™'* mice (n = 30, x> 1,031, df 8, P < 0.0001;

Age

Fig. 4C). Mean survival age was significantly greater in
sod2™' _ucp2™'* mice compared with sod2”/"_ucp2~'~
mice (9.4 £ 2.18 vs. 2.33 * 0.47 days, P < 0.0001).
Overexpression of UCP2 in sod/~_hUCP2 Tg (n = 19) mice
significantly increased survival age relative to sod2~'~_hUCP2
WT mice (n = 26, x> 380.1, df 5, P < 0.0001; Fig. 4D) and
increased mean survival age (2.63 = 0.71 vs. 0.69 = 0.21 days,
P < 0.01).

UCP?2 regulates ROS production in SOD2 mice. To analyze
that UCP2 regulates ROS production regulates in sod2 '~
mice, we measured ROS production in sod2 +/+, +/—, and
—/— mice lacking UCP2 or in overexpressing UCP2 com-
pared with WT controls. ROS production was significantly
increased in all SOD2 genotypes lacking UCP2 relative to WT
controls (sod2™* _ucp2™'* 1.44 + 0.08 vs. sod2t'" _ucp2~'~
1.78 *= 0.12 arbitrary fluorescent units, » = 7 and 8§,
respectively, P < 0.05; sod2™'~_ucp2™'* 1.61 = 0.06 vs.
sod2™' _ucp2~'7 2.03 = 0.06, n = 13 and 17, respectively,
P < 0.05; sod2™'~ _ucp2 WT 1.88 = 0.09 vs. sod2 '~ _ucp2~'~
2.46 £ 0.09, n = 6 and 16, respectively, P < 0.05; Fig. 5A).
In addition, ROS production in sod2~'~ mice relative to
sod™™ mice in both ucp2*" and ucp2~/~ mice was signifi-
cantly elevated, consistent with previous studies (15) (Fig. 5A).
The role of UCP2 in mediating survival age by neutralizing
ROS production is strengthened by our observations that over-
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with hUCP2 WT mice, although time to first death
was delayed in hUCP2 Tg mice (n = 19). C: double
knockout of superoxide dismutase-2 (sod2) and UCP2
(n = 7) significantly decreased survival age compared
with sod2~'~ mice with UCP2 (n = 30, P < 0.0001).
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expression of UCP2 significantly reduced ROS production in
sod2 +/— and —/— genotypes (sod2™'*_hUCP2 WT 1.79 +
0.09 vs. sod2*’*_hUCP2 Tg 1.59 = 0.07, n = 6 and 9,
respectively, ns; sod2™'~ hUCP2 WT 2.34 = 0.14 vs.
sod2™'~_hUCP2 Tg 1.73 = 0.06, n = 6 and 11, respectively,
P < 0.05; sod27/7_hUCP2 WT 2.84 = 0.19 vs.
sod2™'~_hUCP2 Tg 2.26 = 0.12, n = 6 and 6, respectively,
P < 0.05; Fig. 5B). Because sod2~'~ mice die within 3 wk
because of excessive oxidative stress (15), the decreased sur-
vival age of sod2™'~_ucp2~'~ mice suggests that the ability of
UCP2 to increase lifespan is mediated by decreased ROS
production and oxidative stress. Indeed, we observed increased
ROS production in sod2~'~_ucp2~'~ mice. These results, in
which UCP2 was able to mediate ROS production and survival
age in sod2~'~ mice, validate previous studies showing that
SOD2 overexpression enhances mitochondrial oxidative toler-
ance (22) and extends lifespan for sod2~’~ mice treated with
SOD-catalase mimetics (18).

DISCUSSION

In this study, we have shown that UCP2 is involved in
determining lifespan. The effect is likely mediated by in-

>

creased mitochondrial uncoupled respiration, reduced ROS
production, and oxidative stress.

Our results are consistent with the uncoupling-to-survive
theory proposed by Brand (7) and support a growing body of
recent studies in which higher mitochondrial uncoupled respi-
ration increases lifespan in a diverse range of species (6, 12,
16, 23). Interestingly, in Saccharomuyces cerevisiae, increased
respiration rates and lifespan were only observed in zero or low
glucose conditions (6, 16). Indeed, in mammals, glucose sup-
presses the AMPK-ACC-CPT]1 fatty acid oxidation pathway
(27). Activation of this AMPK-ACC-CPT1 fatty acid oxidation
pathway stimulated UCP2-dependent mitochondrial respira-
tion and mitochondrial biogenesis, reduced ROS production,
and enhanced cellular bioenergetic function (3). Thus in-
creased UCP2-dependent fatty acid oxidation (3, 20) represents
an attractive mechanism through which UCP2 increases mito-
chondrial respiration and influences survival age.

The development of aerobic metabolism and therefore fatty
acid oxidation is a defining point in the evolution of biological
complexity that provides the largest possible transfer of energy
for a given electron transfer reaction. It is now not surprising
that higher mitochondrial respiration underlies increased lon-

Fig. 5. UCP2 mediates lifespan in sod2 "~ mice by control-
ling ROS production. A: ROS production in embryonic day
b 18 mouse pups was significantly greater in all
ab SOD2_ucp2~/~ genotypes, indicating that the presence of
UCP2 helps to neutralize ROS production and promote
survival. B: ROS production is significantly suppressed in
sod2 +/— and —/— mice overexpressing hUCP2. *Signifi-
cant with respect to ucp2*/* mice. ®Significant with respect
to sod2™’" mice.
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gevity in a diverse range of organisms (6, 12, 16, 23). Indeed,
molecules that promote the most efficient use of molecular
oxygen should provide the most beneficial effects on aging.
However, as mitochondrial respiration increases, so too does
the production of ROS (24), which facilitates the need to
neutralize harmful overproduction of ROS. Intriguingly, by
promoting mitochondrial uncoupled respiration, fatty acid ox-
idation, and mitochondrial biogenesis and reducing ROS pro-
duction, UCP2 is ideally and critically positioned to positively
influence biological aging by allowing the most efficient use of
molecular oxygen. Furthermore, conditions that promote lon-
gevity through enhanced aerobic metabolism, such as aerobic
exercise, increase expression of UCP2 in tissues (26).

In summary, UCP2 promotes survival age by reducing
mitochondrial ROS production. It is hypothesized that key
UCP2-dependent events such as enhancing mitochondrial res-
piration, fatty acid oxidation, and mitochondrial biogenesis and
reducing ROS production underpin the ability of UCP2 to
promote lifespan. Our results show that UCP2 has a positive
influence on cell function, physiological function, and overall
health. Moreover, our results question the pathological effect
of UCP2 on disease states such as pancreatic dysfunction.
Recent evidence has suggested that pancreatic UCP2 may have
evolved to prevent excessive insulin release and act as a fuel
switch to fatty acid oxidation during negative energy balance
(21), thus supporting the emerging role for UCP2 in fatty acid
oxidation (3, 14, 20). These studies show that global UCP2
inhibition will severely affect mitochondrial function, exagger-
ate both neural and peripheral pathology, and shorten lifespan.
Since UCP2 is expressed in many tissues throughout the body,
it may represent an attractive target to defend cells against
age-related deterioration and extend lifespan.
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