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Abstract Reduced signaling of the growth hormone
(GH)/insulin-like growth factor-1 (IGF-1) pathway
is associated with extended life span in several species.
Ames dwarf mice are GH-deficient and live >50%
longer than wild-type littermates. Previously, we have
shown that tissues from Ames mice exhibit elevated
levels of antioxidative enzymes, less HO, production,
and lower oxidative damage suggesting that mitochon-
drial function may differ between genotypes. To
explore the relationship between hormone deficiency
and mitochondria in mice with extended longevity, we
evaluated activity, protein, and gene expression of
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oxidative phosphorylation components in dwarf and
wild-type mice at varying ages. Liver complex I+III
activity was higher in dwarf mice compared to wild-
type mice. The activity of I+III decreased between 3
and 20 months of age in both genotypes with greater
declines in wild-type mice in liver and skeletal muscle.
Complex IV activities in the kidney were elevated in 3-
and 20-month-old dwarf mice relative to wild-type
mice. In Ames mice, protein levels of the 39 kDa
complex I subunit were elevated at 20 months of age
when compared to wild-type mouse mitochondria for
every tissue examined. Kidney and liver mitochondria
from 20-month-old dwarf mice had elevated levels of
both mitochondrially-encoded and nuclear-encoded
complex IV proteins compared to wild-type mice
(<0.05). Higher liver ANT1 and PGC-lax mRNA
levels were also observed in dwarf mice. Overall, we
found that several components of the oxidative
phosphorylation (OXPHOS) system were elevated in
Ames mice. Mitochondrial to nuclear DNA ratios were
not different between genotypes despite the marked
increase in PGC-la levels in dwarf mice. The
increased OXPHOS activities, along with lower ROS
production in dwarf mice, predict enhanced mitochon-
drial function and efficiency, two factors likely contrib-
uting to long-life in Ames mice.

Keywords Ames dwarf mice - Hormones - Aging -
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Introduction

A progressive decline in physiological function occurs
with aging. A combination of protein, DNA, and lipid
damage accumulates with time and results in the loss of
cellular function thus compromising homeostasis
(Kwong and Sohal 2000; Salvioli et al. 2001).
Mitochondrially-generated free radicals not countered
by normal cellular defenses are believed to induce this
cellular damage. This oxidative damage is incurred by
both the mitochondria (potentially the most adversely
affected organelle) and other cellular components.
Damaged mitochondria accumulate and may be respon-
sible for some aspects of the aging phenotype via a
disturbed energy budget (Cadenas and Davies 2000;
Lopez-Torres et al. 2002; Short et al. 2005). However,
several questions remain regarding the physiological
relevance of altered mitochondrial function and the
damage acquired as organisms age.

Mice with hereditary dwarfism (Ames dwarf) live
more than a year longer than their wild-type siblings
(Brown-Borg et al. 1996). Ames dwarf mice lack growth
hormone (GH), prolactin, and thyrotropin resulting in
small body size and delayed puberty. The absence of
GH secretion results in undetectable levels of plasma
insulin-like growth factor 1 (IGF-1) and therefore,
downstream processes are not properly targeted. The
biological advantage of reduced GH signaling is related
to the enhanced antioxidative defenses, reduced oxida-
tive damage, increased insulin sensitivity, and signifi-
cant longevity enjoyed by these diminutive mice
(Brown-Borg and Rakoczy 2000; Brown-Borg et al.
2001a, b; Brown-Borg 2009; Bartke and Brown-Borg
2004). It has been established that reduced signaling
through this pathway confers longevity in mammals
(Brown-Borg et al. 1996; Flurkey et al. 2001;
Coschigano et al. 2000), flies (Tatar et al. 2001; Clancy
et al. 2001), worms (Kimura et al. 1997), and yeast
(Fabrizio et al. 2001). Endogenous enzymes that counter
oxidative stress in the mitochondrial and cellular
compartments are elevated in multiple tissues in Ames
mice and include catalase, glutathione peroxidase, and
superoxide dismutase 2 (manganese SOD; Brown-Borg
et al. 1999; 2002; Brown-Borg and Rakoczy 2000;
Hauck and Bartke 2001, and 2000). In turn, mitochon-
drial hydrogen peroxide production is significantly
lower in liver tissue from dwarf mice (Brown-Borg et
al. 2001a,b). In support of this evidence, the enhanced
protein and activity levels of endogenous antioxidant
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enzymes are functional as they provide resistance to
both in vivo (Bartke 2000; Bokov et al. 2009) and in
vitro (Salmon et al. 2005) oxidative challenge resulting
in Ames dwarf mice and cells derived from these mice,
out-surviving their wild-type counterparts.

To further investigate the role of mitochondria and
their relationship to hormone deficiency in the extended
life span of the Ames mice, the current study determined
protein and mRNA expression and activity levels of
several components of the oxidative phosphorylation
system. The results of this study suggest that mitochon-
drial components are altered in long-living mice when
compared to age-matched wild-type mice and may play
a role in the longevities observed.

Materials and methods

Animals Ames dwarf mice were bred and maintained at
the University of North Dakota (UND) vivarium
facilities under controlled conditions of photoperiod
(12 h light/12 h dark) and temperature (22+1°C) with ad
libitum access to food (Harlan Teklad, Wilmington, DE,
USA; Lab-diet 8640—=>18%crude protein/5% fat) and
water (standard laboratory conditions). The Ames dwarf
(df/df) mice used in this study were derived from a
closed colony with heterogeneous background (over
25 years). Dwarf mice were generated by mating either
homozygous (df/df) or heterozygous (df/+) dwarf males
with carrier females (df/+). All procedures involving
animals were reviewed and approved by the UND
Institutional Animal Care and Use Committee. For
reference, the average lifespan of the wild-type mice in
our colony is 23-24 months (Brown-Borg et al. 1996).
All chemicals were obtained from Sigma (St. Louis,
MO, USA) unless otherwise noted.

OXPHOS protein activities and expression Levels of
oxidative phosphorylation (OXPHOS) proteins and
activity were evaluated in mitochondrial prepara-
tions to determine potential locations of altered
function in dwarf tissues. Liver, kidney, and hind-
limb skeletal muscle of dwarf and corresponding
wild-type animals at 3, 12, and 20 months of age
(n=8/age/genotype) were collected. Body weights as
well as liver and brain weights were recorded the
same day as tissue collection.

The activity of complex IV was measured and
linked assays (described below) were used to measure
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electron flow through complexes I, II, and III. Liver,
muscle, and kidney tissue mitochondria were isolated
using standard techniques as described by Trounce et
al. (1996). Briefly, fresh tissue was homogenized in
buffer (0.25 M sucrose and 10 mM HEPES, pH 7.4)
and centrifuged for 1,500xg for 5 min at 4°C (2x).
Centrifugation was repeated at 10,000xg for 15 min at
4°C to pellet mitochondria and followed by one wash.
Ten to 50 pg of mitochondrial protein were used in
each assay depending on the enzyme examined.
Protein concentrations were determined using the
Bradford (1976) assay.

Complex I+III (NADH-cytochrome ¢ oxidoreduc-
tase) and complex II+III (succinate-cytochrome
¢ reductase) activities were measured according to
procedures described by Kuznetsov et al. (1996). For
complex [+III activity, a reaction mixture containing
50 uM ferricytochrome ¢, | mM KCN, and 100 mM
K,HPO, maintained at 30°C was added to the
cuvettes. The reaction was initiated by adding
10 mM NADH. For complex II+I1I activity, a reaction
mixture containing 50 uM ferricytochrome ¢, 1 mM
KCN, and 100 mM K,HPO,4 maintained at 30°C was
added to the cuvettes. The reaction was initiated by
adding 20 mM succinate after which the cuvette
contents were mixed and the change in absorbance
was monitored at a wavelength of 550 nm for 3 min to
determine the amount of reduced cytochrome ¢ formed
(calculated using a molar extinction coefficient of
19,600 M ' cm™'). For all enzyme assays, the
appropriate controls and blanks were utilized.

Complex IV (cytochrome c oxidase) activity was
measured by following the oxidation of reduced
cytochrome c at 550 nm as described by Cooperstein
and Lazorow (1951). Ferrocytochrome ¢ was prepared
by dissolving cytochrome ¢ in 10 mM K,HPO, and
adding ascorbate to reduce the cytochrome. The
mixture was loaded onto a Sephadex G-25 column
and fractions collected. The reduced cytochrome was
added to 20 mM in 10 mM K,HPO,. The sample was
added and the rate of cytochrome c oxidation was
measured by monitoring the decrease in absorbance for
1 min at 550 nm at 30°C. The amount of reduced
cytochrome ¢ oxidized was calculated using a molar
extinction coefficient of 19,600 M ! ecm ™.

Protein expression was determined using previously
developed immunoblotting procedures (Brown-Borg
and Rakoczy 2000) that employed primary antibodies
to specific subunits of complexes I, II, III, IV, and V in

tissue mitochondria. The following antibodies from
Molecular Probes (Eugene, OR, USA) were used:
39 kDa subunit of complex I (NADH dehydrogenase;
clone 20C11), 70 kDa subunit of complex II (succinate
dehydrogenase; Clone 2E3), core 2 subunit of complex
I (50 kDa; cytochrome bcy; clone 13G12), the
57 kDa mitochondrially-encoded subunit I of complex
IV (cytochrome c oxidase; clone 1D6), the 20 kDa
nuclear-encoded subunit IV of complex IV (clone
20ES8) and the «-subunit of complex V (55 kDa; ATP
synthase; Clone 7H10). Differences in levels of
OXPHOS proteins were determined densitometrically
(UVP Bioimaging Systems, Upland, CA, USA).
Ponceau-S staining of membranes was used to evaluate
equal loading of protein.

Gene expression Gene expression was evaluated in
liver, whole brain, and hind-limb skeletal muscle tissue
of 12-month-old dwarf and wild-type mice using real-
time reverse transcription polymerase chain reaction
(RT-PCR) techniques. Total RNA was extracted from
tissues using Ultraspec RNA (Biotecx, Houston, TX,
USA; based on method by Chomczynski and Sacchi,
1987). Two micrograms of total RNA were utilized to
synthesize cDNA and perform real time quantitative
PCR using a QuantiTect SYBR Green RT-PCR kit
(Qiagen; Valencia, CA, USA) according to the
manufacturer’s protocol. The reaction mixtures
contained SYBR green, forward, and reverse primers
(Table 1), and QuantiTect RT mix and were assayed
using a SmartCycler instrument (Cepheid, Sunnyvale,
CA, USA). The reverse transcription reaction ran for
30 min at 50°C. The initial PCR activation step
included a 15-min incubation at 95°C followed by 35
cycles of 94°C (15 s), 60°C (30 s), and 72°C (30 s).
An annealing temperature of 60°C was used for all
primer sets except (32-microglobulin (B,M) (62°C;
Table 1). Gene expression was quantitated by using the
comparative cycle threshold (CT) method (Heid et al.,
1996). CT, the threshold cycle, is the number of cycles
it takes for a sample to reach the level where the rate of
amplification is the greatest during the exponential
phase. ACT was obtained for each sample/gene by the
following calculation: ACT=CT,X—CT,R, where CT,
X is the threshold number for target gene amplification
and CT,R is the threshold number for reference gene
(BoM) amplification. The amount of target (in Ames
mice), normalized to an endogenous reference (B,M)
and relative to the control group (wild-type mice), is
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given by the formula 2 AACT; AACT=ACT,q
—ACT,cb, where ACT, q=ACT for an individual
sample and ACT,cb=mean ACT for control group.
Thus, the value of 2 AACT for the amount of target in
the wild-type was 1. For the amount of target in the
Ames mice, a onefold change indicates no change,
greater than onefold change indicates upregulation, and
less than onefold change indicates downregulation.
Real-time PCR procedures were also utilized to
determine the relative amounts of nuclear and
mitochondrial DNA levels for comparison between
genotypes (n=11-12/age/genotype). The methods of
Wong and Cortopassi (2002) were followed with
slight modifications. Briefly, DNA was isolated using
a Qiagen DNA extraction kit according to manufac-
turers instruction. The genes targeted were nuclear
cystic fibrosis and mitochondrial nicotinamide ade-
nine dinucleotide dehydrogenase-5. The mouse-
specific primer pairs are listed in Table 1. For
quantification of nuclear DNA, 10 ng of DNA was
used as a template while 0.1 ng DNA was used for
mitochondrial DNA quantification. The following
cycling parameters were utilized: 50°C for 2 min
followed by 95°C for 10 min, then 40 cycles of 95°C
(15 s) and 60°C (60 s) then 95°C (15 s), 60°C (15 s),
and 95°C (15 s). The linearity of the amplification
curve was analyzed using the Cepheid software and
the mean cycle time of the linear portion of the curve
was designated Ct. The relative mitochondrial copy
number to nuclear copy number was assessed by the
comparative Ct method described above.

Statistical analysis In each experiment, differences
between means were assessed utilizing Prism
(Graphpad, San Diego, CA, USA). For activity assays,
two-way analyses of variance and when appropriate,
Bonferroni post hoc testing was used to determine
significant differences among means. For comparison of
protein levels within age, based on densitometric
analysis, Students ¢ tests were employed. Genotype
differences in gene expression were compared using
Student’s ¢ tests. Data are reported as mean £ SEM.

Results

Relative levels of mitochondrial oxidative phosphory-
lation enzyme activities and protein were determined in
long-living Ames dwarf mice and their wild-type
littermates. Three ages of mice were evaluated to
ascertain whether a change in activity with age was
detectable. Potential differences in gene expression
were also examined in 12-month old dwarf and wild-
type tissue samples. As reported previously, body
weights of 3, 12, and 12-month-old dwarf mice were
lower than wild-type mice at each age (3-month dwarf,
10.15+0.26 vs. wild type 30.29+1.35 g; 12-month
dwarf, 15.02+1.84 vs. wild type 32.44+1.20; 20-
month dwarf, 16.06+1.01 vs. wild-type 36.65+
0.87 g; p<0.0001 age; p<0.0001 genotype). Liver
weights were also lower in dwarf mice in comparison
to wild-type mice at each age (3-month dwarf, 0.44+

Table 1 Primer sets (5'-3") used for real-time PCR analysis of gene expression

Gene of interest

Forward primer Reverse primer

Cystic fibrosis

Nicotinamide adenine dinucleotide dehydrogenase-5
Complex I (ND1) mitochondrially-encoded
Complex 1 (ND2)

Complex II (SDHC) nuclear-encoded

Complex III (cytb) nuclear-encoded

Complex IV (coxla) mitochondrially-encoded
Complex IV (cox5a) nuclear-encoded

Complex V (atp6)

Peroxisome proliferator-activated receptor y coactivator 1 alpha
Insulin-like growth factor 1

Adenine nucleotide transporter 1

32-microglobulin

tgttgtgaagacgagctgatg tgcattaaaagagagcatgtgttg
tggatgatggtacggacgaa tgeggttatagaggattgettgt
caggatgagcctcaaactce ggtcaggcetggcagaagtaa
agggatcccactgeacatag cctatgtgggcaattgatga

acaaatggtctcttcctatggea cccctecactcaaggcetatte

gaggtgaacgattgctaggg
gctaaatactttgacaccgg

acgtccttccatgaggacaa
cttttatcctcccaggatttgg
ctttaaatgaattgggaatctccac geccatcgaagggagtttaca

aattacaggcttccgacacaaac tggaattagtgaaattggagttcct

caatgaatgcagcggtctta gtgtgaggagggtcategtt
ctgagctggtggatgctctt cactcatccacaatgcctgt
acttcgccttcaaagacaagtaca gegcecagaactgcettatgg
aagtatactcacgccaccca aagaccagtccttgetgaag
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0.02 vs. wild-type 1.75%0.12; 12-month dwarf, 0.61+
0.05 vs. wild type 1.48+0.08; 20-month dwarf, 0.70+
0.06 vs. wild type 1.87+£0.10 g; p=0.0075 age;
p<0.0001 genotype; p=0.018 interaction). Whole
brain weights were lower in dwarf mice but when
expressed on a body weight basis, the brain repre-
sented a higher percentage of body weight in compar-
ison to wild-type mice (3-month dwarf 3.6% vs. 3-
month wild type 1.5%; 3-month dwarf, 0.36+0.01 vs.
wild type 0.46+0.01; 12-month dwarf, 0.37+0.02 vs.
wild type 0.41+0.02; 20-month dwarf, 0.38+0.01 vs.
wild type 0.44+0.01 g; p<0.0001 genotype).

To ensure that the levels of protein and activities of
OXPHOS enzymes were not due to differences in
mitochondrial numbers, the ratio of mitochondrial
DNA to nuclear DNA was determined in two
representative tissues. Neither liver nor brain tissues
exhibited differences in this ratio at 12 and 24 months
of age (data not shown). The activities of OXPHOS
enzymes were measured in mitochondria of young,
adult and old dwarf and wild-type mice. Complex
[+11I activity in liver mitochondria was significantly
influenced by genotype (p=0.01) and was elevated in
dwarf compared to wild-type mitochondria at all ages
(Table 2). However, genotype did not influence
complex I[+III activity in kidney or skeletal muscle
mitochondria. Age significantly affected complex I+
II activity in liver (p<0.0001) and skeletal muscle
(»<0.0001) mitochondria. Complex I+III activity in
liver mitochondria decreased 56% and 71% between
3 and 20 months of age in dwarf and wild-type mice,
respectively. Complex I+III activity in muscle mito-
chondria decreased 35% and 44% between 3 and
20 months of age in dwarf and wild-type mice,
respectively. Although complex I+III activity in
kidney mitochondria was not influenced by gender
or age, the gender x age interaction was significant

(p=0.018). Comparison of individual means showed
that dwarf kidney mitochondria had lower I+III
activity at 3 months of age relative to wild-type
mitochondria at the same age (p=0.0022), but at 12
and 20 months of age, no differences were observed.
In contrast, kidney activity levels in the dwarf
increased 29% between 3 and 20 months of age
while in wild-type animals, the activity levels
exhibited an 18% decrease. Thus, in all wild-type
tissues and all but kidney in the dwarf, complex
[+1I levels declined with age. However, the age-
related declines in complex I+III activity were
greater in the wild-type mice.

The activity of complex II+1II in liver mitochon-
dria was not influenced by genotype, age, or
genotype xage interaction (Table 3). Genotype signif-
icantly influenced complex II+III activity in skeletal
muscle mitochondria (p=0.0012). Overall, the activity
was lower in dwarf compared to wild-type mice at all
ages. Complex II+1II activity in kidney mitochondria
was influenced by a significant genotypexage inter-
action (p=0.0204). This interaction arose because the
activity in dwarf mitochondria was 43% higher than
the activity in wild-type mitochondria at 20 months of
age (p=0.004, Bonferroni contrast). In contrast to the
age-related pattern in complex I+III activity where
activities primarily declined with age, the activities of
complex II+III were either not affected by age as
found in liver or the age-related differences were
confounded by significant genotype xage interactions
as found in kidney. Mitochondria from dwarf mice
tended to show increases in kidney and muscle
activity between 3 and 20 months of age while in
wild-type mice, activity levels in muscle appeared to
decline between 3 and 20 months of age. In skeletal
muscle, activity levels at 12 months of age tended to
be higher than that observed in younger mice.

Table 2 Complex [+III activity (nmol/minxmg) in tissue mitochondria from 3-, 12-, and 20-month old Ames dwarf and wild-type

mice

Genotype Dwarf Wild-type  Dwarf Wild-type  Dwarf Wild-type P value

Age 3 Months 3 Months 12 Months 12 Months 20 Months 20 Months  Genotype Age Interaction
Liver 387.9+43.5 306.6+33.9 166.2+8.6 142.5+17.3 170.8+28.9 87.7+15.6 0.0100 <0.0001  0.5054
Kidney 367.1£9.9  540.1+45.3 418.5+£55.4 401.7+£45.9 473.7+23.0 440.6+29.0 0.1988 0.4006  0.0175
Skeletal muscle 306.2+32.1 353.8+36.4 387.5+47.8 373.9+49.5 199.0+10.6 198.7+8.7 0.7083  <0.0001  0.6680

Values represent mean = SEM. P values represent results of a two-way ANOVA. n=7-8/genotype/age
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Table 3 Complex II+III activity (nmol/min*xmg) in tissue mitochondria from 3-, 12-, and 20-month old Ames dwarf and wild-type

mice

Genotype Dwarf Wild-type = Dwarf Wild-type  Dwarf Wild-type P value

Age 3 Months 3 Months 12 Months 12 Months 20 Months 20 Months ~ Genotype Age Interaction
Liver 107.248.2 105.2+£5.6 111.5£11.8 85.6+15.1 102.7+13.9 113.9+12.3 0.5735 0.6862  0.2893
Kidney 194.2+6.1 188.1£17.7 155.7£10.0 145.2+11.9 254.6+17.3 178.6+12.1 0.0066 <0.0001  0.0204
Skeletal muscle  65.0+4.8 139.8+19.5 105.9+11.5 14244223 84.5+8.2 98.1+10.2  0.0012 0.0861  0.1204

Values represent mean = SEM. P values represent results of a two-way ANOVA. n=7-8/genotype/age

Genotype and age played significant roles in the
activities of complex IV in several tissues. Complex
IV activity in liver mitochondria was highest in 20-
month-old mice (p=0.0006 for effect of age) but was
not affected by genotype (Table 4). The activity of
complex IV in kidney mitochondria was highest in 3-
and 20-month-old mice (p<0.0001 for effect of age)
and was higher, overall, in dwarf mice (p=0.0252 for
effect of genotype). In muscle mitochondria, complex
IV activity was lowest in 20-month-old mice
(P=0.0005 for effect of age) but was lower, overall,
in dwarf mice.

To complement activity levels, several OXPHOS
proteins were also measured in tissue mitochondrial
samples using standard immunoblotting techniques.
Levels of complex I (evaluated using an antibody that
detects the 39 kDa subunit) were significantly
increased in kidney and muscle mitochondria from
20-month-old dwarf mice when compared to age-
matched wild-type mice (Fig. 1) and tended to be
elevated in liver mitochondria of 20-month-old dwarf
mice. In addition, mitochondrial complex I proteins
tended to be elevated in kidney mitochondria of 3-
month-old dwarf mice. No differences in protein
levels of complex I were observed at 12 months of

age in any tissue. Protein levels between ages were
not compared as each age was assayed independently.

Fewer differences between dwarf and wild-type
mitochondrial expression were detected when complex
II protein levels were evaluated using antibodies that
detect the 70 kDa subunit (Fig. 2). Three-month-old
dwarf liver mitochondria expressed 15% less protein
compared to wild-type mice (dwarf 753.6+£39.8 vs.
wild type 882.4+55.1 relative O.D. units; p=0.087).
Kidney mitochondria did not exhibit genotype differ-
ences in levels of complex II. The content of complex
II was higher in hindlimb muscle mitochondria from
20-month-old dwarf mice compared to age-matched
wild-type mice (p=0.0033; Fig. 2).

Significantly greater expression of the core 2
subunit of complex III protein was observed only in
kidney tissue mitochondria from dwarf mice at 12
(»=0.0513) and 20 (p=0.0221) months of age
compared to age-matched wild-type mice (Fig. 2).
No genotype differences in complex III protein were
observed in mitochondria from liver or skeletal
muscle at any age examined.

Protein levels from two different subunits of
complex IV were determined in mitochondria from
both genotypes. Subunit I of complex IV (IV-]) is

Table 4 Complex IV activity (nmol/min*xmg) in tissue mitochondria from 3-, 12-, and 20-month old Ames dwarf and wild-type mice

Genotype Dwarf Wild-type  Dwarf Wild-type  Dwarf Wild-type P value

Age 3 Months 3 Months 12 Months 12 Months 20 Months 20 Months Genotype Age Interaction
Liver 1,369+£103 1,238+124 1,252+65  1,313+82  1,755+106 1,528+64 0.2067 0.0006  0.3100
Kidney 2,307+131 1,986+36  1,609+30  1,580+71  2,630+£100 2,048+204 0.0252  <0.0001 0.2151
Skeletal muscle 1,587+96  1,920+219 1,557+167 1,952+276  961+71  1,256+102  0.0213 0.0005  0.9595

Values represent mean = SEM. P values represent results of a two-way ANOVA. n=7-8/genotype/age
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Fig. 1 Complex I (39 kDa subunit) protein levels in tissue
mitochondria from 3-, 12-, and 20-month old Ames dwarf and
wild-type mice. Values represent mean = SEM. N=7-8/age/
genotype. Protein levels are expressed as relative optical

mitochondrially-encoded while subunit IV of complex
IV (IV-IV) is a nuclear-encoded protein. Complex IV-
I content (Fig. 3) in liver mitochondria was greater in
dwarf mice compared to wild-type mice at 20 months
of age (p=0.0481). Similarly, kidney mitochondria
from 20-month-old dwarf mice exhibited higher levels
of complex IV-I when compared to age-matched wild-
type mice (p=0.0344). However, at 12 months of age,
dwarf kidney mitochondria contained less I'V-I protein
than wild-type mice (p=0.001). At 12 months of age,
complex IV-I content in skeletal muscle tended to be
higher in dwarf mice (p=0.0726) while the content at
3 months of age was significantly lower in dwarf mice
(p=0.008).

The expression of the nuclear-encoded complex
IV-1V was not altered in mitochondria of 3-month-old
animals from any tissue or genotype tested. However,
the content of complex IV-IV was higher in both liver
(p=0.047) and kidney (p=0.0503) mitochondria from
dwarf mice compared to age-matched wild-type mice
at 12 months of age (Fig. 4). The complex IV-IV
content was also higher in liver and kidney mito-

density (OD) units. Separate gels were utilized per age group;
therefore, statistical comparisons were performed between
genotypes within an age group and not across age groups

chondria from 20-month-old dwarf mice compared to
age-matched wild-type mice. Muscle tissue mitochon-
dria from dwarf and wild-type mice did not differ
significantly in the levels of this protein.

Complex V protein expression was measured using
antibodies that detect the a-subunit. No significant
differences in expression were detected between
dwarf and wild-type mitochondria in the proliferative
type tissues, liver, and kidney. The level of this
complex was lower in muscle mitochondria from 3-
and 12-month-old dwarfs when compared to age-
matched wild-type mice (p=0.037; Fig. 5). However,
at 20 months of age, complex V content was higher in
muscle mitochondria of dwarf mice (p=0.0015).

Representative OXPHOS genes from each complex
were measured in liver, brain, and muscle tissues from
12-month-old dwarf and wild-type mice. In liver (Fig. 6),
mRNA expression of complex II (p=0.0383), complex
IV (coxla; p=0.0292) and ANT 1 (p=0.0171) were
higher in dwarf compared to wild-type mice. No
genotype differences were detected in complexes 1
(ND1, ND2), 1II, IV (cox5a), or V mRNA in liver
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Fig. 2 Complex II (70 kDa subunit) and complex III (core 2
subunit) protein expression in tissue mitochondria from dwarf
and wild-type mice at 3, 12, and 20 months of age. Values
represent mean = SEM. N=5-8/age/genotype. Protein levels are
expressed as relative optical density (OD) units. Separate gels
were utilized per age group; therefore, statistical comparisons
were performed between genotypes within an age group and
not across age groups

tissue. The variability in mRNA expression in muscle
tissue was high and thus none of the OXPHOS genes
were observed to differ between genotypes (data not
shown). In brain (Fig. 6), mRNA expression for
complex III (p=0.0473) and complex IV (coxla;
p=0.0386) was lower in dwarf mice compared to wild
type. Genotype did not affect expression of mRNA for
complexes [, II, IV (cox5a), V, or ANT in brain.

Dwarf IGF1 gene expression was also examined in
12-month-old mice as a control. The expression of this
gene was markedly lower in liver from dwarf compared
to wild-type mice as expected (p<0.0001; Fig. 7).
However, brain IGF-1 mRNA levels were higher in
dwarf compared to wild-type mice (p=0.0109).
Liver PGC-1x mRNA expression was greater in
dwarf compared to wild-type mice (p=0.0092).
However, muscle PGC-1ac mRNA expression was
significantly lower (p=0.0218) in dwarf relative to
wild-type mice.
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Discussion

Major life span extension is observed in GH deficient
Ames dwarf mice relative to their wild-type littermates
with Ames mice living >50% longer than normal mice.
Previous studies have focused on antioxidative de-
fense, oxidative damage, and pathways leading to and
including glutathione metabolism. We believe that the
reduced GH signaling in the Ames mouse contributes
to the enhanced antioxidative capacity, lower damage
to proteins and DNA, and an increase in functioning of
the methionine and glutathione metabolic pathways
(Brown-Borg and Rakoczy 2003; 2005; Uthus and
Brown-Borg 2003). An integral player in each of
these observations is the mitochondria, organelles that
drive energy metabolism, and possibly cellular aging
according to several hypotheses of aging. The delayed
aging phenotype of the Ames dwarf is remarkable and
has not been examined in terms of the oxidative
phosphorylation system. The enhanced antioxidant
status in the Ames dwarf coupled with their longevity
prompted further study of OXPHOS components.
Understanding this system in Ames mice will provide
information regarding the role of hormone deficiency
and mitochondrial function in aging and longevity.

Complex I of the OXPHOS system is comprised of
multiple proteins and is the largest of the ETC protein
complexes. Seven of the ~46 peptides are mitochond-
rially encoded. This multimeric protein complex
contributes significantly to the generation of free
radicals, the rate of respiration, and overall control of
the electron transport chain in mammals (Fearnley et
al. 2001; Chomyn et al. 1986). Complex I activity is
the major regulator of OXPHOS, even as little as 25%
inhibition of this enzyme, severely impairs energy
metabolism. In addition, antioxidant status has been
shown to be important in the maintenance of
mitochondrial energy thresholds (Davey et al. 1998).
If glutathione is depleted in mitochondria, the
threshold is eliminated. Thus, the expression of this
particular mitochondrial enzyme was of great interest
in the Ames mouse knowing that they exhibit an
elevated oxidative defense capacity.

In the current study, increased liver complex I
protein levels in old dwarf mice were accompanied by
a significant increase in electron flow between
complex I and complex III when compared to age-
matched wild-type mice. Complexes I and II exert the
greatest control over the respiratory chain flux
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Fig. 3 Complex IV (subunit I) protein levels in liver, kidney,
and skeletal muscle tissue mitochondria from 3-, 12-, and 20-
month old Ames dwarf and wild-type mice. Values represent
mean + SEM. N=7-8/age/genotype. Protein levels are

(Capaldi et al. 1988). It is also well accepted that
defects in the electron transport chain contribute to
the etiology of several disease states (reviewed in
Wallace and Fan 2010). Similarly, alterations in this
system resulting in less efficient energy production
are thought to occur with aging (reviewed in Navarro
and Boveris 2007; Short et al. 2005; Conley et al.
2000; McCarter 1995). The increased complex I
activity and protein observed in 20-month-old dwarf
mice suggests that mitochondrial function may be
better preserved in the dwarf at older ages.

A significant effect of age was also observed in
complex I+III activity in several tissues in both
genotypes. The enzyme activity in mitochondria from
liver and skeletal muscle was higher in young mice
compared to mice at 20 months of age. In addition, a
greater decline in activity with age was observed in
wild-type mice versus Ames mice in all tissues
examined. There are many reports confirming that
complex I activities decline with aging and that this
decline contributes to the reduction in mitochondrial
respiration with aging (Castelluccio et al. 1994;
Ventura et al. 2002; Cooper et al. 1992; Sugiyama et
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expressed as relative optical density (OD) units. Separate gels
were utilized per age group; therefore, statistical comparisons
were performed between genotypes within an age group and
not across age groups

al. 1993). It has been proposed that complex I
therefore, may become more rate controlling with
age (Ventura et al. 2002). Key evidence in the current
study demonstrates that the percent decline was lower
in long-living Ames dwarf mice compared to their
normal counterparts and that the Ames mice main-
tained higher activities at 20 months of age. There-
fore, if complex I is indeed a major controller, and
that a decline over time contributes to aging process-
es, then Ames mice may exhibit an advantage in
many tissues over wild-type mice that may contribute
to the delayed aging phenotype in dwarf mice.
Mitochondrial complex I+III activities from the
kidney of dwarf mice increased with age while a
decline was observed in wild-type mice. This upre-
gulation of activity in the dwarf kidney was com-
plemented by significant increases in complexes I and
I protein in Ames mice. Overall, these increases in
the kidney and the lower rate of decline in other
tissues as compared to wild-type mice, likely play a
role in preservation of mitochondrial function.

The OXPHOS capacity varies among tissues and is
dependent on tissue function and mitochondrial
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Fig. 4 Complex IV (subunit IV) protein levels in liver and
kidney tissue mitochondria from 3-, 12-, and 20-month old
Ames dwarf and wild-type mice. Values represent mean +
SEM. N=6-8/age/genotype. Levels are expressed as relative
optical density (OD) units. Separate gels were utilized per age
group; therefore, statistical comparisons were performed be-
tween genotypes within an age group and not across age groups

Muscle
250 =
* [ dwarf
o = .
£ 200 [ wild type
g 150 1
g 100 * *¥% *p=0.037
= o
g p=0.0015
® 50+
n i
3 12 20
months of age

Fig. 5 Complex V (o-subunit) protein levels in skeletal muscle
tissue mitochondria from 3-, 12-, and 20-month old Ames
dwarf and wild-type mice. Values represent mean + SEM. N=
7-8/age/genotype. Levels are expressed as relative optical
density (OD) units. Separate gels were utilized per age group;
therefore, statistical comparisons were performed between
genotypes within an age group and not across age groups
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content. The liver is an extremely important tissue as
it orchestrates the supply of energy substrates to other
tissues. A pattern of declining complex II+III activity
in some tissues of older wild-type mice was apparent.
Although 3-month-old dwarf muscle mitochondria
had lower II+1II activity levels than wild-type mice,
at 20 months of age, these long-living mice had 30%
greater activity than was observed at 3 months. At the
same time, II+1II activity declined 30% in wild-type
skeletal muscle tissue. In contrast to the other tissues,
dwarf kidney II+1II activity was elevated in old Ames
mice positively correlating with the increased levels
of complex III proteins in these older mice a finding
similar to that observed in complex I+1II activity in
dwarf kidney. These elevated activities likely result
from the higher levels of both complexes I and III
proteins observed in dwarf kidney. If complex I is
indeed the master regulator governing overall electron
transport chain function, then the differences observed
in both complex I activities and proteins in dwarf mice
may underlie the elevated levels of other downstream
enzymes in this chain (i.e., III, IV, and V).

In the proliferative tissues, liver, and kidney, mito-
chondria from old dwarf mice expressed higher com-
plex IV activities in comparison to age-matched wild-
type mice, activities that matched the greater abundance
of both nuclear-encoded and mitochondrially-encoded
complex IV subunit proteins. Additionally, activity of
this enzyme complex increased with age in dwarf
mitochondria (liver, kidney) and wild-type liver but
wild-type muscle activities declined with age.

The five multimeric enzyme complexes that drive
OXPHOS and cellular respiration are contained within
the inner mitochondrial membrane. Factors that regulate
the synthesis and activities of the OXPHOS complexes
are largely unknown (Trounce 2000). Growth hormone
in particular, has not been shown to directly regulate
the activities of these enzyme complexes although we
believe that this anabolic hormone affects mitochon-
drial metabolism. Westbrook et al. (2009) showed that
the decreased GH signaling in Ames mice and GH
receptor knockout mice (GHRKO) was associated
with increased metabolism. These long-living mice
exhibited increased oxygen consumption (VO2),
decreased respiratory quotients and increased heat
generated per gram of body weight when compared
to wild-type mice. The fact that the GHRKO mice
were similar to the Ames in terms of metabolism
suggests that the reduced GH signaling is likely the
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Fig. 6 OXPHOS gene expression in 12-month-old dwarf and
wild-type mouse liver and brain tissue. Real-time PCR analysis
of mRNA normalized to (32-microglobulin. Values represent

culprit as opposed to thyroid hormone as the GHRKO
mice are actually slightly hyperthyroid (elevated T3 and
T3/T4 ratio compared to wild-type mice; Westbrook et
al. 2009). In addition, in mice that express highly
elevated levels of circulating GH and exhibit signifi-
cantly shortened life spans, the GH transgenics, have in
fact lower oxygen consumption, and heat produced per
gram of body weight, and an increased respiratory
quotient (Westbrook et al. 2009) compared to normal
mice. Approximately 90% of mammalian VO2 is
mitochondrial, thus the increased VO2 levels in the
Ames mice indicates that these mice exhibit mitochon-
drial oxidative metabolism (Rolfe and Brown 1997).
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mean + SEM. N=5-8/age/genotype. mRNA levels are
expressed as relative expression to wild-type mice

Several peroxisome proliferator-activated receptor o-
regulated genes and gene products including those
involved in (3-oxidation of fatty acids are elevated in
dwarf mice (including Ames, Snell, and GHRKO
mice; Stauber et al. 2005).

Complex V, also known as ATP synthase, catalyzes
the synthesis of ATP during OXPHOS. Old dwarf
skeletal muscle mitochondria exhibited elevated lev-
els of ATP synthase compared to wild-type mice.
Other studies have shown that the activity of this
protein declines with aging and that some of the
subunits are subjected to oxidative protein modifica-
tion over time, thus affecting their function (Choksi et
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al. 2007). Moreover, ATP synthase is not coupled to
electron transport chain processes so the higher
levels in Ames mouse tissues are not likely a result
of a general upregulation in ETC complexes. The
adenine nucleotide translocator (ANT) is also an
important component of both OXPHOS and the
mitochondrial permeability transition pore, and is
known to exhibit oxidative damage during aging
(Yan and Sohal 1998; Feng et al. 2008; Halestrap
2009). The high levels of ANT mRNA in the dwarf
liver relative to wild-type mice suggest that Ames
mice may maintain more efficient mitochondrial
functioning well into old age.

@ Springer

Ames dwarf mice do not produce pituitary GH and
thus liver IGF-1 is not properly targeted resulting in
negligible levels of plasma IGF-1. The gene expres-
sion data of liver IGF-1 in this study reflects the lack
of GH stimulation and thus the lack of anabolic
activity that may stimulate mitochondrial metabolism.
We have preliminary data showing that GH treatment
in Ames mice suppresses expression of complex I
protein suggesting that this hormone may influence
OXPHOS (Brown-Borg, unpublished observations).
Extremely low plasma thyroid hormone concentra-
tions in dwarf mice also preclude the assertion that
enhanced metabolic activity may be responsible for
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the enhanced OXPHOS output in older dwarf mice.
Other studies also suggest that glucocorticoids pro-
mote OXPHOS and enhance ATP synthesis via
increases in ANT and ATP synthase (Arvier et al.
2007). Ames dwarf mice exhibit significantly elevated
plasma corticosteroid levels that may also contribute
to the enhancement of the OXPHOS system observed
in this study (Borg et al. 1995).

The peroxisome proliferator-activated receptor y
coactivator 1- is considered a master regulator of
mitochondrial biogenesis (Puigserver et al. 1998) and
mitochondrial performance (Muoio and Koves 2007).
Our lab (this study) as well as others, have reported that
Ames mice exhibit greater levels of PGC-1xx mRNA in
tissues as compared to control animals (Corton and
Brown-Borg 2005; Bartke et al. 2008). The high levels
of liver PGC-1x mRNA did not result in greater
mitochondrial numbers as estimated by the
mitochondrial-nuclear DNA ratios. In turn, more mito-
chondrial mass does not explain the elevated OXPHOS
protein and activities observed in Ames mice. Thus, the
PGC-1x may be contributing to other metabolic
perturbations of nuclear hormone activation in Ames
mice that contribute to their longevity including
antioxidant defense, 3-oxidation, and insulin sensitivity.

Mitochondria from aged individuals exhibit selective
diminished activities of complexes I and IV, enzymes
that are integral to the inner mitochondrial membrane
and key to mitochondrial function (Navarro and Boveris
2007). The results of our experiments demonstrate that
mitochondria from older Ames mice exhibit elevated
OXPHOS components, specifically complexes 1 and
IV, perhaps enhancing both mitochondrial function and
efficiency. To fully address mitochondrial functioning,
examination of mitochondrial respiration is required.
Based on the current results and preliminary data
generated in our laboratory showing that dwarf mouse
mitochondria are more uncoupled than those from
wild-type mice, we predict that mitochondrial respira-
tory function will be better preserved in dwarf mice
with age (Brown-Borg, unpublished data). These
observations, coupled with greater antioxidant defenses
and lower ROS production, contribute to the extended
life span of Ames dwarf mice.
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