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OBJECTIVE—Aging increases the risk of developing impaired
glucose tolerance (IGT) and type 2 diabetes. It has been proposed
that increased reactive oxygen species (ROS) generation by
dysfunctional mitochondria could play a role in the pathogenesis
of these metabolic abnormalities. We examined whether aging per
se (in subjects with normal glucose tolerance [NGT]) impairs
mitochondrial function and how this relates to ROS generation,
whether older subjects with IGT have a further worsening of
mitochondrial function (lower ATP production and elevated ROS
generation), and whether exercise reverses age-related changes
in mitochondrial function.

RESEARCH DESIGN AND METHODS—Mitochondrial ATP
and ROS production were measured in muscle from younger
individuals with NGT, older individuals with NGT, and older
individuals with IGT. Measurements were performed before and
after 16 weeks of aerobic exercise.

RESULTS—ATP synthesis was lower in older subjects with NGT
and older subjects with IGT versus younger subjects. Notably,
mitochondria from older subjects (with NGT and IGT) displayed
reduced ROS production versus the younger group. ATP and ROS
production were similar between older groups. Exercise in-
creased ATP synthesis in the three groups. Mitochondrial ROS
production also increased after training. Proteomic analysis
revealed downregulation of several electron transport chain
proteins with aging, and this was reversed by exercise.

CONCLUSIONS—Old mitochondria from subjects with NGT
and IGT display mitochondrial dysfunction as manifested by
reduced ATP production but not with respect to increased ROS
production. When adjusted to age, the development of IGT in
elderly individuals does not involve changes in mitochondrial
ATP and ROS production. Lastly, exercise reverses the mitochon-
drial phenotype (proteome and function) of old mitochondria.
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S
everal mitochondrial alterations have been de-
scribed with aging, including reduced synthesis of
mitochondrial proteins, reduced activity of oxi-
dative enzymes, and lower mitochondrial mass

(1–5). Collectively, these alterations lead to a decrease in
mitochondrial ATP synthesis (6,7). These changes in mi-
tochondrial structure and function are thought to result, in
part, from an increased prevalence of mitochondrial DNA
(mtDNA) mutations, decreased mtDNA abundance, and a
lower content of mRNA transcripts encoding mitochon-
drial proteins (4,8–10). Despite the evidence demonstrat-
ing that these molecular alterations play an important role
in the mitochondrial dysfunction of aging, the underlying
cause of these age-induced changes is unclear. Apart from
producing energy, mitochondria are a major source of re-
active oxygen species (ROS) (11). According to the free
radical and mitochondrial theories of aging (12,13), ROS
emanating from mitochondrial respiration damage mac-
romolecules (mtDNA, proteins, and lipids), and over time,
the abnormal function of these cellular constituents induces
the changes associated with aging.

Although several studies have documented a decline in
mitochondrial function with aging (3,6,7,14,15), the physi-
ologic relevance of this decline is not clear. An alteration
in glucose homeostasis is thought to be one of the most
important consequences of the aging-related decrease in
mitochondrial function. Substantial evidence has demon-
strated that increasing age leads to decreased glucose
tolerance (16–19). For example, the Baltimore Longitudi-
nal Study of Aging showed a progressive decline in glucose
tolerance from the 3rd through the 9th decade of life (18).
The fasting plasma glucose increased on average 1 mg/dL
per decade, and the 2-h glucose during an oral glucose
tolerance test (OGTT) increased by 5.3 mg/dL per decade.
This decline in glucose tolerance is also evident in the
National Health and Nutrition Examination Survey III (20).
The cause for the higher prevalence of impaired glucose
tolerance (IGT) and type 2 diabetes in elderly individuals is
unknown. However, decreased insulin sensitivity at the
level of the skeletal muscle is thought to play an important
role in the deterioration in glucose homeostasis seen in
older subjects (6,21,22).

It has been proposed that alterations in mitochondrial
function, as seen in older subjects, could be responsible
for the decrease in insulin action that occurs with aging
(6). Aging-related decreases in mitochondrial oxidative
capacity could lead to insulin resistance by promoting the
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accumulation of intramyocellular lipids, which interfere
with the insulin signaling cascade (6). Another important
mechanism by which aging-related mitochondrial dys-
function could affect insulin action is by increasing oxi-
dative stress. A fundamental concept within the free
radical and mitochondrial theories of aging is that the
mitochondrial dysfunction resulting from the presence of
damaged/oxidized mitochondrial components (mtDNA,
lipids, and proteins) leads to the leakage of electrons from
the electron transport chain, inducing the generation of
ROS, which can further damage the mitochondria and
impair their oxidative function. In addition, data from cell
culture and animal studies suggest that ROS play a direct
role in the pathogenesis of insulin resistance. For example,
exposing adipocytes to H2O2 impairs activation of the insulin
signaling cascade (23), and antioxidants such as tetrakis
(4-benzoic acid)-porphyrin improves insulin sensitivity in
obese mice (24).

Despite the evidence that mitochondrial function declines
with age (6,7,14) and that oxidative stress can impair insulin
action (24), the role that ROS play in the insulin resistance
of aging in humans is unclear. The goal of this study was to
determine whether aging-induced changes in mitochondrial
function lead to excessive ROS production in muscle from
older subjects with normal glucose tolerance (NGT) and
IGT. Also, we evaluated the effect of physical activity on
mitochondrial function (ATP synthesis and ROS production)
in older subjects. We predicted that by improving mito-
chondrial efficiency, exercise would lead to a decrease in
mitochondrial ROS production, an effect that would result
in improved insulin sensitivity.

RESEARCH DESIGN AND METHODS

Twenty-two young (age 18–30 years) and 35 older (age $65 years) healthy,
nondiabetic, community-dwelling subjects were studied. Each subject under-
went a physical examination, screening laboratory tests, and a 75-g OGTT. All
subjects were sedentary (#1 exercise session per week). Activity levels were
confirmed with a leisure-time activity questionnaire (25). Subjects had a BMI
of 23–26 kg/m2 and did not have a family history (first-degree relative) of di-
abetes. Body weight was stable (6 1 kg) for $3 months before enrollment.
Subjects were not taking medications known to affect glucose metabolism.
Older subjects were subdivided into NGT or IGT groups based on the OGTT

(26). The young group was not subdivided because only 7% of the screened
subjects had IGT. The study was approved by the University of Texas Health
Science Center at San Antonio Institutional Review Board, and all subjects
gave written consent.
OGTT. Plasma glucose and insulin were measured before and every 15 min for
2 h after the ingestion of 75 g of glucose. TheMatsuda index of insulin sensitivity
was calculated as described (27).
Dual X-ray absorptiometry. Dual X-ray absorptiometry (Hologic, Bedford,
MA) was used to measure fat and fat-free mass (FFM).
Exercise testing. VO2max was determined using a cycle ergometer and a
Metabolic Measurement System (Sensormedics, Savi Park, CA) (21).
Muscle biopsy and insulin clamp. After a 10- to 12-h overnight fast, subjects
underwent a vastus lateralis muscle biopsy (28). Subjects refrained from ex-
ercise, other than habitual walking, for 48 h. A portion of fresh tissue was used
for immediate measurement of mitochondrial ATP and ROS production,
whereas another portion was rapidly frozen in liquid nitrogen. The biopsy was
followed by a 120-min euglycemic, hyperinsulinemic (40 mU/m2/min) clamp
study. Insulin-stimulated glucose metabolism (M) was determined based on
the average glucose infusion rate during the last 30 min of the clamp (29) and
adjusted to the plasma insulin concentration (M/I).
Exercise program. At ;1 week after the biopsy, 12 older subjects with NGT,
5 older subjects with IGT, and 10 young subjects initiated a 16-week aerobic
exercise program (30) on a stationary bicycle under supervision. For the first 4
weeks, subjects underwent three sessions per week at 65% VO2max for 20 min
per session. During weeks 5–8, the intensity, duration, and number of ses-
sions were gradually increased so that during weeks 9–16, subjects un-
derwent four sessions per week for 45 min per session at 80% VO2max. VO2peak

was tested every 4 weeks to adjust exercise intensity. Compliance with the
target intensity and number of sessions was recorded. Subjects maintained
their usual dietary intake throughout the training protocol and were asked to
increase their caloric intake to avoid weight loss, if needed. VO2peak and body
composition were measured after completion of the program. A posttraining
muscle biopsy and insulin clamp were performed 48–72 h after the last exercise
bout.
Laboratory analyses. Plasma insulin was measured by radioimmunoassay
(Diagnostic Products, Los Angeles, CA), glucose was measured using a Beckman
analyzer (Fullerton, CA), and hemoglobin A1c was measured using a DCA2000
analyzer (Bayer, Tarrytown, NY). Free fatty acid (FFA) concentrations were
determined by an enzymatic method (Wako, Neuss, Germany), and plasma
interleukin (IL)-6 and tumor necrosis factor-a (TNF-a) concentrations were
measured using an ELISA (R&D Systems, Minneapolis, MN).
Mitochondrial isolation.Muscle tissue was minced in medium A (100 mmol/L
KCl, 50 mmol/L MOPS, 5 mmol/L MgSO4 $ 7 H2O, 1 mmol/L ATP, pH 7.4), and
trypsin (10 mg/g) and neutral protease (1 mg/g) were added for 20 min and
homogenized (31). An equal volume of medium B (100 mmol/L KCl, 50 mmol/L
MOPS, 5 mmol/L MgSO4 $ 7 H2O, 1 mmol/L ATP, 1 mmol/L EDTA, pH 7.4) was
added and centrifuged at 12,000g for 10 min. The pellet was suspended in
medium B, homogenized, and centrifuged at 300g for 10 min. The supernatant
was centrifuged at 7,000g for 20 min. The pellet was washed once with

TABLE 1
Baseline subject characteristics

Younger
(n = 22)

Older with NGT and
IGT (n = 35)

Older with NGT
(n = 24)

Older with IGT
(n = 11)

Age (years) 26 6 0.717 74 6 1.277* 72.62 6 1.49* 80 6 1.72*
Sex (men/women) 8/14 17/18 12/12 5/6
BMI (kg/m2) 23.9 6 0.49 24.4 6 0.52 24.9 6 0.61 23.1 6 0.92
OGTT fasting glucose (mg/dL) 93 6 2 96 6 2 95 6 2 97 6 2
OGTT 2-h glucose (mg/dL) 95 6 4 125 6 5** 109 6 4* 161 6 4**†
OGTT fasting insulin (mU/mL) 4.1 6 0.64 6.4 6 0.67* 5.6 6 0.55 8.1 6 1.74*
OGTT fasting FFA (mmol/L) 0.51 6 0.055 0.59 6 0.03 0.52 6 0.04 0.71 6 0.05*†
HbA1c (%) 5.1 6 0.1 5.5 6 0.1** 5.5 6 0.1** 5.5 6 0.1**
IL-6 (pg/mL) 1.8 6 0.4 2.8 6 0.3 2.8 6 0.4 3.1 6 0.8
TNF-a (pg/mL) 1.1 6 0.2 1.7 6 0.2 1.7 6 0.3 1.8 6 0.3*
VO2max (mL/kg/min) 25.2 6 1.8 15.0 6 0.7** 14.9 6 0.9** 15.1 6 1.2**
Daily activity index 8.0 6 0.4 8.2 6 0.3 7.9 6 0.3 8.9 6 0.4
Matsuda index 11.8 6 1.98 6.5 6 0.52** 6.9 6 0.78* 5.6 6 0.52**
M/I (mg/kg FFM.min/mU/mL 3 100) 17.6 6 1.7 13.0 6 1.1* 13.6 6 1.6 11.9 6 1.1*
FFM (%) 69 6 2 72 6 2.7 75 6 6 68 6 3
Fat mass (%) 27 6 2 31 6 1 32 6 1 28 6 3

Data are mean 6 SE. *P , 0.05 vs. younger, **P , 0.005 vs. younger, †P , 0.05 vs. older with NGT.
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medium B and once with KME buffer (100 mmol/L KCl, 50 mmol/L MOPS,
0.5 mmol/L EGTA) and centrifuged at 7,000g for 20 min.
ATP production. Mitochondrial ATP production was determined using a
luminescent assay (CLSII; Roche, Indianapolis, IN) (32). Mitochondria were
suspended in assay buffer (125 mmol/L KCl, 10 mmol/L HEPES, 5 mmol/L
MgCl2, 2 mmol/L K2HPO4, pH 7.4). For each subject, equal amounts of mito-
chondrial protein were added to the wells of a 96-well plate in the presence of
complex I (2.5 mmol/L glutamate plus 2.5 mmol/L malate; 2.5 mmol/L pyruvate
plus 2.5 mmol/L malate) and complex II (5 mmol/L succinate with 0.5 mmol/L
rotenone to inhibit reverse electron transport through complex I) substrates.
The reaction was initiated by adding Luciferase (Roche) and 0.3 mmol/L ADP.
The luminescence was followed at 560 nm for 5 min. The slope in lumines-
cence was converted to the ATP production rate using a standard curve.
ROS production. Mitochondrial H2O2 production was measured as described
(31). Amplex Red reagent (80 mmol/L, Molecular Probes, Eugene, OR), horse-
radish peroxidase (1 unit/mL, Sigma, St. Louis, MO), and superoxide dismutase
(SOD; 30 units/mL, Sigma) were added to mitochondrial protein. SOD was in-
cluded to convert all superoxide into H2O2. Glutamate plus malate or pyruvate
plus malate (all at 2.5 mmol/L) were added to stimulate respiration through
complex I, III, and IV. Succinate (5 mmol/L) was added to drive respiration
through complex II, III, and IV. Rotenone and antimycin A (both at 0.5 mmol/L),
inhibitors of complex I and III, respectively, were added to determine maximal
rates of H2O2 production. Fluorescence was observed at 530-nm excitation and
590-nm emission for 5 min. The slope in fluorescence was converted to the H2O2

production rate using a standard curve.
Western blotting.Muscle was homogenized in lysis buffer (20mmol/L Tris, pH
7.5, 5 mmol/L EDTA, 10 mmol/L Na3PO4, 100 mmol/L NaF, 2 mmol/L Na3VO4,
1% Nonidet P-40, 10 mmol/L leupeptin, 3 mmol/L benzamidine, 10 mg/mL
aprotinin, 1 mmol/L phenylmethylsulfonyl fluoride), and immunoblotting was
performed using antibodies against mitochondrial transcription factor A (TFAM;
Thermo Scientific, Rockford, IL), nuclear respiratory factor 1 (NRF1; Santa Cruz
Biotechnology, Santa Cruz, CA), 4 hydroxynonenal (4HNE; a-Diagnostics,
San Antonio, TX), MnSOD (Stressgen, Ann Arbor, MI), and Cu-ZnSOD (R&D
Systems). Bands were quantitated using ImageQuant.
Citrate synthase, MnSOD, and Cu-ZnSOD activity. Citrate synthase,
MnSOD, and Cu-ZnSOD activities were measured in whole cell lysates (33,34).
Quantitative PCR. Total RNA was isolated using TRIZOL reagent (Sigma).
One-step real-time RT-PCR was performed on an ABI-Prism-7900HT System
(Applied Biosystems, Foster City, CA). mRNA levels were normalized to 18S.
The primers/probe used can be found in the Supplementary Data.

Proteomic analysis. Mitochondria-enriched fraction were prepared as de-
scribed (35). Forty micrograms of mitochondria-enriched fraction from older
before and after exercise (n = 8) and younger (n = 7) subjects were resolved
on a 10% SDS-PAGE. Each lane was divided into 20 slices, prepared for mass
spectrometry, and subjected to tandem mass spectrometry as described (36).
Normalized spectral abundance factors were calculated for every protein identi-
fied, and the mean log2 fold changes between young versus older before exercise
and between older after exercise versus older before exercise were calculated.
Statistical analysis. Data are expressed as means6 SE. Differences between
groups were analyzed using unpaired t test or ANOVA, as appropriate. The
effects of exercise within each group were analyzed using paired t test. Dif-
ferences with P , 0.05 were considered statistically significant. For proteomic
analysis, a paired t test was performed on the older group before and after
exercise. Protein changes with a P# 0.05 were selected. The log2 fold changes
of these proteins in older after exercise versus older before exercise and in
young versus older were compared.

FIG. 1. Production of ATP by isolated human skeletal muscle mito-
chondria. ATP production was measured in isolated skeletal muscle
mitochondria during state 1 (no added substrates) and by using sub-
strates succinate plus rotenone (S/R), glutamate plus malate (G/M),
and pyruvate plus malate (P/M) in (A) younger and older (NGT + IGT)
subjects and (B) younger, older with NGT, and older with IGT subjects.
Data are means 6 SE. *P < 0.05 vs. younger group.

FIG. 2. Effect of exercise training on the production of ATP by isolated
human skeletal muscle mitochondria. Mitochondrial ATP production
was measured during state 1 (no added substrates) and in the presence
of respiratory substrates/inhibitors succinate plus rotenone (S/R), glu-
tamate plus malate (G/M), and pyruvate plus malate (P/M) in (A) older
(NGT + IGT) subjects before and after exercise, (B) older subjects
with NGT before and after exercise, (C) older subjects with IGT before
and after exercise, and (D) younger subjects before and after exer-
cise. Data are means 6 SE. *P < 0.05 vs. before exercise of respective
group.
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RESULTS

Clinical characteristics. BMI and fasting plasma glucose
concentrations were similar in older subjects with NGT
and older subjects with IGT (Table 1). Older subjects with
NGT and IGT had elevated glucose levels at the 2-h time
point during the OGTT compared with younger subjects
with NGT. Older subjects with IGT also had elevated fasting
insulin, FFA, and TNF-a concentrations in plasma. VO2max
was lower in the older NGT and IGT groups. Peripheral
insulin sensitivity (M/I) was significantly (P , 0.05) and
marginally (P = 0.09) decreased in the older IGT and older
NGT groups, respectively, versus the young subjects. The
Matsuda index of insulin sensitivity (27) also was signifi-
cantly reduced in older subjects with NGT (P , 0.05) and
IGT (P , 0.05) compared with younger subjects. These
indices of insulin sensitivity (M/I and Matsuda index) were
not significantly different between the older NGT and IGT
groups.
Clinical effects of exercise. Ten younger subjects with
NGT and 17 older subjects (12 with NGT, 5 with IGT)
underwent the exercise training program. In the older
group, training caused a 15% increase in VO2max (P , 0.05).
In young subjects, training increased VO2max by 18%, al-
though this change did not reach statistical significance
(P = 0.2). In a similar manner, the training program led to
a significant increase in insulin sensitivity (M/I) in the older
subjects by 1.38-fold (P , 0.05) and tended (P = 0.21) to
increase insulin sensitivity in the younger group by 1.25-fold
(Supplementary Fig. 1). In addition, training reduced base-
line plasma insulin concentrations in younger and older
subjects by 47 and 32%, respectively (P , 0.05 vs. pre-
exercise in both groups). BMI, FFM, fat mass, hemoglobin

A1c, and plasma concentrations of glucose, FFA, TNF-a,
and IL-6 were unaffected by exercise.
Effect of aging and exercise on ATP production.
Figure 1 shows mitochondrial ATP synthesis rates in
older and younger subjects. When accounting all older
subjects (with NGT and IGT), ATP synthesis was signifi-
cantly (P , 0.05) decreased in older versus younger sub-
jects (Fig. 1A). After subdividing the older group into
subjects with NGT and subjects with IGT, both had a lower
ATP production rate compared with the younger subjects
(P, 0.05 in both groups) (Fig. 1B). There was no difference
in ATP synthesis between older subjects with IGT and older
subjects with NGT (Fig. 1B). The exercise intervention
caused a significant (P , 0.05) increase in ATP production
in the older (NGT plus IGT) group (Fig. 2A), reaching levels
similar to those in the young group at baseline. The in-
crease in ATP production was of similar magnitude in older
individuals with NGT and IGT (P , 0.05 in both groups)
(Fig. 2B and C). Exercise also tended (P = 0.07) to increase
ATP production in the younger individuals; the study was
likely underpowered to detect a statistically significant
effect of exercise in this population (Fig. 2D).
Effect of aging and exercise on mitochondrial ROS
production. Figure 3A shows the mitochondrial ROS
production rates in muscle from older and younger sub-
jects. Surprisingly, H2O2 production was significantly (P ,
0.05) decreased in older (NGT plus IGT) subjects (Fig. 3A),
despite the finding that aging caused mitochondrial dys-
function (lower ATP synthesis). The decrease in ROS pro-
duction was similar in older individuals with NGT and older
individuals with IGT, and both were significantly (P , 0.05)
reduced compared with the younger subjects (Fig. 3B). We

FIG. 3. Production of hydrogen peroxide by isolated muscle mitochondria. Mitochondrial hydrogen peroxide production was measured during state 1
(no added substrates) and in the presence of respiratory substrates/inhibitors succinate plus rotenone (S/R), S/R plus antimycin A (S/R+AA),
glutamate plus malate (G/M), G/M plus rotenone (G/M+R), pyruvate plus malate (P/M), and P/M plus rotenone (P/M+R) in (A) younger and older
(NGT + IGT) subjects and (B) younger, older with NGT, and older with IGT subjects. Data are means 6 SE. *P < 0.05 vs. younger group.
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had predicted that improving mitochondrial efficiency
through exercise would decrease ROS production in aging
mitochondria. To the contrary, training caused a significant
(P, 0.05) increase in mitochondrial H2O2 production in the
older (NGT plus IGT) subjects (Fig. 4A), and this effect
occurred in both older individuals with NGT and older
individuals with IGT (Fig. 4B and C). Exercise also tended
(P = 0.1) to increase mitochondrial ROS production in
younger subjects (Fig. 4D).

We also calculated the ROS/ATP production ratio, which
reflects the number of ROS molecules generated during
the production of one ATP molecule. ROS/ATP ratio was
similar between the younger and the older group (Sup-
plementary Fig. 2).

Overall, exercise increased ATP and ROS production in
younger and older subjects. Nonetheless, the effect was
more pronounced in the older group. This difference could
be the result of elevated rates of ATP and ROS production

FIG. 4. Effect of exercise training on the production of hydrogen peroxide by isolated muscle mitochondria. Mitochondrial hydrogen peroxide
production was measured in isolated skeletal muscle during state 1 (no added substrates) and in the presence of respiratory substrates/inhibitors
succinate plus rotenone (S/R), S/R plus antimycin A (S/R+AA), glutamate plus malate (G/M), G/M plus rotenone (G/M+R), pyruvate plus malate
(P/M), and P/M plus rotenone (P/M+R) in (A) older (NGT + IGT) subjects before and after exercise, (B) older subjects with NGT before and after
exercise, (C) older subjects with IGT before and after exercise, and (D) younger subjects before and after exercise. Data are means 6 SE. *P <
0.05 vs. before exercise of respective group.
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at baseline in the younger group, leaving less room for
improvement after training.
Citrate synthase activity. Citrate synthase activity, an
indirect measurement of mitochondrial mass, was higher
in the younger versus the older group by 23% (P , 0.05)
(Fig. 5A). Exercise increased citrate synthase activity in
the older group by 33% (P , 0.05) (Fig. 5B).
Peroxisome proliferator–activated receptor g
coactivator-1a, NRF1, and TFAM protein content and
mRNA levels. The gene expression of numerous proteins
involved in the Krebs cycle, oxidative phosphorylation,
and mtDNA replication/transcription is regulated by peroxi-
some proliferator–activated receptor g coactivator (PGC)-1a
through the activation of transcription factors such as NRF1
and TFAM (37). In this study, basal PGC-1a mRNA levels
were reduced in older subjects by 42% (P , 0.05) (Fig. 5C).
Older subjects also had significant (P , 0.05) decreases in
baseline NRF1 (by 36%) and TFAM (by 65%) protein content
(Fig. 6A and C). Exercise increased PGC-1amRNA (Fig. 5D)
and NRF1 protein content (Fig. 6B) levels in older subjects
by 2.6- and 1.5-fold (P , 0.05), respectively. Training also
increased NRF1 mRNA levels by 1.5-fold (P , 0.05)
(Supplementary Fig. 3B) in older subjects, whereas TFAM
protein (Fig. 6D) and mRNA levels (Supplementary Fig. 3D)
were not affected by exercise.
Lipid peroxidation. As an indication of lipid perox-
idation, we measured levels of 4HNE-modified proteins.
There were no differences in 4HNE-modified proteins be-
tween younger and older subjects (Supplementary Fig. 4A),
and these proteins did not change after exercise (Sup-
plementary Fig. 4B).
Antioxidant enzymes. MnSOD protein was similar be-
tween younger and older subjects (Supplementary Fig. 5A
and B), whereas MnSOD activity was significantly (P ,
0.05) lower in older individuals by 45% (Supplementary
Fig. 5C). The protein content and activity of Cu-ZnSOD
was similar between the groups (Supplementary Fig. 5E
and F). The activity of MnSOD and Cu-ZnSOD did not
change after exercise (Supplementary Fig. 5D and H).
GPX1, MnSOD, and Cu-ZnSOD gene expression was not
different between younger and older individuals, and

exercise did not change the mRNA levels of these anti-
oxidant enzymes (Supplementary Fig. 6).
Proteomic analysis of mitochondria-enriched fraction.
We detected 385 annotated (Gene Ontology term: 5739)
mitochondrial proteins. Significant differences (P # 0.05) in
the abundance of 47 proteins were observed between
younger and older subjects (Fig. 7A and B). The protein
abundance of 26 proteins was increased in the young
mitochondria (Fig. 7A). Most notable, the abundance of
eight subunits of complex I (NDUFB3, NDUFC2, NDUFS6,
NDUFA6, NDUFA7, NDUFA2, NDUFA8, NDUFA5) as well
as five other electron transport chain proteins (UQCRB,
COX5A, COX5B, ATP5 L, and CYC1) were reduced in mi-
tochondria from older subjects. The content of four pro-
teins, including the antioxidant enzymes peroxiredoxin 2
(PRDX2) and catalase (CAT), was increased in the old mi-
tochondria (Fig. 7B). It is interesting to note that when the
fold differences of the 47 proteins that were different be-
tween younger and older subjects were compared with the
fold changes of these same proteins in the older preexercise
versus older postexercise subjects, the direction of
change (increased or decreased protein abundance) for
these proteins was identical (Fig. 7A and B). The list of all
proteins (International Protein Index number, sequence
coverage, and number of unique peptides assigned) de-
tected in the mitochondrial fractions is shown in Supple-
mentary Table 1. The number of spectra and normalized
spectral abundance factors for each protein used for de-
termining differences between groups can also be found in
Supplementary Table 1.

DISCUSSION

In this study, ATP synthesis was significantly decreased in
older subjects, supporting the concept that aging is asso-
ciated with a decrease in mitochondrial function. This
finding is consistent with previous investigations that also
have reported decreased ATP production by mitochondria
isolated from aged human muscle (7). According to the free
radical and mitochondrial theories of aging, this decrease
in mitochondrial function is the result of damaged/oxidized

FIG. 5. Citrate synthase activity and gene expression of transcription factor PGC-1a. Citrate synthase activity was measured in whole cell lysates
from (A) younger and older subjects and (B) older subjects before and after exercise. PGC-1a mRNA levels were measured at baseline in
(C) younger vs. older subjects and (D) older subjects before and after exercise. Data are means 6 SE; n = 11–13 per group. *P < 0.05.
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mitochondrial components (mtDNA, proteins, and lipids).
These theories also propose that dysfunctional mitochon-
dria perpetuate oxidative damage by promoting further
leakage of electrons, which generate more ROS. In line with
this model, mice with defective oxidative phosphorylation
as a result of genetic ablation of adenine nucleotide trans-
locator (Ant1), an enzyme that exchanges ADP to ATP
through the inner mitochondrial membrane, display marked
increases in mitochondrial ROS production in muscle,
heart, and brain (38). Nonetheless, in the current study,
we found the opposite; ROS production was actually lower
in mitochondria from older subjects. These results indicate
that old mitochondria are dysfunctional with respect to
substrate oxidation and ATP synthesis, but they are not
dysfunctional with regard to leaking more electrons during
respiration. In fact, the ROS/ATP production ratio, which
reflects the number of ROS molecules generated during the
production of one ATP molecule, were similar in younger
and older individuals, indicating that differences in ROS
production between groups are a function of the decreased
ATP synthesis rate.

Older and younger subjects had similar levels of 4HNE,
a frequently used marker of lipid peroxidation of proteins.
This finding, together with the lower ROS production seen
in older subjects, does not support the hypothesis that

aging-related mitochondrial dysfunction increases oxida-
tive stress. It is important to note, however, that dif-
ferences in oxidative stress between younger and older
subjects cannot be completely ruled out, considering
that other important markers of oxidative stress, such as
8-oxo-deoxyguanosine (7), F2-isoprostanes (31), and glu-
thatione redox state, were not measured because there was
insufficient tissue to carry out all these experiments. Fur-
thermore, there are other nonmitochondrial sources of
ROS that were not evaluated in this study, including per-
oxisomes, nicotinamide adenine dinucleotide phosphate
oxidases, xanthine oxidases, and nitric oxide synthases. It
would be interesting to evaluate in future studies whether
these sources of ROS compensate for the diminished ROS
production observed in old mitochondria.

Most of the evidence suggesting that oxidative stress
increases with age comes from studies that have docu-
mented alterations in antioxidant enzyme levels (39–41)
and in oxidative damage to mtDNA, lipids, and proteins
(7–9). To the best of our knowledge, this is the first study
that has directly tested whether aging is associated with
increased mitochondrial ROS production in human muscle
using Amplex Red, a highly sensitive and stable fluores-
cent reagent. This finding is in contrast to results of a prior
study done by our group in which we found that decreased

FIG. 6. Protein expression of mitochondrial transcription factors. NRF1 (A and B) and TFAM (C and D) protein content was measured at baseline
in (A and C) younger vs. older subjects and (B and D) older subjects before and after exercise. Data are means6 SE; n = 11–13 per group. Pre exe,
preexercise; Post exe, postexercise. *P < 0.05.
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ATP production in muscle from old mice was accompanied
by higher ROS production (32). The discrepant results with
the current study could be due to species differences.

Another goal of this study was to establish the relation-
ship between age-related changes in mitochondrial function
(ATP synthesis) and insulin sensitivity. To avoid the con-
founding effects of obesity and inactivity, we enrolled
younger individuals with NGT and older individuals with
NGT who were lean and had similar activity levels. We
also enrolled older subjects with IGT. If mitochondrial
dysfunction plays a role in the pathogenesis of type 2
diabetes, one might expect that it would be present in the
earlier stages of the disease (i.e., IGT). Older diabetic
subjects were not studied because of the negative effect
that high glucose per se has on mitochondrial function
(42–44) and insulin sensitivity (45,46). ATP synthesis was
reduced in both older subjects with NGT and older sub-
jects with IGT, compared with younger individuals. In line
with the reduction in mitochondrial ATP synthesis, insulin
sensitivity also tended to be modestly reduced in older

subjects with NGT. ATP production also was lower in
older subjects with IGT compared with the younger group.
Nonetheless, there were no differences in ATP (and ROS)
production levels between older subjects with NGT and
older subjects with IGT, suggesting that changes in mito-
chondrial function do not contribute to the transition from
NGT to IGT in elderly individuals. Considering that IGT is
a prediabetic state, these results also do not support the
hypothesis that mitochondrial dysfunction is involved in
the pathogenesis of type 2 diabetes, although it would be
important to confirm this by performing measurements
of mitochondrial function in older subjects with type 2
diabetes.

An analysis of the mitochondrial proteome was performed
to determine whether the decreases in mitochondrial
function observed in old mitochondria were associated
with changes in the content of mitochondrial proteins.
The most striking finding was that the content of several
electron transport proteins was reduced in the older sub-
jects, which likely contributed to the lower capacity to

FIG. 7. Relative protein abundance in the mitochondria-enriched fraction. A: Twenty-six proteins that were significantly increased in younger vs.
older subjects at baseline (black bars) and the same proteins that were significantly increased in older subjects before vs. after exercise (white
bars). B: Twenty-one proteins that were significantly increased in younger vs. older subjects at baseline (black bars) and the same proteins that
were significantly reduced in older subjects before vs. after exercise (white bars). See Supplementary Table 1 for raw data and detailed listing of
mitochondrial proteins with change in abundance from older subjects before exercise.
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synthesize ATP. In addition, the expression/content of
PGC-1a, NRF1, and TFAM also was reduced in older sub-
jects, which helps explain the reductions in mitochondrial
function and mass.

Physical activity is an effective modality to improve in-
sulin sensitivity. Exercise is particularly effective in elderly
individuals in reducing the progression from IGT to type 2
diabetes (47). We hypothesized that training would im-
prove mitochondrial function in older subjects and that
improving mitochondrial efficiency would result in de-
creased oxidative stress. As predicted, exercise caused
a significant increase in mitochondrial ATP synthesis in
older subjects. However, contrary to our hypothesis, the
improvement in mitochondrial function was accompanied
by an increase in mitochondrial ROS production. The in-
crease in mitochondrial ROS production caused by exer-
cise seems counterintuitive, considering that oxidative
stress is thought to impair insulin action (24). On the other
hand, recent studies suggest that ROS might have a bene-
ficial effect on insulin sensitivity. For example, GPX1 null
mice are partially protected from high-fat diet-induced in-
sulin resistance (48). Furthermore, muscle contraction/
exercise increases ROS production (49), and antioxidants
such as n-acetylcysteine blunt contraction-stimulated mus-
cle glucose uptake (50). Collectively, the results from these
studies, along with the present data, suggest that ROS do
not impair insulin action and actually might be involved
in the mechanism by which exercise improves insulin
sensitivity.

The training program led to major changes in the mito-
chondrial proteome in older subjects. As mentioned above,
numerous proteins, many of them involved in the electron
transport chain, were downregulated at baseline in older
subjects. Training resulted in increased expression of most
downregulated proteins to levels similar to those observed
in young mitochondria prior to exercise. In addition, train-
ing lowered the expression of several proteins that were
upregulated at baseline in the older subjects. Overall, the
mitochondrial proteome of the older subjects after training
was remarkably similar to the mitochondrial proteome of
the younger individuals at baseline. A prior cross-sectional
study found that highly trained ($1 h of exercise for 6 days
per week for $4 years) older subjects have increased
content of proteins involved in ATP synthesis versus
untrained older individuals (1). The present prospective,
interventional study highlights the ability of exercise to
rapidly (within a few months) counteract aging at the
molecular level.

In conclusion, aging is associated with reductions in
mitochondrial function, mitochondrial protein content,
and expression of transcriptional regulators that control
mitochondrial function/biogenesis. This global downreg-
ulation in mitochondrial function and mass in older subjects
was accompanied with a modest reduction in insulin sen-
sitivity. However, the severity of mitochondrial dysfunction
was similar between older subjects with NGT and older
subjects with IGT, indicating that declines in mitochon-
drial function do not contribute to the transition from
NGT to IGT in elderly individuals. Furthermore, age-related
declines in mitochondrial function were not associated with
increased production of ROS in human muscle, suggesting
that mitochondria-derived ROS do not promote insulin
resistance in aging muscle. This study also demonstrates
that training reverses the phenotype of mitochondria
from older, sedentary subjects with respect to ATP syn-
thesis, the mitochondrial proteome, and ROS production.

Lastly, the increase in ROS generation could have a benefi-
cial effect on insulin action.
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