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Skeletal muscle is strongly dependent on oxidative
phosphorylation for energy production. Because the
insulin resistance of skeletal muscle in type 2 diabetes
and obesity entails dysregulation of the oxidation of
both carbohydrate and lipid fuels, the current study was
undertaken to examine the potential contribution of
perturbation of mitochondrial function. Vastus lateralis
muscle was obtained by percutaneous biopsy during
fasting conditions from lean (n ⴝ 10) and obese (n ⴝ
10) nondiabetic volunteers and from volunteers with
type 2 diabetes (n ⴝ 10). The activity of rotenonesensitive NADH:O2 oxidoreductase, reflecting the overall activity of the respiratory chain, was measured in a
mitochondrial fraction by a novel method based on
providing access for NADH to intact mitochondria via
alamethicin, a channel-forming antibiotic. Creatine kinase and citrate synthase activities were measured as
markers of myocyte and mitochondria content, respectively. Activity of rotenone-sensitive NADH:O2 oxidoreductase was normalized to creatine kinase activity,
as was citrate synthase activity. NADH:O2 oxidoreductase activity was lowest in type 2 diabetic subjects and
highest in the lean volunteers (lean 0.95 ⴞ 0.17, obese
0.76 ⴞ 0.30, type 2 diabetes 0.56 ⴞ 0.14 units/mU
creatine kinase; P < 0.005). Also, citrate synthase
activity was reduced in type 2 diabetic patients (lean
3.10 ⴞ 0.74, obese 3.24 ⴞ 0.82, type 2 diabetes 2.48 ⴞ
0.47 units/mU creatine kinase; P < 0.005). As measured
by electron microscopy, skeletal muscle mitochondria
were smaller in type 2 diabetic and obese subjects than
in muscle from lean volunteers (P < 0.01). We conclude
that there is an impaired bioenergetic capacity of skeletal muscle mitochondria in type 2 diabetes, with some
impairment also present in obesity. Diabetes 51:
2944 –2950, 2002
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etabolism of both glucose and fatty acids by
skeletal muscle is impaired in type 2 diabetes
(1,2). The manifestations of insulin-resistant
glucose metabolism include reduced glucose
transport and phosphorylation and reduced rates of glycogen synthesis (3), whereas abnormal fatty acid metabolism
entails increased accumulation of triglyceride and other
lipid moieties as well as dysregulation of lipid oxidation
during fasting and insulin-stimulated conditions (4,5).
There are likely multiple factors that contribute to perturbations of both glucose and fatty acid metabolism. An
impaired functional capacity of mitochondria is one factor
that might contribute to perturbations in the metabolism
of both substrates. A reduction in the activity of marker
enzymes of oxidative pathways has been observed in
skeletal muscle obtained from individuals with obesity and
type 2 diabetes and correlates with the severity of insulinresistant glucose metabolism (6). These findings raise the
possibility of impaired mitochondrial function as an additional aspect of the pathogenesis of insulin resistance. An
impaired mitochondrial capacity for fat oxidation during
fasting conditions, as noted in obesity and type 2 diabetes
(7), could lead to insulin-resistant glucose metabolism
through the accumulation of lipid intermediates (8). It has
also been postulated that impaired mitochondria function
could directly contribute to insulin-resistant glucose metabolism due to inefficient provision of ATP for hexokinase
as well as other reactions requiring phosphorylation (9).
Therefore, the current study was undertaken to test the
hypothesis that skeletal muscle in obesity and type 2
diabetes has an impaired functional capacity of mitochondria. To test this hypothesis, we have assessed activity of
the mitochondrial electron transport chain in human skeletal muscle and performed quantitative studies of the
morphology of mitochondria in these samples. The specific activity of rotenone-sensitive NADH:O2 oxidoreductase, representing the overall activity of the mitochondrial
electron-transport chain, was measured. To permit assessment of the electron transport activity despite impermeability of the inner mitochondrial membrane for NADH,
the antibiotic alamethicin was used. Alamethicin is a
channel-forming antibiotic known to increase the permeability of biological membranes through the creation of
transmembrane pores up to 20 A in diameter, providing
ready access for NADH to enter intact mitochondria, as
previously demonstrated with rat skeletal muscle homogenate (10) and rat heart mitochondria (11). Creatine
kinase and citrate synthase were measured in these samples as markers for muscle fiber content in tissue samples
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TABLE 1
Clinical characteristics of research volunteers

n (F/M)
Age (years)
BMI (kg/m2)
Fasting plasma glucose
(mg/dl)
Fasting plasma insulin
(pmol/l)
HbA1c

Lean

Obese

Type 2
diabetes

6/4
39 ⫾ 2
23.1 ⫾ 0.5

2/8
41 ⫾ 2
30.0 ⫾ 1.2*

6/4
47 ⫾ 2
34.9 ⫾ 1.3*

86 ⫾ 2

94 ⫾ 3

140 ⫾ 14†

33 ⫾ 21
5.2 ⫾ 0.1

56 ⫾ 26
5.4 ⫾ 0.1

155 ⫾ 25†
7.5 ⫾ 0.4†

Data are means ⫾ SE. *P ⬍ 0.05 vs. lean; †P ⬍ 0.05 vs. nondiabetic.

and as a marker of mitochondria content, respectively.
Because it has long been recognized that functional capacity of mitochondria is closely related to its structural
organization, in parallel with measurements of activity of
the electron transport chain, transmission electron microscopy was done to examine the size and morphology of
skeletal muscle mitochondria.
RESEARCH DESIGN AND METHODS
Research volunteers. The research volunteers who participated in these
studies included 10 healthy normal weight individuals (6 women and 4 men),
10 obese nondiabetic and otherwise healthy individuals (2 women and 8 men),
and 10 individuals (6 women and 4 men) with type 2 diabetes and obesity. The
clinical characteristics are shown in Table 1. In addition to a lower BMI, lean
subjects had lower fasting insulin than obese or type 2 diabetic participants.
Lean and obese volunteers were ⬃10 years younger than the group with type
2 diabetes.
The research volunteers underwent a screening medical examination
before participation and were free of known cardiovascular disease. Volunteers with type 2 diabetes enrolled in this study were treated with diet and
exercise alone, a sulfonylurea, or metformin, and these agents were withdrawn at least 4 weeks before these studies. Written informed consent was
obtained, and the research project was approved by the University of
Pittsburgh Institutional Review Board.
Insulin sensitivity. Research volunteers underwent measurement of insulin
sensitivity using the glucose clamp method (12) in conjunction with estimation by indirect calorimetry of systemic rates of carbohydrate and lipid
oxidation (13). A percutaneous muscle biopsy to obtain tissue for in vitro
studies was performed, as previously described (14).
On the evening before these procedures, research subjects were admitted
to the University of Pittsburgh General Clinical Research Center and prepared
for determinations of insulin sensitivity as previously described (15). To
determine rates of overall glucose appearance in obese and type 2 diabetic
subjects, a primed (20 Ci, increased in proportion to fasting plasma glucose [FPG] by the factor FPG/100)-continuous (0.20 Ci/min) infusion of
[3-3H]glucose was started 2 h before insulin infusion so that steady-state
conditions were attained during the final 30 min of the 4-h insulin infusion.
During the insulin infusion, an adjustable infusion of 20% dextrose was given
to maintain euglycemia and [3-3H]glucose was added to the dextrose infusion
to maintain a stable specific activity (16). Isotope was not given to lean
subjects, as it was assumed that endogenous glucose production was fully
suppressed during the insulin infusion (40 mU 䡠 m⫺2 䡠 min⫺1) in these subjects
(17). Systemic indirect calorimetry was performed during the last 30 min of
insulin infusion using an open-circuit spirometry metabolic monitor system
(DeltaTrac, Anaheim, CA) to estimate glucose and lipid oxidation (13).
Glucose specific activity was determined with liquid scintillation spectrometry after deproteinization of plasma with barium sulfate and zinc hydroxide.
Serum insulin was determined using a commercially available radioimmunoassay kit (Pharmacia, Uppsala, Sweden). Rates of plasma glucose appearance
and utilization were calculated using the Steele equation, modified for variable
rate glucose infusions that contain isotope (16). Nonoxidative glucose disposal was calculated as the difference between glucose utilization and glucose
oxidation.
Electron microscopy. For muscle tissue obtained at biopsy, ⬃50 mg was
immediately frozen in liquid nitrogen and stored at ⫺70°C until analyses. The
portion of the sample to be used for electron microscopy was cut into small
pieces (1 ⫻ 1 ⫻ 2 mm) and fixed in 2.5% glutaraldehyde, postfixed in 1%
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FIG. 1. Effect of alamethicin on rotenone-sensitive NADH:O2 oxidoreductase activity in bovine heart submitochondrial particles (1), rat
liver mitochondria (2), and rat heart homogenate (3).
osmium tetroxide, dehydrated, and embedded in Epon at either a longitudinal
or transverse orientation. A smaller piece (0.5 ⫻ 0.5 ⫻ 1 mm) was prepared for
immunoelectron microscopy by fixation in 2% paraformaldehyde and 0.0128%
glutaraldehyde for 1 h. After an initial low-power screening of semithin (300
nm) sections stained with toluidine blue to optimize the plane of sectioning
(18), ultrathin (60 nm) longitudinal and transverse sections were cut for each
sample. The sections were mounted on copper grids and stained with lead
citrate (19) and uranyl acetate (20). For each biopsy, at least 10 longitudinal
and transverse sections were examined by transmission electron microscopy
(JEOL 100CXII) at an accelerating voltage of 80 kV. A minimum of 10
micrographs were taken at 19,000⫻ magnification. The micrographs were
scanned by a computer-linked scanner using Fotolook PS 2.09.1 software
(AGFA-GEVAERT, Ridgefield Park, NJ). The area of mitochondria in the
transverse and longitudinal orientations was measured using an image analysis system (National Institutes of Health image 1.61). The muscle fiber type
was identified by measuring the Z line width. For immunoelectron microscopy, a monoclonal mouse anti-human 65-kDa mitochondria protein (Chemicon International, Temecula, CA) was used.
Measurement of NADH:O2 oxidoreductase. Muscle homogenate and particulate fractions from tissue samples (⬃10 mg) were prepared as previously
described (21). Standard procedures for preparation of mitochondria from
skeletal muscle have a yield of ⬃50% (22), probably because a significant
proportion of muscle mitochondria remain embedded within the dense
myofibrillar matrix. To unmask mitochondria, the particulate fraction was
treated with 0.6 mol/l KCl (23,24) in the presence of 15 mmol/l sodium
pyrophosphate (25). To verify that alamethicin, which was used to render the
inner mitochondrial membrane permeable, did not have a direct effect on
NADH oxidation by the respiratory chain, submitochondrial particles were
prepared from beef heart by the Keilin-Hartree method (26). These submitochondrial particles are fragments of the inner mitochondrial membrane with
an “inside-out” orientation or “open” membranes and therefore have unrestricted access to exogenous NADH (26).
In Fig. 1, submitochondrial particles from beef heart are shown to oxidize
NADH at a high rate (5 mol 䡠 min⫺1 䡠 mg protein⫺1 at 37°C), and this was not
affected by the addition of alamethicin in concentrations up to 40 g/ml. In
contrast, as shown in Fig. 1, fresh (intact) rat liver mitochondria do not reveal
rotenone-sensitive NADH:O2 oxidoreductase activity (due to impermeability
of NADH), but after incubation with alamethicin, oxidation of exogenous
NADH was robust and concentration dependent. Maximal rates of oxidation
were observed at an alamethicin concentration of ⬃7 g/ml, and increases of
alamethicin up to 40 g/ml did not affect NADH:O2 oxidoreductase activity.
Thus, alamethicin, although not having direct effects on the respiratory chain,
renders the pathway accessible to assay in intact mitochondria.
We also tested the effect of alamethicin on the activity of mitochondrial
rotenone-sensitive NADH:O2 oxidoreductase activity in homogenate prepared
from rat myocardium (Fig. 1). We found that the optimal activity of rotenonesensitive NADH:O2 oxidoreductase in myocardium homogenate can only be
observed in the presence of added cytochrome c, which is explained by the
2945
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TABLE 2
Electron microscopy measurements of mitochondria size in
vastus lateralis skeletal muscle from lean and obese nondiabetic
volunteers and type 2 diabetic subjects

Lean
Obese
Type 2 diabetes

Z line width
(nm)

Mitochondria area (m2)
Longitudinal
Transverse

0.09 ⫾ 0.002
0.08 ⫾ 0.004
0.08 ⫾ 0.004

0.114 ⫾ 0.02
0.076 ⫾ 0.01*
0.063 ⫾ 0.01*

0.116 ⫾ 0.01
0.063 ⫾ 0.01*
0.063 ⫾ 0.01*

Data are means ⫾ SE. *P ⬍ 0.01 vs. lean.

FIG. 2. Correlation (r ⴝ 0.76, P < 0.001) between mitochondria area
measured in the longitudinal axis and the area measured in the
transverse axis on electron micrographs of skeletal muscle.

release of endogenous cytochrome c from mitochondria through pores
created by alamethicin. In studies of human skeletal muscle, the incubation
medium for NADH:O2 oxidoreductase contained 10 mol/l cytochrome c. To
prepare the sample for assay for activity of NADH:O2 oxidoreductase, an
aliquot of the particulate fraction (200 l) was added to 200 l of concentrated
extraction medium containing 30 mmol/l Na4-pyrophosphate (pH 7.3 at 21°C),
1.2 mol/l KCl, and 2 mmol/l EGTA. The mixture was vortexed, incubated for 60
min on ice, and then homogenized by a Pellet Pestle.
An aliquot of the KCl pyrophosphate–treated particulate fraction (50 l)
was diluted by 450 l diluent mixture containing 5 mmol/l MgCl2, 0.2 mmol/l
EGTA, 0.5 mg/ml BSA, 40 g/ml alamethicin, 0.1 mmol/l deferoxamine, 10
mol/l cytochrome c, 0.3 mg/ml phosphatidylcholine from soybean, 10 mmol/l
HEPES, and 10 mmol/l histidine, at pH 7.5 and 21°C, and then homogenized by
Pellet Pestle and kept on ice before assay. The reaction was started by mixing
50 l diluted sample with 50 l diluent mixture that contained 0.3 mmol/l
NADH with or without 4 mol/l rotenone, and the mixture was incubated at
30°C for 10 min. As a control, samples were incubated in the presence of 2
mol/l rotenone, which blocks activity of NADH:O2 oxidoreductase. Reactions were terminated by the addition of 12 l of 1 mol/l HCl to destroy
remaining NADH, neutralized, incubated with alcohol dehydrogenase and
ethanol, and assayed as previously described (21). Activity of citrate synthase
was determined by high-performance liquid chromatography monitoring of
the generation of CoA-SH after conversion to a fluorescent adduct in a
reaction with ThioGlo-1 (27). Activity of creatine kinase was measured at 30°C
by monitoring of the generation of NADPH in a coupled enzymatic reaction
(hexokinase/glucose-6P dehydrogenase) (28).
Statistics. Data are presented as means ⫾ SE, unless otherwise indicated.
ANOVA was used to compare groups. Linear regression and stepwise multiple
regression was used to examine the relationships of muscle enzyme activity or
mitochondria size and insulin sensitivity.

RESULTS

Insulin sensitivity. There were significant group differences in insulin sensitivity (P ⬍ 0.001), rates of insulinstimulated systemic glucose oxidation (P ⬍ 0.001), and
nonoxidative glucose metabolism (P ⬍ 0.001) during euglycemic clamp conditions. The group values of lean,
obese, and type 2 diabetic subjects for insulin-stimulated
glucose utilization were 6.38 ⫾ 0.74, 4.66 ⫾ 0.1.12, and
1.65 ⫾ 0.85 mg 䡠 min⫺1 䡠 kg⫺1, respectively. For insulinstimulated systemic glucose oxidation, the respective values were 3.16 ⫾ 0.68, 2.37 ⫾ 0.81, and 1.70 ⫾ 0.41 mg 䡠
min⫺1 䡠 kg⫺1. For insulin-stimulated systemic nonoxidative
glucose metabolism, the respective values were 3.22 ⫾
0.35, 2.28 ⫾ 0.48, and ⫺0.01 ⫾ 0.38 mg 䡠 min⫺1 䡠 kg⫺1.
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Activity of NADH:O2 oxidoreductase and citrate synthase in skeletal muscle. Skeletal muscle NADH:O2
oxidoreductase activity was lower in type 2 diabetic
subjects (lean 0.95 ⫾ 0.17, obese 0.76 ⫾ 0.30, type 2
diabetes 0.56 ⫾ 0.14 units/mU creatine kinase; P ⬍ 0.005).
Also, citrate synthase activity was reduced in those with
type 2 diabetes (lean 3.23 ⫾ 0.20, obese 3.13 ⫾ 0.31, type
2 diabetes 2.44 ⫾ 0.16 units/mU creatine kinase; P ⬍
0.005). The activity of skeletal muscle NADH:O2 oxidoreductase was reduced in obese compared with lean
volunteers, whereas values for citrate synthase activity
were not significantly different in lean and obese volunteers. The ratio of activities of skeletal muscle NADH:O2
oxidoreductase and citrate synthase was examined to
assess whether there was any effect of group on this
proportionality. These ratios (lean 0.30 ⫾ 0.03, obese
0.25 ⫾ 0.04, type 2 diabetes 0.23 ⫾ 0.02) did not differ
significantly across groups (P ⫽ 0.17). There was no
significant effect of gender on the activities of citrate
synthase or NADH:O2 oxidoreductase.
These enzyme activities, measured in the particulate
fractions of skeletal muscle, are expressed relative to the
activity of creatine kinase rather than wet weight of
samples because potential inclusion of connective tissue,
fat, or blood could significantly affect the specific activity
of muscle enzymes (29). Creatine kinase activity was
similar in skeletal muscle from lean (5,033 ⫾ 1,139 units/g
wet wt), obese (4,601 ⫾ 970), and type 2 diabetic subjects
(4,987 ⫾ 652) (means ⫾ SD).
Skeletal muscle activity of NADH:O2 oxidoreductase
correlated with insulin sensitivity measured by the glucose
clamp technique (r ⫽ 0.56, P ⬍ 0.01). Similarly, insulin
sensitivity was greater in those individuals with higher
values for activity of skeletal muscle citrate synthase (r ⫽
0.52, P ⬍ 0.01). The activity of NADH:O2 oxidoreductase
was negatively related to obesity (r ⫽ ⫺0.50, P ⬍ 0.01).
Mitochondria morphology. The mitochondria examined
by electron microscopy in this study were central mitochondria, mostly located near the Z line in longitudinal
sections and between myofilaments in transverse sections.
To control for the potential effect of fiber type on mitochondria size, the Z line width was also measured in the
longitudinal sections, and the mean value was very close
within the three groups, ranging from 0.08 to 0.09 nm
(Table 2).
Mitochondria were smaller in skeletal muscle from
obese volunteers and type 2 diabetic patients than in
muscle from lean volunteers (Table 2). The mitochondria
area was reduced by ⬃35% in type 2 diabetes and obesity,
regardless of whether this was measured in longitudinal or
transverse sections. There was a strong correlation beDIABETES, VOL. 51, OCTOBER 2002
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FIG. 3. Insulin sensitivity measured by the euglycemic clamp method
plotted against skeletal muscle mitochondrial size measured by electon
microscopy. There was a positive correlation between these variables
(r ⴝ 0.72, P < 0.01). FFM, fat-free mass; Rd, glucose disposal rate.

tween measurements of mitochondria area taken in the
longitudinal and transverse sections (r ⫽ 0.76, P ⬍ 0.001)
(Fig. 2).
The size of mitochondria was also correlated with
glucose disposal rate, the clamp-determined measurement
of insulin sensitivity (r ⫽ 0.72, P ⬍ 0.01) (Fig. 3). A
significant correlation did not exist between age or glycemic control (FPG or HbA1c) and size of mitochondria.
In addition to having a smaller mean size, there were
other morphological differences noted in the mitochondria
in skeletal muscle from volunteers with type 2 diabetes
and obesity. As shown in representative photographs in
Fig. 4, mitochondria from muscle in lean volunteers have a
more clearly defined internal membrane structure, including wider cristae, than those from obese and type 2 diabetic subjects.
In some of the muscle samples obtained from obese
volunteers (3 of 10 subjects) and type 2 diabetic volunteers
(4 of 10 subjects), a number of very large vacuoles were
evidenced in the muscle fibers (Fig. 5).
These vacuoles were not seen in any of the samples
from lean volunteers. The vacuole structures have a thick
wall, segments of which have several layers of a double
membrane structure, whereas the internal area is of a low
density. Although the low density of the interior of the
vacuoles resembled that of lipid droplets, the fragments of
the membrane structure suggested the possibility of degenerated mitochondria. This was confirmed using immunoelectron microscopy, in which a mouse monoclonal
anti-human 65-kDa mitochondria protein antibody was
found to bind to these membrane structures.
DISCUSSION

Perturbations in the regulation of glucose and lipid metabolism are both involved in the insulin resistance in skeletal
muscle in obesity and type 2 diabetes (2,3). Previously, our
laboratory (30) as well as others (31) have observed that
the severity of skeletal muscle insulin resistance in type 2
diabetes and obesity is related to diminished activity of
oxidative enzymes. In addition, accumulation of triglycerides in skeletal muscle is also correlated with the severity
DIABETES, VOL. 51, OCTOBER 2002

FIG. 4. Representative electron micrographs of skeletal muscle from a
lean volunteer (a), an obese volunteer (b), and a volunteer with type
2 diabetes (c). The bar in the bottom right corner of c is 0.5 m. Several
mitochondria are labeled with the letter M.

of insulin resistance and with diminished oxidative enzyme activity in these disorders (23). These observations
led therefore to the hypothesis of the current investigation, which is that a functional impairment of mitochondria might contribute to the pathogenesis of insulin
resistance in skeletal muscle.
2947
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FIG. 5. Upper panel: immunogold particle staining of the membrane
after incubation with an antibody against the human 65-kDa mitochondria membrane protein. The magnification bar is 0.5 m. Bottom panel:
higher magnification view of the vacuoles observed in skeletal muscle
from some individuals with type 2 diabetes or obesity, and noted to
have a double-membrane structure consistent with mitochondria. The
magnification bar is 0.28 m.

Skeletal muscle is a tissue richly endowed with mitochondria and strongly reliant on oxidative phosphorylation for energy production. To test our hypothesis, we
assessed the size and morphology of skeletal muscle
mitochondria using electron microscopy and measured
the activity of the electron transport chain. Both the
parameters of mitochondria structure and functional capacity demonstrated perturbations in type 2 diabetes and,
to a lesser degree, in obesity. Activity of rotenone-sensitive
NADH:O2 oxidoreductase was found to be reduced by
⬃40% in skeletal muscle from patients with type 2 diabetes. Skeletal muscle mitochondria were smaller in obesity
and type 2 diabetes, and in some instances, particularly in
type 2 diabetes, there was evidence of severely damaged
mitochondria. Both findings correlated with the degree of
insulin resistance.
The hypothesis that impaired functional capacity of
mitochondria might contribute to insulin resistance in
skeletal muscle is novel but not without important precedents (24,30). Others had earlier reported reduced activity
of mitochondria tricarboxylic acid cycle enzymes in skeletal muscle in type 2 diabetic subjects (32–34). Distur2948

bances of mitochondrial function in muscle and other
tissue can lead to lipid accumulation (35), which in turn
can cause or aggravate insulin resistance.
Measurement of rotenone-sensitive NADH:O2 oxidoreductase activity provides an appropriate in vitro index of
the overall capacity of the electron transport chain (36).
However, assay of the activity of NADH:O2 oxidoreductase
activity in intact mitochondria isolated from frozen biopsy
samples presents a technical challenge. The inner mitochondria membrane is impermeable to NADH. In the
current study, to assay the functional capacity of the
electron transport chain in mitochondria isolated from
frozen human skeletal muscle, the channel-forming antibiotic alamethicin was used (37).
The second major novel finding of the current study, one
that is wholly consistent with the data on functional
impairment of mitochondria, is that the morphology of
mitochondria is altered in skeletal muscle in obesity and
type 2 diabetes. Using transmission electron microscopy
to measure the area of mitochondria, we found that it is
significantly smaller in obesity and type 2 diabetes. To our
knowledge, this is the first report of this finding. Altered
morphology of mitochondria is a hallmark of a number of
different myopathies known to result in disturbances of
biochemical function of mitochondria, and the morphological examination of mitochondria has traditionally been
regarded as a key complement to functional studies
(35,38). Age is one factor known to affect the size of
mitochondria in skeletal muscle, as mitochondria size is
larger in infancy and gradually becomes smaller with aging
(39); however, the small differences in age across the
groups in this study would not account for the ⬃30%
reduction in size in obesity and type 2 diabetes. Mitochondria can also vary in relation to muscle fiber type (40). It
can be difficult to assess muscle fiber type at the magnification level of transmission electron microscope, but one
criterion is to examine Z line width (40). Z line width was
similar across groups for the muscle fibers used for
analysis of mitochondria size in the current study.
Altered mitochondrial morphology in diabetes has been
reported for tissues other than muscle, including neurons,
and, for the most part, in animal models of diabetes
(41,42). In some reports, swelling and disruption of mitochondria have been observed (43). In the current study,
and only in muscle from obese individuals or those with
type 2 diabetes, enlarged, fractured mitochondria were
observed. Destruction of mitochondria is a key part of
apoptosis, and whether the disrupted mitochondria observed in the current study signify increased apoptosis in
skeletal muscle in type 2 diabetes and obesity will require
further investigation.
There are at least several potential mechanisms by
which impaired mitochondria function might contribute to
insulin resistance of skeletal muscle. One such mechanism
could be lipid accumulation within myocytes. Previous
studies from our group, as well as work of others, have
found that increased lipid accumulation in muscle is
associated with insulin resistance and that, in turn, lipid
accumulation in skeletal muscle in obesity and type 2
diabetes is related to reduced oxidative enzyme capacity
(23). Insulin resistance might therefore develop as a
consequence of lipid accumulation in skeletal muscle (8),
DIABETES, VOL. 51, OCTOBER 2002
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and defects in muscle lipid oxidation due to impaired
mitochondria number or function could contribute fundamentally to this process. Gerbitz et al. (9) have postulated
that disturbed oxidative phosphorylation capacity could
be a direct cause of insulin resistance. In mitochondria,
hexokinase is bound on the outer mitochondria membrane
at contact sites in the proximity of adenine nucleotide
translocator (44).
Equally or perhaps even more important than understanding how impaired mitochondrial function contributes
to skeletal muscle insulin resistance is to understand why
mitochondria are smaller and less efficient at electron
transport in obesity and type 2 diabetes. One simple
explanation could be that the individuals we studied were
generally sedentary; it is well known that exercise increases mitochondria biogenesis, and the lack of exercise
has an opposite effect (45). In this regard, exercise intervention studies would be very useful. However, a number
of other mechanisms could also be considered. Altered
phospholipid composition, especially of the inner mitochondria membrane, which is enriched in cardiolipin,
could contribute to reduced mitochondrial function (46).
An excess of long-chain fatty acid CoA, which can occur
with caloric excess and obesity in type 2 diabetes, could
damage mitochondria either directly or by channeling of
palmitoyl-CoA to increased ceramide synthesis (47). Mitochondria DNA (mtDNA) is more susceptible than nuclear
DNA to damage and has a less efficient repair mechanism;
therefore, it is more likely to develop acquired mutations,
as has been reported for skeletal muscle in aging (48,49).
Increased mtDNA mutations have been reported in type 2
diabetic patients (50). One source of injury to mtDNA
could be reactive oxygen species, and increased free
radical damage to mtDNA has been reported for other
tissues in type 2 diabetic patients (51).
In summary, in the current study we examined a novel
hypothesis of impaired functional capacity of mitochondria in the pathogenesis of skeletal muscle insulin resistance in type 2 diabetic patients. The findings support this
hypothesis, since mitochondria were found to be smaller
and to have reduced activity of complex I of the electron
transport chain. Further studies are needed to asses the
inherited and acquired aspects of damage to mitochondria
in type 2 diabetic subjects and to determine whether
functional impairments are remedial.
ACKNOWLEDGMENTS

This investigation was supported by funding from the
National Institutes of Health–National Institute of Diabetes and Digestive and Kidney Diseases (DK49200) and by
the University of Pittsburgh General Clinical Research
Center (5 M01RR00056) and the University of Pittsburgh
Obesity and Nutrition Research Center (P30DK462).
We gratefully acknowledge the valuable contributions of
the Carol Kelley, RN, Tracy Lawrence, and the nursing
staff of the University of Pittsburgh General Clinical Research Center for their contributions to the clinical aspects of this investigation; Professor A.D. Vinogradov
(Moscow State University) for kindly providing submitochondrial particles prepared from beef heart; the support
of Dr. Simon Watkins and the University of Pittsburgh
Structural Biology Imaging Center; and Michael Grimes,
DIABETES, VOL. 51, OCTOBER 2002

who assisted J.H. with the electron microscopy analyses.
Most importantly, we would like to express our appreciation to the research volunteers who participated in these
studies.
REFERENCES
1. Kelley DE, Mintun MA, Watkins SC, Simoneau JA, Jadali F, Fredrickson A,
Beattie J, Theriault R: The effect of non-insulin-dependent diabetes mellitus and obesity on glucose transport and phosphorylation in skeletal
muscle. J Clin Invest 97:2705–2713, 1996
2. Kelley DE, Simoneau J-A: Impaired FFA utilization by skeletal muscle in
NIDDM. J Clin Invest 94:2349 –2356, 1994
3. Shulman GI, Rothman D, Jue T, Stein P, DeFronzo R, Shulman R:
Quantitation of muscle glycogen synthesis in normal subjects and subjects
with non-insulin-dependent diabetes by 13C nuclear magnetic resonance
spectroscopy. N Engl J Med 322:223–228, 1990
4. Blaak EE, Wagenmakers AJM, Glatz JFC, Wolffenbuttel BHR, Kemerink
GJ, Langenberg CJM, Heidendal GAK, Saris WHM: Plasma FFA utilization
and fatty acid-binding protein content are diminished in type 2 diabetic
muscle. Am J Physiol 279:146 –154, 2000
5. Goodpaster BH, Theriault R, Watkins SC, Kelley DE: Intramuscular lipid
content is increased in obesity and decreased by weight loss. Metabolism
49:467– 472, 1999
6. Simoneau J-A, Kelley DE: Altered skeletal muscle glycolytic and oxidative
capacities contribute to insulin resistance in NIDDM. J Appl Physiol
83:166 –171, 1997
7. Kelley DE, Mandarino LJ: Fuel selection in human skeletal muscle in
insulin resistance. Diabetes 49:677– 683, 2000
8. Schmitz-Peiffer C, Craig DL, Biden TJ: Ceramide generation is sufficient to
account for the inhibition of the insulin-stimulated PKB pathway in C2C12
skeletal muscle cells pretreated with palmitate. J Biol Chem 274:24202–
24210, 1999
9. Gerbitz K-D, Gempel K, Brdiczka D: Mitochondria and diabetes: genetic,
biochemical and clinical implications of the cellular energy circuit. Diabetes 45:113–126, 1996
10. Ritov VB, Gorbacheva LR, Tverdislova IL, Leikin IN, Bazhenov II: Rotenone-sensitive oxidation of NADH and F0F1-ATPase activity in a homogenate of rat skeletal muscles during thermal adaptation. Biokhimiia
(Russian) 58:1779 –1783, 1993
11. Grivennikova VG, Kapustin AN, Vinogradov AD: Catalytic activity of
NADH-ubiquinone oxidoreductase (complex I) in intact mitochondria:
evidence for the slow active/inactive transition. J Biol Chem 276:9038 –
9044, 2001
12. DeFronzo RA, Tobin JD, Andres R: Glucose clamp technique: a method for
quantifying insulin secretion and resistance. Am J Physiol 237:E214 –E223,
1979
13. Frayn K: Calculation of substrate oxidation rates in vivo from gaseous
exchange. J Appl Physiol 55:628 – 634, 1983
14. Kelley D, Reilly J, Veneman T, Mandarino LJ: Effect of insulin on skeletal
muscle glucose storage, oxidation, and glycolysis in humans. Am J Physiol
258: E923–E929, 1990
15. Kelley DE, Goodpaster BH, Wing RR, Simoneau J-A: Skeletal muscle fatty
acid metabolism in association with insulin resistance, obesity and weight
loss. Am J Physiol 277:E1130 –E1141, 1999
16. Finegood DT, Bergman RN, Vranic M: Estimation of endogenous glucose
production during hyperinsulinemic-euglycemic glucose clamps. Diabetes
36:914 –924, 1987
17. Hother-Nielsen O, Henriksen JE, Staehr P, Beck-Nielsen H: Labelled
glucose infusate technique in clamp studies. Is precise matching of glucose
specific activity important? Am J Physiol Endocrinol Metab 2:275–287,
1995
18. Robinson DG, Ehlers U, Herken R, Herrman B, Mayer F, Schurmann FW:
Methods of Preparation for Electron Microscopy: An Introduction for the
Biomedical Sciences. Tokyo, Springer-Verlag, 1987
19. Reynolds ES: The use of lead citrate at high pH as an electron opaque stain
in electron microscopy. J Cell Biol 17:208 –212, 1963
20. Haggis GH: The Electron Microscope in Molecular Biology. William
London, Glowes and Sons, Longmans, 1966
21. Ritov VB, Kelley DE: Hexokinase isozyme distribution in human skeletal
muscle. Diabetes 50:1253–1262, 2001
22. Rasmussen HN, Andersen AJ, Rasmussen UF: Optimization of preparation
of mitochondria from 25–100 mg skeletal muscle. Anal Biochem 252:153–
159, 1998
23. He J, Watkins S, Kelley DE: Skeletal muscle lipid content and oxidative
2949

MUSCLE MITOCHONDRIA IN OBESITY AND TYPE 2 DIABETES

enzyme activity in relation to muscle fiber type in type 2 diabetes and
obesity. Diabetes 50:817– 823, 2001
24. Colberg S, Simoneau J-A, Thaete FL, Kelley DE: Impaired FFA utilization
by skeletal muscle in women with visceral obesity. J Clin Invest 95:1846 –
1853, 1995
25. Pessah IN, Francini AO, Scales DJ, Waterhouse AL, Casida JE: Calciumryanodine receptor complex: solubilization and partial characterization
from skeletal muscle junctional sarcoplasmic reticulum vesicles. J Biol
Chem 261:8643– 8648, 1986
26. Vinogradov AD, King TE: The Keilin-Hartree heart muscle preparation.
Methods Enzymol 55:118 –127, 1979
27. Langmuir ME, Yang J, Moussa AM, Laura R, LeCompte KA: New naphthopyranone based fluorescent thiol probes. Tetrahedron Lett 36:3989 –
3992, 1995
28. Pesce AJ, Kaplan LA, Pesce AJ, Kaplan LA (Eds.): Methods in Clinical
Chemistry. St. Louis, MO, CV Mosby, 1987
29. Chi M-Y, Hintz CS, Coyle EF, Martin WH 3rd, Ivy JL, Nemeth PM, Holloszy
JO, Lowry OH: Effects of detraining on enzymes of energy metabolism in
individual human muscle fibers. Am J Physiol 244:C276 –C287, 1983
30. Simoneau J-A, Veerkamp JH, Turcotte LP, Kelley DE: Markers of capacity
to utilize fatty acids in human skeletal muscle: relation to insulin resistance
and obesity and effects of weight loss. FASEB J 13:2051–2060, 1999
31. Kruszynska YE, Mulford MI, Baloga J, Yu JG, Olefsky JM: Regulation of
skeletal muscle hexokinase II by insulin in nondiabetic and NIDDM
subjects. Diabetes 47:1107–1113, 1998
32. Bass A, Vondra K, Rath R, Vitek V, Havaranck T: Metabolic changes in the
quadriceps femoris muscle of obese people: enzyme activity patterns of
energy-supplying metabolism. Pflugers Archives 359:325–334, 1975
33. Lithell H, Lindgarde F, Hellsing K, Lundqvist G, Nygaard E, Vessby B, Saltin
B: Body weight, skeletal muscle morphology, and enzyme activities in
relation to fasting serum insulin concentrations and glucose tolerance in
48-year-old men. Diabetes 30:19 –25, 1981
34. Vodra K, Rath R, Bass A, Slabochova Z, Teisinger J, Vitek V: Enzyme
activities in quadriceps femoris muscle of obese diabetic male patients.
Diabetologia 13:527–529, 1977
35. Vogel H: Mitochondrial myopathies and the role of the pathologist in the
molecular era. J Neuropathol Exp Neurol 60:217–227, 2001
36. Saraste M: Oxidative phosphorylation at the fin de siecle. Science 283:
1488 –1492, 1999
37. Ritov VB, Tverdislova IL, Avakyan TY, Menshikova EV, Leikin YN, Bratkovskaya LB, Shimon RG: Alamethicin-induced pore formation in biological membranes. Gen Physiol Biophys 11:49 –58, 1992

2950

38. Eisenberg BR: Quantitative ultrastructure of mammalian skeletal muscle.
In Handbook of Physiology: Vol. 10: Skeletal Muscle. Peachey LD, Ed.
Bethesda, MD, American Physiological Society, 1983, p. 73–112
39. Jerusalem F, Engel AG, Peterson HA: Human muscle fiber fine structure:
morphometric data on controls. Neurology 25:127–134, 1975
40. Ogata T, Yamasaki Y: Ultra-high-resolution scaning electron microscopy of
mitochondria and sarcoplasmic reticulum arrangement in human red,
white and intermediate muscle fibers. Anat Rec 248:216 –223, 1997
41. Finley BE, Norton S: Effects of hyperglycemia on mitochondrial morphology in the region of the anterior neuropore in the explanted rat embryo
model: evidence for a modified Reid hypothesis as a mechanism for
diabetic teratogenesis. Am J Obstet Gynecol 165:1661–1665, 1991
42. Horton WE Jr, Sadler TW: itochondrial alterations in embryos exposed to
B-hydroxybutyrate in whole embryo culture. Anat Rec 213:94 –101, 1985
43. Yang X, Borg LA, Eriksson UJ: Altered mitochondrial morphology of rat
embryos in diabetic pregnancy. Anat Rec 241:255–267, 1995
44. Beutner G, Ruck A, Riede B, Brdiczka D: Complexes between hexokinase,
mitochondrial porin and adenylate translocator in brain: regulation of
hexokinae, oxidative phosphorylation and permeability transition pore.
Biochem Soc Trans 25:151–157, 1997
45. Essig DA: Contractile activity-induced mitochondrial biogenesis in skeletal
muscle. Exerc Sport Sci Rev 24:289 –319, 1996
46. Ames BN, Shigenaga MK, Hagen TM: Mitochondrial decay in aging.
Biochimica Biophysica Acta 1271:165–170, 1995
47. Basu S, Bayoumi S, Zhang Y, Lozano J, Kolesnick R: BAD enables ceramide
to signal apoptosis via ras and raf-1. J Biol Chem 273:30419 –30426, 1998
48. Papa S: Mitochondrial oxidative phosphorylation changes in the life span:
molecular aspects and physiopathological implications. Biochimica Biophysica Acta 1276:87–105, 1996
49. Wallace DC, Shoffner JM, Trounce I, Brown MD, Ballinger SW, CorralDebrinski M, Horton T, Jun AS, Lott MT: Mitochondrial DNA mutations in
human degenerative diseases and aging. Biochimica Biophysica Acta
1271:141–151, 1995
50. Liang P, Hughes V, Fukagwa NK: Increased prevalence of mitochondrial
DNA deletions in skeletal muscle of older individuals with impaired
glucose tolerance. Diabetes 46:920 –923, 1997
51. Nishikawa T, Edelstein D, Du X-L, Yamagishi S, Matsumura T, Kaneda Y,
Yorek MA, Beebe D, Oates P, Hammes H-P, Giardino I, Brownlee M:
Normalizing mitochondria superoxide production blocks three pathways
of hyperglycemic damage. Nature 404:787–790, 2000

DIABETES, VOL. 51, OCTOBER 2002

