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Context: Skeletal muscle insulin resistance is proposed to result from impaired skeletal muscle lipid
oxidative capacity. However, there is no evidence indicating that muscle lipid oxidative capacity is
impaired in healthy otherwise insulin-resistant individuals.

Objective: The objective of the study was to assess muscle lipid oxidative capacity in young, nono-
bese, glucose-tolerant, insulin-resistant vs insulin-sensitive individuals.

Design and Volunteers: In 13 insulin-sensitive [by Matsuda index (MI) (22.6 � 0.6 [SE] kg/m2); 23 �

1 years; MI 5.9 � 0.1] and 13 insulin-resistant (23.2 � 0.6 kg/m2; 23 � 3 years; MI 2.2 � 0.1) volunteers,
skeletal muscle biopsy, blood extraction before and after an oral glucose load, and dual-energy
x-ray absorptiometry were performed.

Main Outcome Measures: Skeletal muscle mitochondrial to nuclear DNA ratio, oxidative phos-
phorylation protein content, and citrate synthase and �-hydroxyacyl-CoA dehydrogenase activities
were assessed. Muscle lipids and palmitate oxidation (14CO2 and 14C-acid soluble metabolites
production) at 4 [1-14C]palmitate concentrations (45–520 �M) were also measured.

Results: None of the muscle mitochondrial measures showed differences between groups, except
for a higher complex V protein content in insulin-resistant vs insulin-sensitive volunteers (3.5 � 0.4
vs 2.2 � 0.4; P � .05). Muscle ceramide content was significantly increased in insulin-resistant vs
insulin-sensitive individuals (P � .04). Total palmitate oxidation showed a similar concentration-
dependent response in both groups (P � .69). However, lipid oxidative efficiency (CO2 to 14C-acid
soluble metabolites ratio) was enhanced in insulin-resistant vs insulin-sensitive individuals, par-
ticularly at the highest palmitate concentration (0.24 � 0.04 vs 0.12 � 0.02; P � .02).

Conclusions: We found no evidence of impaired muscle mitochondrial oxidative capacity in young,
nonobese, glucose-tolerant, otherwise insulin-resistant vs insulin-sensitive individuals. Enhanced
muscle lipid oxidative efficiency in insulin resistance could be a potential mechanism to prevent
further lipotoxicity. (J Clin Endocrinol Metab 98: E646–E653, 2013)
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Increased muscle lipid accumulation relates to insulin re-
sistance in sedentary humans (1). A pressing question

that remains unanswered is how lipids are accumulated in
skeletal muscle of insulin-resistant individuals. Skeletal
muscle lipid storage is determined by the balance between
fatty acid uptake and oxidation. On the one hand, muscle
fatty acid uptake appears to be unaffected in insulin re-
sistance, considering that serum free-fatty acid concentra-
tion over 24 hours (2), adipose tissue glycerol turnover
rate (3), and leg lipid uptake (4) were similar in insulin-
sensitive vs. insulin-resistant individuals. On the other
hand, insulin resistance has been characterized by reduced
skeletal muscle mitochondrial density/capacity, which is
postulated to lead to impaired lipid oxidation (5). Such
evidence has become the basis accounting for skeletal mus-
cle lipid accumulation and impaired insulin action (3, 6).
Alternatively, impaired insulin signaling can also induce
mitochondrial dysfunction (7). Finally, insulin resistance
can be dissociated of impaired mitochondrial function.
For instance, Zucker diabetic fatty rats showed pre-
served mitochondrial function during the development
of diabetes (8). In turn, insulin resistance was unrelated
to in vivo maximal mitochondrial function in type 2
diabetic subjects (9). Therefore, the role and relevance
of mitochondrial capacity remains unclear in insulin
resistance. This aspect becomes more controversial af-
ter noticing that lipid oxidation and insulin sensitivity
can be augmented in the presence of skeletal muscle
mitochondrial dysfunction (10).

In humans, further complexity to the interpretation re-
lating insulin resistance, mitochondrial capacity (eg, mor-
phology, number, activity, and gene expression), and lipid
oxidation can be attributed to the inclusion of obese
and/or type 2 diabetic individuals (4, 11–19). Both obesity
and diabetes may influence fuel oxidation and bias the rela-
tionship between insulin resistance and lipid oxidation. Fur-
thermore, skeletal muscle metabolism may respond differ-
ently depending of the stage of development of insulin
resistance. In this respect, obesity and type 2 diabetes will be
representative of later rather than earlier stages.

Studies in which obesity- and type 2 diabetes-unrelated
insulin resistance has been evaluated, compared insulin-
resistant individuals with family history of type 2 diabetes
vs insulin-sensitive volunteers (3, 6). Although no assess-
ment of skeletal muscle lipid oxidative capacity was per-
formed, these studies found reduced skeletal muscle in
vivo resting Krebs cycle flux and ATP synthesis rate in
insulin resistance. Such findings were considered by the
authors as indicative of skeletal muscle mitochondrial
dysfunction.

Considering that skeletal muscle lipid oxidation has not
been well documented in insulin resistance, the aim of the

present study was to compare skeletal muscle mitochon-
drial oxidative capacity in young, nonobese, glucose-tol-
erant, insulin-sensitive and insulin-resistant individuals.

Methods and Procedures

Volunteers
Individuals were invited to participate by public advertising.

At the screening visit, volunteers were healthy (by physical ex-
amination and routine laboratory tests), nonobese, and non-
smoking. They were not engaged in regular physical activity
(�60 min/wk), and they had a sedentary lifestyle according to a
physical activity questionnaire (20). They had stable body weight
(change � 2 kg for the past 3 months), and none of them were
under medication or hyper/hypocaloric diet.

A 75-g oral glucose tolerance test was performed in 60 vol-
unteers. All had normal glucose tolerance according to the Amer-
ican Diabetes Association 2012 criteria. Volunteers having a
Matsuda index (21) greater than 5.1 or less than 3.4 were clas-
sified as insulin sensitive or insulin resistant, respectively (Table
1). The protocol was approved by the Ethical Committee of the
Faculty of Medicine, University of Chile, and volunteers pro-
vided written informed consent.

Experimental design
After screening, participants were instructed to avoid intense

physical activity and maintain their usual diet for the 2 days
preceding testing. On the testing day, a muscle biopsy was per-
formed in overnight-fasted individuals. After that, 2 blood sam-
ples were taken 10 minutes apart, followed by a 75-g oral glucose
load. Blood samples were drawn at 30, 60, 90, 120, 180, and 240
minutes after ingested the glucose. Then body composition was
determined by dual-energy x-ray absorptiometry (Lunar DPX-L;
Lunar Radiation Corp, Madison, Wisconsin).

Blood analysis
Serum glucose was measured by the glucose oxidase method,

lactate by lactate oxidase method, free-fatty acid concentration
by an enzymatic colorimetric method (NEFA-HR; Wako Chem-
icals, Richmond, Virginia), and insulin by direct chemilumines-
cent technology (Advia Centaur; Bayer Corp, Newbury, United
Kingdom). Blood responses were calculated over 4 hours by the
incremental area under the curve (AUC) using the trapezoidal
method.

Muscle biopsy
Vastus lateralis muscle biopsies (350 mg) were obtained using

a 5-mm Bergstrom needle. The skin, adipose tissue, and skeletal
muscle fascia were anesthetized using 2% lidocaine solution (5
mL). A piece of the muscle was blotted, snap frozen, and stored
in liquid nitrogen until assay. The remainder of the muscle was
diluted in 1.7 mL of modified sucrose-EDTA medium (250 mM
sucrose; 1 mM EDTA; 1 M Tris-HCl; and 2 mM ATP, pH 7.4)
and maintained on ice.

Skeletal muscle palmitate oxidation
Muscle (�80 mg) was homogenized while maintained on ice

in a glass tube containing modified sucrose-EDTA medium using
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a homogenizer (Glas Col, LLC, Terre Haute, Indiana). Palmitate
was prepared on each testing day by combining labeled [10 �L
of 1 �Ci/mL [1-14C]palmitate (Perkin Elmer, Waltham, Massa-
chusetts)] and nonlabeled [17–200 �L of 20 �M palmitate
(Sigma, St Louis, Missouri)] palmitate. Palmitate was complexed
to fatty acid-free BSA (MP Biomedicals, Solon, Ohio) for 30
minutes (37°C) at a constant palmitate to BSA ratio (3:1). Palmi-
tate oxidation was determined (triplicate) at 45, 90, 180, and 520
�M palmitate by measuring production of 14C-labeled acid-sol-
uble metabolites (ASMs) and 14CO2 from the carboxyl carbon,
by use of a custom-made 24-well microtiter plate. Reactions
were initiated by adding 310 �L of the incubation buffer (pH 7.4)
to 80 �L of homogenate. Incubation buffer also contained 102
mM sucrose, 80 mM potassium chloride, 10 mM potassium
phosphate, 8 mM Tris-HCl, 2 mM ATP, 1 mM magnesium chlo-
ride hexahydrate, 1 mM L-carnitine, 1 mM dithiothreitol, 0.2
mM EDTA, 0.1 mM malate, 0.1 mM nicotinamide adenine di-
nucleotide, 0.05 mM coenzyme A, and 0.5% fatty acid-free BSA.
After incubation (60 minutes, 37°C), reactions were terminated
by adding 40 �L of 70% perchloric acid, and the CO2 produced
was trapped in 200 �L of 1 M NaOH added to adjacent wells.
The acidified medium was stored overnight (4°C), and then
ASMs were assayed in supernatants. Radioactivity of CO2 and
ASMs were determined by liquid scintillation counting and nor-
malized for muscle wet weight (22). Leftover muscle homogenate
was stored at �80°C for determination of enzymatic activities.

Citrate synthase activity
Muscle homogenates were diluted 5-fold with distilled water.

Activity was measured at 37°C (duplicate) in 100 mM Tris-HCl
(pH 8.3) assay buffer containing dithionitrobenzoic acid (1 mM
in 100 mM Tris buffer) and oxaloacetate (10 mM in 100 mM
Tris buffer). After an initial 2-minute absorbance reading at 412
nm, the reaction was initiated by adding 3 mM acetyl-coenzyme
A (CoA). This allows the formation of citrate and CoA (reduced
form), and the reduction of dithionitrobenzoic acid by CoA-SH
to mercaptide ion. The appearance of mercaptide ion is read at
412 nm every 12 seconds for 7 minutes. Values were adjusted for
total protein.

Mitochondrial DNA content
DNA was extracted from frozen muscle (DNeasy blood and tissue

kit; QIAGEN, Valencia, California). Relative amounts of mitochon-
drial DNA (mtDNA) and nuclear DNA were determined by quanti-
tative RT-PCR as described previously (23). The sequences for the
primer sets used for determination of mtDNA for nicotinamide ade-
nine dinucleotide (reduced form) (NADH) dehydrogenase subunit 1
(ND1) gene were: forward primer, CCCTAAAACCCGCCA-
CATCT, and reverse primer, GAGCGATGGTGAGAGCTAAGGT.
Nuclear DNA for the lipoprotein lipase (LPL) gene was: forward
primer, CGAGTCGTCTTTCTCCTGATGAT, and reverse primer,
TTCTGGATTCCAATGCTTCGA. Data were normalized by the
2(��Ct) method.

Western blot of muscle mitochondrial complexes
Muscle was homogenized in a buffer containing 50 mM

HEPES (pH 7.4), 2 mM EDTA, 150 mM NaCl, 30 mM NaPPO4,
10 mM NaF, 1% Triton X-100, 10 �L/mL protease inhibitor
(Sigma), 10 �L/mL phosphatase I inhibitor (Sigma), 10 �L/mL
phosphatase II inhibitor (Sigma), and 1.5 mg/mL benzamidine
HCl (24). Homogenates were centrifuged for 25 minutes at
15 000 � g, and supernatants were stored at �80°C. Solubilized
proteins (40 �g) were run on a 4%–12% SDS-PAGE (Bio-Rad
Laboratories, Ivry-sur-Seine, France), transferred onto nitrocel-
lulose membrane (Hybond ECL; Amersham Biosciences, Pisca-
taway, New Jersey), and incubated with the primary antibody
OXPHOS (MitoSciences, Eugene, Oregon). Subsequently, im-
munoreactive proteins were determined by enhanced chemilu-
minescence reagent (GE Healthcare, Indianapolis, Indiana) and
visualized by exposure to Hyperfilm ECL (GE Healthcare). Glyc-
eraldehyde-3-phosphate dehydrogenase (GAPDH) (Cell Signal-
ing Technology, Beverly, Massachusetts) served as an internal
control.

�-Hydroxyacyl-CoA dehydrogenase (�HAD)
activity

In duplicate, 35 �L of muscle homogenate was added to 190
�L of a buffer containing 100 mM liquid triethanolamine, 5 mM

Table 1. Characteristics of Insulin-Sensitive and Insulin-Resistant Volunteers

Insulin Sensitive Insulin Resistant

P ValueMean � SE Range Mean � SE Range
Male/female 6/7 4/9 .42
Age, y 22.8 � 0.6 19.8–26.3 23.0 � 0.8 18.5–28.4 .79
Body mass, kg 62.8 � 2.6 49.7–77.2 64.3 � 3.1 49.8–83.7 .72
Height, m 1.66 � 0.02 1.52–1.78 1.66 � 0.02 1.54–1.80 .88
Body mass index, kg/m2 22.6 � 0.6 20.1–26.7 23.2 � 0.6 19.5–26.5 .47
Body fat, % 20.7 � 2.4 3.8–35.4 24.6 � 1.7 11.8–33.0 .19
Arms fat, % 6.2 � 0.5 3.9–10.5 7.0 � 0.5 4.8–10.7 .29
Legs fat, % 39.5 � 1.5 27.1–49.9 37.5 � 1.3 30.0–45.4 .33
Trunk fat, % 46.0 � 1.9 36.0–60.2 47.3 � 1.4 37.1–56.3 .60
Fasting cholesterol, mg/dL 176 � 8 145–226 169 � 9 111–212 .55
Fasting triglycerides, mg/dL 78 � 9 50–168 92 � 12 50–195 .35
Fasting glucose mg/dL 88 � 2 78–96 90 � 2 76–104 .49
Fasting lactate, mmol/L 0.82 � 0.06 0.50–1.30 1.15 � 0.08 0.60–1.60 �.01
Fasting FFA, �mol/L 375 � 47 96–696 354 � 40 204–724 .73
Fasting insulin, mIU/mL 6.1 � 0.3 4.5–8.1 15.9 � 1.4 9.8–27.1 �.0001
2-Hour glucose, mg/dL 98 � 5 71–134 113 � 5 66–138 .06
Matsuda index 6.0 � 0.1 5.2–6.6 2.2 � 0.1 1.3–3.4 �.0001

FFA, free fatty acid.
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EDTA disodium salt hydrate, and 0.45 mM NADH. After a
2-minute stabilization period, 15 �L of 2 mM acetoacetyl-CoA
was added, which initiated the oxidation of NADH to the oxi-
dation of NADH. The change in absorbance was measured at
340 nm every 12 seconds for 6 minutes (37°C). The values were
adjusted for total protein.

Skeletal muscle lipid determination

Triglycerides/diglycerides
Muscle was homogenized in 1 mL of methanol/5 mM EGTA

[2:1 (vol/vol)] with FAST-PREP (MP Biochemicals). The equiv-
alent of 0.3 mg of tissue was evaporated, dry pellets were dis-
solved in 0.2 mL of NaOH (0.1 M) overnight, and protein was
measured (Bio-Rad Laboratories). Lipids corresponding to 2 mg
of tissue were extracted (25) in dichloromethane/methanol/
water [2.5:2.5:2.1 (vol/vol/vol)] in the presence of the internal
standards (3 �g of stigmasterol, 3 �g of 1,3-dimyristine, 3 �g of
cholesteryl heptadecanoate, and 20 �g of glyceryl trinonade-
canoate). The dichloromethane phase was evaporated to dry-
ness. Neutral lipids were separated over an SPE column (glass
Chromabond pure silice, 200 mg; Macherey Nagel, Düren, Ger-
many), and neutral lipids were eluted with chloroform-methanol
[9:1 (vol/vol) 2 mL]. The organic phase was evaporated to dry-
ness and dissolved in 20 �L of ethyl acetate. One microliter of the
lipid extract was analyzed by gas-liquid chromatography
(FOCUS system; Thermo Electron, San Jose, California) using a
Zebron-1 Phenomenex fused silica capillary columns (5 m �
0.32 mm inner diameter, 0.50 �m film thickness). Oven tem-
perature was programmed from 200°C to 350°C at a rate of
5°C/min, and the carrier gas was hydrogen (0.5 bar). The injector
and the detector were at 315°C and 345°C, respectively.

Acyl-carnitines
Muscle (10 mg) was homogenized in KH2PO4 buffer (pH

7.4), and then 20 �L of the homogenate was spotted on filter
membranes (Protein Saver 903 cards; Whatman, Middlesex,
United Kingdom). The dried spots were then treated as previ-
ously described (26). Data were acquired using a Micromass
Quattro Micro API spectrometer equipped with a 2795 HPLC
module (Waters, Milford, Massachusetts).

Ceramides
Total lipid corresponding to 5 mg of tissue was extracted (25)

in chloroform-methanol-water [2.5:2.5:2.1 (vol/vol/vol)] in the
presence of the internal standard ceramide NC15 (2 �g). Stan-
dards and sample solutions were analyzed using an Agilent 1290
UPLC system coupled to a G6460 triple quadripole spectrometer
(Agilent Technologies, Palo Alto, California) and using Mass-
Hunter software (Agilent Technologies) for data acquisition and
analysis. A UPLC Acquity BEH C8 column (100 � 2.1 mm, 1.7
�m; Waters) was used for liquid chromatography separations.
The column temperature was controlled at 40°C. The mobile
phase A was isopropanol/MeOH/H2O [5:1:4 (vol/vol/vol)] 	
0.2% formic acid 	 0.028% NH4OH; and mobile phase B was
isopropanol 	 0.2% formic acid 	 0.028% NH4OH. The gra-
dient was as follows: from 30% to 100% B in 10 minutes; 10–12
minutes reach to 100% B in 2 minutes; and then back to 30% B
in 1 minute for 1 minute reequilibrium prior to the next injection.
The flow rate of the mobile phase was 0.3 mL/min and the in-
jection volume was 5 �L. An electrospray source was used in the

positive ion mode. A precursor ion scan was performed to obtain
the different species’ mass, and then the corresponding multiple
reaction monitoring was used to quantify the different Cer d18:1
species. The areas of LC peaks were determined using QqQ
Quantitative analysis software (Agilent Technologies).

Statistical analysis
Data are presented as mean � SE. Analyses were performed

using SAS version 9.2 (SAS Institute, Cary, North Carolina). The
frequency of males and females in each group were compared by
�2 test. Differences between groups were assessed by unpaired
Student’s t tests. Time effects were analyzed using 2-way, re-
peated-measures ANOVA. We also considered the influence of
sex and sex � group interaction by ANOVA. The statistical
significance for multiple comparisons was adjusted with the
Tukey-Kramer method. A value of P � .05 was considered
significant.

Results

Volunteers’ characteristics at the screening visit are shown
in Table 1. Insulin-resistant and insulin-sensitive groups
included similar proportion of males and females, age,
body mass index, body fat mass, and fat distribution. Sim-
ilarly, serum fasting glucose and lipid concentrations
showed no differences, whereas 2 hours after glucose in-
gestion, glycemia tended to be higher in insulin-resistant vs
insulin-sensitive individuals (P � .06). Insulin sensitivity,
determined by the Matsuda index, was on average about
3-fold higher in insulin-sensitive vs insulin-resistant indi-
viduals. We found no influence of sex and sex � group
interaction on the outcomes assessed.

Serum glucose, lactate, free-fatty acid, and insulin
response to an oral glucose load

Serum glucose response evaluated over 4 hours as the
incremental AUC was similar between insulin-sensitive
and insulin-resistant individuals (624 � 20 vs 679 � 30
mg/min � dL, respectively; P � .14), whereas insulin AUC
was 299 � 23 and 550 � 79 and mIU/min � mL, respec-
tively (P � .01). Insulin-resistant vs insulin-sensitive indi-
viduals showed increased serum lactate concentration
both in fasting (Table 1) as well as after glucose ingestion
(4 hour incremental AUC: 8.5 � 0.3 vs 7.2 � 0.4 mmol/
min � L; P � .03). Serum fasting free-fatty acid concentra-
tion (Table 1) as well as their suppression after 60 minutes
of glucose ingestion (P � .99) was similar between groups.

Skeletal muscle lipid content
Because lipid accumulation in skeletal muscle is asso-

ciated with insulin resistance, we determined the content
of triglycerides and putative bioactive lipids involved in
insulin resistance. As shown in Figure 1, we found no
difference between groups for muscle triglycerides, total
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diglycerides and total acyl-carnitine contents, whereas the
total ceramide content was increased in insulin-resis-
tant vs insulin-sensitive individuals (1.25-fold, P � .04).
In addition, when analysis of acyl-carnitines was carried
out for every species, a trend for lower acetyl-carnitine
content was detected in insulin-resistant vs insulin-sen-
sitive individuals (P � .08, Supplemental Table 1, pub-
lished on The Endocrine Society’s Journals Online web
site at http://jcem.endojournals.org).

Skeletal muscle mitochondrial characteristics
Three common surrogates of muscle mitochondrial

density/capacity were assessed in this study, ie, mitochon-
drial to nuclear DNA ratio, citrate synthase activity, and
mitochondrial protein complex content (Table 2 and Sup-
plemental Figure 1). No differences were observed be-
tween groups, except for complex V protein content,
which was about 1.5-fold higher in insulin-resistant vs
insulin-sensitive individuals.

The activity of �HAD, a main intramitochondrial en-
zyme participating in long-chain fatty acid catabolism, did
not change between groups (Table 2).

Skeletal muscle palmitate oxidation rate
Palmitate oxidation (14CO2 and 14C-ASM production)

increased as a function of the palmitate concentration
(P � .01; Figure 2, A and B). When palmitate oxidation
was compared between groups, 14CO2 and 14C-ASM pro-
duction rates were similar (P � .33–.76; Figure 2, A and

B). The CO2 to ASM ratio, a marker of mitochondrial lipid
oxidative efficiency, differed among palmitate concentra-
tions (P � .001) and between groups (P � .02), with a
borderline interaction between concentration and group
(P � .07; Figure 2C). Indeed, increased lipid oxidative
efficiency was observed in insulin-resistant vs insulin-
sensitive individuals, particularly at the highest palmi-
tate concentration (0.24 � 0.04 vs 0.12 � 0.02, P � .02;
Figure 2C).

Discussion

We found no evidence of impaired skeletal muscle mito-
chondrial oxidative capacity in insulin-resistant vs insulin-
sensitive individuals. In fact, insulin resistance was char-
acterized by an enhanced complete to incomplete
palmitate oxidation ratio, particularly evident at the high-
est palmitate concentration. This suggests that skeletal
muscle from insulin-resistant young individuals compen-
sated the increase in palmitate supply by increasing the
lipid oxidative efficiency.

Our findings do not support previous observations in-
dicating that insulin resistance is associated with impaired
muscle mitochondrial oxidative capacity (4, 11–17). Such
contrasting outcome may be attributed to the fact that
only nonobese, young individuals with and without insu-
lin resistance were included in this study. Both groups
showed similar fasting glycemia and insulin-resistant vs
insulin-sensitive individuals had slightly higher (not sig-
nificant) postprandial glucose response, suggesting that
our insulin-resistant volunteers were at their early stage of

Figure 1. Skeletal muscle lipid content in insulin-sensitive and
insulin-resistant volunteers. Triglycerides (A), total diglycerides (B), total
ceramides (C), and total acyl-carnitines (D) are shown. IR, insulin
resistant; IS, insulin sensitive.

Table 2. Skeletal Muscle Mitochondrial Capacity
Markers in Insulin-Sensitive and Insulin-Resistant
Volunteers

Insulin
Sensitive

Insulin
Resistant

P
Value

Complex I 3.33 � 0.40 2.88 � 0.35 .42
Complex II 3.05 � 0.41 2.35 � 0.24 .19
Complex III 1.39 � 0.15 1.50 � 0.20 .63
Complex IV 3.72 � 0.45 3.33 � 0.45 .55
Complex V 2.21 � 0.43 3.46 � 0.41 .05
mtDNA/nDNA 172 � 21 199 � 27 .42
Citrate synthase activity,

nmol/mg protein�1

per minute�1

30.2 � 2.0 29.6 � 1.9 .81

�HAD activity, nmol/mg
protein�1 minute�1

1.00 � 0.06 0.87 � 0.07 .18

Abbreviation: nDNA, nuclear DNA. Insulin-sensitive and insulin-
resistant individuals were defined by the Matsuda index as higher than
5.1 or lower than 3.4, respectively. Mitochondrial complexes were
normalized to glyceraldehyde-3-phosphate dehydrogenase protein
content (dimensionless values); mtDNA/nDNA, mitochondrial to
nuclear DNA ratio (dimensionless values).
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the insulin resistance development. Thus, studies report-
ing decreased muscle lipid oxidation (4, 19), citrate syn-
thase activity (11), or mitochondrial respiration (12, 13) in
insulin resistance may be biased by the presence of obesity
and/or type 2 diabetes.

Lack of agreement between our findings and previous
reports may be influenced by the method used to assess
skeletal muscle mitochondrial density/capacity. For in-
stance, this and other (27) studies found similar skeletal
muscle mitochondrial density (by mtDNA content) in in-
sulin-sensitive vs insulin-resistant individuals. However,
when muscle mitochondrial density was determined by
electron microscopy, reduced mitochondrial content was
observed in insulin resistance (27).

The presence of a family history of type 2 diabetes may
also play a role on explaining such divergent findings. In

this regard, young, nonobese, healthy, insulin-resistant in-
dividuals with type 2 diabetes family background showed
reduced in vivo resting skeletal muscle Krebs cycle flux
when compared with well-matched insulin-sensitive vol-
unteers (6), whereas we observed similar ex vivo citrate
synthase activity (rate limiting Krebs cycle enzyme) in in-
sulin-sensitive vs insulin-resistant individuals without a
reported family history of type 2 diabetes. Our ex vivo
enzymatic assay is indicative of the maximal citrate syn-
thase activity, whereas the in vivo resting metabolic assay
is performed under submaximal conditions. Taken to-
gether, such results may suggest that oxidative capacity is
preserved in insulin resistance, at least at early stages. In
turn, reduced Krebs cycle flux reported in insulin resis-
tance may be due to decreased skeletal muscle ATP de-
mand (28). Indeed, in vivo resting skeletal muscle ATP
synthesis rate is lowered in insulin-resistant individuals
with a family history of type 2 diabetes (3). Although this
finding has been interpreted as indicative of mitochondrial
dysfunction, we support the hypothesis that skeletal mus-
cle energy demand may be reduced in insulin resistance.

Alternatively, nonoxidative glycolytic metabolism
might be enhanced in insulin resistance, which will de-
crease the activity of oxidative pathways. In fact, in the
present and other studies (29), serum fasting and post-
prandial lactate concentration was increased in insulin-
resistant individuals. Although skeletal muscle is the
main tissue releasing and taking up lactate (30), we
cannot be conclusive about the role of skeletal muscle as
a source of increased serum lactate concentration in
insulin resistance.

Koves et al (31) provided evidence indicating that fatty
acid intermediates may accumulate when lipid oxidative
efficiency is reduced, which can negatively affect insulin
signaling. We propose that enhanced muscle lipid oxida-
tive efficiency observed in insulin-resistant individuals,
particularly when exposed to a high lipid supply, may be
a compensatory mechanism to prevent further lipid accu-
mulation and alleviate insulin resistance, particularly at
the early stages of the condition. In this regard, obesity-
related insulin resistance, ie, chronic overnutrition, is
characterized by reduced skeletal muscle lipid oxidative
efficiency (31).

Our findings may also be affected by the intrinsic con-
ditions of our ex vivo approach. First, we incubated the
muscle homogenate with a carboxyl-terminal labeled
palmitate, and then we can detect only CO2 and ASM
derived from that carbon. Thus, potential defects in me-
dium- and short-chain fatty acid oxidation may not be
detected. Future studies using [U-14C]palmitate could be
helpful to investigate this issue. Second, it is also proposed
that insulin-resistant or diabetic states are characterized

Figure 2. Skeletal muscle homogenate palmitate oxidation in insulin-
sensitive and insulin-resistant volunteers. Complete oxidation (14CO2)
(A); incomplete oxidation (14C-acid soluble metabolites) (B); and
complete-to-incomplete palmitate oxidation ratio (C) are shown. All
experiments were performed using 1 �Ci/ml [1-14C]palmitate. G � C,
group-concentration interaction; IR, insulin resistant; IS, insulin
sensitive.
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by insufficient supply of carbons to Krebs cycle, which
would limit complete oxidation and lead to accumulation
of acyl-carnitines (32). Because our ex vivo experimental
approach provides sufficient anaplerotic substrates, our
findings could not apply to in vivo conditions. However,
the fact that total acyl-carnitines content was not in-
creased in the muscle of insulin-resistant individuals might
be indicative that enhanced lipid oxidative efficiency may
proceed in in vivo conditions. Furthermore, findings from
an in vivo metabolomic study showed that obese, type 2
diabetic young vs nonobese young individuals had en-
hanced fatty acid oxidative capacity (33), which highlights
the fact that metabolic response may differ during the time
course of the development of insulin resistance. Third,
fatty acid concentration remaining in muscle samples
could differentially dilute added palmitate. However, such
a factor should not affect the CO2 to ASM ratio, so our
findings may still remain valid.

Lipid oxidative efficiency measured in human muscle
cells from obese and lean donors, and after overexpression
of fatty acid translocase (FAT)/CD36 protein (a sarcolem-
mal fatty acid translocase) in muscle cells from lean donors
may support the role of the stage of insulin resistance (34).
In this regard, muscle cells from obese vs lean donors
showed increased fatty acid uptake and FAT/CD36 pro-
tein content as well as lower complete fatty acid oxidation,
higher incomplete oxidation, and consequently reduced
lipid oxidative efficiency. When FAT/CD36 protein was
overexpressed in muscle cells from lean donors, a condi-
tion resembling the condition observed in muscle cells
from obese donors, fatty acid uptake and complete and
incomplete oxidation were increased, whereas lipid oxi-
dative efficiency was preserved (34).

These results may suggest that increased lipid uptake in
muscle cells obtained from a hormonal/nutrient environ-
ment characterized by chronic overnutrition (ie, obese do-
nors) shows impaired ability to adjust its lipid oxidative
efficiency (34). On the contrary, an acute increase in lipid
influx in muscle cells from lean donors did not impair lipid
oxidative efficiency (34), which supports the idea that mi-
tochondrial abnormalities may be triggered at later stages
of insulin resistance. In the same line, humans overfed for
1 month developed insulin resistance; however, markers
of mitochondrial content and function remained un-
changed (35).

Based on the similar muscle triglyceride, diglyceride,
and acyl-carnitine content between groups, we may an-
ticipate a comparable muscle lipid uptake in insulin resis-
tance. However, insulin-resistant vs insulin-sensitive in-
dividuals showed increased muscle ceramide content,
which can also be augmented in response to lipid over-
supply (36). Additionally, we observed similar serum

lipid (triglyceride and free fatty acid) concentration be-
tween groups, which is consistent with evidence com-
paring serum free-fatty acid concentration over 24
hours in individuals with and without insulin resistance
(2). Still, we cannot exclude that muscle lipid uptake
may be different between insulin-resistant and insulin-
sensitive individuals.

In conclusion, isolated insulin resistance, as found in
young, healthy, glucose-tolerant, nonobese individuals,
was not characterized by impaired muscle mitochondrial
oxidative capacity. Indeed, muscle efficiency for lipid ox-
idation appears to be enhanced in insulin resistance,
particularly in a condition of high lipid supply, which ap-
peared to prevent further accumulation of muscle acyl-
carnitines. The assessment of muscle mitochondrial ca-
pacity and lipid oxidation as a function of the stage of
insulin resistance development will provide further insight
about the mechanisms leading to muscle lipid accumula-
tion and impaired insulin action in humans.
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