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To examine the role of intramyocellular lipid (IMCL) accumulation
as well as circulating cytokines, branched-chain amino acids and
acylcarnitines in the pathogenesis of muscle insulin resistance in
healthy, young, lean insulin-resistant offspring of parents with type
2 diabetes (IR offspring), we measured these factors in plasma and
used 1H magnetic resonance spectroscopy to assess IMCL content
and hyperinsulinemic-euglycemic clamps using [6,6-2H2] glucose to
assess rates of insulin-stimulated peripheral glucose metabolism be-
fore and after weight reduction. Seven lean (body mass index < 25
kg/m2), young, sedentary IR offspring were studied before and after
weight stabilization following a hypocaloric (1,200 Kcal) diet for ∼9
wks. This diet resulted in an average weight loss of 4.1± 0.6 kg (P <
0.0005), whichwas associatedwith an∼30% reduction of IMCL from
1.1 ± 0.2% to 0.8 ± 0.1% (P = 0.045) and an ∼30% improvement in
insulin-stimulated muscle glucose uptake [3.7± 0.3 vs. 4.8± 0.1 mg/
(kg–min), P = 0.01]. This marked improvement in insulin-stimulated
peripheral insulin responsiveness occurred independently of changes
in plasma concentrations of TNF-α, IL-6, total adiponectin, C-reactive
protein, acylcarnitines, and branched-chain amino acids. In conclu-
sion, thesedata support thehypothesis that IMCLaccumulationplays
an important role in causing muscle insulin resistance in young, lean
IR offspring, and that both are reversible with modest weight loss.
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Insulin resistance is the best predictor for an increased risk of
developing type 2 diabetes (T2D) yet the cellular mechanism

responsible for the insulin resistance remains unknown (1–4).
Previous studies have demonstrated that skeletal muscle insulin
resistance, due to defects in insulin-stimulated glucose transport
activity resulting in decreased muscle glycogen synthesis, is the
earliest defect detectable in healthy, young, lean insulin-resistant
offspring of parents with T2D (IR offspring) (5–8). Furthermore,
previous studies have found a strong relationship between intra-
myocellular lipid (IMCL) content assessed by 1H magnetic reso-
nance spectroscopy (MRS) and muscle insulin resistance (9–13),
suggesting that intracellular lipid metabolites (e.g., diacylglycerols,
ceramides) might be a causal factor in its pathogenesis (14–16).
To directly examine this hypothesis, we studied whether modest

weight reduction would result in a reduction in IMCL content in
lean IR offspring, and if so whether this reduction in IMCL would
be associated with improvements in insulin-stimulated skeletal
muscle glucose uptake, assessed by a hyperinsulinemic-euglycemic
clamp. Furthermore, because changes in inflammatory adipocy-
tokines (17–20), branched-chain amino acids (21, 22), and acyl-
carnitines (23) have also been implicated in the pathogenesis of
insulin resistance, we also measured plasma levels of these factors
before and after this modest weight-loss intervention.

Results
The IR offspring were markedly insulin-resistant, as reflected by
their insulin sensitivity index (ISI) being in the lower ISI quartile
(<3.68 × 10−4 dL/min per μU/mL) for similar young lean,

healthy, sedentary individuals (24). During the caloric restriction
period the subjects lost on average 4.1 ± 0.6 kg, or ∼6% of their
initial body weight, and body mass index (BMI) decreased from
24.2 ± 0.6 to 22.8 ± 0.5 kg/m2 (Table 1), which was indepen-
dent of any changes in physical activity as assessed by pedometer
(1.4 ± 0.3 Km/d before weight loss vs. 1.5 ± 0.2 Km/d after
weight loss; P = 0.87). This modest reduction in body weight was
associated with an 11% reduction in whole body-fat mass and
a marked 30% reduction in IMCL content (Fig. 1A). In contrast,
there were no significant reductions in intra-abdominal fat vol-
ume, liver fat content, or lean body mass following this weight
reduction (Table 1). Interestingly, lipid droplet density in skel-
etal muscle, assessed by electron microscopy, increased by ∼60%
despite the decrease in IMCL content (Table 1). There were no
changes in muscle mitochondrial density following weight re-
duction (Table 1).
After weight reduction the ISI increased by ∼60%, demon-

strating reversal of their whole-body insulin resistance (Table 2).
To assess which organ was mostly responsible for the reversal
of their whole-body insulin resistance, we performed hyper-
insulinemic-euglycemic clamp studies in combination with infu-
sions of [6,6-2H2]glucose and [2H5]glycerol to assess insulin action
in liver, skeletal muscle, and fat cells. Consistent with the ∼60%
increase in the ISI index following the weight reduction, we ob-
served an approximately ∼30% increase in the rate of insulin-
stimulated glucose uptake during the hyperinsulinemic-euglycemic
clamp (Table 3). This increase in insulin-stimulated glucose me-
tabolism could entirely be attributed to increased insulin-stimu-
lated peripheral glucose uptake (Fig. 1B) as a result of increased
nonoxidative glucose metabolism because hepatic glucose pro-
duction was completely suppressed during the hyperinsulinemic-
euglycemic clamp both before and after weight reduction (Table 3).
Consistent with the reduction in body fat mass, fasting plasma

concentrations of leptin decreased by 19 ± 6% after the weight
loss in the IR offspring (Table 2). In addition, plasma alanine
concentrations decreased by 57% following weight loss. In con-
trast, there were no detectable changes in plasma levels of TNF-α,
IL-6, total adiponectin, acylcarnitines, uric acid, branched-chain
amino acids (Table 2), or basal and insulin-suppressed rates of
glycerol turnover during the clamp (Table 3) following weight loss.

Discussion
Skeletal muscle insulin resistance is the earliest metabolic defect
observed in young, lean IR offspring, yet the mechanism re-
sponsible for the insulin resistance is unknown. In this regard
muscle insulin resistance in these individuals is strongly associated
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with increased IMCL content (9, 11, 13, 15). To directly examine
the potential role of IMCL, as amarker for other intracellular lipid
intermediates (e.g., diacylglycerols, ceramides) in the pathogene-
sis of muscle-specific insulin resistance in IR offspring, we exam-
ined whether we could reduce IMCL with a modest weight-loss
intervention, and if so, whether this reduction in IMCL would be
associated with an improvement in insulin-stimulated peripheral
glucose uptake. In addition, because recent studies have also
implicated a potential role for increased concentrations of acyl-
carnitines (23, 25), branched-chain amino acids (21, 22), and adi-
pocytokines (17, 19, 20, 26) in this process, we also measured these
metabolites and cytokines before and after weight loss. Using this
approach, we found that a modest weight loss of ∼5 kg resulted in
an ∼30% reduction in IMCL content, which was associated with
an ∼30% increase in insulin-stimulated peripheral glucose uptake.

These young, lean IR offspring had very low hepatic lipid content
(∼0.3%) and complete suppression of hepatic glucose production,
both before and after the weight reduction.
In contrast to the observed reductions in IMCL in the IR off-

spring, we did not observe any reductions in circulating plasma
levels of TNF-α, IL-6, total adiponectin, C-reactive protein,
branched-chain amino acids, or acylcarnitines in the IR offspring
following weight reduction, suggesting that these factors do not
play a major role in either causing or alleviating their insulin re-
sistance following weight reduction.
Taken together, these findings support the hypothesis that

accumulation of IMCL plays a causal role in the pathogenesis of
skeletal muscle insulin resistance in young, lean IR offspring (14,
16). These findings are consistent with previous studies in which
reductions in ectopic lipid content in muscle and liver were as-
sociated with reversal of insulin resistance in theses organs in
patients with generalized lipodystrophy following leptin treat-
ment, and specific reductions in hepatic lipid content and re-
versal of hepatic insulin sensitivity in obese T2D patients
following modest weight reduction (27–29).
The cellular mechanism by which IMCL accumulation causes

muscle insulin resistance in humans is not well established.
Although IMCL as assessed by 1H NMR, which mostly reflects
triglyceride, is strongly associated with muscle insulin resistance
(9–13), studies in rodents have disassociated increases in total in-
tramuscular triglyceride content from muscle insulin resistance
(30). Instead, studies in rodents have implicated ceramides (31)
and diacylglycerols (32–34) as the trigger for lipid-induced insulin
resistance in skeletal muscle. Increased muscle diacylglycerol
content has been shown to activate PKCθ, resulting in increased
insulin receptor substrate serine-1101 phosphorylation, decreased
insulin-stimulated IRS-1 tyrosine phosphorylation, and reduced
insulin-stimulated glucose uptake in skeletal muscle (32–35).
Whether the same mechanism is responsible for lipid-induced in-
sulin resistance in humanmuscle is less clear, in that Itani et al. (12)
found that muscle insulin resistance induced by a lipid infusion
resulted in an increase in intramuscular diacylglycerol content and
increased membrane associated PKCβ-II and -δ; however, these
results were not replicated in a recent study by Høeg et al. (36).
Increases in IMCL content in the IR offspring can be at-

tributed to an imbalance in rates of fatty acid delivery/uptake
by the myocyte relative to the rates of mitochondrial fatty
acid oxidation, where rates of fatty acid delivery/uptake by the
myocyte exceed the rates of mitochondrial fatty acid oxidation,
resulting in an increase in intramyocellular content of long chain
fatty acyl CoAs, which are the precursors for the synthesis of
diacylglycerols and triacylglycerols (30). In this regard, previous
studies have found that IR offspring have an ∼30% reduction
in basal rates of mitochondrial ATP production (11) and TCA
cycle oxidation (11, 37) in muscle, which could be attributed to
a 38% reduction in mitochondrial content assessed by electron

Table 1. Body weight, BMI, and body composition before and after weight loss

Variable Before weight loss After weight loss P value

Body weight (kg) 67.5 ± 3.8 63.4 ± 3.6 <0.0005
BMI (kg/m2) 24.2 ± 0.6 22.8 ± 0.5 <0.0005
Fat mass (kg) 19.4 ± 1.2 17.3 ± 1.3 <0.05
Lean body mass (kg) 48.1 ± 3.9 46.1 ± 3.9 <0.005
Intra-abdominal fat volume (mL)* 337 ± 68 251 ± 34 0.20
Subcutaneous fat volume (mL)* 1,519 ± 95 1,316 ± 147 0.10
Liver fat content (%)* 0.34 ± 0.02 0.27 ± 0.04 0.12
IMCL droplet density (%) 24.0 ± 16.7 39.0 ± 18.3 <0.04
Muscle mitochondrial density (%) 1.87 ± 0.36 1.61 ± 0.46 0.24

Data are expressed as mean ± SEM.
*n = 5.

Fig. 1. Changes in IMCL content (A) and rates of insulin-stimulated pe-
ripheral glucose metabolism (B) before and after weight reduction.
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microscopy (8). Two microarray studies suggested that reduc-
tions in peroxisome proliferator-activated γ-coactivator 1α might
be responsible for reduced mitochondrial function in the muscle
of T2D patients (38, 39) and their first-degree relatives (39);
however, these results have not been replicated in lean IR off-
spring (8). More recently, using a similar microarray approach,
Morino et al. found decreased expression of lipoprotein lipase
associated with increased IMCL content and reduced mito-
chondrial content in the muscle of healthy, lean, IR offspring
(40). Furthermore, they found that lipoprotein lipase knockdown
in muscle cells decreased mitochondrial content by effectively

decreasing eicosapentaenoic acid delivery and uptake by the
myocyte and subsequent activation of peroxisome proliferator-ac-
tivated receptor-δ, a known regulator of mitochondrial biogenesis
(41). In the present study, we found a similar reduction in mito-
chondrial density in the IR offspring as previously described (8,
41). Furthermore, we found that modest weight reduction resulted
in a decrease in IMCL associated with an increase in insulin-stimu-
lated peripheral glucose metabolism, which were independent of
changes in mitochondrial density. Taken together, these data
demonstrate that reductions in IMCL can occur independently of
changes in mitochondrial content, most likely because of decreases

Table 2. Fasting plasma metabolite and adipocytokine concentrations in IR offspring before
and after weight loss

Variable Before weight loss After weight loss P value

Glucose (mmol/L) 5.0 ± 0.2 4.7 ± 0.2 0.02
Insulin (pmol/L) 104.8 ± 9.4 73.4 ± 7.8 0.07
C-peptide (nmol/L) 0.47 ± 0.05 0.35 ± 0.06 0.17
Lactate (mmol/L) 1.05 ± 0.13 0.73 ± 0.07 0.09
Total cholesterol (mmol/L) 4.5 ± 0.2 4.2 ± 0.1 0.18
HDL cholesterol (mmol/L) 1.6 ± 0.1 1.7 ± 0.1 0.21
LDL cholesterol (mmol/L) 2.5 ± 0.2 2.1 ± 0.2 0.13
Triglycerides (mmol/L) 0.9 ± 0.2 0.9 ± 0.2 0.37
Fatty acids (mmol/L) 0.50 ± 0.06 0.42 ± 0.10 0.30
Uric acid (μmol/L) 189.0 ± 22.5 213.0 ± 23.0 0.14
Leptin (ng/ml) 13.4 ± 2.9 10.8 ± 2.4 0.04
IL-6 (pg/mL) 1.40 ± 0.51 1.00 ± 0.25 0.46
Total adiponectin (μg/mL) 12.3 ± 2.5 12.3 ± 2.7 0.86
TNF-α (pg/mL) 1.44 ± 0.14 1.43 ± 0.28 0.99
C-reactive protein (mg/L) 0.49 ± 0.22 0.45 ± 0.24 0.23
ISI (10−4 dL/min per μU/mL) 2.54 ± 0.15 4.08 ± 0.67* 0.05
Acylcarnitines (μmol/L) 14.4 ± 4.0 17.3 ± 3.6 0.44
Total protein (g/dL) 5.75 ± 0.17 5.68 ± 0.17 0.69
Glycine (mmol/L) 0.20 ± 0.02 0.21 ± 0.03 0.77
Leucine (mmol/L) 0.10 ± 0.01 0.09 ± 0.01 0.34
Isoleucine (mmol/L) 0.05 ± 0.01 0.05 ± 0.01 0.98
Valine (mmol/L) 0.16 ± 0.02 0.16 ± 0.02 0.93
Tyrosine (mmol/L) 0.07 ± 0.01 0.07 ± 0.01 0.18
Phenylalanine (mmol/L) 0.04 ± 0.01 0.04 ± 0.01 0.10
Aspartate (mmol/L) 0.02 ± 0.01 0.02 ± 0.01 0.20
Glutamine/glutamate (mmol/L) 0.23 ± 0.03 0.21 ± 0.02 0.45
Alanine (mmol/L) 0.33 ± 0.03 0.21 ± 0.01 0.009

*n = 6.

Table 3. Basal and insulin-stimulated rates of glucose and glycerol turnover, glucose and lipid
oxidation, and respiratory quotient before and after weight loss

Before weight loss After weight loss P value

Basal state
Glucose production [mg/(kg-min)] 2.07 ± 0.08 1.93 ± 0.16 0.54
Glucose oxidation [mg/(kg-min)] 1.49 ± 0.15 1.15 ± 0.28 0.11
Lipid oxidation [mg/(kg-min)] 1.07 ± 0.08 1.20 ± 0.16 0.20
Respiratory quotient 0.80 ± 0.01 0.79 ± 0.02 0.04
Glycerol turnover (μmol/min) 0.23 ± 0.05 0.23 ± 0.03 0.99

Hyperinsulinemic-euglycemic clamp
Glucose infusion rate [mg/(kg-min)] 3.26 ± 0.33 4.49 ± 0.22 0.02
Glucose production [mg/(kg-min)] 0.21 ± 0.07 0.02 ± 0.10 0.06
Muscle glucose disposal [mg/(kg-min)] 3.68 ± 0.31 4.84 ± 0.14 0.01
Glucose oxidation [mg/(kg-min)] 2.60 ± 0.35 1.55 ± 0.42 0.11
Lipid oxidation [mg/(kg-min)] 0.59 ± 0.09 0.64 ± 0.19 0.45
Nonoxidative glucose metabolism [mg/(kg-min)] 1.39 ± 0.45 3.29 ± 0.40 <0.02
Respiratory quotient 0.87 ± 0.02 0.88 ± 0.03 0.66
Glycerol turnover (μmol/min) 0.09 ± 0.01 0.10 ± 0.01 0.72
Insulin suppression of glycerol turnover (%) 98 ± 1 98 ± 1 0.29

8238 | www.pnas.org/cgi/doi/10.1073/pnas.1205675109 Petersen et al.

www.pnas.org/cgi/doi/10.1073/pnas.1205675109


in substrate delivery and uptake by the myocyte during the weight-
loss regimen. These results, however, still do not answer the
question as to whether reductions in mitochondrial content in the
IR offspring are a primary or secondary event. Nevertheless re-
duced mitochondrial content in muscle of the IR offspring would
be expected to promote net IMCL metabolite accumulation and
exacerbate lipid-induced muscle insulin resistance, regardless of
whether it is a primary or secondary phenomenon.
In summary, these data support the hypothesis that IMCL ac-

cumulation plays an important role in causing muscle insulin re-
sistance in young, lean IR offspring, and that both are reversible
with modest weight loss. Furthermore, in contrast to reductions in
IMCL observed with weight loss, reversal of muscle insulin re-
sistance in the IR offspring occurred independently of any changes
in branched-chain amino acids, acylcarnitines, and circulating
adipocytokines, suggesting that these factors do not play a major
role in causing muscle insulin resistance in these individuals.

Methods
Subjects. We recruited seven (six women: two Black and four Caucasian; one
man: Asian), 25 ± 4-y-old, healthy, lean, nonsmoking insulin-resistant indi-
viduals with at least one parent with T2DM (IR offspring) from an ongoing
insulin-sensitivity screening study in the Greater New Haven, CT area. Insulin
sensitivity in these individuals was assessed by performing an oral glucose
tolerance test and calculating an ISI, as previously described (42). Insulin
resistance in these individuals was defined by their being in the lowest
quartile of ISI (ISI ≤ 3.68 × 10−4 dL/min per μU/mL) in a population of subjects
of similar age, BMI, and physical activity (24). All subjects had a sedentary
lifestyle without any regular exercise regimen and, except for birth-control
pills, were not taking any medications. Physical activity was assessed using
a standard questionnaire and by monitoring activity over 3 consecutive days
(Sportline). Body composition was assessed by dual-energy X-ray absorpti-
ometry (43), bioelectrical impedance (Tanita BC-418; Tanita), and MRI, as
described below. Only subjects with normal glucose tolerance, no MRS
contraindications, and willing to undergo a weight-loss regimen were in-
cluded in the study. The protocol was approved by the Human Investigation
Committee at Yale University School of Medicine and informed, written
consent was obtained from all subjects after the aims and potential risks
were explained to them.

Oral Glucose Tolerance Test. At the time of study entry all subjects had normal
fasting plasma glucose concentrations and normal glucose tolerance as de-
termined by a 3-h 75-g oral glucose tolerance test, which was performed
before and after the weight loss regimen and the ISI was calculated to es-
timate insulin sensitivity.

1H MRS Assessment of Intramyocellular, Extramyocellular, and Hepatic Lipid
Content. Within 3 d before the start of the weight-loss studies, at regular
intervals during theweight loss, andwithin 3dafter completionof theweight-
loss studies, intra- and extramyocellular and hepatic lipid contents were
measured using 1H MRS at 4T (Bruker), as previously described (24). Muscle
lipid content was measured in the soleus muscle using an 8.5-cm diameter
circular 13C surface coil with twin, orthogonal circular 13-cm 1H quadrature
coils. The probe was tuned and matched and scout images of the lower leg
were obtained to ensure correct positioning of the subject and to define an
adequate volume for localized shimming using the FASTMAP procedure (44).
The liver triglyceride content was measured by 1H respiratory-gated STEAM
spectroscopy in a 15 × 15× 15-mm3 voxel. Acquisitionwas synchronized to the
respiratory cycle and triggered at the end of expiration. A water-suppressed
lipid spectrum and a lipid-suppressed water spectrum were acquired in three
different locations of the liver to account for liver inhomogeneity. A mini-
mum of six spectra were acquired for each subject and the total lipid content
was averaged and calculated. In addition, hepatic lipid content was corrected
for transverse relaxation, using the transverse relaxation times of 22 ms for
water and 44 ms for lipid, as previously described (45).

MRI Measurements of Visceral and Subcutaneous Fat Volumes. A MR image of
the trunkwas acquired in each subject using a Siemens Sonata 1.5T Instrument
(multibreath-hold T1-weighted acquisition; field of view: 38.0 × 38.0 cm;
matrix = 256 × 256; in-plane resolution = 1.48 mm; 50 contiguous slices; 5-mm
slice thickness). Following slice intensity homogeneity correction, intra-
abdominal and subcutaneous fat was interactively segmented in each slice
using the Yale BioImage Suite software package (http://www.bioimagesuite.

org) and the segmentation map was summed for the entire trunk to gen-
erate volume measurements (24).

Hyperinsulinemic-Euglycemic Clamp. For 3 d before the before and after
weight-loss studies, the subjects were instructed to eat a regular eucaloric diet
(55% carbohydrate, 15% protein, 30% fat) with the calories evenly divided
between breakfast, lunch, and dinner and to provide dietary records. Subjects
were admitted to the Yale Center for Clinical Investigation Hospital Research
Unit the evening before each study, dinner was taken at 7:00 PM, and the
subjects remained fasting from 10:00 PM until the end of the study the
following day. At 4:00 AM a polyethylene catheter was inserted into an
antecubital vein for the study infusions. A 3-h primed (4.2 mg/m2) continuous
[2.1 mg/(m2-min)] infusion of [6,6-2H2]glucose along with a constant infusion
of [2H5]glycerol [1.2 mg/(m2-min)] was started at 5:00 AM to assess rates of
basal endogenous glucose production and whole body glycerol turnover,
respectively (11). At 7:00 AM one of the subject’s hands was placed in
a heated box and warmed to 55 °C (to “arterialize” the venous blood) and
a polyethylene catheter was inserted retrogradely into one of the hand veins
for blood collections (11). During the final 30 min of the baseline period
blood samples were collected for determination of [6,6-2H2]glucose and
[2H5]glycerol enrichments, as well as for plasma glucose, insulin, C-peptide,
nonesterified fatty acid, IL-6, TNF-α, total adiponectin, leptin, acylcarnitine,
and amino acid concentrations.

A 3-h euglycemic-hyperinsulinemic clamp was initiated by a two-step
primed infusion of insulin [80 mU/(m2-min) for 5 min, 60 mU/(m2-min) for
5 min] immediately followed by a continuous infusion of insulin at a rate of
20 mU/(m2-min) (human recombinant insulin, Novolin U-100 Regular; Novo-
Nordisk, NJ) (11). Euglycemia and plasma [6,6-2H2]glucose enrichments were
maintained with a variable infusion of D-20 containing [6,6-2H2]glucose (11,
46). Blood was collected every 5–10 min for determination of plasma glucose
and lactate concentrations and every 30 min for measurements of plasma
insulin, fatty acids, and [6,6-2H2]glucose and [2H5]glycerol enrichments.

Indirect Calorimetry. During the final 30 min of the basal period and the
clamp, indirect calorimetry was performed using the ventilated hood tech-
nique (Deltatrack Metabolic Monitor Sensor, Anaheim, CA) to assess rates of
whole-body oxidative glucose and lipid metabolism (11, 43, 46).

Muscle Biopsy. A muscle biopsy from vastus lateralis was obtained 1 h before
the start of the euglycemic-hyperinsulinemic clamp, as previously described
(8). All muscle biopsy samples were stored in liquid nitrogen until assay.

Weight-Loss Protocol. Upon completion of the baseline study, the subjects
began a weight-loss regimen with a caloric intake of 1,200 Kcal/d. This diet
consisted mainly of liquid meals containing 43% protein, 49% percent car-
bohydrate, 7% fat, and 0.1% dietary fiber (Medibase, Monterey, CA) sup-
plemented with a moderate amount of fruit and vegetables. Once a week
during the weight-loss period vital signs were obtained, plasma glucose,
insulin, and electrolytes were measured, and the subjects were weighed. All
subjects were selected to be sedentary and during this study they were
instructed not to change their daily activities or exercise. The average weight
loss period was 9 ± 2 wk (range: 5–20 wk), which was followed by a 2-wk
stabilization period before the post weight loss studies. The endpoint of the
study was a weight loss of ∼10% of the initial body weight.

Postweight-Loss Studies. Following weight loss the subjects were placed on
a weight maintenance diet for approximately 2 wk until the baseline tests
were completed. This regular diet consisted of 55% carbohydrate, 15%
protein, 30% fat, 30 Kcal/kg body weight, with the calories evenly divided
between breakfast, lunch, and dinner.

Metabolite and Adipocytokine Analyses. Plasma glucose and lactate concen-
trations were measured using a Yellow Springs STAT 2700 Analyzer (Yellow
Springs Instruments). Plasma immunoreactive insulin, C-peptide, leptin, and
adiponectin concentrations were measured with double-antibody radio-
immuno assay techniques using a commercially available kit (Diagnostic
Systems Laboratories). Plasma fatty acid and glycerol concentrations were
measured enzymatically (24). Plasma concentrations of IL-6 and TNF-α were
measured using Quantine High Sensitivity kits (R&D Systems) and total adi-
ponectin concentrations were measured using a double-antibody RIA kit
(Linco). Plasma concentrations of acylcarnitines were measured by LC-MS/
MS, as previously described (47). Plasma amino acid concentrations were
measured as the trifluoro-acetamide n-butyl ester derivatives (1), using GC-
MS (HP 5973MSD; Hewlett-Packard). The amino acid profile was obtained
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from 20 μL plasma by spiking the plasma with a known concentration of 13C
or deuterium-labeled amino acids chosen to avoid interference with any
labeled amino acids. Concentrations of all amino acids were then de-
termined by scanning the appropriate mass range 100–500 Da and calcu-
lating the isotope dilution of the enriched amino acid standards (48). The
enrichments of plasma [6,6-2H2]glucose and [2H5]glycerol were measured
using GC-MS, as previously described (11, 46).

Transmission Electron Microscopy. For electron microscopic examination, in-
dividual muscle samples were fixed in 2.5% (vol/vol) glutaraldehyde in 0.1 M
cacodylate buffer (pH 7.4) at 4 °C overnight, postfixed, dehydrated, and
embedded in epoxy resin, as previously described (8). Ultrathin sections
(60 nm) were stained with 2% (vol/vol) uranyl acetate and lead citrate, and
examined in a Tecnai 12 Biotwin electron microscope. For each individual
muscle, four random sections were examined and, from each section, five
random pictures were taken at a magnification of 6,800 and printed at
a final magnification of 18,500. The volume densities of lipid droplets and

mitochondria were estimated using the point counting method in a blinded
fashion. For each set of five pictures, average volume density was calculated
and the mean of both values used to estimate the volume density for each
individual muscle (8).

Calculations. Statistical differences between before and after the weight loss
were performed using the Student t test and ANOVA with Scheffés post hoc
testing, when appropriate.
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