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Abstract
BACKGROUND—Insulin resistance appears to be the best predictor of the development of
diabetes in the children of patients with type 2 diabetes, but the mechanism responsible is
unknown.

METHODS—We performed hyperinsulinemic–euglycemic clamp studies in combination with
infusions of [6,6-2H2]glucose in healthy, young, lean, insulin-resistant offspring of patients with
type 2 diabetes and insulin-sensitive control subjects matched for age, height, weight, and physical
activity to assess the sensitivity of liver and muscle to insulin. Proton (1H) magnetic resonance
spectroscopy studies were performed to measure intramyo-cellular lipid and intrahepatic
triglyceride content. Rates of whole-body and subcutaneous fat lipolysis were assessed by
measuring the rates of [2H5]glycerol turnover in combination with microdialysis measurements of
glycerol release from subcutaneous fat. We performed 31P magnetic resonance spectroscopy
studies to assess the rates of mitochondrial oxidative-phosphorylation activity in muscle.

RESULTS—The insulin-stimulated rate of glucose uptake by muscle was approximately 60
percent lower in the insulin-resistant subjects than in the insulin-sensitive control subjects
(P<0.001) and was associated with an increase of approximately 80 percent in the intramyocellular
lipid content (P=0.005). This increase in intramyocellular lipid content was most likely
attributable to mitochondrial dysfunction, as reflected by a reduction of approximately 30 percent
in mitochondrial phosphorylation (P=0.01 for the comparison with controls), since there were no
significant differences in systemic or localized rates of lipolysis or plasma concentrations of tumor
necrosis factor α, interleukin-6, resistin, or adiponectin.

CONCLUSIONS—These data support the hypothesis that insulin resistance in the skeletal
muscle of insulin-resistant offspring of patients with type 2 diabetes is associated with
dysregulation of intramyocellular fatty acid metabolism, possibly because of an inherited defect in
mitochondrial oxidative phosphorylation.

TYPE 2 DIABETES IS RAPIDLY BECOMING a worldwide epidemic.1 Although the
primary cause of this disease is unknown, insulin resistance appears to have a major role, as
evidenced by cross-sectional studies demonstrating insulin resistance in virtually all patients
with type 2 diabetes, as well as prospective studies demonstrating the presence of insulin
resistance one to two decades before the onset of the disease.2-4 In addition, insulin

© 2004 Massachusetts Medical Society.
Address reprint requests to Dr. Shulman at the Howard Hughes Medical Institute, Box 208020, Yale University School of Medicine,
300 Cedar St., S269 CAB, New Haven, CT 06510, or at gerald.shulman@yale.edu..

NIH Public Access
Author Manuscript
N Engl J Med. Author manuscript; available in PMC 2010 December 1.

Published in final edited form as:
N Engl J Med. 2004 February 12; 350(7): 664–671. doi:10.1056/NEJMoa031314.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



resistance in the offspring of patients with type 2 diabetes has been shown to be the best
predictor of the development of the disease.5

Despite much work, little is known about the factors responsible for insulin resistance in
persons at risk. In this regard, studies measuring triglyceride content of muscle-biopsy
specimens6 or intramyocellular lipid content by means of proton (1H) magnetic resonance
spectroscopy7-9 indicate a strong relation between intramuscular lipid content and insulin
resistance in skeletal muscle. Studies have also identified increases in plasma fatty acid
concentrations10 and intramyocellular lipid content8 in the insulin-resistant offspring of
patients with type 2 diabetes, suggesting that dysregulation of fatty acid metabolism may
mediate the insulin resistance in these persons. Increases in the intramyocellular
concentration of fatty acid metabolites in turn have been postulated to activate a serine
kinase cascade, which decreases the insulin-stimulated activity of insulin receptor substrate
1–associated phosphatidylinositol 3-kinase11-14 and results in reduced glucose transport12

and glycogen synthesis.15,16

In the present study we examined a potential mechanism for the intramyocellular
accumulation of lipids in young, lean, insulin-resistant offspring of patients with type 2
diabetes. These subjects are ideal candidates for studies examining the earliest defects
leading to insulin resistance, since in contrast to patients with diabetes, they are young, lean,
healthy, and unlikely to have other confounding factors. Since increases in intramyocellular
triglyceride content could occur as a result of the increased delivery of fatty acids from
lipolysis, decreased rates of mitochondrial oxidative phosphorylation, or both, we examined
these processes in the insulin-resistant offspring of patients with type 2 diabetes and in
insulin-sensitive control subjects. We assessed rates of whole-body and subcutaneous fat
lipolysis by measuring the rates of [2H5]glycerol turnover in combination with microdialysis
measurements of the release of glycerol from subcutaneous fat. We determined the rates of
in vivo mitochondrial phosphorylation and the ratio of inorganic phosphate to
phosphocreatine in skeletal muscle using phosphorus-31 (31P) magnetic resonance
spectroscopy. In addition, since studies have also implicated several adipocyte-derived
hormones (tumor necrosis factor α,17 interleukin-6,18 resistin,19 and adiponectin20) in
causing insulin resistance, we also measured plasma concentration of these factors in this
group of insulin-resistant persons.

METHODS
SUBJECTS

All subjects were recruited by means of local advertising over a two-year period (2001 to
2003) and were prescreened to confirm that they were in excellent health, lean, nonsmoking,
and taking no medications. A birth weight above 2.3 kg (5 lb) and a sedentary lifestyle, as
defined by an activity index questionnaire,21 were also required. Qualifying subjects (more
than 150 persons) underwent a three-hour oral glucose-tolerance test (with a 75-g oral
glucose load), after which two subgroups of subjects were consecutively selected to identify
extreme phenotypes for insulin resistance and increased insulin sensitivity.

Insulin-resistant subjects (3 men and 11 women) were defined as having an insulin
sensitivity index22 of less than 4.0 (indicating insulin resistance; lower values indicate
greater insulin resistance), at least one parent or grandparent with type 2 diabetes, and at
least one other family member with type 2 diabetes. Insulin-sensitive control subjects (five
men and seven women) were defined by an insulin sensitivity index of greater than 6.3 (with
or without a family history of type 2 diabetes).
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All qualifying subjects subsequently underwent a complete medical history taking and a
physical examination along with blood tests to verify that the following were normal: blood
and platelet counts; concentrations of electrolytes, aspartate aminotransferase, alanine
aminotransferase, blood urea nitrogen, creatinine, cholesterol, and triglycerides;
prothrombin time; and partial-thromboplastin time. In addition, subjects underwent 1H
magnetic resonance spectroscopy studies to determine the triglyceride content of liver and
muscle. The subjects then underwent a hyperinsulinemic–euglycemic clamp study to assess
the responsiveness of liver, muscle, and fat to insulin or 31P magnetic resonance
spectroscopy studies to assess the rates of muscle mitochondrial phosphorylation and the
ratio of inorganic phosphate to phosphocreatine. Owing to the complexity of the protocol,
not all the subjects were able to complete both the magnetic resonance spectroscopy and
clamp studies. Two of the 12 control subjects, who initially qualified on the basis of their
insulin sensitivity index, were subsequently excluded after the hyperinsulinemic–euglycemic
clamp study identified them as insulin resistant, whereas all subjects who were found to be
insulin resistant on the basis of the insulin sensitivity index were also found to be insulin
resistant on the basis of the clamp study.

Written consent was obtained from each subject after the purpose, nature, and potential
complications of the studies had been explained. The protocol was approved by the human-
investigation committee of Yale University.

DIET AND STUDY PREPARATION
The subjects were instructed to eat a regular, weight-maintenance diet containing at least
150 g of carbohydrate per day for three days before admission for either the clamp or
magnetic resonance spectroscopy study. All subjects were instructed not to perform any
exercise other than normal walking for the three days before the study. To minimize changes
in glucose metabolism resulting from ovarian hormonal effects, the female subjects were
studied during the follicular phase (days 0 through 12) of the menstrual cycle.23 Subjects
were admitted to the Yale–New Haven Hospital General Clinical Research Center the
evening before the clamp or 31P magnetic resonance spectroscopy study, and the subjects
continued to fast while having free access to regular drinking water until the completion of
the study the following day.

MEASUREMENT OF METABOLITES AND HORMONES
Plasma glucose concentrations were measured with the use of a YSI 2700 STAT Analyzer
(Yellow Springs Instruments). Plasma concentrations of insulin, glucagon, adiponectin, and
resistin were measured with the use of double-antibody radioimmunoassay kits (Linco).
Plasma tumor necrosis factor α and interleukin-6 were measured with the use of Quantine
High Sensitivity kits (R&D Systems). Plasma fatty acid concentrations were determined
with the use of a microfluorometric method.24 Urine nitrogen content was measured at the
Mayo Medical Laboratories (Rochester, Minn.). Microdialysate glycerol concentrations (in
0.5-μl samples) were measured with the use of enzyme-linked colorimetry by a CMA 600
microdialysis analyzer (Microdialysis).25 Ethanol concentrations were determined
enzymatically with the use of a YSI 2700 STAT Analyzer.25 Gas chromatography–mass
spectrometry analyses of the enrichment of [6,6-2H]glucose and [2H5]glycerol in plasma
were performed with the use of a Hewlett–Packard Mass Selective Detector (model 5971A)
as previously described.25

MAGNETIC RESONANCE SPECTROSCOPY OF INTRAMYOCELLULAR AND
INTRAHEPATIC TRIGLYCERIDE CONTENT

On a separate day, after a 12-hour fast, all subjects were transported by wheelchair to the
Yale Magnetic Resonance Center, and localized 1H magnetic resonance spectroscopy
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spectra of the soleus muscle and liver were acquired on a 2.1-T Biospec Spectrometer
(Bruker Instruments) as previously described.25

HYPERINSULINEMIC–EUGLYCEMIC CLAMP STUDIES
Basal rates of glucose and glycerol turnover were assessed during a three-hour basal period
and insulin-stimulated rates were assessed with a three-hour hyperinsulinemic–euglycemic
clamp with the use of 20 mU of insulin per square meter of body-surface area per minute,
[6,6-2H]glucose, and [2H5]glycerol as previously described.26 Rates of whole-body energy
expenditure and glucose and fat oxidation were assessed by indirect calorimetry (Deltratrack
Metabolic Monitor, Sensormedics) during the last 30 minutes of the 3-hour base-line period
and during the last 30 minutes of the clamp period.27 Localized rates of in vivo lipolysis
were assessed before and during the clamp procedure with the use of microdialysis probes
(CMA/60, CMA, Microdialysis) inserted into the fat deposits in two locations on the
abdomen, 4 to 6 cm below the umbilicus, as previously described.25

MAGNETIC RESONANCE SPECTROSCOPY OF MITOCHONDRIAL PHOSPHORYLATION
Rates of mitochondrial phosphorylation were assessed by 31P magnetic resonance
spectroscopy saturation transfer performed at 36.31 MHz with the use of a flat, concentric
probe made of an inner coil 9 cm in diameter (for 31P) and a 13-cm outer coil tuned to
proton frequency for scout imaging and shimming as previously described.28 Unidirectional
rates of ATP synthesis were measured with the use of the saturation-transfer method applied
to the exchange between inorganic phosphate and ATP. The steady-state magnetization of
inorganic phosphate was measured in the presence of a selective irradiation of the γ
resonance of ATP and compared with the magnetization of inorganic phosphate at
equilibrium in a control spectrum (without irradiation of the γ resonance of ATP).28 The
total acquisition time for 31P magnetic resonance spectra was about 120 minutes. The ratio
of inorganic phosphate to phosphocreatine in the soleus muscle was measured by 31P
magnetic resonance spectroscopy as previously described.29,30

STATISTICAL ANALYSIS
Statistical analyses were performed with StatView software (Abacus Concepts). To detect
statistically significant differences between control subjects and insulin-resistant subjects,
we used unpaired Student's t-tests for independent samples, with a two-sided P value of less
than 0.05 considered to indicate statistical significance. Non-normally distributed data (i.e.,
data regarding the area under the curve) were logarithmically transformed. All data are
expressed as means ±SE in the text.

RESULTS
CHARACTERISTICS OF THE SUBJECTS

Insulin-sensitive control subjects and insulin-resistant subjects were frequency matched for
age, weight, height, body-mass index, and activity index and had similar fasting plasma
concentrations of glycosylated hemoglobin, adiponectin, tumor necrosis factor α,
interleukin-6, and resistin (Table 1). In contrast, the insulin sensitivity index was markedly
lower in the insulin-resistant subjects than in the insulin-sensitive control subjects (mean
[±SE], 2.8±0.2 vs. 10.2±1.4; P<0.001).

ORAL GLUCOSE-TOLERANCE TEST
All subjects had normal glucose-tolerance tests, but the plasma concentrations of glucose
(Fig. 1A) and insulin (Fig. 1B) before and during the test were significantly higher in the
insulin-resistant subjects. Fasting plasma fatty acid concentrations were similar in the
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insulin-sensitive control subjects (0.37±0.05 mM) and the insulin-resistant subjects
(0.47±0.05 mM, P=0.17) and decreased by approximately 80 percent in both groups during
the glucose-tolerance test. There were no significant differences in the fasting plasma
glucagon concentrations between the insulin-sensitive control subjects (56±4 pg per
milliliter) and the insulin-resistant subjects (59±3 pg per milliliter, P=0.64).

HYPERINSULINEMIC–EUGLYCEMIC CLAMP STUDIES
Fasting rates of glucose production were similar in the nine insulin-sensitive control subjects
(2.3±0.1 mg per kilogram of body weight per minute) and the eight insulin-resistant subjects
(2.0±0.3 mg per kilogram per minute, P=0.41) for whom results were available and were
completely suppressed in both groups during the period of hyperinsulinemic–euglycemic
clamping. In contrast, the rates of glucose infusion required to maintain euglycemia were
approximately 60 percent lower in the insulin-resistant subjects than in the insulin-sensitive
control subjects during clamping (3.3±0.3 mg per kilogram per minute vs. 7.7±0.5 mg per
kilogram per minute, P<0.001) and the insulin-stimulated rates of peripheral glucose uptake
were also approximately 60 percent lower in the insulin-resistant group (P< 0.001) (Fig.
2A). This reduction in peripheral glucose metabolism could be attributed mostly to a
reduction of approximately 70 percent (P<0.001) in nonoxidative glucose disposal in the
insulin-resistant subjects (data not shown). There were no significant differences in fasting
or insulin-stimulated rates of whole-body glucose or fat oxidation between the two groups
(data not shown). Fasting rates of whole-body energy expenditure tended to be lower in the
insulin-resistant group than in the control group (21.8±0.7 kcal per kilogram per 24 hours vs.
24.6±1.1 kcal per kilogram per 24 hours, P=0.06), and the same was true for insulin-
stimulated rates (21.6±0.9 kcal per kilogram per 24 hours and 24.9±0.7 kcal per kilogram
per 24 hours, respectively; P=0.01).

WHOLE-BODY AND LOCALIZED RATES OF GLYCEROL METABOLISM
Fasting rates of glycerol turnover were similar in the control group and the insulin-resistant
group (0.21±0.03 μmol per minute and 0.18±0.02 μmol per minute, respectively; P=0.32), as
was the insulin-induced suppression of glycerol turnover during the clamp study (0.11±0.01
μmol per minute and 0.09±0.01 μmol per minute, respectively; P= 0.64). Consistent with
this finding, the interstitial glycerol concentration, as assessed by microdialysis, decreased
by a similar degree in the insulin-sensitive control subjects (36±7 percent) and the insulin-
resistant subjects (41±6 percent, P=0.67) during the hyperinsulinemic–euglycemic clamp
study.

INTRAMYOCELLULAR AND INTRAHEPATIC TRIGLYCERIDE CONTENT
The intramyocellular lipid content in the soleus muscle was approximately 80 percent higher
(P=0.005) in the 12 insulin-resistant offspring in whom it was measured than in the 10
insulin-sensitive control subjects in whom it was measured (Fig. 2B). There was no
significant difference with respect to intrahepatic triglyceride content between insulin-
resistant subjects (2.35±1.49 percent) and insulin-sensitive control subjects (0.47±0.16
percent, P=0.29).

RATES OF MITOCHONDRIAL PHOSPHORYLATION AND RATIO OF INORGANIC
PHOSPHATE TO PHOSPHOCREATINE

Rates of mitochondrial phosphorylation in skeletal muscle were approximately 30 percent
lower (P=0.01) in the 13 insulin-resistant subjects in whom it was evaluated than in the 10
control subjects in whom it was evaluated (Fig. 2C). The ratio of inorganic phosphate to
phosphocreatine in the soleus muscle was reduced by approximately 20 percent (P=0.002) in
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the insulin-resistant subjects (0.113±0.004), as compared with the control subjects
(0.137±0.005).

DISCUSSION
The lean, insulin-resistant offspring of patients with type 2 diabetes had severe insulin
resistance, as compared with insulin-sensitive control subjects matched for age, height,
weight, and activity. The difference could be attributed largely to a reduction of
approximately 70 percent in insulin-stimulated nonoxidative muscle glucose metabolism.
Using 1H magnetic resonance spectroscopy to measure intramyocellular lipid content, we
found that insulin resistance in muscle was accompanied by an increase of approximately 80
percent in intramyocellular lipid content in the insulin-resistant subjects, as compared with
the insulin-sensitive control subjects. These data are consistent with those of previous
studies in humans7-9 and rodents,31,32 which have suggested that dysregulated intramuscular
fatty acid metabolism has an important causative role in insulin resistance and may have a
similar role in fat-induced insulin resistance in the skeletal muscle of the insulin-resistant
offspring of patients with type 2 diabetes.

To assess whether the increase in intramyocellular lipid content in the insulin-resistant
subjects was due to increased delivery of fatty acids to the muscle, we measured whole-body
and localized rates of lipolysis. Rates of whole-body lipolysis were similar in the control
subjects and the insulin-resistant subjects during the basal state and were both suppressed to
a similar degree during the hyperinsulinemic–euglycemic clamp study. In a manner
consistent with this finding, we found that the extent of insulin-induced suppression of the
localized rates of lipolysis in subcutaneous fat, as assessed by microdialysis, was also
similar in both groups. Taken together, these data suggest that insulin resistance was
confined largely to skeletal muscle and that increased basal rates of peripheral lipolysis and
defects in insulin-induced suppression of lipolysis do not have a major role in causing the
increased intramyocellular lipid content in the insulin-resistant subjects.

To assess whether decreased mitochondrial activity may contribute to the increased
intramyocellular lipid content, we also assessed the rates of muscle mitochondrial
phosphorylation using 31P magnetic resonance spectroscopy. We found that the
mitochondrial rates of ATP production were reduced by approximately 30 percent in the
muscle of the insulin-resistant subjects, as compared with the insulin-sensitive control
subjects. Consistent with this finding of altered mitochondrial function, we also found a
reduced ratio of inorganic phosphate to phosphocreatine, which may reflect a lower ratio of
type I fibers (mostly oxidative) to type II fibers (mostly glycolytic) in the insulin-resistant
subjects.29,30 This finding is consistent with those of a biopsy study by Nyholm et al., who
found an increased number of type IIb muscle fibers in overweight, insulin-resistant, first-
degree relatives of patients with type 2 diabetes.33 Taken together, these data suggest that
the insulin-resistant offspring of patients with type 2 diabetes have an inherited reduction in
mitochondrial content in muscle, which in turn may be responsible for the reduced rates of
mitochondrial oxidative phosphorylation.

Several studies have also implicated a number of novel adipocyte-derived factors in
mediating insulin resistance in patients with obesity and in those with type 2 diabetes.
17,18,34-37 To address the potential role of resistin, tumor necrosis factor α, interleukin-6,
and adiponectin in mediating insulin resistance in our insulin-resistant subjects, we
measured the plasma concentrations of these factors and found no significant differences
between the two groups. These data suggest that alterations in plasma concentrations of
these adipocyte-derived factors do not have a major role in mediating insulin resistance in
these persons.
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We assessed systemic and localized rates of lipolysis, plasma concentrations of adipocyte-
derived factors, and mitochondrial phosphorylation activity in muscle of healthy, young,
lean, normoglycemic, insulin-resistant offspring of patients with type 2 diabetes. Taken
together, our results support the hypothesis that insulin resistance in these young people is
due to dysregulation of intramyocellular fatty acid metabolism, which may be caused by an
inherited defect in mitochondrial oxidative phosphorylation. Such a defect might be due to a
reduction in mitochondrial content, which in turn might be attributable to a reduced ratio of
type I to type II muscle fibers. These results are similar to those in lean, elderly, insulin-
resistant subjects, whose insulin resistance, in contrast to that in insulin-resistant off-spring,
is most likely attributable to acquired defects in mitochondrial biogenesis, which lead to
reductions in skeletal-muscle mitochondrial content.38 Furthermore, since mitochondria
have a critical role in mediating glucose-induced insulin secretion,39 the presence of similar
inherited defects in beta-cell mitochondrial function or content, in the setting of peripheral
insulin resistance, might explain the increased incidence of diabetes in the insulin-resistant
offspring of patients with type 2 diabetes.5

In this regard it is of interest that a common Gly482Ser polymorphism of the peroxisome-
proliferator–activated receptor γ coactivator 1, a transcriptional regulator of genes
responsible for mitochondrial biogenesis and fat oxidation,40 has been linked to an increased
relative risk of type 2 diabetes in Danish populations41 as well as to altered lipid oxidation
and insulin secretion in Pima Indians.42 These data also identify mitochondrial oxidative
phosphorylation as a potential target for the prevention and treatment of type 2 diabetes. In
addition, two recent studies involving DNA-microarray analysis suggest that there is a
coordinated reduction in the expression of genes encoding peroxi-some-proliferator–
activated receptor γ coactivator 1α, which are involved in oxidative phosphorylation, in the
skeletal muscle of overweight patients with type 2 diabetes,43 obese Mexican-American
patients with type 2 diabetes,44 and overweight nondiabetic subjects with a family history of
diabetes.44
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Figure 1. Mean (±SE) Plasma Concentrations of Glucose (Panel A) and Insulin (Panel B) before
and during an Oral Glucose-Tolerance Test in 9 Insulin-Sensitive Controls and 14 Insulin-
Resistant Subjects
P=0.016 for the comparison of the areas under the curve for glucose concentration of control
subjects and insulin-resistant subjects, and P=0.002 for the comparison of the areas under
the curve for insulin concentration of control subjects and insulin-resistant subjects. To
convert values for glucose to millimoles per liter, multiply by 0.05551. To convert values for
insulin to picomoles per liter, multiply by 6.0.
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Figure 2.
Insulin-Stimulated Rates of Muscle Glucose Metabolism (Panel A), Intramyocellular Lipid
Content (Panel B), and Rates of Muscle Mitochondrial Phosphorylation Activity (Panel C)
in Insulin-Sensitive Controls and Insulin-Resistant Subjects.
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Table 1

Characteristics of the Two Groups of Subjects.*

Characteristic Insulin-Sensitive Controls Insulin-Resistant Subjects

Age (yr) 28±7 26±7

Weight (kg) 60±13 64±9

Height (m) 1.69±0.11 1.65±0.09

Body-mass index 21±2 23±2

Activity index† 2.6±0.5 2.4±0.4

Glycosylated hemoglobin (%)‡ 5.1±0.3 5.2±0.4

Adipocyte-derived factors

    Adiponectin (μg/ml) 12±4 11±4

    Tumor necrosis factor α (pg/ml) 1.5±0.3 1.8±0.9

    Interleukin-6 (pg/ml) 0.52±0.31 0.68±0.42

    Resistin (ng/ml) 0.77±0.24 0.79±0.24

*
Plus–minus values are means ±SD. The body-mass index is the weight in kilograms divided by the square of the height in meters.

†
Values can range from 1.7 to 3.3, with higher values indicating greater activity.

‡
Values were measured after an overnight fast.
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