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Abstract
Background—Nonalcoholic fatty liver disease (NAFLD) and insulin resistance are common in
overweight adolescents.

Objective—The purpose of this study was to determine the relation between NAFLD and insulin
sensitivity in liver and skeletal muscle by studying overweight adolescents with a normal or high
intrahepatic triglyceride (IHTG) content, who were matched for age, sex, body mass index (BMI; in
kg/m2), and Tanner stage.

Design—Stable-isotope-labeled tracer infusion and the hyperinsulinemic-euglycemic clamp
procedure were used to assess skeletal muscle and hepatic insulin sensitivity, and magnetic resonance
spectroscopy was used to assess the IHTG content in 10 overweight (BMI = 35.9 ± 1.3) adolescents
with NAFLD (IHTG = 28.4 ± 3.4%) and 10 overweight (BMI = 36.6 ± 31.5) adolescents with a
normal IHTG content (3.3 ± 0.5%).

Results—The baseline plasma glucose concentration and the rate of appearance of glucose in
plasma were the same in subjects with a normal (87.1 ± 1.2 mg/dL, 16.2 ± 1.1 μmol · kg fat-free
mass−1 · min−1) or high (89.2 ± 2.5 mg/dL, 16.3 ± 1.2 μmol · kg fat-free mass−1 · min−1) IHTG
content. However, compared with subjects who had a normal IHTG content, subjects with NAFLD
had a lower hepatic insulin sensitivity index, based on baseline glucose kinetics and insulin
concentrations (4.0 ± 0.5 compared with 2.4 ± 0.4; P < 0.05) and an impaired increase in glucose
uptake during insulin infusion (169 ± 28.1% compared with 67 ± 9.6% above baseline; P < 0.01). In
addition, the plasma triglyceride concentration was greater and the plasma HDL-cholesterol
concentration was lower in subjects with NAFLD than in those with a normal IHTG content.

Conclusion—An elevated IHTG content in overweight adolescents is associated with dyslipidemia
and with insulin-resistant glucose metabolism in both liver and skeletal muscle.
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INTRODUCTION
Nonalcoholic fatty liver disease (NAFLD) is characterized by an elevated intrahepatic
triglyceride (IHTG) content, with varying degrees of inflammation and fibrosis. The prevalence
of NAFLD is directly correlated with body mass index (BMI) (1). Therefore, it is likely that
the marked increase in the prevalence of obesity is responsible for the increase in the prevalence
of NAFLD. In the United States, almost 20% of adolescents (12–9 y old) are overweight
(defined as BMI ≥ 95th percentile on the sex-specific BMI-for-age growth chart) (2,3), and
approximately one-third of overweight children and adolescents have NAFLD (4–7).

In adults, NAFLD is associated with insulin resistance in both liver (impaired suppression of
insulin-mediated glucose production) and muscle (impaired stimulation of insulin-mediated
glucose uptake) (8–10). Data from several studies demonstrate that NAFLD is also associated
with insulin resistance in children and adolescents (11–13). However, these studies evaluated
insulin sensitivity by evaluating basal plasma glucose and insulin concentrations (11,13) or
oral glucose tolerance (11,12), which are unable to determine insulin action in specific tissues.

The purpose of the present study was to evaluate liver and skeletal muscle insulin sensitivity
in overweight adolescents with an elevated (≥10%) and normal (≤5%) IHTG content. The
hyperinsulinemic-euglycemic clamp technique and stable-isotope-labeled tracer infusion were
used to determine basal glucose kinetics and insulin-mediated glucose metabolism in liver and
muscle in vivo. We hypothesized that, compared with overweight adolescents who have a
normal IHTG content, overweight adolescents with NAFLD have impaired insulin action in
both the liver and skeletal muscle.

SUBJECTS AND METHODS
Study subjects

Subjects were recruited from outpatient clinics of the St Louis Children’s Hospital, local
pediatric offices, and our current database of eligible volunteers. It was necessary to screen 28
subjects to find 10 subjects with a normal IHTG content and 10 subjects with an elevated IHTG
content, who were matched for sex, age, Tanner stage, and BMI (Table 1). Twenty overweight
(BMI ≥95th percentile for age and sex) adolescents participated in the study; 10 subjects had
a normal IHTG content (≤5.6%) (14) and 10 had NAFLD (≥10% IHTG content). We chose an
IHTG content ≥10% to define subjects who had NAFLD to ensure a clear separation between
the NAFLD and control groups. There were 3 whites and 7 African Americans in the control
group and 9 whites and 1 African American in the NAFLD group. No subjects with other racial
or ethnic background participated in the study.

All subjects underwent a medical evaluation, which included a history and physical
examination and blood tests. Subjects who had impaired fasting glucose concentration,
diabetes, severe hypertriglyceridemia (>400 mg/dL), or history of other liver diseases (Wilson
disease, α1-antitrypsin deficiency, hepatitis B orC, and autoimmune hepatitis) were excluded.
None of the subjects consumed alcohol, smoked tobacco products, or took medications known
to cause steatosis or alter glucose or lipid metabolism.

The study was approved by the Human Research Protection Office and the General Clinical
Research Center (GCRC) Advisory Committee of Washington University School of Medicine
(St Louis, MO). All subjects agreed to participate in the study after a detailed explanation of
the study was provided to them and their parents. Written informed consent was obtained from
each subject’s parent(s), and written informed assent was obtained from each subject before
being enrolled in the study.
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Body-composition assessments
Total body fat mass and fat-free mass (FFM) were determined by using dual-energy X-ray
absorptiometry (Delphi W-densitometer equipped with version 12.4 software; Hologic,
Waltham, MA) (15). Total abdominal, subcutaneous abdominal, and intraabdominal fat (IAF)
volumes were determined by using magnetic resonance imaging with a 1.5 T scanner (Siemens,
Iselin, NJ). Eight 10-mm thick axial images were obtained beginning at the L4–L5 interspace
and analyzed for subcutaneous and IAF content by using Analyze 6.0 software (Mayo
Foundation, Biomedical Imaging Resource, Rochester, MN); the volume of fat was calculated
for each slice and the values were added. Readings were verified by a second investigator
blinded to the initial readings; the values obtained by each of the 2 investigators were averaged
for data analyses. IHTG content was determined by using proton magnetic resonance
spectroscopy with a 1.5 T scanner (Magnetom Sonata; Siemens, Erlangen, Germany) (16,17).

Hyperinsulinemic-euglycemic clamp
A one-stage hyperinsulinemic-euglycemic clamp procedure was performed 1–2 wk after
assessment of body composition. Subjects were instructed to adhere to their regular diet and
to refrain from exercise for 3 d before the study, to avoid caffeine for 1 d before the study, and
to fast (except for water) for 12 h before their admission to the GCRC at 0600 on the morning
of the study. At 0700, a catheter was inserted into an antecubital vein to infuse a stable-isotope-
labeled glucose tracer, insulin, and dextrose. Another catheter was inserted into a contralateral
hand vein, which was heated to 55 °C by using a thermostatically controlled box, to obtain
arterialized blood samples. At 0800, after a baseline blood sample was obtained to determine
the background plasma glucose tracer-to-tracee ratio (TTR), a primed continuous infusion of
[6,6-2H2]glucose (priming dose: 22.5 μmol/kg; in-fusion rate: 0.25 μmol · kg−1 · min−1),
dissolved in 0.9% NaCl solution, was initiated and maintained for 360 min. At 180 min, a
hyperinsulinemic-euglycemic clamp procedure was started and maintained for 180 min. Insulin
was infused at a rate of 40 mU · m−2 · min−1 (initiated with a 2-step priming dose of 160 mU
· m−2 · min−1 for 5 min followed by 80 mU · m−2 · min−1 for 5 min). Dextrose (20%) was
infused at a variable rate to maintain plasma glucose concentration at 100 mg/dL. The dextrose
solution was enriched with [6,6-2H2]glucose (≈2.5%) to minimize changes in plasma glucose
TTR during the clamp procedure (18). The infusion rate of [6,6-2H2]glucose was decreased by
50% (to 0.125 μmol · kg−1 · min−1) during the clamp procedure (from 180 to 360 min after the
start of the study) to account for the expected decline in hepatic glucose production. Blood
samples were taken every 10 min during the last 30 min of the basal period and the clamp
procedure to determine plasma glucose and insulin concentrations and glucose TTR. Blood
samples were taken every 10 min between 190 and 360 min to monitor glucose concentrations.
After the clamp procedure was completed, glucose tracer and insulin infusions were stopped
and subjects were given a standard meal. The dextrose infusion was stopped after the subjects
ate lunch, and the subjects were then discharged from the GCRC after confirming that blood
glucose concentrations were stable for ≥1 h after the dextrose infusion was stopped. Female
subjects were studied during the follicular phase of their menstrual cycle.

Sample analyses
Plasma glucose concentrations were measured by using an automated glucose analyzer (YSI
2300 STAT Plus; Yellow Spring Instrument Co, Yellow Springs, OH). Plasma insulin
concentrations were measured by radioimmunoassay (Linco Research, St Louis, MO). Plasma
free fatty acid (FFA) concentrations were quantified by using gas chromatography (HP 5890
Series II GC; Hewlett-Packard, Palo Alto, CA) after heptade-canoic acid was added to plasma
as an internal standard (19). Plasma glucose TTR was determined by using electron impact
ionization gas chromatography–mass spectrometry (Agilent Technologies/HP 6890 Series GC
System 5973 Mass Selective Detector; Hewlett-Packard) as previously described (19). After
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heptafluorobutyryl derivative of glucose was formed, plasma glucose TTR was determined by
selectively monitoring ions at mass-to-charge ratios of 519 and 521.

Calculations
Metabolic and isotopic steady states were achieved during the last 30 min of the basal period
(ie, between 150 and 180 min) and the hyperinsulinemic-euglycemic clamp procedure (ie,
between 330 and 360 min). Therefore, the total (endogenous and exogenous) glucose rate of
appearance (Ra) in plasma during basal conditions and the hyperinsulinemic-euglycemic
clamp procedure was calculated by dividing the glucose tracer infusion rate by the average
plasma glucose TTR between 150 and 180 min (basal) and 330 and 360 min (clamp),
respectively. Basal endogenous glucose Ra was calculated by using Steele’s equations (20). It
was assumed that glucose rate of disappearance (Rd) from plasma was equal to the total glucose
Ra.

Hepatic sensitivity was assessed by using the Hepatic Insulin Sensitivity Index (HISI), which
is the inverse of the product of the basal hepatic glucose production rate (in μmol · kg
FFM−1 · min−1) and the fasting plasma insulin concentration (in mU/L) (21,22). Skeletal
muscle insulin sensitivity was determined by evaluating the ability of insulin to stimulate the
glucose Rd, assessed as the relative increase above baseline in whole-body glucose Rd during
insulin infusion.

Statistical analysis
Statistical analyses were performed by using SPSS (version 13.0; SPSS Inc, Chicago, IL).
Student’s t test for independent samples was used to evaluate differences in characteristics of
the 2 groups of study subjects and cardiometabolic variables in subjects with normal IHTG
content and those with NAFLD. An analysis of variance with repeated measures was used to
evaluate the statistical significance of differences in glucose Rd during basal conditions and
insulin infusion between groups. An analysis of covariance was performed to help separate the
contribution of IHTG content from its major covariates, IAF volume and plasma triglyceride
concentration, to the metabolic outcome measures. The relation between IHTG content and
IAF volume was assessed by using the Pearson correlation coefficient. A P value <0.05 was
considered statistically significant. All data are presented as means ± SEMs.

RESULTS
Characteristics and body composition of the study participants

By design, subjects who had normal and those who had an elevated IHTG content were matched
for sex, age, Tanner stage, and BMI (Table 1). Total body weight, FFM, fat mass, and total
abdominal fat volume were not different between groups. However, IAF volume in subjects
with NAFLD was almost double the value in those with a normal IHTG content. The IHTG
content in subjects with NAFLD was almost 10 times that in subjects with a normal IHTG
content (Table 1). No significant relations were detected between IHTG content and BMI (r =
−0.08, NS) or percentage body fat (r −0.33, NS). In contrast, the IHTG content correlated
directly with IAF volume (Figure 1; r = 0.81, P = 0.01).

Metabolic variables
The basal plasma glucose concentration was not different between subjects with NAFLD and
those with a normal IHTG content (Table 2). However, the mean plasma insulin concentration
in subjects with NAFLD was almost twice that in subjects who had a normal IHTG content.
Mean plasma triglyceride, total cholesterol, and LDL-cholesterol concentrations were greater
and the HDL-cholesterol concentration was lower in subjects with NAFLD than in those with
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a normal IHTG content. Plasma transaminase (serum aspartate and alanine aminotransferase)
concentrations were greater in subjects with NAFLD than in subjects with a normal IHTG
content. However, 2 subjects with NAFLD (20%) had normal plasma transaminase
concentrations.

Glucose kinetics and insulin sensitivity
Basal endogenous glucose Ra (ie, endogenous glucose production) was not different in subjects
with NAFLD than in subjects with normal IHTG content (16.2 ± 1.1 and 16.3 ± 1.2 μmol ·kg
FFM−1 · min−1, respectively; P = 0.99). However, the mean HISI value was much lower in
subjects with NAFLD than in those with a normal IHTG content (Figure 2). Although basal
glucose Rd was not different between groups, insulin infusion caused a greater increase in
glucose Rd in subjects with a normal IHTG content than in subjects with NAFLD (44.9 ± 5.5
compared with 28.8 ± 2.9 μmol · kg FFM−1 · min−1: 168.6 ± 28.1% compared with 67.4 ± 9.6%
above the basal value (P < 0.01) (Figure 3). Plasma glucose and insulin concentrations during
the hyperinsulinemic-euglycemic clamp procedure were not different between subjects with a
normal IHTG content and those with NAFLD (glucose concentration: 96.6 ± 1.7 and 97.2 ±
0.7 mg/dL, respectively; insulin concentration: 103 ± 6 and 109 ± 9 mU/L, respectively).

Multivariate regression analyses of both insulin-mediated glucose disposal and the HISI with
IHTG content, IAF volume, and triglyceride concentration as independent variables found that
there was no longer any significant difference between the normal and NAFLD groups when
more than one independent variable was included in the analysis. However, the power to
determine an independent effect of IHTG content in our study was very low, because of the
small sample size and colinearity between these variables, unless there was an extraordinary
effect of IHTG content.

DISCUSSION
NAFLD occurs commonly in overweight children and adolescents. Although NAFLD is
associated with insulin-resistant glucose metabolism, it is not clear which tissues are
responsible for insulin resistance in adolescents. In the present study, the hyperinsulinemic-
euglycemic clamp procedure and stable-isotope-labeled tracer infusion were used to evaluate
liver and skeletal muscle insulin sensitivity in overweight adolescents with an elevated (≥10%)
and normal (≤5%) IHTG content, who were carefully matched for sex, age, Tanner stage, and
BMI. Our data show that subjects with NAFLD have a greater resistance to insulin-mediated
glucose metabolism in both liver (decreased HISI) and skeletal muscle (impaired insulin-
mediated glucose Rd) than do subjects with a normal IHTG content, despite normal fasting
blood glucose and oral glucose tolerance in both groups. These results indicate that NAFLD
is an important marker of impaired insulin action in multiple organs, which might not be
detected by a standard medical examination.

Our findings suggest that fat accumulation in the liver identifies a category of overweight
adolescents who are at high risk of developing diabetes, hypertension, and coronary heart
disease (CHD) in the future. Although measures of adiposity (ie, BMI, body fat mass, and
percentage body fat) were similar in our 2 groups of subjects, those with NAFLD had evidence
of abnormalities in multiple metabolic risk factors for CHD. Compared with the normal IHTG
group, the NAFLD group had higher plasma triglyceride, total cholesterol, and LDL-
cholesterol concentrations; a lower plasma HDL-cholesterol concentration; and a trend toward
higher systolic and diastolic blood pressures. These results are consistent with findings in
adults, which found that NAFLD is frequently associated with metabolic risk factors for CHD
and the metabolic syndrome (23,24). Our data show that NAFLD in adolescents should be
considered part of a constellation of co-occurring metabolic abnormalities that are associated
with increased CHD risk in adults. Therefore, an elevated IHTG content identifies overweight

Deivanayagam et al. Page 5

Am J Clin Nutr. Author manuscript; available in PMC 2009 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



adolescents who are likely to have multiple metabolic abnormalities associated with obesity.
In contrast, the subjects in our study who had a normal IHTG content had a normal metabolic
profile, and even the effect of insulin on muscle glucose uptake was similar to that reported in
healthy, lean adolescents (25). These data suggest that the future medical outcomes in
overweight adolescents might differ on the basis of IHTG content. Adults with NAFLD have
a high incidence of CHD mortality, diabetes, dyslipidemia (elevated triglyceride and low HDL-
cholesterol concentrations), and hypertension (23).

An elevated IHTG content is associated with abnormalities in other triglyceride depots. The
IHTG content in our study subjects was directly correlated with their IAF volume. This relation
is similar to findings observed in both adult (1,26) and pediatric (27,28) populations and helps
explain the similarities in metabolic abnormalities observed in persons with abdominal obesity
and NAFLD (9,23,24,29). In addition, data from a recent study found that IHTG was directly
correlated with the intramyocellular triglyceride content (30). It is not known whether an
excessive IHTG content, intramyocellular triglyceride content, and IAF volume are a result of
the metabolic abnormalities associated with abdominal obesity, or are directly involved in the
pathogenesis of these abnormalities.

The mechanisms responsible for the relation between elevated IHTG content and skeletal
muscle insulin resistance in our obese adolescents is not clear. Moreover, this observation is
robust and we recently found a linear inverse correlation between IHTG content and insulin-
mediated glucose uptake in adults across a wide range of IHTG content (31). It has been
hypothesized that excessive fatty acid release from adipose tissue is responsible for many of
the metabolic abnormalities associated with obesity (32). Increased release of fatty acids from
subcutaneous adipose tissue into the systemic circulation can cause the following: 1) insulin
resistance in liver and muscle, resulting in impaired insulin-mediated suppression of hepatic
glucose production and insulin-mediated muscle glucose uptake (32); 2) dyslipidemia resulting
from elevated hepatic VLDL-triglyceride secretion and elevated HDL-cholesterol clearance
(33,34); and 3) an elevated triglyceride content in liver and IAF because of increased fatty acid
uptake and esterification to triglyceride (35). Therefore, elevations in liver and IAF could
simply be a marker of deranged fatty acid metabolism. Another hypothesis is that a decreased
capacity for storing triglyceride in subcutaneous adipose tissue results in “ectopic” triglyceride
distribution in other organs, such as the liver, muscle, and IAF (36). Elevated intrahepatic and
intraabdominal triglycerides can cause hepatic insulin resistance because of increased
intrahepatic availability of fatty acids and inflammatory adipokines; IHTG releases fatty acids
within the liver and IAF releases fatty acids and adipokines into the portal circulation, which
are then delivered directly to the liver (31,37,38). An elevated intramyocellular triglyceride
content is directly associated with insulin-resistant glucose metabolism in skeletal muscle
(30).

In summary, an excessive IHTG content in overweight adolescents is associated with insulin-
resistant glucose metabolism in liver and skeletal muscle and an abnormal plasma lipid profile.
These results suggest that measurement of the IHTG content could be a useful clinical tool to
help identify a subset of overweight adolescents who are at increased risk of developing type
2 diabetes and CHD and, therefore, should be targeted for regular medical monitoring and
aggressive weight-loss therapy.
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FIGURE 1.
Relation between intrahepatic triacylglycerol content and intraabdominal fat volume in
overweight adolescents (n = 19).
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FIGURE 2.
Mean (±SEM) hepatic insulin sensitivity index in overweight adolescents with a normal
intrahepatic triacylglycerol (IHTG) content and those with nonalcoholic fatty liver disease
(NAFLD). n = 10 per group. *Significantly different from corresponding value in subjects
with normal IHTG, P < 0.05 (Students t test for independent samples).
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FIGURE 3.
Mean (±SEM) glucose rate of disappearance (Rd) during basal conditions and the
hyperinsulinemic-euglycemic clamp in overweight adolescents with a normal intrahepatic
triacylglycerol (IHTG) content and those with nonalcoholic fatty liver disease (NAFLD). n =
10 per group. ANOVA with repeated measures was used to evaluate the statistical significance
of differences in glucose Rd during basal conditions and insulin infusion between groups.
Analysis of the group × time (stage) interaction showed the following: *Significantly different
from subjects with a normal IHTG content, P < 0.001; †Significantly different from value
during basal conditions, P < 0.01. FFM, fat-free mass.
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TABLE 1
Characteristics and body composition of the study participants1

Normal IHTG content (n = 8 M, 2 F) NAFLD (n = 8 M, 2 F)

Age (y) 15.2 ± 0.5 16.5 ± 0.4
Tanner stage 4.0 ± 0.2 4.5 ± 0.2
BMI (kg/m2) 36.6 ± 1.5 35.9 ± 1.3
BMI (percentile) 98.8 ± 0.2 98.4 ± 0.3
Body weight (kg) 105 ± 6 111 ± 5
Fat-free mass (kg) 59.9 ± 4.6 66.4 ± 4.4
Fat mass (kg) 42.4 ± 3.1 42.0 ± 2.1
Fat mass (%) 43.3 ± 2.0 39.1 ± 1.7
Total abdominal fat (cm3) 4985 ± 291 4911 ± 423
Subcutaneous abdominal fat (cm3) 4358 ± 274 3739 ± 2892
Intraabdominal fat (cm3) 627 ± 50 1114 ± 139,23
IHTG (%) 3.2 ± 0.5 28.4 ± 3.64

1
All values are x̄ ± SEM. Significance of differences between groups was evaluated by using the Student’s t test for independent samples. IHTG, intrahepatic

triglyceride; NAFLD, nonalcoholic fatty liver disease.

2
Data represent values obtained from 9 of the 10 subjects who had NAFLD, because technical problems precluded obtaining images of abdominal fat in

1 subject.

3
Significantly different from overweight subjects with normal IHTG content, P < 0.01.

4
Significantly different from overweight subjects with normal IHTG content, P < 0.001.
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TABLE 2
Basic metabolic characteristics of the study participants1

Normal IHTG content (n = 10) NAFLD (n = 10)

Glucose (mg/dL) 87.1 ± 1.2 89.2 ± 2.5
Insulin (mU/L) 18.4 ± 3.0 33.3 ± 5.52
Free fatty acids (μmol/L) 432 ± 38 475 ± 29
Triglyceride (mg/dL) 75.5 ± 6.6 173.1 ± 19.53
Total cholesterol (mg/dL) 135.9 ± 6.7 169.6 ± 7.04
LDL cholesterol (mg/dL) 74.9 ± 6.7 99.9 ± 7.12
HDL cholesterol (mg/dL) 45.7 ± 3.1 35.1 ± 2.72
Aspartate aminotransferase (IU/L) 23.9 ± 2.3 58.3 ± 12.14
Alanine aminotransferase (IU/L) 24.6 ± 3.6 105.4 ± 23.74
Systolic blood pressure (mm Hg) 119 ± 3 123 ± 5
Diastolic blood pressure (mm Hg) 67 ± 3 79 ± 9

1
All values are x̄ ± 3 SEM. Significance of differences between groups was evaluated by using the Student’s t test for independent samples. IHTG,

intrahepatic triglyceride; NAFLD, nonalcoholic fatty liver disease.

2–4
Significantly different from overweight subjects with normal IHTG content:

2
P < 0.05,

3
P < 0.001,

4
P < 0.01.
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