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Abstract
objective—It has been hypothesized that excessive fatty acid availability contributes to steatosis
and the metabolic abnormalities associated with nonalcoholic fatty liver disease (NAFLD). The
purpose of this study was to evaluate whether adipose tissue lipolytic activity and the rate of fatty
acid release into plasma are increased in obese adolescents with NAFLD.

Methods—Palmitate kinetics were determined in obese adolescents with normal (n = 9; BMI = 37
± 2 kg/m2; intrahepatic triglyceride (IHTG) ≤5.5% of liver volume) and increased (n = 9; BMI = 36
± 2 kg/m2; IHTG ≥ 10% of liver volume) IHTG content during the basal state (postabsorptive
condition) and during physiological hyperinsulinemia (postprandial condition). Both groups were
matched on body weight, BMI, percent body fat, age, sex, and Tanner stage. The hyperinsulinemic-
euglycemic clamp procedure, in conjunction with a deuterated palmitate tracer infusion, was used
to determine free-fatty acid (FFA) kinetics, and magnetic resonance spectroscopy was used to
determine IHTG content.

Results—The rate of whole-body palmitate release into plasma was greater in subjects with NAFLD
than those with normal IHTG content during basal conditions, (87 ± 7 vs. 127 ± 13 μmol/min; P <
0.01) and during physiological hyperinsulinemia, (24 ± 2 vs. 44 ± 8 μmol/min; P < 0.01).

Discussion—These results demonstrate that adipose tissue lipolytic activity is increased in obese
adolescents with NAFLD and results in an increase in the rate of fatty acid release into plasma
throughout the day. This continual excess in fatty acid flux supports the hypothesis that adipose
insulin resistance is involved in the pathogenesis of steatosis and contributes to the metabolic
complications associated with NAFLD.

INTRODUCTION
The marked increase in childhood obesity (1,2) has led to an increase in pediatric nonalcoholic
fatty liver disease (NAFLD). Approximately 3% of all children and adolescents have NAFLD,
and the prevalence rate increases to 23-53% in those who are overweight or obese (3,4). The
increase in NAFLD has important clinical implications because of the potential progression to
severe liver disease and the association between NAFLD and metabolic complications. In
adults, excessive intrahepatic triglyceride (IHTG) content is associated with insulin resistance
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in multiple organs (5-9), and is now considered part of the constellation of abnormalities
associated with the metabolic syndrome (10). We have recently found that NAFLD is
associated with insulin-resistant glucose metabolism in both liver and skeletal muscle in obese
adolescents (11).

The precise mechanisms responsible for the development of steatosis and the metabolic
complications associated with NAFLD are not known. However, it has been hypothesized that
increased release of fatty acids from adipose tissue and delivery of excessive free-fatty acid
(FFA) to the liver and skeletal muscle leads to IHTG accumulation and impaired insulin action
in both organs (12-15). Therefore, insulin resistance in adipose tissue and failure to adequately
suppress lipolysis of adipose tissue triglycerides could be a key factor in the pathogenesis and
pathophysiology of NAFLD. However, this issue has not been carefully evaluated in obese
children and adolescents, and it is not known whether NAFLD is associated with excessive
lipolytic rates or adipose tissue insulin resistance in childhood obesity.

The purpose of this study was to evaluate whether adipose tissue insulin sensitivity and lipolytic
activity are altered in obese adolescents with NAFLD. The hyperinsulinemiceuglycemic clamp
procedure, in conjunction with stable isotopically labeled tracer infusion was used to determine
basal whole-body lipolytic rates and adipose tissue sensitivity to physiological
hyperinsulinemia in vivo in obese adolescents who had either normal or increased IHTG
content, assessed by using magnetic resonance spectroscopy.

Methods And Procedures
subjects

Eighteen obese (BMI ≥ 95th percentile) adolescents participated in this study; nine subjects
had normal IHTG content (IHTG ≤ 5.5% of liver volume) (16) and nine subjects had NAFLD
(IHTG >10% of liver volume) (Table 1). A value of ≥10% IHTG content was used to define
subjects who had NAFLD to ensure a clear separation from the normal IHTG group. Groups
with normal and increased IHTG content were matched on sex, age, Tanner stage, and BMI
(Table 1). Data on hepatic and skeletal muscle insulin action with respect to glucose metabolism
in these subjects has been published previously (11).

All subjects completed a comprehensive medical evaluation, which included a history, physical
examination and blood tests. No subject had any history or evidence of liver disease other than
NAFLD, and none had impaired fasting glucose concentration, diabetes, or severe
hypertriglyceridemia (> 400 mg/dl). In addition, none of the subjects consumed alcohol,
smoked tobacco products, or took medications that are known to cause steatosis or alter glucose
or lipid metabolism.

The study was approved by the Human Research Protection Office and the Intensive Research
Unit (IRU) 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.

Body composition analyses
Body fat (FM) 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) (17). Total abdominal, subcutaneous abdominal and intra-abdominal fat
volumes were determined by using magnetic resonance imaging with a 1.5 T scanner (Siemens,
Iselin, NJ) (18). Eight 10-mm-thick axial images were obtained beginning at the L4-L5
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interspace, and analyzed for subcutaneous and intra-abdominal fat 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 two
investigators were averaged for data analyses.

IHTG content was measured by using proton magnetic resonance spectroscopy (1.5 T Siemens
Magneton Vision scanner; Siemens, Erlanger, Germany), as we have previously described
(19). Three 2 × 2 × 2 cm3 voxels were examined in each subject, and the values were averaged
to determine IHTG content. The coefficient of variation of replicate values of the triplicate
determinations for 3 voxels was 1.5%.

Hyperinsulinemic-euglycemic clamp
A one-stage hyperinsulinemic-euglycemic clamp procedure (20) was performed ∼1 week after
assessment of body composition. Female subjects were studied during the follicular phase of
their menstrual cycle. Subjects were instructed to adhere to their regular diet and to refrain
from exercise for three days before the study, to avoid caffeine for one day before the study,
and to fast (except for water) for 12 h before their admission to the Intensive Research Unit at
0600 on the morning of the study. At 0700, a catheter was inserted into an antecubital vein to
infuse a stable isotopically labeled palmitate 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, a continuous infusion of [2,2-2H2]
palmitate (infusion rate: 0.035 μmol/kg/min), bound to human albumin, was started and
maintained for 4.5 h (through the end of the euglycemic-hyperinsulinemic clamp procedure).

At 90 min, a hyperinsulinemic-euglycemic clamp procedure was started and maintained for
180 min. Insulin was infused at a rate of 40 mU/m2/min (initiated with a two-step priming dose
of 160 mU/m2/min for 5 min followed by 80 mU/m2/min for 5 min) to achieve normal
postprandial plasma insulin concentrations (21). Blood samples were taken every 10 min to
monitor plasma glucose concentrations and 20% dextrose was infused at a variable rate to
maintain plasma glucose concentration at 100 mg/dl. The infusion rate of [2,2-2H2]palmitate
was decreased by 50% (to 0.0175 μmol/kg/min) during the clamp procedure (90-270 min after
the start of the study) to account for the expected decline in adipose tissue lipolytic rate. 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 plasma palmitate tracer-
to-tracee ratio.

After the clamp procedure was completed, palmitate tracer and insulin infusions were stopped
and subjects were given a standard meal. The dextrose infusion was stopped after subjects ate
lunch. Subjects were discharged from the Intensive Research Unit after confirming that blood
glucose concentrations were stable for at least 1 h after stopping the dextrose infusion.

Analyses of blood samples
Plasma glucose concentration was determined by using an automated glucose analyzer (YSI
2300 STAT Plus; Yellow Spring Instrument, Yellow Springs, OH). Plasma insulin
concentration was measured by radioimmunoassay (Linco Research, St Louis, MO). Plasma
FFA concentrations were quantified by using gas chromatography (HP 5890 Series II GC;
Hewlett-Packard, Palo Alto, CA) after adding heptadecanoic acid to plasma as an internal
standard (22). Plasma palmitate tracer-to-tracee ratio was determined by using electron impact
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ionization gas chromatography/mass spectroscopy (MSD 5973 system with capillary column;
Hewlett-Packard) as previously described (22).

Calculations
Metabolic and isotopic steady states were achieved during the last 30 min of the basal period
(i.e., between 60 and 90 min) and the hyperinsulinemic-euglycemic clamp procedure (i.e.,
between 240 and 270 min). Therefore, palmitate rate of appearance (Ra) in plasma, an index
of adipose tissue lipolytic rate, was calculated by using Steele’s equation for steady-state
conditions (23). Palmitate Ra was expressed in μmol/min to reflect total body lipolytic rates
and in μmol/kg fat mass per min, which indicates the amount of palmitate released into the
circulation in relation to the amount of endogenous fat stored in adipose tissue (i.e., index of
the lipolytic activity per unit of adipose tissue). Palmitate rate of disappearance from plasma
was calculated by adding the amount of infused palmitate tracer to endogenous palmitate Ra.
Palmitate rate of disappearance was expressed in μmol/kg fat-free mass per min, which
indicates the amount of palmitate released into the circulation in relation to the amount of lean
tissues that utilize FFAs (i.e., index of FFA availability).

The homeostatic model assessment, based on basal glucose and insulin concentrations, was
used to provide an index of insulin resistance (24).

Statistical analyses
Statistical analyses were performed using SPSS (version 13.0; SPSS, Chicago, IL). All data
sets were tested for normality. Differences in baseline subject characteristics and metabolic
variables between NAFLD and normal IHTG groups were evaluated by using Student’s t-test
for normally distributed data. ANOVA was used to evaluate possible differences between
NAFLD and normal IHTG groups in palmitate kinetics during basal and hyperinsulinemic
conditions. A P value of ≤0.05 was considered statistically significant. Data in the text are
presented as means ± s.e.m.

RESULTS
Body composition

Subjects with increased IHTG content and those with normal IHTG content were matched on
sex, age, Tanner stage, and BMI. The amount of IHTG ranged from 2.7 to 3.9% in the control
group and from 23 to 30% in the NAFLD group. Total body weight, FM, FFM and
subcutaneous abdominal fat were similar between groups, whereas intra-abdominal fat volume
in subjects with NAFLD was almost double the value in those with normal IHTG content
(Table 1).

Metabolic variables
Basal plasma glucose concentration was not different between groups. However, basal insulin
concentration and homeostatic model assessment of insulin resistance values were greater in
subjects with increased IHTG content than in those with normal IHTG content (Table 2). As
we found in our previous study (11), the relative increase in glucose uptake during insulin
infusion was blunted in subjects who had high (67.4 ± 9.6%) compared with those who had
normal (168.6 ± 28.1%) IHTG content (P < 0.01). Mean plasma triglyceride and low-density
lipoprotein-cholesterol concentrations were greater and high-density lipoprotein-cholesterol
concentration was lower in subjects with NAFLD than subjects with normal IHTG content
(Table 2).
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Fatty acid kinetics
Total palmitate Ra was higher in subjects with increased IHTG than normal IHTG content
during both basal (127 ± 13 μmol/min vs. 87 ± 7 μmol/min; P < 0.01) and hyperinsulinemic
clamp conditions (44 ± 8 μmol/min vs. 24 ± 2 μmol/min; P < 0.01) (Figure 1a). During insulin
infusion, plasma fatty acid concentrations decreased to 0.060 ± 0.008 and 0.094 ± 0.016 μmol/
ml in the normal and high IHTG groups, respectively, but the differences between groups were
not statistically significant because of the variability in values and small number of subjects.
Palmitate Ra expressed per unit of FM was greater in the NAFLD than the normal IHTG group
during basal conditions (3.06 ± 0.34 vs. 2.10 ± 0.19 μmol/kg FM/min; P = 0.01) and
hyperinsulinemia (1.09 ± 0.22 vs. 0.59 ± 0.08 μmol/kg FM/min; P = 0.01) (Figure 1b).
Palmitate rate of disappearance per unit of FFM was also greater in the NAFLD than normal
IHTG group during both basal conditions (1.99 ± 0.15 vs. 1.47 ± 0.13 μmol/kgFFM/min; P <
0.01) and hyperinsulinemia (0.69 ± 0.11 vs. 0.40 ± 0.05 μmol/kg FFM/min; P < 0.01) (Figure
1c).

DISCUSSION
Circulating insulin is the major regulator of adipose tissue lipolytic activity during both basal
and postprandial conditions (25,26). It has been hypothesized that impaired insulin-mediated
suppression of lipolysis is involved in the pathogenesis and pathophysiology of NAFLD (5,
27). Excessive release of fatty acids from adipose tissue and their increased delivery to liver
and skeletal muscle can cause steatosis and contribute to muscle and liver insulin resistance
(12,14,15,28) commonly observed in NAFLD (5,11). In this study, we evaluated FFA
metabolism in obese adolescents who had normal or increased IHTG content to test the
hypothesis that NAFLD is associated with adipose tissue insulin resistance and adverse
alterations in FFA metabolism. The hyperinsulinemic-euglycemic clamp procedure, in
conjunction with stable isotopically labeled tracer infusion, was used to evaluate FFA
metabolism during basal (postabsorptive state) conditions and physiological hyperinsulinemia
(postprandial condition) (21). Subjects with normal and increased IHTG content were carefully
matched on age, sex, Tanner stage, BMI, and percent body fat to eliminate potential
confounding factors that might influence FFA metabolism and insulin action.

The findings from this study demonstrate that NAFLD is associated with marked alterations
in fatty acid metabolism during both basal conditions and physiological hyperinsulinemia.
During the basal state, fatty acid kinetics, expressed as total FFA Ra (index of FFA released
into the circulation per person), FFA released per unit of fat mass (index of adipose tissue
lipolytic activity), and the rate of FFA uptake per unit of FFM (index of FFA available for use
by the major oxidative tissues), were higher in subjects with increased IHTG content than those
with normal IHTG. Although lipolytic rates decreased in both groups during insulin infusion,
the rate of FFA release into plasma, expressed as total, per unit of fat mass, or per unit of FFM,
was twofold greater in subjects with NAFLD than those with normal IHTG content. Therefore,
adipose tissue lipolytic activity and the rate of FFA release into the circulation are constantly
greater in obese adolescents with NAFLD than in those with normal IHTG throughout the day.

The results from our study suggest that the failure of insulin to adequately suppress lipolysis
and the subsequent increased delivery of FFA to liver and muscle is involved in the
development of both steatosis and insulin resistance in obese adolescents who have NAFLD.
Intrahepatic fatty acids that are not oxidized by the liver for fuel are reesterified to triglyceride
and will accumulate in the liver if triglyceride production exceeds triglyceride export within
very low-density lipoprotein particles. Therefore, excessive hepatic fatty acid uptake will
increase IHTG content (29). In addition, increased plasma FFA availability impairs the ability
of insulin to suppress hepatic glucose production and stimulate muscle glucose uptake
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(30-34). Intracellular fatty acids and fatty acid metabolites can interfere with the insulin
signaling cascade directly (28,35) or indirectly, by increasing inflammatory mediators (36).

In adults, NAFLD is usually associated with other metabolic complications of abdominal
obesity, and it has been proposed that NAFLD should be considered a component of the
metabolic syndrome (10). The data from this study, in conjunction with our recent findings
that NAFLD is associated with insulin resistance in both liver and muscle (11), suggest that
increased IHTG content in obese nondiabetic adolescents is part of a systemic derangement in
insulin action that involves liver, skeletal muscle, and adipose tissue. Moreover, the
relationship between NAFLD and insulin resistance was independent of age, sex, Tanner stage,
BMI, and percent body fat. Therefore, IHTG content could be a useful clinical marker that can
help identify obese adolescents who are at increased risk of developing obesity-related
metabolic diseases.

In summary, the results from this study support the notion that adipose tissue insulin resistance
is involved in the pathogenesis of steatosis and contributes to the metabolic complications
associated with NAFLD. The rate of FFA release into plasma was much greater in obese
adolescents with NAFLD during both postabsorptive conditions and physiological
hyperinsulinemia suggesting that liver and muscle are continually exposed to an excessive FFA
load, which can result in an accumulation of intracellular triglycerides and impair insulin
action. These data help explain why increased IHTG content in obese adolescents is associated
with a systemic derangement in insulin action that involves liver, skeletal muscle, and adipose
tissue.
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Figure 1.
Whole-body palmitate kinetics during basal conditions and insulin infusion in subjects with
normal and increased (nonalcoholic fatty liver disease (NAFLD)) intrahepatic triglyceride
(IHTG) content. The data are expressed as (a) total palmitate rate of appearance (Ra) into
plasma, (b) palmitate Ra per kg fat mass (FM), which represents adipose tissue lipolytic activity
in relationship to endogenous fat stores, and (c) palmitate rate of disappearance (Rd) from
plasma per kg fat-free mass (FFM), which represents FFA availability to oxidative
tissues.*Value significantly different from corresponding value in the normal IHTG group,
P ≤ 0.01. †Value significantly different from corresponding basal value, P < 0.001.
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Table 1
Characteristics of subjects with normal intrahepatic triglyceride (IHTG) content and with nonalcoholic fatty
liver disease (NAFLD)

Normal IHTG NAFLD

n (M/F) 9 (7/2) 9 (7/2)

Age (yr) 15 ± 0 16 ± 0

Tanner stage 4.1 ± 0.2 4.4 ± 0.2

Body weight (kg) 106 ±7 109 ± 6

BMI (kg/m2) 37 ± 2 36 ± 2

BMI percentile 98 ± 1 98 ± 0

Fat mass (% body weight) 40 ± 2 39 ± 2

Intra-abdominal fat (cm3) 631 ± 56 1,074 ± 152*

Subcutaneous abdominal fat (cm3) 4,509 ± 256 3,662 ± 300

IHTG content (%) 3.3 ±0.6 26.5 ± 3.5*

Values are means ± s.e.m.

*
Value significantly different from the corresponding Normal IHTG group value, P < 0.01.
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Table 2
Metabolic variables in subjects with normal intrahepatic triglyceride (IHTG) content and with nonalcoholic
fatty liver disease (NAFLD)

Normal IHTG NAFLD

Glucose (mg/dl) 87 ± 1 89 ±3

Insulin (μU/ml) 19 ± 3 34 ± 6*

HOMA-IR 4.1 ± 0.5 7.6 ± 1.4*

Free-fatty acids (μmol/ml) 0.414 ± 0.038 0.481 ± 0.032

Triglyceride (mg/dl) 78 ± 7 172 ± 22*

HDL-cholesterol (mg/dl) 45 ± 3 36 ± 3*

LDL-cholesterol (mg/dl) 73 ± 7 102 ± 8*

Values are means ± s.e.m.

HDL, high-density lipoprotein; HOMA-IR, homeostasis model assessment of insulin resistance; LDL, low-density lipoprotein.

*
Value significantly different from the corresponding Normal IHTG group value, P < 0.05.
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