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Abstract
Aim of this study was to determine whether an increase in adiposity, without a concomitant
increase in intrahepatic triglyceride (IHTG) content, is associated with a deterioration in metabolic
function. To this end, multi-organ insulin sensitivity, assessed by using a two-stage
hyperinsulinemic-euglycemic clamp procedure in conjunction with stable isotopically labeled
tracer infusion, and very low density lipoprotein (VLDL) kinetics, assessed by stable isotopically
labeled tracer infusion and mathematical modeling, were determined in 10 subjects with class I
obesity (body mass index [BMI]: 31.6±0.3 kg/m2; 37±2% body fat; visceral adipose tissue [VAT]:
1225±144 cm3) and 10 subjects with class III obesity (BMI: 41.5±0.5 kg/m2; 43±2% body fat;
VAT: 2121±378 cm3), matched on age, sex and IHTG content (14±4% and 14±3%, respectively).
No differences between class I and class III obese groups were detected in insulin-mediated
suppression of palmitate (67±3% and 65±3, respectively; P=0.635) and glucose (67±3% and
73±5%, respectively; P=0.348) rates of appearance in plasma, and the insulin-mediated increase in
glucose disposal (218±18% and 193±30%, respectively; P=0.489). In 15 addition, no differences
between class I and class III obese groups were detected in secretion rates of VLDL-triglyceride
(6.5±1.0 and 6.0±1.4 µmol/l·min, respectively; P=0.787) and VLDL-apolipoprotein B-100
(0.40±0.05 and 0.41±0.04 nmol/l·min, respectively; P=0.866), and plasma clearance rates of
VLDL-triglyceride (31 [16–59] and 29 [18–46] ml/min, respectively; P=0.888) and VLDL-
apolipoprotein B-100 (15 [11–19] and 17 [11–25] ml/min, respectively; P=0.608). We conclude
that increased adiposity without a concomitant increase in IHTG content does not cause additional
abnormalities in adipose tissue, skeletal muscle, and hepatic insulin sensitivity, or VLDL
metabolism.
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INTRODUCTION
Obesity is associated with multiple medical co-morbidities and reduced survival (1). In
general, the risk of obesity-related complications and mortality increases with increasing
body mass index (BMI), which has led to a classification scheme that separates obesity into
distinct BMI categories used to identify patients who have “high” (class I obesity: BMI 5
30.0–34.9 kg/m2), “very high” (class II obesity: BMI 35.0–39.9 kg/m2) and “extremely
high” (class III obesity: BMI ≥40.0 kg/m2) health risk (2). These guidelines imply that body
fat mass is an important determinant of obesity-related disease, because BMI correlates
directly with percent body fat (3,4).

Although the major metabolic complications of obesity, namely insulin resistance, type 2
diabetes and hypertriglyceridemia, increase linearly with increasing BMI (5–8), the
relationship between metabolic risk and BMI is affected by several factors, such as sex,
ethnic background and body fat distribution (9). Recently, data from several studies have
found that increased intrahepatic triglyceride (IHTG) content is an important marker of
multi-organ insulin resistance and increased hepatic very low-density lipoprotein (VLDL)-
triglyceride (TG) secretion rate (10–12). In fact, insulin sensitivity in the liver, skeletal
muscle and adipose tissue is inversely correlated with IHTG content in obese subjects who
have the same BMI and percent body fat (12), and normal IHTG content is an important
predictor of “metabolically-benign” obesity (13). Therefore, it is possible that the increase in
metabolic complications associated with increasing BMI reflects an increase in liver fat,
because IHTG content, degree of steatosis and the prevalence of non-alcoholic fatty liver
disease (NAFLD) generally increase with increasing BMI values (14–18).

The purpose of the present study was to determine whether an increase in whole-body
adiposity and BMI without a concomitant increase in IHTG content is associated with
augmented metabolic dysfunction. Accordingly, we evaluated multi-organ insulin sensitivity
by using a two-stage hyperinsulinemic clamp procedure in conjunction with stable isotope
tracer infusion, and VLDL kinetics by using stable isotope tracers in conjunction with
mathematical modeling, in men and women with class I (BMI 30.0–34.9 kg/m2) and class
III (BMI ≥40.0 kg/m2) obesity who were matched on IHTG content.

METHODS AND PROCEDURES
Subjects

Among a group of 42 obese men and women studied previously (11,12,19), we identified 10
subjects with class I obesity (3 men and 7 women; age 44.9 ± 3.4 yr) and 10 subjects with
class III obesity (3 men and 7 women; age 43.0 ± 4.0 yr), who could be matched on age, sex,
and IHTG. In each group, 4 subjects had normal IHTG content (i.e., <5.6% of liver volume
based on data obtained from a normal population, who had normal fasting serum glucose
and liver enzyme concentrations and did not have diabetes (16)) and 6 subjects had
increased IHTG content (≥10% of liver volume). We did not have knowledge of any
outcome measures when the matching was performed. All subjects completed a
comprehensive medical evaluation, which included a detailed history and physical
examination, routine blood tests, a 12-lead electrocardiogram, and a 2-h oral glucose
tolerance test. Exclusion criteria included smoking, alcohol consumption ≥20 g/d, use of
medications known to affect carbohydrate and lipid metabolism, history or evidence of liver
disease (other than fat accumulation), severe hypertriglyceridemia (≥300 mg/dl), and
diabetes. All subjects had been weight-stable (≤2% change in body weight) and sedentary
(exercise <1 h/wk) for at least 2 months before enrollment. Subjects provided their written
informed consent before participating in the study, which was approved by the Human
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Research Protection Office and the Center for Applied Research Sciences Advisory
Committee of Washington University School of Medicine in St. Louis, MO.

Body composition analyses
Body composition was assessed approximately 1–2 weeks before the
hyperinsulinemiceuglycemic clamp procedure was performed. Total body fat and fat-free
mass (FFM) were determined by using dual-energy X-ray absorptiometry (Delphi-W
densitometer, Hologic, Waltham, MA) (20). Intra-abdominal and subcutaneous abdominal
adipose tissue volumes were quantified by using magnetic resonance imaging (Siemens,
Iselin, NJ; ANALYZE 7.0 software, Mayo Foundation, Minnesota, USA) (21); eight 10-
mm-thick slice images were obtained proximally at the L4-L5 interspace and were analyzed
for intra-abdominal and subcutaneous fat volume. IHTG content was measured by using
proton magnetic resonance spectroscopy (1.5T Siemens Magneton Vision scanner; Siemens,
Erlanger, Germany) (22). Three 2×2×2 cm3 voxels were examined in each subject, and the
values were averaged to determine intrahepatic TG content; the coefficient of variation was
1.5%.

Hyperinsulinemic-euglycemic clamp procedure
Subjects were admitted to the Clinical Research Unit at Washington University School of
Medicine on the evening before the study. At 1900 h, they consumed a standard meal
containing ~12 kcal/kg FFM (55% of total energy from carbohydrate, 30% from fat, and
15% from protein). Subjects then fasted (except for water) and rested in bed until
completion of the clamp procedure the next day. At 0500 h the following morning, one
catheter was inserted into a forearm vein to infuse stable isotope labeled tracers (Cambridge
Isotope Laboratories, Andover, MA), dextrose and insulin, and a second catheter was
inserted into a radial artery in the contralateral hand to obtain blood samples. At 0600 h
(time = 0), a primed, continuous infusion of [6,6-2H2]glucose (0.25 µmol/kg·min; priming
dose: 22.5 µmol/kg), dissolved in 0.9% NaCl solution, was started and maintained for 5.5 h
(until the end of clamp stage 1). At 0800 h, continuous infusions of [2,2-2H2]palmitate
(infusion rate: 0.035 µmol/kg·min), dissolved in 25% human albumin solution, and
[1,1,2,3,3-2H5]glycerol (0.08 µmol/kg·min; priming dose: 1.2 µmol/kg), dissolved in 0.9%
NaCl solution, were started and maintained for 3.5 h (until the end of clamp stage 1). At
0930 h (3.5 h after starting the glucose tracer infusion), a two-stage hyperinsulinemic-
euglycemic clamp procedure was started and continued for 6 h. During stage 1 of the clamp
procedure (from 3.5 to 5.5 h), insulin was infused at a rate of 20 mU/m2 body surface area
(BSA)·min (initiated with a priming dose of 80 mU/m2 BSA·min for 5 min and then 40 mU/
m2 15 BSA·min for 5 min). During stage 2 of the clamp procedure (from 5.5 to 9.5 h),
insulin was infused at a rate of 50 mU/m2 BSA·min (initiated with a priming dose of 200
mU/m2 BSA·min for 5 min and then 100 mU/m2 BSA·min for 5 min). The low-dose insulin
infusion rate was used to evaluate adipose tissue insulin sensitivity (suppression of lipolysis)
and hepatic insulin sensitivity (suppression of glucose production) and the high-dose insulin
infusion rate was used to evaluate skeletal muscle insulin sensitivity (stimulation of skeletal
muscle glucose uptake) (12,23). Euglycemia was maintained at a blood glucose
concentration of ~100 mg/dl throughout stages 1 and 2, by infusing 20% dextrose solution
enriched to 2.5% with [6,6-2H2]glucose. The infusion rates of [6,6-2H2]glucose,
[1,1,2,3,3-2H5]glycerol, and [2,2-2H2]palmitate were reduced by 50% during clamp stage 1,
and [6,6-2H2]glucose infusion rate was reduced by 75% during clamp stage 2, to account for
changes in hepatic glucose production and adipose tissue lipolytic rates.

Blood samples were obtained immediately before starting the tracer infusion and every 10
min during the final 30 min of the basal period and stages 1 and 2 of the clamp procedure 5
to determine plasma insulin and substrate concentrations and plasma glucose, glycerol, and
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palmitate tracer-to-tracee ratios (TTRs). Blood samples were collected in chilled tubes
containing sodium EDTA. Samples were placed on ice, and plasma was separated by
centrifugation within 30 min of collection and stored at −80°C until final analyses were
performed. A small amount of blood (~1 ml) was collected into heparinized tubes every 10
min during insulin infusion to monitor plasma glucose concentrations.

VLDL kinetics study
Approximately 1 week after the hyperinsulinemic-euglycemic clamp procedure, subjects
were readmitted to the Clinical Research Unit in the evening. At 1800 h, they consumed a
meal containing ~12 kcal/kg FFM (55% of total energy as carbohydrates, 30% as fat, and
15% as protein). Subjects then fasted (except for water) and rested in bed until completion
of the VLDL kinetics study the next day. At 0500 h the following morning, one catheter was
inserted into a forearm vein to administer stable isotope labeled tracers, and a second
catheter was inserted into a vein in the contralateral hand, which was heated to 55°C by
using a thermostatically controlled box, to obtain arterialized blood samples. At 0600 h
(time = 0), a bolus of [1,1,2,3,3-2H5]glycerol (75 µmol/kg), dissolved in 0.9% NaCl
solution, was administered through the catheter in the forearm vein, and constant infusions
of [2,2-2H2]palmitate (0.024 µmol/kg·min), dissolved in 25% human albumin solution, and
[5,5,5-2H3]leucine (0.12 µmol/kg·min; priming dose: 7.2 µmol/kg), dissolved in 0.9% NaCl
solution, were started and maintained for 12 h.

Blood samples were collected immediately before starting the tracer infusion and at 5, 15,
30, 60, 90, and 120 min and then every hour for 10 h after starting the tracer infusion to
determine glycerol and palmitate TTR in plasma and VLDL-TG, and leucine TTR in plasma
and VLDL-apolipoprotein B-100 (apoB-100). Blood samples were collected in chilled tubes
containing sodium EDTA. Samples were placed on ice, and plasma was separated by
centrifugation within 30 min of collection. Aliquots of plasma (~3 ml) were kept in the
refrigerator for immediate isolation of VLDL, as previously described (24,25). The
remaining plasma samples were stored at −80°C until final analyses were performed.

Sample analyses
Plasma glucose concentration was determined by using an automated glucose analyzer (YSI
2300 STAT plus, Yellow Spring Instrument Co., Yellow Springs, OH). Plasma insulin was
measured by using a chemiluminescent immunoassay method (Immulite 1000, Diagnostic
Products Corporation, Los Angeles, CA). Plasma high-density lipoprotein (HDL)
cholesterol was determined by using commercially available assays. Low-density
lipoprotein (LDL) cholesterol was calculated by the equation of Friedewald and colleagues
(26). Plasma free fatty acid (FFA) concentrations were quantified by gas chromatography
(HP 5890 Series II GC, Hewlett-Packard, Palo Alto, CA) (27). Plasma VLDL-TG
concentration was determined by using a colorimetric enzymatic kit (SIGMA Chemicals, St.
Louis, MO), and VLDL-apoB-100 concentration by using a turbidimetric immunoassay
(Wako Pure Chemical Industries, Osaka, Japan). Plasma free glycerol, glucose, palmitate
and leucine TTRs, glycerol and palmitate TTRs in VLDL-TG, and leucine TTR in VLDL-
apoB-100 were determined by gas chromatography - mass spectrometry (Agilent
Technologies/HP 6890 Series GC System – 5973 Mass Selective Detector, Hewlett-Packard,
Palo Alto, CA), as described previously (24,25,27–29).

Calculations
Glucose, glycerol, and palmitate kinetics—Isotopic steady-state conditions were
achieved during the final 30 min of the basal period and stages 1 and 2 of the clamp
procedure; Steele’s equation for steady-state conditions (30) was therefore used to calculate
substrate kinetics. Endogenous rate of appearance (Ra) of glucose, palmitate and glycerol in
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plasma was calculated by dividing the respective tracer infusion rate by the average plasma
substrate TTR during the last 30 min of the basal period and stages 1 and 2 of the clamp
procedure. Glucose rate of disappearance (Rd) was calculated as the sum of endogenous
glucose Ra and the infusion rate of exogenous glucose. The hepatic insulin sensitivity index
was calculated as the inverse of the product of basal hepatic glucose Ra and fasting plasma
insulin concentration (31).

VLDL-TG and VLDL-apoB-100 kinetics—The fractional turnover rate (FTR) of
VLDL-TG was determined by fitting the TTR time-courses of free glycerol in plasma and
glycerol in VLDL-TG to a compartmental model (28). The total rate of VLDL-TG secretion
(in µmol/l·min), which represents the amount of VLDL-TG secreted by the liver per unit of
plasma, was calculated by multiplying the FTR of VLDL-TG (in pools/min) by the steady-
state plasma VLDL-TG concentration (in µmol/l). The plasma clearance rate of VLDL-TG
(in ml/min) was calculated as the production rate (in µmol/min) divided by the plasma
concentration (in µmol/ml).

The relative contributions of systemic plasma FFA and non-systemic fatty acids to total
VLDL-TG production were calculated by fitting palmitate TTR in plasma and VLDL-TG to
a compartmental model (24,28,32,33). This model provides an estimate of the extent of
dilution of systemic plasma FFA by unlabeled non-systemic sources of palmitate before
being incorporated into VLDL-TG. These non-systemic fatty acids are derived from pools of
fatty acids that are not labeled with tracer during the palmitate tracer infusion study, and
include: 1) fatty acids released from pre-existing, slowly turning over TG stores in the liver
and visceral adipose tissue which releases fatty acids directly into the portal vein, 2) fatty
acids derived from local lipolysis of plasma lipoproteins that are taken up by the liver
without mixing with the systemic plasma pool, and 3) fatty acids derived from hepatic de
novo lipogenesis (34).

The FTR of VLDL-apoB-100 was calculated by fitting the TTR time-courses of free leucine
in plasma and leucine in VLDL-apoB-100 to a compartmental model (24,25). The rate of
VLDL-apoB-100 secretion and the plasma clearance rate of VLDL-apoB-100 were
calculated based on plasma VLDL-apoB-100 concentration and VLDL-apoB-100 FTR as
described above for VLDL-TG. A molecular mass of 512723 g/mol for apoB-100 was used
for unit conversions (35). The kinetic parameters of VLDL-apoB-100 are indices of the
secretion rate and plasma clearance rate of VLDL particles, because each VLDL particle
contains a single molecule of apoB-100 (36).

Statistical analysis
All data sets were tested for normality according to the Kolmogorov-Smirnov procedure.
Not-normally distributed variables were log-transformed for analysis and back-transformed
for presentation as means and 95% confidence intervals. Results for the remaining
parameters are presented as means ± SEM. Differences between groups were examined by
using Student’s independent t test, preceded by Levene’s test to assess the equality of group
variances on each dependent variable. Relationships between variables of interest were
evaluated with correlation analysis. A P-value < 0.05 was considered statistically
significant. Analyses were performed by using SPSS version 17 (SPSS, Chicago, IL)

Based on an in-house assessment of intra-individual variability in basal VLDL-TG and
VLDL-apoB-100 kinetics and in glucose kinetics during both basal conditions and insulin
infusion, determined by studying obese persons on two separate occasions under identical
conditions, a sample size of 10 subjects per group would allow us to detect between-group
differences of 12% in plasma VLDL-TG concentration, 19–31% in VLDL-TG kinetics, 15–
20% in plasma VLDL-apoB-100 concentration and kinetics, 10–17% in basal glucose and
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FFA kinetics, and 17–26% in hepatic, adipose tissue and skeletal muscle insulin sensitivity,
with an alpha value of 0.05 and power of 80% (beta = 0.2) for two-sided tests.

RESULTS
Body composition and plasma insulin and substrate concentrations

All measures of adiposity (total body fat, percent body fat, total abdominal fat, abdominal
subcutaneous fat, and intra-abdominal fat) were greater in subjects with class III than those
with class I obesity (Table 1). By design, IHTG same was the same in both groups (P =
0.879). There were no significant differences between groups in plasma insulin and substrate
concentrations (Table 2).

Basal substrate kinetics and insulin sensitivity
Basal whole-body glycerol Ra and palmitate Ra were ~55% greater in class III obese (332 ±
33 and 158 ± 13 µmol/min, respectively) than in class I obese (206 ± 21 and 106 ± 11 µmol/
min, respectively) subjects (P < 0.01 for both). However expressing glycerol Ra and
palmitate Ra per kg of fat mass eliminated the differences between groups (class III obese: 5
6.9 ± 0.7 and 3.3 ± 0.3 µmol/kg fat mass·min for palmitate Ra and glycerol Ra, respectively;
class I obese: 6.4 ± 0.7 and 3.3 ± 0.4 µmol/kg fat mass·min, respectively; P > 0.58 for both).
Basal endogenous glucose Ra in subjects with class III obesity was not different from that
obtained in subjects with class I obesity (846 ± 32 and 824 ± 47 µmol/min, respectively; P =
0.692).

Plasma insulin concentrations during the clamp procedure were similar in subjects with class
I and III obesity (stage 1: 48 ± 2 and 49 ± 5 µU/ml, respectively, P = 0.753; stage 2: 113 ± 5
and 112 ± 8 µU/ml, respectively, P = 0.951). There were no significant differences between
groups in insulin-mediated suppression of glycerol Ra (P = 0.516), palmitate Ra (P = 0.635),
and glucose Ra (P = 0.348) during stage 1, and insulin-mediated stimulation of glucose Rd
(P = 0.489) during stage 2 of the clamp procedure (Figure 1). The hepatic insulin sensitivity
index was 0.49 (0.38, 0.62) and 0.48 (0.26, 0.90) in subjects with class I and class III
obesity, respectively (P = 0.995).

VLDL kinetics
There were no significant differences between groups in hepatic VLDL-TG (P = 0.787) and
VLDL-apoB-100 (P = 0.866) secretion rates (Figure 2). The relative contribution of
systemic and non-systemic sources of fatty acids to total VLDL-TG production did not
differ between groups (P = 0.628): systemic plasma FFA accounted for 57 ± 8% of all fatty
acids in VLDL-TG in class I obese subjects and for 52 ± 7% in class III obese subjects; non-
systemic fatty acids contributed 43 ± 8% and 48 ± 7%, respectively. Therefore, there were
no significant differences between groups in the absolute secretion rates of VLDL-TG
derived from either systemic plasma FFA (P = 0.461) or non-systemic fatty acids (P =
0.918) (Figure 2). The plasma clearance rates of VLDL-TG (P = 0.888) and VLDL-
apoB-100 (P = 0.608) were not significantly different between groups (Figure 2).

Relationship between IHTG content and metabolic function
For the whole group of subjects (n = 20), and consistent with our previous observations 10
(11,12,19), IHTG content was directly correlated with VLDL-TG secretion rate (r = 0.462,
P = 0.040) and basal plasma FFA Ra (r = 0.513, P = 0.021), inversely correlated with the
hepatic insulin sensitivity index (r = −0.576, P = 0.008), inversely correlated with insulin-
mediated stimulation of glucose Rd (skeletal muscle insulin sensitivity) (r = −0.627, P =
0.003), and tended to correlate inversely with insulin-mediated suppression of FFA Ra
(adipose tissue insulin sensitivity) (r = −0.406, P = 0.076).
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DISCUSSION
An increase in BMI is often associated with an increase in IHTG content (14–18) and
obesity-related metabolic complications (5–8). In the present study we evaluated the
importance of an increase in BMI and adiposity on insulin action and VLDL kinetics
independent of any changes in IHTG. The novel finding from our study is that the increase
in metabolic dysfunction associated with an increase in whole-body adiposity and BMI (5–
8) does not occur without a concomitant increase in liver fat. Despite considerable
differences in BMI values, body fat mass, and visceral adipose tissue (VAT) mass in our
subjects with class I and class III obesity, there were no significant differences in liver,
skeletal muscle, and adipose tissue insulin sensitivity or VLDL kinetics between groups who
were matched on IHTG content. These results support the notion that IHTG is an important
marker of obese metabolic function (10–13) and demonstrate that an increase in BMI and
body fat mass alone do not necessarily cause an increase in metabolic abnormalities.

Our findings extend the observations reported from a series of previous studies that
evaluated the inverse paradigm of our study design. In those studies, the importance of an
increase in IHTG content on insulin action and VLDL kinetics was assessed when BMI and
percent body fat were kept constant (19,37–41). The results were consistent across studies,
and demonstrated that increased IHTG content is associated with multi-organ insulin
resistance and increased VLDL-TG secretion rate among subjects with the same BMI and
percent body fat. Moreover, there was a direct relationship between the amount of IHTG and
the degree of insulin resistance in liver, skeletal muscle and adipose tissue (12,37,38) and
hepatic VLDL-TG and VLDL-apoB-100 secretion rate (10,19). We also found that IHTG
content was directly associated with metabolic dysregulation in our group of subjects, which
supports our conclusion that increasing whole-body adiposity does not cause additional
metabolic abnormalities without a concomitant increase in IHTG.

Increased VAT mass is also associated with metabolic dysfunction, particularly insulin
resistance and dyslipidemia (42–44). However, VAT often correlates with IHTG content
(10,12,38,41,45), so it is possible that VAT is associated with metabolic dysfunction
because of its relationship with IHTG. The selection of our subjects resulted in a
dissociation between VAT and IHTG content; those with class III obesity had nearly twice
the volume of VAT as those with class I obesity despite having the same amount of IHTG.
Therefore, our data demonstrate that increased VAT mass is not associated with increased
metabolic dysfunction when IHTG does not also increase. These findings are consistent with
data from previous studies that found IHTG content is more closely associated with insulin
resistance (12,13,38) and VLDL-TG and VLDL-apoB-100 production (10) than VAT.
Moreover, we recently found no differences in multi-organ insulin sensitivity and VLDL-
TG secretion rate in obese subjects matched on IHTG content but who differed markedly in
VAT, whereas both insulin resistance and VLDL-TG secretion rate were greater in obese
subjects who had high rather than normal IHTG content, but matched on VAT (11). These
data suggest that the association between VAT and metabolic dysfunction reported
previously (42–44) is not likely a causal relationship. In fact, the hypothesis that excessive
release of fatty acids or adipokines from VAT is responsible for the insulin resistance
associated with visceral adiposity has not been supported by data from studies conducted in
obese people that evaluated the contribution of VAT to portal vein and systemic fatty acid
flux (46,47) and portal vein adipokine concentrations (48). Therefore, the summation of
these data underscores the importance of IHTG content as a marker of abnormal insulin
action and VLDL metabolism, and helps explain why patients with NAFLD have such a
high prevalence rate of diabetes and dyslipidemia (49). However, it is not known whether
the relationship between excessive IHTG content and metabolic dysfunction is causal or a
simple association.
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The absence of an increase in metabolic dysfunction despite an increase in adiposity in our
study subjects does not mean that adipose tissue, itself, does not contribute to the metabolic
abnormalities associated with obesity. Our data are consistent with the idea that the specific
characteristics of adipose tissue are more important than the amount of body fat in
determining the risk of obesity-related metabolic disease. Accordingly, increased fat cell
size (50), increased adipose tissue lipolytic activity (51), adipose tissue inflammatory cell
infiltration (52), adipose tissue hypoxia (53), and adipose tissue endoplasmic reticulum
stress (54) are associated with insulin resistance. In addition, an accumulation of femoral
and gluteal fat is cardioprotective and lower body obesity is associated with decreased risk
of metabolic disease (55). Our data suggest that the accumulation of ectopic fat in other
organs, particularly the liver, might be a marker of adipose tissue pathology.

In summary, we found that a marked increase in BMI, total body fat and VAT is not
associated with increased insulin resistance or alterations in VLDL-TG and VLDL-
apoB-100 metabolism in obese subjects when there is no concomitant increase in IHTG
content. These results have important physiological and clinical implications because they
indicate that liver fat modifies the metabolic risk associated with progressively increasing
BMI values. Additional studies are needed to determine whether excessive IHTG, itself,
causes metabolic dysfunction and should therefore be a distinct therapeutic target in obese
patients.
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Figure 1.
Insulin-induced suppression of glycerol, palmitate and glucose rates of appearance (Ra) and
insulin-induced stimulation of glucose rate of disappearance (Rd) in subjects with class I and
III obesity, matched on intrahepatic triglyceride content. Values are means ± SEM. There
are no significant differences between groups.
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Figure 2.
Basal very low density lipoprotein (VLDL) triglyceride (TG) and apolipoprotein B-100
(apoB-100) kinetics in subjects with class I and III obesity, matched on intrahepatic
triglyceride content. Values are means ± SEM, except for plasma clearance rates which are
means and 95% confidence intervals. There are no significant differences between groups.
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Table 1

Body composition of study subjects

Class I obese Class III obese

Body mass index (kg/m2) 31.6 ± 0.3 41.5 ± 0.5*

Weight (kg) 91.3 ± 3.1 115.8 ± 1.5*

Body fat (%) 37.2 ± 1.9 42.5 ± 2.0*

Fat mass (kg) 33.0 ± 2.2 48.6 ± 2.4*

Fat-free mass (kg) 55.6 ± 2.6 65.8 ± 2.5*

Total abdominal fat (cm3) 4123 ± 227 6442 ± 153*

Intra-abdominal fat (cm3) 1225 ± 144 2121 ± 378*

Subcutaneous abdominal fat (cm3) 2898 ± 280 4428 ± 317*

Intrahepatic triglyceride content (%) 13.7 ± 3.8 14.4 ± 3.4

Values are means ± SEM.

*
Value is significantly different from class I obese subjects, P < 0.05.
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Table 2

Plasma insulin and substrate concentrations

Class I obese Class III obese

Insulin (µU/ml) 14 (11, 18) 16 (9, 28)

Glucose (mg/dl) 98 ± 2 96 ± 3

Free fatty acids (mmol/l) 0.42 ± 0.03 0.50 ± 0.04

VLDL-TG (mg/dl) 59 ± 12 66 ± 16

VLDL-apoB-100 (mg/dl) 4.7 ± 0.9 5.1 ± 1.0

HDL-cholesterol (mg/dl) 45 ± 4 44 ± 5

LDL-cholesterol (mg/dl) 93 ± 8 93 ± 11

Values are means ± SEM, except for plasma insulin concentrations which are means and 95% confidence intervals. There are no significant
differences between groups. VLDL, very low-density lipoprotein; TG, triglyceride; apoB-100, apolipoprotein B-100; HDL, high-density
lipoprotein; LDL, low-density lipoprotein.
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