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Abstract

To determine the contribution of the major body fat depots to
systemic free fatty acid (FFA) availability, palmitate (11-"Cj-
palmitate) release was measured from leg (lower body) and
non-leg (upper body) fat in eight upper body obese (UB Ob), six
lower body obese (LB Ob), and six nonobese (Non Ob) age-

matched premenopausal women in the overnight postabsorp-
tive state. Splanchnic palmitate release was determined in 16 of
these subjects. Results: total palmitate release was greater in
UBOb(P < 0.005) than LB Obor Non Obwomen(161±16 vs.

111±9 vs. 92±9 Mmol/min, respectively). Despite increased leg
fat mass in obese women, leg palmitate release was similar in
each group. Therefore, leg fat palmitate release was greater in
Non Ob women than LB Ob (P < 0.01) or UBOb (P = 0.06)
women(3.7±03 vs. 2.4±0.2 vs. 2.7±0.2 gmol - kg fat-r' min-',
respectively). Upper body fat palmitate release was less (P
< 0.01) in LB Ob than Non Obor UBObwomen(3.0±0.4 vs.

5.0±0.3 vs. 4.9±0.4 ,umol. kg fat-r' min-', respectively).
Splanchnic palmitate release accounted for 20-32% of upper

body fat palmitate release in each group (P = NS between
groups). Leg fat palmitate release was significantly less than
upper body fat palmitate release. Weconclude that the major
difference in resting FFA metabolism between UBOband LB
Ob women is the ability of the later to down-regulate upper

body fat lipolysis to maintain normal FFA availability. (J. Clin.
Invest. 1991. 88:609-613.) Key words: free fatty acid * body
composition - 11-l'4Cpalmitate

Introduction

Upper body obesity, as assessed by waist-hip circumference
ratio (WHR),' is a major risk factor for hypertension, glucose
intolerance, and hypertriglyceridemia (1-3). Conversely, indi-
viduals with lower body obesity may have comparable
amounts of body fat but remain relatively free of the metabolic
consequences of obesity. Although the mechanism(s) by which
upper body obesity results in adverse health effects is unknown,
it has been suggested that increased free fatty acid (FFA) avail-
ability, resulting from increased effective adipose tissue lipoly-
sis, might be directly responsible for some of the observed ab-

normalities (4-6).
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1. Abbreviations used in this paper: BMI, body mass index; LBM, lean
body mass; WHR,waist-hip ratio.

Wehave previously reported that upper body obesity in
womenis associated with increased FFA availability relative to
lean tissue needs compared with nonobese and lower body
obese women (7). In order for lower body obese women to
maintain appropriate FFA availability despite increased fat
mass, there must be down-regulation of lipolysis to prevent
FFA release from increasing in proportion to body fat. Con-
versely, this process must fail to some extent in upper body
obese women. Whether this failure is a regional, versus general-
ized, phenomena is unknown. The former hypothesis is sup-
ported by the finding of adipose tissue lipolytic heterogeneity in
vitro (8, 9) and in vivo (10, 11).

Unfortunately, there is no information regarding the poten-
tial contributions of the major body fat depots to systemic FFA
availability in vivo in humans. To address these issues we have
measured FFA release from leg, non-leg, and splanchnic beds
in nonobese womenand obese womenwith differing body fat
distributions. Our findings localize upper body subcutaneous
fat as a major site of excess FFA release in healthy, premeno-
pausal upper body obese women.

Methods

Subjects. Informed written consent was obtained from 14 healthy, mod-
erately obese (body mass index [BMI] 29-36 kg/m2) premenopausal
womenand six nonobese (BMI 20-24 kg/m2) premenopausal women.
Obese subjects were selected such that six were defined as lower body
obese (WHR< 0.76) and eight subjects were selected as upper body
obese (WHR> 0.85). Waist circumferences were measured at the natu-
ral (smallest) waist with the subject in the supine position, and hip
measurements were made at the maximum circumference with the
subject standing with feet together. All womenwere in good health and
taking no medications known to affect FFA metabolism. The volun-
teers had maintained a stable weight for > 2 mobefore the studies and
were instructed to consume a minimum of 200 g of carbohydrate daily
for at least 2 wk before the studies. A summary of the subjects' clinical
characteristics is provided in Table I. Because of the demographics of
our region, all of the womenwere Caucasian.

Materials. [l1-'4C]palmitate (Research Products International
Corp., Mount Prospect, IL) was prepared for intravenous infusion as
previously described (12). Indocyanine green (Cardio-Green, Becton,
Dickinson & Co., Cockeysville, MD) was prepared as a 1.9% human
serum albumin solution in 0.40% sodium chloride.

Assays. Plasma palmitate concentration and specific activity were
determined using high-performance liquid chromatography (HPLC)
(13, 14). Plasma insulin concentrations were measured by radioimmu-
noassay (15). Plasma indocyanine green concentrations were measured
by a modification of a previously published HPLC technique (16).
Briefly, 0.5 ml of plasma was mixed with 50 ,l of methanolic diazepam
(1 mgin 100 ml) as the internal standard, and 0.5 ml of acetonitrile was
added to precipitate plasma proteins. This solution was vortexed and
centrifuged at 1,700 g for 1 min. The supernatant was injected onto an
HPLCcolumn within 40 min of sample preparation. Chromatography
was performed on a C18 reverse-phase I0-1m column and eluted with
40%acetonitrile and 60%0.05 MNa2PO4buffer solution (pH = 6.0) at
2 ml/min. Wavelength detection was 214 nM. Subject samples were
compared to a calibration curve which was constructed from identi-
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Table L Subject Characteristics

Serum Serum Plasma
Age Weight BMI WHR LBM triglycerides cholesterol insulin

yr kg kg/r kg mmol/liter mmol/liter pmol/liter

UBOb (n = 8) 42±1 86.5±4.1* 32.7±0.9 0.88±0.01* 42.8±1.0 1.72±0.23 5.65±0.26 82±16
LB Ob (n = 6) 38±2 86.6±3.5* 33.3±0.8 0.74±0.02 45.9±1.7 1.08±0.26 4.78±0.26 57±12
Non Ob (n = 6) 38±2 63.7±2.7 22.9±0.5 0.71±0.01 43.7±1.7 0.72±0.10 4.58±0.49 51±5

Abbreviations: UBOb, upper body obese; LB Ob, lower body obese; Non Ob, nonobese. Because waist to hip circumference ratios were
not random variables between obese subjects, these values were not analyzed UBOb vs. LB Ob.
*P< 0.001 cf. Non Ob.

cally treated standards. Analysis of plasma samples was performed im-
mediately after each study since degradation of indocyanine green after
overnight freezing was found to occur. Subjects having hepatic vein
indocyanine green concentrations of > 0.5 mg/liter were excluded
from the splanchnic portion of the study because these samples were
considered to have been contaminated with inferior vena caval blood.

Protocol. Lean body mass (LBM) was measured with tritiated water
space and/or body potassium counting (17) before the study. Total
body and regional fat content were measured using dual-energy x-ray
absorptiometry (model DPX, Lunar Radiation Corp., Madison, WI)
(18). Subjects were scanned using the 20-min whole-body scan time,
and region of interest analysis was performed using software version
3.1 (18). Calibration of the model DPXwas confirmed every 1-2 wk
with a series of four phantoms composed of a range (4-61% fat) of
known quantities of fat and lean (19) (kindly provided by the Research
and Development Section, George A. Hormel Co., Austin, MN). Ex-
tensive in vitro and in vivo studies of our model DPXwere performed
before and during these experiments which confirmed the accuracy of
the measurements (M. D. Jensen and H. W. Wahner, unpublished
observations). Leg fat content was estimated by using the software pro-
gram to isolate the leg that was undergoing the femoral artery/femoral
vein catheterization studies. Total abdominal fat content (20) was esti-
mated by using the region of interest program to quantitate the amount
of fat between the pubic rami and the diaphragm. Abdominal skinfold
thicknesses were measured in four separate areas of the abdomen using
skinfold calipers.

Each subject was admitted to the Mayo Clinic General Clinical
Research Center the evening before the study where they received a
standard evening meal. The following morning, after an overnight fast,
an 18-gauge infusion catheter was placed in a forearm vein, and pa-
tency was maintained with a 0.45% NaCl infusion at 20 ml/h. Blood
was sampled before starting the isotope and indocyanine green infu-
sions to be used for background palmitate specific activity and for
construction of the indocyanine green calibration curve.

The volunteers were transferred to the Cardiac Catheterization Lab-
oratory where the [1-'4C]palmitate (- 0.5 gCi/min) and indocyanine
green (12-mg priming dose, 1.1 mg/min) infusions were started at least
20 min before blood sampling. A 6 French teflon sheath was inserted
using standard percutaneous technique into the right femoral artery.
Through the sheath a 5 French pigtail was inserted and positioned in
the iliac artery 10 cmdistal to the bifurcation of the aorta; this was used
for arterial blood sampling. After placement of the arterial catheters the
indocyanine green infusion was transferred to the femoral artery sheath
and allowed to infuse for a minimum of 5 min before blood sampling.

An 8 French teflon sheath with a 7 French no. 2 cobra catheter was
then introduced into the right femoral vein. The cobra catheter was
placed under fluoroscopic guidance into the wedge position of the he-
patic vein. 5 ml of contrast dye was injected to confirm placement. The
blood sampling tip of the femoral vein catheter sheath was placed ap-
proximately at the level of the inguinal ligament. Nonheparinized
0.45% NaCl was infused through each catheter to maintain patency.

Five sets of blood samples were obtained at 4-min intervals from the
hepatic vein, femoral vein, and femoral artery sites. After completion
of blood samples all catheters were removed and local hemostasis was
obtained. The subjects remained in the hospital for the following 24 h
under observation.

Calculations. Plasma palmitate concentration and specific activity
were constant over the sampling intervals; therefore, steady-state equa-
tions were used to calculate palmitate flux (12) using the mean palmi-
tate specific activity for each subject. Hepatic plasma flow was calcu-
lated using the Fick principle and plasma indocyanine green clearance
as previously described (21). Leg plasma flow was calculated according
to the method of Jordfelt and Wahren (22). Regional (splanchnic and
leg) palmitate uptake and release were calculated using previously pub-
lished equations (11).

The following values were calculated using the palmitate kinetic
data combined with body composition analysis:

Palmitate release per kilogram of LBM

= total palmitate flux + kilogram total of LBM.

Leg fat palmitate release

= leg palmitate release (micromoles per minute)
. leg fat (kilograms).

Upper body fat palmitate release

= (total palmitate flux - [leg palmitate release X 2])

+ (total body fat - [leg fat X 2]) = upper body palmitate release

upper body fat.

To examine the potential contribution of visceral fat to
total abdominal fat in these subjects we estimated subcutane-
ous and visceral fat mass as follows: (a) abdominal circumfer-
ence was used to calculate abdominal radius, (b) abdominal
radius - mean subcutaneous skinfold thickness = radius of
intra-abdominal tissues; (c) total abdominal area - intra-abdo-
minal area = subcutaneous adipose tissue area; (d) Subcutane-
ous adipose tissue area X abdominal length = subcutaneous
adipose tissue volume; (e) Subcutaneous adipose tissue volume
x 0.83 (the percentage of fat in adipose tissue) (23) X 0.9 (den-
sity of fat in grams per cubic centimeter) = abdominal subcuta-
neous fat (grams); and (J) total abdominal fat (kilograms) - ab-
dominal subcutaneous fat (kilograms) = visceral fat.

Statistics. All results are expressed as mean±standard error
of the mean. Comparisons among groups were made using
analysis of variance and subsequent nonpaired t test. Compari-
sons between upper body and leg palmitate release were made
using a two-tailed paired Student's t test.
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Table II. Body Fat Content and Anthropomorphics

Waist Abdominal
Total body fat Leg fat Abdominal fat circumference skinfold thickness

kg kg kg cm cm

UBOb (n = 8) 38.7±3.0 7.2±0.6 13.6±1.0 99±3* 3.8±0.3
LB Ob (n = 6) 40.1±3.5 8.6±0.9 11.8±0.8 87±2* 3.3±0.1
Non Ob (n = 6) 20.6±1.5* 4.5±0.5* 4.8±0.3* 71±2* 1.6±0.2*

Abbreviations as in Table I. Leg fat content refers to the leg from which palmitate kinetic data were obtained.
* P < 0.001 cf. other groups.

Results

Subject characteristics (Table I). The mean ages and amount of
LBMwere not different in the three groups of women. Women
with upper body and lower body obesity did not differ with
respect to their degree of overweight, total weight, or percent
body fat. Serum triglyceride, cholesterol, and fasting plasma
insulin concentrations were modestly, but not significantly, in-
creased in upper body obese womencompared to lower body
obese or nonobese women. WHRwere intentionally selected
to be different in upper body obese and lower body obese
women, and there was no significant difference between WHR
of lower body obese and nonobese women. Upper body obese
womentended to have higher (P < 0.05) fasting plasma glucose
concentrations than lower body obese or nonobese women

(5.8±0.2 vs. 5.0±0.1 vs. 5.0±0.1 mmol/liter, respectively). Like-
wise, systolic (125±8 vs. 1 17±7 vs. 107±4 mmHg,respectively)
and diastolic (81±5 vs. 78±3 vs. 75±6 mmHg, respectively)
blood pressures were slightly, but not significantly greater in
upper body obese than lower body obese and nonobese
women.

Bodyfat content (Table II). Total body fat mass was similar
in both groups of obese womenand greater (P < 0.001) than
that present in nonobese women. As expected, abdominal fat
content was greater in upper body obese than lower body obese
women, whereas leg fat mass was greater in lower body obese
than upper body obese women. Although these differences
were not statistically significant, the contribution of leg fat to
total body fat in lower body obese and nonobese women

(41±1% vs. 43±2%, respectively, P = NS) was greater (P
< 0.05) than in upper body obese women (36±1%).

Using the calculations outlined in the Methods section, ab-
dominal subcutaneous fat was estimated to be 9.7±0.9,
7.4±0.4, and 3.1±0.5 kg in upper body obese, lower body
obese, and nonobese women, respectively (each value signifi-
cantly different from each other value, P< 0.05). Thus, visceral
fat was calculated to be 3.9±0.6, 4.4±1.0, and 1.8±0.5 kg in
upper body obese, lower body obese, and nonobese women.

The value for nonobese women is less (P < 0.05) than both
groups of obese women, whose values were not statistically
different.

Palmitate kinetics (Table III, Figs. I and 2). Total palmi-
tate flux and palmitate flux corrected for LBM was greater
(both P < 0.005) in upper body obese than lower body obese
and nonobese women, despite no significant differences in
plasma palmitate concentrations. Palmitate flux values were

not significantly different in lower body obese and nonobese
women.

Leg plasma flow was not different in upper body obese,
lower body obese, and nonobese women (240±27, 239±20,
and 254±30 ml/min). Despite the remarkable differences in leg
fat content, leg palmitate uptake and release were similar in all
three groups of women. Leg fat palmitate release in nonobese
women(3.7±0.3 gmol * kgfat-' - min-') was greater than lower
body obese (2.4±0.2 ,mol * kgfat-r * min-', P < 0.01) and up-
per body obese (2.7±0.2 ,umol. kgfat-V' min-', P = 0.06)
women (Fig. 1).

For all women, upper body fat palmitate release was greater
than leg fat palmitate release (4.3±0.3 vs. 2.9±0.2 gmol -kg
far' - min-', n = 20, P< 0.005). Within groups, upper body fat
palmitate release was also greater than leg fat palmitate release
(upper body obese 4.9±0.4 vs. 2.7±0.3, P < 0.05, lower body
obese 3.0±0.4 vs. 2.4±0.2, P= 0.20, and nonobese 5.0±0.3 vs.

Table III. Palmitate Kinetics

Systemic

Arterial Total
concentration flux Flux/LBM

1imo/liter umol/min Mumol - kg LBM-' - min-'

UBOb (n = 8) 163±9 161±16* 3.3±0.2*
LB Ob (n = 6) 148±13 111±9 2.3±0.2
Non Ob (n = 6) 144±16 92±9 2.1±0.2

Leg

Femoral vein Leg Leg
concentration uptake release

igmol/liter Mmol/min umol/min

UBOb (n = 8) 192±13 12.8±1.6 19.4±2.4
LB Ob (n = 6) 178±15 12.0±0.8 19.6±1.5
Non Ob (n = 6) 162±21 12.0±1.3 16.3±2.2

Splanchnic

Hepatic vein Splanchnic Splanchnic
concentration uptake release

MumoI/liter Amol/min Almol/min

UBOb (n = 7) 116±10 77.1±11.4 24.3±5.1
LB Ob (n = 4) 100±15 55.4±9.5 16.4±3.8
Non Ob (n = 5) 106±12 48.2±9.3 18.8±3.6

Abbreviations as in Table I.
* P < 0.005 cf. other groups.
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Non Ob
6.0 Ma UB Ob Figure I. Palmitate release

IC p 771LB Ob per kilogram of leg fat is
shown for nonobese (Non
Ob), upper body obese (UB
Ob), and lower body obese
(LB Ob) women. *P < 0.01

E E

1 S cf. Non Ob; **P = 0.06 cf.0 Non Ob.

3.7±0.3 ,umol * kg far' * min-', P < 0.01). Upper body fat pal-
mitate release was less (P < 0.01) in lower body obese women
than either nonobese or upper body obese women, whose val-
ues were not significantly different (Fig. 2).

Splanchnic plasma flow was 1,097±159, 885±59, and
991 ± 118 ml/min in upper body obese, lower body obese, and
nonobese women. None of the differences were statistically
significant. Net splanchnic palmitate release was similar in all
three groups of women and represented 20±5%, 23±6%, and
32±5% of upper body palmitate release in upper body obese,
lower body obese, and nonobese women, respectively (P = NS
between groups).

Discussion

These experiments were designed to examine whether lower
body (leg) and upper body (non-leg) adipose tissue release FFA
at different rates in humans and to determine whether the in-
creased FFA flux present in upper body obesity is due to a
regional, versus generalized, enhancement of lipolysis. By com-
bining isotope dilution methodology for FFA turnover, limb
and splanchnic balance techniques, together with regional and
total body tissue composition analysis, we were able to deter-
mine that leg fat is less lipolytically active than upper body fat.
In addition, we have confirmed our previous observation that
upper body obesity is associated with increased FFA flux rela-
tive to lean tissue needs (7), and localized upper body subcuta-
neous fat as the site of excess FFA release in healthy, premeno-
pausal upper body obese women.

It is now apparent that the heterogeneity of body fat distri-
bution in obesity extends beyond the simple upper body vs.
lower body model. Increased visceral fat is a better predictor of
hypertension, hyperlipidemia, and non-insulin-dependent
diabetes than upper body subcutaneous fat (24, 25). The selec-
tion of healthy, upper body obese women, taking no medica-
tions, might exclude viscerally obese women from these stud-
ies. Although our ability to exactly quantitate abdominal subcu-
taneous and visceral fat was somewhat limited by the
methodology available to us at the time of these studies, the
upper body obese volunteers would likely be characterized as

Non Ob
UB Ob
LB Ob

4!- 3.0 -

0
E

0-

Figure 2. Palmitate release
per kilogram upper body
(non-leg) fat is shown for
nonobese (Non Ob), upper
body obese (UB Ob), and
lower body obese (LB Ob)
women. *P < 0.01.

abdominal subcutaneous obesity. It is unknown whether vis-
ceral obesity would result in similar abnormalities of FFA me-
tabolism.

Quantitation of our subjects' intra- and extra-abdominal
fat with computed tomography (24-26) or magnetic resonance
imaging (27) would have been preferable, however, the combi-
nation of dual-energy x-ray absorptiometry and anthropomor-
phic measurements provided data consistent with previous
studies. Our estimates of abdominal subcutaneous area in non-
obese women(106±15 cm2) is consistent with that reported by
Baumgardner et al. (26) for midabdominal subcutaneous area
measured by computed tomographic scanning. Mean, midab-
dominal visceral adipose tissue area (intra-abdominal plus ret-
roperitoneal) in these same women(26) was - 63 cm2, similar
to what would be required to account for 1.8 kg of intra-abdo-
minal fat in our nonobese women (- 69 cm2). Thus, we be-
lieve our estimates of abdominal subcutaneous and visceral fat
in these subjects are likely close approximations of values
which might have been obtained with more sophisticated
methods. Studies are underway in our laboratory to test this
supposition.

It is important to note that our measurement of splanchnic
palmitate release is not a measure of splanchnic lipolysis. Note
that splanchnic palmitate uptake was approximately threefold
greater than release. Free fatty acid uptake occurs in both intes-
tine and liver (28), whereas release of FFA into the portal circu-
lation occurs from omental and mesenteric adipose tissue. Be-
cause the proportion of nonhepatic splanchnic FFA uptake in
humans is unknown, splanchnic lipolysis cannot be predicted
accurately. If all FFA uptake occurred in nonhepatic tissues,
splanchnic FFA release would equal splanchnic lipolysis (a
minimum estimate). If all splanchnic FFA uptake occurred in
the liver, then the fractional uptake of FFA newly released into
the portal circulation should equal fractional uptake of systemi-
cally delivered FFA (- 50%). The maximum estimate of
splanchnic lipolysis from these studies would then be approxi-
mately double splanchnic release (- 30-50 umol/min). Vis-
ceral adipose tissue palmitate release might range from 4 to 22
,umol * kg far' - min-'. It does not appear to be possible to esti-
mate more accurately visceral adipose tissue lipolysis in hu-
mans at the present time without access to the portal vein.

The most significant observation of the present studies is
the difference in upper body fat lipolytic activity between lower
body and upper body obese women. This difference is empha-
sized by the similarity of leg fat FFA release in these two groups
of obese women. Despite increased upper body fat mass in
lower body obese women, upper body FFA release was not
elevated, thus preventing excess availability relative to lean tis-
sue needs. It appears that as upper body fat mass increases in
subcutaneous upper body obesity there is a failure to decrease
lipolysis (e.g., FFA release per kilogram of fat remains identical
to nonobese women). Thus, FFA flux in subcutaneous upper
body obesity may increase in proportion to the increase in up-
per body, but not leg, fat. Despite the increased leg fat mass in
both lower body obese and upper body obese women, leg pal-
mitate release did not increase. This suggests that leg adipose
tissue in these two types of obesity is down regulated with re-
gard to lipolysis.

Howupper body fat is down regulated in lower body obese
women, and why this fails to occur in subcutaneous upper
body obesity is unknown. Kissebah and colleagues (29) have
demonstrated that abdominal subcutaneous adipocyte size is
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dramatically increased in upper body obese womencompared
with lower body obese and nonobese women, whereas thigh
adipocyte size remains similar. Perhaps the increased size of
upper body subcutaneous adipocytes in upper body obesity,
with the resulting increase in unstimulated lipolysis (29), is
permissive in the disregulation of upper body fat lipolysis. An
understanding of the mechanism by which lower body obese
womenincrease upper body fat mass by increasing fat cell num-
ber, whereas upper body obese womenincrease upper body fat
cell size, might guide investigations into potential etiologic dif-
ferences in these two types of obesity.

In addition to the potential effects of excess FFA to result in
hypertriglyceridemia (6) and insulin resistance with regards to
glucose utilization (4, 5), it has recently been demonstrated that
FFA may affect hepatic insulin metabolism (30, 31). The expo-
sure of hepatocytes to physiologic increases in FFA concentra-
tion reduced insulin clearance (30, 31). It is interesting to note
that reduced hepatic insulin clearance has been found in upper
body obese women (32).

In summary, the present in vivo studies are the first to show
quantitative differences in FFA release from upper body versus
lower body fat in overnight postabsorptive humans. In addi-
tion, we found that as leg fat mass increases in upper body and
lower body obesity, no increase in leg FFA release occurs. In
contrast, upper body FFA release increases proportionately
with increased fat mass in subcutaneous upper body obesity,
but not in lower body obese women. These observations not
only localize the increased FFA released to upper body subcuta-
neous fat in upper body obesity, but suggest that a quantitation
of fat in different body regions may lack predictive value for
some of the metabolic consequences of obesity.
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