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Abstract

An increased release of free fatty acids (FFA) into plasma likely contributes to the metabolic
complications associated with obesity. However, the relationship between body fat and FFA
metabolism is unclear because of conflicting results from different studies. The goal of our study
was to determine the interrelationships between body fat, sex and plasma FFA kinetics. We
determined FFA rate of appearance (Ra) in plasma, by using stable isotopically labeled tracer
techniques, during basal conditions in 106 lean, overweight, and obese, non-diabetic subjects (43
men and 63 women who had 7.0-56.0 % body fat). Correlation analyses demonstrated: 1) no
differences between men and women in the relationship between fat mass and total FFA Ra
(umol-min~1); 2) total FFA Ra increased linearly with increasing FM (r=0.652, P<0.001); 3) FFA
Ra per kg FM decreased in a curvilinear fashion with increasing FM (r=—0.806; P<0.001); 4) FFA
Ra in relationship to fat-free mass was greater in obese than lean subjects and greater in women
than in men; 5) abdominal fat itself was not an important determinant of total FFA Ra. We
conclude that total body fat, not regional fat distribution or sex, is an important modulator of the
rate of FFA release into plasma. Although increased adiposity is associated with a decrease in fatty
acid release in relationship to FM, this downregulation is unable to completely compensate for the
increase in FM, so total FFA Ra and FFA Ra with respect to FFM are greater in women than in
men and in obese than in lean subjects.
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INTRODUCTION

Alterations in free fatty acid (FFA) metabolism are involved in the pathogenesis of insulin
resistance, diabetes, dyslipidemia, and cardiovascular disease (CVD) (1, 2). Excessive
plasma FFA availability impairs the ability of insulin to suppress hepatic glucose production
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and to increase skeletal muscle glucose disposal (1, 3). Plasma FFA are also the primary
source of fatty acids for hepatic VLDL-triglyceride (TG) production (4—7), and plasma
VLDL-TG concentration is an important risk factor for CVD (8, 9). In addition, the
accumulation of intracellular fatty acid metabolites stimulates the production of
inflammatory proteins (10), which can also contribute to insulin resistance and
atherosclerosis (1). Therefore, understanding the factors that affect FFA metabolism has
important physiological and clinical implications.

It has been hypothesized that the metabolic complications associated with obesity are due to
increased body fat mass, which increases the release of FFA into plasma. However, the
relationship between body fat and FFA metabolism is unclear because of conflicting results
from different studies. For example, the rate of FFA release into plasma, expressed per unit
of fat-free mass (FFM), in obese subjects has been reported to be both greater than (11-15)
and the same as (5, 13, 16, 17) the rate of FFA release in lean subjects. The relationship
between adiposity and FFA metabolism is further complicated by sex, because, at any given
body mass index, women have more fat than men (18). An adequate evaluation of the
influence of sex and adiposity on FFA metabolism is difficult, because it requires
conducting careful metabolic studies in a large number of subjects.

The purpose of the present study was to provide a definitive evaluation of the inter-
relationships between body composition, sex, and FFA kinetics by studying a large sample
of men and women who had a wide range in percent body fat, but who did not have diabetes
or other metabolic abnormalities that could confound the interpretation of the data. Fatty
acid kinetics were determined by using intravenous stable isotopically-labeled palmitate
infusion during carefully controlled metabolic conditions.

METHODS AND PROCEDURES

Subjects

A total of 106 subjects (43 men: 40 Caucasians, 3 African Americans; 63 women: 51
Caucasians, 9 African Americans, 3 Asians) who were recruited from the general public by
local postings and by contacting potential participants listed in the Washington University
School of Medicine volunteer database between 1999 and 2007 for measurements of FFA
kinetics in our Center for Human Nutrition, had a body mass index (BMI) between 18.1 and
44.3 kg/m?2, and fulfilled the inclusion criteria described below participated in this study. All
subjects completed a comprehensive medical evaluation, which included a history and
physical examination, standard blood and urine tests, and an oral glucose tolerance test. All
subjects had normal oral glucose tolerance (19), and none had evidence of any illnesses,
were taking regular medications known to affect lipid metabolism or smoked tobacco. All
subjects were weight stable (<2 kg change in body weight) and untrained (regular exercise
<2h per week) for at least 2 months before the study. Pregnant and lactating women were
excluded. We did not collect information on menstrual cycle phase or hormonal
contraceptive use by our female subjects because variations in female sex steroid availability
in plasma do not affect lipolytic activity (palmitate and glycerol flux) during basal, resting
postabsorptive conditions (20-26).

Written informed consent was obtained from all subjects before their participation in the
study, which was approved by the Human Studies Committee and the General Clinical
Research Center (GCRC) Scientific Advisory Committee at Washington University School
of Medicine in St. Louis, MO.
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Experimental Protocol

Body composition—Total fat mass (FM) and FFM were determined by using dual-
energy x-ray absorptiometry (Hologic QDR 1000/w, Waltham, MA). Intra-abdominal and
subcutaneous abdominal fat masses were assessed by using MRI (Siemens, Iselin, NJ) (27).
Eight 10-mm-thick slice images were obtained beginning at the L4-Ls interspace, and
analyzed for subcutaneous abdominal and intra-abdominal fat cross-sectional areas with
Analyze 6.0 software (Mayo Foundation, Biomedical Imaging Resource, Rochester, MN);
the areas from serial images of the abdomen were averaged.

FFA kinetics—Subjects were admitted to the inpatient unit of the GCRC at Washington
University School of Medicine at 1700h. At 1900 h, they consumed a standard meal
containing 15 kcal per kg body weight for lean subjects and 15 kcal per kg adjusted body
weight for overweight and obese subjects. Adjusted body weight was calculated as ideal
body weight (the midpoint of the medium frame of the Metropolitan Life Insurance
Company Table (28)) + 0.25 x (actual body weight — ideal body weight). Of the total energy
content of the meal, 57% was derived from carbohydrates, 28% from fat, and 15% from
protein.

At 0530 h the following morning, after subjects fasted overnight, one catheter was inserted
into a forearm vein to administer a stable isotope labeled fatty acid tracer, and a second
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 0700 h (time=0),
after blood samples were obtained to determine plasma FFA, glucose, and insulin
concentrations and background palmitate tracer-to-tracee ratio (TTR), a constant infusion of
[2,2-2H,]palmitate (0.03 pmol-kg body wt~1-min~1), bound to human albumin, was started
and maintained for 180 min. Multiple blood samples were obtained between 60 and 180 min
to determine palmitate TTR in plasma.

Sample collection and analyses

Blood samples collected in heparinized tubes were analyzed immediately to determine
plasma glucose concentration, by using an automated glucose analyzer (Yellow Spring
Instruments Co, Yellow Springs, OH). Blood samples were collected in chilled tubes
containing EDTA to determine FFA concentrations and in chilled tubes containing EDTA
plus trasylol to determine insulin concentration. Samples were placed on ice, and plasma
was separated by centrifugation within 30 min of collection. Plasma samples were stored at
—80°C until final analyses were performed. Plasma insulin concentration was measured by
using radioimmunoassay (Linco Research, St. Louis, MO). Plasma FFA concentrations were
quantified by using gas chromatography (Hewlett-Packard 5890-11, Palo Alto, CA) after
adding heptadecanoic acid to plasma as an internal standard (29). Plasma palmitate TTR was
determined by using gas-chromatography mass-spectrometry (GC/MS; MSD 5973 system,
Hewlett-Packard, Palo Alto, CA) after conversion to methyl palmitate (5, 29).

Calculations

Palmitate rate of appearance (Ra) in plasma was calculated by dividing the palmitate tracer
infusion rate by the average plasma palmitate TTR value between 60 and 180 min during
physiologic and isotopic steady state conditions. FFA Ra, which equals FFA rate of
disappearance (Rd) from plasma during metabolic steady state (30), was derived from the
proportional contribution of palmitate to total FFA concentration in plasma (31). FFA Ra
was expressed in different ways: 1) FFA Ra in umol-min~1 - the total amount of FFA
released into the circulation, 2) FFA Ra in pmol-kg FM~1.min™1 - an index of FFA released
into plasma with respect to endogenous TG stores in adipose tissue, and 3) FFA Ra in
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umol-kg FFM~1.min™1 - an index of FFA release in relationship to tissues that consume
FFA as a fuel and have high energy requirements.

An assessment of insulin resistance was made by using the homeostasis model assessment
(HOMA), which is based on plasma glucose and insulin concentrations (32).

Statistical Analysis

RESULTS

All data were normally distributed. The Pearson product-moment correlation coefficient was
determined to evaluate the relationship between anthropometric characteristics and FFA Ra.
In addition, forward and backward stepwise regression analyses on the entire group of
subjects (men and women) were used to identify determinants of FFA Ra, which were then
used to develop a final multiple linear regression model. Models were carefully evaluated to
avoid multicollinearity and ensure normal distribution of residuals. If sex was identified as a
significant determinant, the same procedures were repeated for men and women separately.
All data analyses were carried out by using Sigmastat vers. 2.03, SPSS Inc., Chicago, IL.

Subject characteristics

Body composition and metabolic characteristics of the study subjects are shown in Table 1.
Both male and female groups contained lean, overweight and obese subjects. Consequently,
there were large ranges in total and regional fat masses (~15-25 fold difference between the
leanest and most obese subjects). FFM differed by two-fold between the leanest and most
obese subjects. Although plasma glucose concentrations were similar among subjects (study
population coefficient of variation [CV] = 8%), there was a large range in plasma insulin
concentrations (CV = 69%), HOMA-IR values (CV = 72%), and plasma FFA concentration
(CV = 32%).

Relationship among plasma FFA concentration, FFA Ra, and body composition

Total FFA Ra (umol-min~1) accounted for ~30% of the variation in plasma FFA
concentration (r = 0.538; P < 0.001). There was no relationship between BMI or percent
body fat or FM and plasma FFA concentration.

The relationships between FFA Ra and body composition in men and women are
summarized in Table 2. There was no difference between men and women in the
relationship between all measures of adiposity (BMI, FM, percent body fat, total abdominal
fat, subcutaneous abdominal fat, and intra-abdominal fat) and total FFA Ra and FFA Ra
expressed per kg FM. However, the intercepts of the regression lines describing the
relationship between all measures of adiposity and FFA Ra per kg FFM were significantly
greater (P < 0.05) in women than in men, so the data for men and women are presented
separately.

Total FFA Ra (umol-min~1) correlated directly with all measures of adiposity because of the
close relationship among the different assessments of adiposity; FM was correlated with
BMI (r =0.923; P < 0.001), percent body fat (r = 0.940; P < 0.001), total abdominal fat
mass (r = 0.861; P < 0.001), subcutaneous abdominal fat mass (r = 0.863; P < 0.001) and
intra-abdominal fat mass (r = 0.510; P < 0.001). The relationship between FM and total FFA
Ra is shown in Figure 1, top panel. Total FFA Ra correlated directly with FFM in both men
and women; however, at any given amount of FFM, total FFA Ra was greater in women
than in men (Figure 1, bottom panel). There was a curvilinear, inverse relationship between
FFA Ra expressed per kg FM and all measures of adiposity; the relationship between FM
and FFA Ra per kg FM is shown in Figure 2, top panel. FFA Ra expressed per kg FFM was
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directly correlated with all measures of adiposity both in men and women but FFA Ra per
kg FFM was greater in women than in men over the entire range of adiposity (Figure 2,
bottom panel).

Multiple linear regression analysis to identify predictors of FFA flux

Multiple linear regression analyses (including sex, age, BMI, FM, FFM, percent body fat,
intra-abdominal fat mass, subcutaneous abdominal fat mass, total abdominal fat mass,
insulin concentration and HOMA-IR as independent variables) identified total body FM as
the single best determinant of both total FFA Ra and FFA Ra per kg FFM in men (r = 0.791
and 0.714, respectively, P < 0.001) and intra-abdominal fat mass as the single best predictor
of both total FFA Ra and FFA Ra per kg FFM in women (r = 0.648 and r = 0.524,
respectively; P <0.001). Percent body fat was identified as the single best determinant of
FFA Ra in relationship to FM with no difference between men and women (r=—0.817, P
<0.001). None of the other model variables significantly improved the determination of FFA
flux.

DISCUSSION

It has been hypothesized that many of the metabolic abnormalities associated with obesity
are caused by excessive FFA release from adipose tissue into plasma. However, the
relationship between body fat and FFA metabolism has been confusing because of
conflicting data from different studies and potential sex-related differences in FFA
metabolism. By studying more than 100 non-diabetic men and women, the results from the
present study have clarified several issues regarding the influence of adiposity and sex on
FFA kinetics. First, our data demonstrate that sexual dimorphism in FFA kinetics is
primarily due to differences in body composition between men and women. We found that
the rate of FFA release into plasma per unit of FM is the same in men and women, but total
FFA Ra in relationship to FFM is greater in women than men, because women have more
body fat than men. Second, total FFA Ra and FFA Ra expressed per unit of FFM increase
with increasing adiposity whereas FFA release per unit of FM decreases in a curvilinear
fashion with increasing body fat. Therefore, obesity is associated with a decrease in the rate
of FFA release from adipose tissue. However, this downregulation in the rate of FFA release
per unit of body fat does not completely compensate for the increase in total body fat, so
total FFA Ra and FFA availability in relation to FFM are increased. Third, abdominal fat
distribution does not have an important independent influence on FFA Kinetics. These data
underscore the importance of total body fat mass in regulating the basal FFA flux.

Total body adiposity was an important predictor of the rate of FFA release into plasma,
independent of sex and body fat distribution. The progressive increase in FFA Ra with
increasing FM helps explain the reason for the conflicting results from previous studies,
which reported that the rate of FFA release into plasma, expressed per unit of FFM, is
increased (11-15) or the same (5, 13, 16, 17) in obese compared with lean subjects. The
apparent discrepancy between these studies could be due to differences in the relationship
between body FM and FFM and the inherent variability in FFA kinetics at any given amount
of body FM. In addition, our data suggest the reason for sexual dimorphism in FFA kinetics,
i.e., greater basal FFA Ra relative to either FFM (33) or resting energy expenditure (34) in
women than in men, is because women generally have more body fat and less FFM than
men (18). In a previous study, Nielson et al. (34) found there was a linear relationship
between FFA release and resting energy expenditure (REE), and that REE predicted most of
the inter-individual variation in the rate of FFA release. We also observed a direct liner
relationship between FFM, which is closely related to REE (34); however, the relationship
between FM and FFA Ra was stronger and FM was a better predictor of FFA Ra in our
study.

Obesity (Silver Spring). Author manuscript; available in PMC 2012 April 4.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Mittendorfer et al.

Page 6

Our data contradict the current dogma that adipose tissue lipolytic activity, and the rate of
FFA release into the circulation, are abnormal in obesity (35-40). This notion is based, in
large part, on data from studies that found FFA Ra expressed per unit of FFM was increased
in obese subjects (11-14). However, the use of ratios to determine whether FFA Ra is
“normal” can be misleading when used to compare groups of subjects who have marked
differences in body composition, because the relationship between FFA kinetics and all
components of body composition have y and x intercepts that are significantly different from
zero (e.g. Figure 1, top panel). Therefore, FFA Kinetics normalized by body composition
(e.g., FFA Ra per kg FM or FFA Ra per kg FFM) will be different between groups who
differ in body composition because of mathematical bias rather than true differences in FFA
metabolism (41). The most appropriate approach for evaluating whether FFA Kinetics are
“abnormal” in obesity is by using regression curves among subjects who have a large range
in percent body fat mass. The data from the present study demonstrate that basal FFA Ra
correlated closely with body FM in lean, overweight and obese subjects, and data from
obese subjects followed the same regression curve as data from overweight and lean
subjects. Therefore, FFA Ra is “normal” (i.e., as expected) in overweight and obese men and
women, even though FFA Ra in relationship to FM decreases and FFA Ra in relationship to
FFM increases with increasing amounts of body fat.

The rate of FFA release into plasma per unit of FM progressively decreased with increasing
FM. This downregulation has beneficial effects because it helps prevent excessive FFA
release into plasma, which could have adverse metabolic consequences (1). However, the
decrease in FFA release is not able to completely compensate for the increase in total FM, so
total FFA Ra increased with increasing amounts of body fat. The increase in FFA delivery to
the liver and skeletal muscle can contribute to insulin resistance in these organs because
excessive FFA uptake impairs insulin mediated suppression of glucose production by the
liver (1, 3) and insulin-mediated glucose uptake by skeletal muscle (1, 3).

The relative suppression of FFA Ra with increasing adiposity seems surprising, because
insulin is the major regulator of basal adipose tissue lipolytic rates and FFA Ra (42, 43) and
obesity is associated with adipose tissue insulin resistance (13, 44, 45). Therefore, other
regulatory mechanisms must exist that inhibit FFA release from adipose tissue TG, which
more than offset the increase in lipolysis induced by insulin resistance. It is unlikely that the
differences in FFA Ra we observed between our lean and obese subjects were due to
differences in intracellular adipocyte fatty acid re-esterification which would prevent FFA
release into plasma, because data from arteriovenous balance studies across adipose tissue in
human subjects found re-esterification does not occur during basal, postabsorptive
conditions (46). The data obtained in vivo from the present study are consistent with data
obtained from ex vivo studies conducted in adipocytes prepared from adipose tissue biopsies
obtained from lean and obese subjects. Although lipolytic rate per cell was greater in large
adipocytes from obese subjects than in small adipocytes from lean subjects, lipolytic rate in
relationship to cell volume (i.e., total TG content) was lower in large than small adipocytes
(47, 48).

Abdominal (upper body) obesity is associated with a greater risk of metabolic diseases than
femoral/gluteal (lower body) obesity (49). It has been hypothesized that the relationship
observed between visceral fat and peripheral insulin resistance is due to increased rates of
FFA release into plasma (50). However, in our subjects, intra-abdominal fat mass itself was
not an important determinant of FFA flux. Although multivariate regression analysis
identified intra-abdominal fat mass as the best predictor of both total FFA Ra and FFA Ra
per kg FFM in women, this was most likely a reflection of the inherent instability in
multivariate analyses when there are correlated predictors, such as intra-abdominal fat and
total body fat mass. Nielson and colleagues (51) found the contribution of FFA derived from
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lipolysis of visceral adipose tissue to systemic FFA flux was only ~6% in lean and ~14% in
obese subjects. Therefore, increased visceral fat mass, itself, is not an important contributor
to whole-body FFA flux, and FFA release from visceral fat is unlikely to be responsible for
insulin resistance in skeletal muscle.

The results from the present study provide a comprehensive evaluation of the relationship
between body composition and FFA kinetics in human subjects. Our data demonstrate that
total body fat mass is an important determinant of the rate of FFA release into plasma in
both men and women during basal conditions. In addition, the rate of FFA release from
adipose tissue decreases with increasing body FM. However, the downregulation of FFA
release is unable to completely compensate for the increase in FM, so total FFA Ra is
greater in women than in men and in obese than in lean subjects. These findings provide
additional insights into the mechanisms responsible for metabolic complications associated
with obesity, and provide a framework for interpreting data from other studies evaluating the
pathophysiology of FFA kinetics in human subjects.
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Figure 1.

Relationship between FM and total FFA Ra (top panel) and FFM and total FFA Ra (bottom
panel) in men (n = 43; filled squares) and women (n = 63; open circles). The strength of the
relationship was evaluated by using the Pearson product-moment correlation coefficient (R-
value) and corresponding P-values. FFA: free fatty acid; FFM: fat-free mass; FM: fat mass;

Ra: rate of appearance in plasma.
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Figure 2.
Relationship between FM and FFA Ra per kg FM (top panel) and FM and FFA Ra per kg

FFM (bottom panel) in men (n = 43; filled squares) and women (n = 63; open circles). The
strength of the relationship was evaluated by using the Pearson product-moment correlation
coefficient (R-value) and corresponding P-values. The intercepts of the regression lines
describing the relationship between FM and FFA Ra per kg FFM for men and women were
different (P <0.002). FFA: free fatty acid; FFM: fat-free mass; FM: fat mass; Ra: rate of
appearance in plasma.
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Table 1

Age, body composition and metabolic characteristics of the study subjects.

All subjects Men
(n=43)

Women
(n=63)

Median (range)

Age (y)

Body mass index (kg/m?2)
Fat-free mass (kg)

Fat mass (kg)

Fat mass (% body weight)

Total abdominal fat mass (cm?)
Subcutaneous abdominal fat mass (cm?)
Intra-abdominal fat mass (cm?)
Plasma glucose (mM)

Plasma insulin (mU/l)

Plasma FFA (uM)

HOMA-IR

32.0(18.0-59.0)  30.7 (18.0 - 58.0)
320(18.1-443)  26.3 (18.1-44.0)
56.7 (37.9-84.9)  66.9 (46.8 — 84.9)
33.9 (4.8-67.5) 16.7 (4.8 - 66.3)
36.0 (7.0 - 56.0) 20.0 (7.0 - 51.0)

450.8 (36.0 - 927.0)  204.9 (36.0 — 927.0)
305.2 (30.0-730.7)  107.0 (30.0 — 662.4)

109.2 (6.0 -530.0)  94.9 (6.0 —530.0)
51(4.3-5.7)
6.9 (2.0-30.4)

365 (153 — 782)

51(4.3-6.1)
8.8(2.0-37.1)
415 (153 - 782)

2.08(0.42-8.69) 147 (0.42-7.06)

37.0 (21.0 - 59.0)
32.9 (19.8 - 44.3)
522 (37.9-67.3)
39.3 (11.5- 67.5)
42.0 (21.5 - 56.0)

498.8 (73.0 - 875.0)
359.3 (65.0 — 730.7)
117.4 (8.0 — 447.3)

51(4.3-6.1)
10.7 (2.3-37.1)
442 (161 - 689)

2.37 (0.50 - 8.69)

HOMA-IR: homeostasis model assessment of insulin resistance.
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Pearson product-moment correlation coefficients for the relationships between FFA rate of appearance (Ra)

into plasma and variables of body composition in men and women.

FFA Ra FFA Ra?
(umol-min~?) (umol-kg FM~1min™1)

Body mass index (kg/m2) 0.661t -0.6507
Fat mass (kg) 0.652F -0.8067
Fat mass (% body weight) 0.557% —08177"
Total abdominal fat mass (cm?) 0.677T —0.649 7
Subcutaneous-abdominal fat mass (cm?) 0.573f -0.678 7
Intra-abdominal fat mass (cm?) 0.546T —0.471**
Fat-free mass (kg) N.D. N.S.

FFARaP
(umol-kg FFM~tmin1)
Men Women
0.661% 0.324™
o0.714t 0.333™"
0.719t 0.294*
0.6321 0.4661
0.6261 0.318"
05097 0.5241
N.S. N.S.

a .. .
curvilinear fit.

b . I .
Data for men (n = 43) and women (n = 63) are presented separately because the intercept of the regression lines for men and women, respectively

was significantly different (P < 0.05).

*
P <0.05;

*

*
P <0.001;

TP <0.001;

N.S. = not significant.

N.D. = not determined because of marked sex differences (see Figure 1, bottom panel).
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