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Abstract
Aims/hypothesis We recently reported that a small fraction
of circulating NEFA is stored through direct uptake in
subcutaneous fat in postabsorptive humans in vivo and that
this pathway may favour lower-body fat distribution in
women. Here, we examined sex-related and regional
differences in storage of plasma NEFA in subcutaneous
adipose tissue during postprandial conditions.
Methods At 1 h after lunch, men and women of normal
weight received an intravenous bolus of ∼1.66 MBq [1-14C]
oleate followed by timed subcutaneous fat biopsies. The
preceding breakfast was either a normal- or high-fat meal;
the high-fat breakfast was used to create postprandial oleate
concentrations in the postabsorptive range.
Results Storage of the NEFA tracer in adipose tissue (dpm/g
lipid) was greater in women; in both sexes abdominal fat
stored tracer more avidly than femoral fat. A greater fraction
of the administered tracer was stored in whole body
subcutaneous fat of women than in that of men (27±3 vs 8±
1%, respectively, p<0.0001). No significant differences in
tracer storage were observed between participants consum-
ing the high- vs normal-fat breakfast.

Conclusions/interpretation Postprandial NEFA storage in
subcutaneous fat through direct uptake accounts for ∼25%
of NEFA disposal in women, but for <10% in men in a
wide range of circulating NEFA concentrations. It is greater
in the upper- than lower-body subcutaneous fat, favouring
upper-body fat accumulation in both sexes.

Keywords Abdominal . Adipose blood flow . Femoral .

Oleate tracer . Subcutaneous . Triacylglycerol

Abbreviations
Apo apolipoprotein
DXA dual energy X-ray absorptiometry
GCRC Mayo General Clinical Research Center
LBSQ lower-body subcutaneous
LPL lipoprotein lipase
TG triacylglycerol
TGFA triacylglycerol fatty acid
UBSQ upper-body subcutaneous

Introduction

In humans, adipose tissue gain or loss results from the
balance between release of NEFA via lipolysis and the
uptake/storage of fatty acids through the lipoprotein lipase
(LPL) mechanism, such as with chylomicron and VLDL-
triacylglycerol (TG), or from the direct uptake/storage of
circulating NEFA. Direct NEFA storage has been observed
in the postabsorptive [1] and the postprandial [2] states. We
found that ∼4% of circulating NEFA were stored in
subcutaneous adipose tissue in postabsorptive, normal-
weight men, whereas in normal-weight women the
corresponding value was ∼8% [1]. The preferential storage
of NEFA in upper body subcutaneous (UBSQ) fat in men,
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but not in women, suggests that this pathway may
contribute to regulation of body fat distribution [1]. NEFA
storage in upper and lower body subcutaneous (LBSQ) fat
in humans in the postprandial state has not been assessed.

The aim of the present study was to understand whether
there are sex-related and/or regional adipose tissue differ-
ences in NEFA storage in the postprandial state. We used an
intravenously administered NEFA tracer to measure direct
uptake/storage in UBSQ and LBSQ fat in men and women
of normal weight. A high- or a normal-fat meal was
provided ∼5 h prior to the study to allow us to examine the
effect of plasma NEFA concentrations on this process.

Methods

Participants Normal-weight, healthy volunteers (17 men,
13 premenopausal women) participated in the study after
providing written informed consent. The only medications
allowed were oral contraceptives. The study was approved
by the Mayo Clinic Institutional Review Board and the
reported investigations were carried out in accordance with
the principles of the Declaration of Helsinki as revised in
2000.

Study protocol Each volunteer consumed an isoenergetic
diet (50% carbohydrates, 35% fat, 15% protein) from the
Mayo General Clinical Research Center (GCRC) for 3 days
prior to the study to ensure weight stability and constant
macronutrient intake. The volunteers were then admitted to
the GCRC at 17:00 hours and given a meal at 18:00 hours.
The next morning (study day), intravenous catheters were
placed in a forearm vein in a heated hand vein (retrograde)
for purposes of tracer infusion and arterialised venous
blood sampling, respectively.

The study design is depicted in Fig. 1. On the study day,
volunteers received research meals as part of a study of
dietary fat metabolism [3]. Breakfast and lunch were
consumed at 08:00 to 08:30 and 12:30 to 13:00 hours,
respectively. The meals for each volunteer were consistent
with their weight maintenance food intake during the
previous 3 days. Volunteers were randomly assigned to

receive an Ensure Plus (Abbott Laboratories, Columbus,
OH, USA) breakfast providing energy equal to 40% of their
individual resting energy expenditure (eight women, ten
men) or the same meal plus 80 g triolein (five women,
seven men). Thus, breakfast was either a normal-fat meal
containing ∼15 g fat or a high-energy, high-fat meal
containing ∼100 g fat.

At 13:15 hours, the volunteers received an intravenous
bolus injection of ∼1.66 MBq [1-14C]oleate. The radioac-
tivity in plasma NEFA and in non-chylomicron TG was
determined by collecting blood samples before and after the
[1-14C]oleate bolus. Subcutaneous abdominal and femoral
fat biopsies were performed at 45 min (14:00 hours) after
the [1-14C]oleate bolus. The biopsies were timed to ensure
that virtually no NEFA tracer remained in the circulation,
while not allowing sufficient time for tracer in VLDL-TG to
accumulate in adipose tissue via the LPL pathway. We did
not collect frequent early blood samples after the tracer
injection because of blood volume withdrawal consider-
ations and because the focus was on plasma radioactivity at
the time of the biopsies (for timing of blood sampling, see
Fig. 1).

Approximately 90 min before breakfast, ∼5.55 MBq of
133Xe was injected [4] in the abdominal subcutaneous and
femoral adipose tissue beds. Blood flow was measured
from the time of the injection until ∼1 h after lunch
(13:30 hours). The data at ∼1 h after lunch are presented, as
they correspond to the time of the [1-14C]oleate bolus.

Body composition measurements A single-slice computed
tomography scan of the abdomen (L2–3 interspace) in
combination with dual energy x-ray absorptiometry
(DXA) (DPX-IQ; Lunar Radiation, Madison, WI, USA)
was used to assess visceral fat mass [5]. LBSQ fat (from
DXA) was considered fat caudal to the inguinal ligaments.
UBSQ fat was calculated as total body fat (DXA) minus
visceral and LBSQ fat.

Adipose tissue biopsies Subcutaneous adipose tissue sam-
ples were obtained by small needle liposuction under sterile
conditions using local anaesthesia. Biopsies were taken
from the abdominal (just lateral to the umbilicus) and the
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Fig. 1 Schematic view of the
study protocol. Subcutaneous
adipose tissue biopsies were
performed in the abdominal and
femoral regions
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femoral (anterior–lateral aspect of the thigh, approximately
one half the distance from the superior iliac spine to the
patella) regions. The biopsy samples were immediately and
meticulously rinsed with saline through Nitex Nylon Fiber
250/50 (Sefar America, Depew, NY, USA) and processed
for measurement of adipocyte size and specific activity as
described below. When possible, aliquots were stored at
−80° C for additional assays.

Measurement of adipocyte size and adipose tissue lipid
specific activity Adipocyte size was assessed using a
modification [6] of the approach of Di Girolamo et al. [7].
To measure adipose tissue lipid specific activity, the freshly
rinsed tissue was added to 15 ml chloroform:methanol (2:1
vol./vol.) and left in a cold room for at least 2 days.
Subsequently, 3.75 ml 0.88% (wt/vol.) KCl was added. The
lipid layer was isolated by centrifugation, dried and
weighed. The adipose specific activity (dpm/g lipid) from
each biopsy was measured to less than 2% counting error.

Plasma oleate and non-chylomicron triacylglycerol specific
activity Plasma oleate specific activity and concentration,
and plasma palmitate concentration were measured by
HPLC [8, 9]. To measure the appearance of the NEFA
tracer into non-chylomicron TG, 0.8 ml of fresh plasma
from each time-point was layered underneath a density
solution of 1.006 g/ml. The tubes were spun in a type 50.3
Ti rotor at 35,500 g for 30 min in an ultracentrifuge
(Optima, LE-80K; Beckman Instruments, Spinco Division,
Palo Alto, CA, USA). Chylomicrons were separated from
the non-chylomicron fraction by slicing and aspirating the
chylomicron layer. TG concentrations [10] were measured
in a small portion of the non-chylomicron fraction and the
remainder was subjected to Dole extraction to measure 14C
radioactivity. Non-chylomicron TG specific activity was
expressed as dpm/μmol TG fatty acid (TGFA).

Assessment of the presence of VLDL particles in adipose
tissue The biopsies were collected 45 min after the [l-14C]
oleate bolus, a time when 14C was found in plasma VLDL-
TG. To assess whether the 14C we detected in whole
adipose tissue samples was extracellular 14C-labelled
VLDL rather than 14C-labelled fatty acids stored in
adipocytes, we measured concentrations of apolipoprotein
(Apo)B-100 in plasma and fat biopsies. We used abdominal
and/or femoral adipose tissue samples available from eight
men (eleven samples) and ten women (19 samples).

ApoB-100 in adipose tissue and plasma (collected at the
time of the biopsy) was analysed using a multiplex
immunoassay kit (LINCOplex, Millipore, St Charles, MO,
USA) on a Luminex 100-IS (Luminex, Austin, TX, USA).
Adipose biopsies (50–75 mg) were homogenised on ice in
1 ml of the kit assay buffer (10 mmol/l PBS, 0.08% (wt/vol.)

sodium azide, 1% (wt/vol.) BSA, pH 7.4). The homogenate
was further diluted 25-fold in assay buffer to minimise assay
interferences; 10 μl of dilute homogenate was incubated in a
96-well plate with 25μl of capture antibody-conjugated beads
and 65 μl assay buffer for 1 h ambient. Beads were washed
(10 mmol/l PBS, 0.05% (vol./vol.) Proclin, 0.05% (vol./vol.)
Tween-20, pH 7.4) and 50 μl biotinylated detection antibody
cocktail added for 30 min ambient, followed by further
washing and incubation with 50 μl streptavidin–phycoery-
thrin for 30 min ambient. After final washing, beads were
resuspended in 150 μl Luminex sheath fluid for analysis.

A calibration curve of purified serum Apos was analysed
alongside the samples to assign ApoB-100 concentrations.
Standards were comprised of serial ×3 dilutions ranging
from 563 ng/ml to 2.32 ng/ml; quadratic fitting was used to
determine the regression equation. In addition to the
calibrators, a series of adipose tissue samples was created
to estimate the level of plasma contamination detectable in
this assay. Aliquots (75 mg) of adipose tissue were
homogenised as described above, then spiked with 0, 1, 5,
10 or 20 μl plasma with mid-range ApoB-100 concentrations
and analysed alongside the study samples. With the addition
of 5 μl of plasma, Apo-B100 became detectable. With this
degree of sensitivity, we were able to detect a ∼5%
contamination of the adipose tissue with 14C-labelled VLDL.

For the conversion of total ApoB-100 to VLDL-
ApoB-100, we assumed that VLDL-ApoB-100 comprises
∼8% of total circulating ApoB-100 [11]. To calculate the
fraction of adipose tissue lipid 14C attributable to VLDL
particles in the tissue sample, we assessed the amount of
14C per μmol VLDL (dpm/μmol VLDL) by dividing the
amount of non-chylomicron 14C radioactivity per ml plasma
by the μmol of VLDL per ml plasma.

Distribution of 14C in NEFA vs fatty acid ester fractions in
adipose tissue We previously found that the majority of
NEFA tracer present in adipocytes is in the form of TG [1].
In contrast, whole adipose tissue samples (rather than
isolated adipocytes) collected early after the tracer injection
contained radioactivity in the NEFA fraction (i.e. tracer not
taken up and stored in adipocytes) [1]. To test whether the
whole adipose tissue samples used in the present study
contained tracer in the form of NEFA, we separated the
NEFA from the fatty-acid esters [12]. Briefly, the lipid
extracts from the 30 samples used for ApoB-100 measure-
ments were dissolved in 4 ml heptane and then washed by
shaking twice with 10 and 5 ml of 100 mmol/l NaOH in
50% (vol./vol.) ethanol, respectively. Both the NEFA
(heptane) and fatty-acid esters fractions were collected.
The alkaline ethanol fraction was re-washed twice with
8 ml of heptane to remove any residual fatty-acid esters,
which were subsequently combined with the previously
collected fatty-acid esters fraction. The NEFA and fatty-
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acid esters fractions were dried down and counted. Because
NEFA counts might be undetectable in the small amounts
of tissue available from most of the volunteers (27 of 30
samples), we pooled the small samples of the same sex and
depot together. This was done to ensure that NEFA counts
would be detectable in the pooled samples; however, if
NEFA counts were detected, we would not know which
specific sample(s) were responsible. Three samples were
big enough to provide detectable NEFA counts if present
and were measured individually.

Glucose and insulin concentrations Plasma glucose concen-
trations were measured using a glucose analyser (Beckman
Instruments, Fullerton, CA, USA). Plasma insulin concen-
trations were measured using a chemiluminescence method
with an assay system (Access Ultrasensitive Immuno-
enzymatic; Beckman, Chaska, MN, USA)

Materials We purchased [l-14C]oleate from NEN Life
Science Products, PerkinElmer, Boston, MA, USA. We
dissolved 133Xe (Syncor, St Paul, MN, USA) in sterile saline
and used it to measure regional adipose tissue blood flow.

Calculations The oleate tracer concentration in adipose
tissue (dpm/g adipose lipid) was multiplied by the depot-
specific fat mass (g) to derive dpm per depot. The quantity
of NEFA tracer (dpm) in a fat depot was divided by the
quantity of tracer (dpm) administered to calculate the
fraction of NEFA stored in that depot. NEFA tracer storage
is presented both as dpm/g adipose lipid (specific activity)
and as a percentage of the NEFA tracer administered.
Because the dose of the NEFA tracer administered was
similar for all volunteers (∼1.66 MBq), it was possible to
compare the regional specific activity among participants.

Statistics Values are reported as means±SE. ANOVA
showed that breakfast fat content did not have a significant
effect on any of the variables studied (with the exception of
plasma oleate concentrations). Consequently, subsequent
statistical analyses were performed without including
breakfast fat content as an independent variable. Sex and
time effects on non-chylomicron-TG, plasma oleate, glu-
cose and insulin concentrations, and plasma oleate and non-
chylomicron TGFA specific activity were assessed with
repeated measures ANOVA. Two-tailed unpaired Student’s
t test was used to compare participants’ characteristics,
postprandial adipose tissue blood flow and NEFA tracer
storage between sexes. Adipocyte cell size, postprandial
adipose tissue blood flow and NEFA storage were compared
between depots using two-tailed paired Student’s t test. A
5% level of significance was adopted throughout. Statistical
analyses were performed using Statistica version 7.0
(StatSoft, Tulsa, OK, USA).

Results

Participant characteristics The two groups had similar age
and BMI, but women, as expected, had more body fat
(except visceral fat) than men (Table 1). Abdominal and
femoral adipocyte size was not significantly different
between men and women. In women, femoral adipocytes
were significantly larger than abdominal adipocytes.

Plasma oleate, palmitate, insulin and glucose concentra-
tions Plasma oleate and palmitate concentrations before and
after the [1-14C]oleate bolus are shown in Fig. 2a,b,
respectively. Glucose and insulin concentrations are shown
in Fig. 3a,b, respectively. The average palmitate concen-
trations were not significantly different between the high-fat
(41±6 μmol/l) and normal-fat (34±6 μmol/l) meal groups
(p=0.10 for effect of meal) (Fig. 2b). In contrast, the average
oleate concentrations over the 30 min after the bolus were
greater in the participants who had received the high-fat
breakfast than in those who had consumed the normal-fat
breakfast (206±32 vs 76±14 μmol/l, p<0.0001) (Fig. 2a).
The greater post-lunch oleate concentrations following the
high-fat breakfast (containing 80 g of triolein) were, at least
partly, the result of spillover of dietary/chylomicron oleate
into the systemic NEFA pool. There were no significant sex-
related differences in oleate (p=0.27), palmitate (p=0.33),
glucose (p=0.42) or insulin (p=0.10) responses.

Plasma oleate and non-chylomicron TGFA specific activi-
ty The amount of [1-14C]oleate received by the women and
men was 1.74±0.07 MBq and 1.66±0.07 MBq, respective-
ly (p=0.66). The oleate specific activity was elevated at the
time of the first blood sample following the tracer injection,
i.e. at 15 min after the bolus (Fig. 4a). Plasma [1-14C]oleate
radioactivity at the time of the biopsies was very low (range

Table 1 Anthropometrics, body fat distribution and adipocyte size of
the study participants

Characteristics Women (n=13) Men (n=17) p value

Age (years)a 33±2 29±2
BMI (kg/m2)a 22.2±0.6 23.3±0.4
Weight (kg) 62.1±2.1 76.7±2.2 0.0001
Total body fat (%) 30.6±1.7 17.6±1.2 <0.0001
Total body fat (kg) 18.2±1.4 11.8±0.9 <0.0001
UBSQ fat (kg) 9.5±0.7 6.1±0.5 0.0001
LBSQ fat (kg) 7.6±0.6 4.2±0.3 <0.0001
Visceral fat (kg) 1.2±0.2 1.6±0.2 0.08
Adipocyte size (μg lipid/cell)
Abdominal 0.41±0.06 0.52±0.07 0.23
Femoral 0.62±0.05b 0.62±0.07 0.98

Values are means±SE
a Selected to be similar and not subject to statistical testing
b p<0.01 vs abdominal adipocyte size by paired Student’s t test
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18–98 dpm/ml) (Fig. 4a) and did not differ between sexes
(p=0.92). These low values confirm that the fat biopsies
were collected when virtually all [1-14C]oleate had been
cleared from the circulation. There were no significant
effects of breakfast fat content (p=0.24 for effect of meal)
or sex (p=0.08) on the oleate specific activity response.

14C was detected in non-chylomicron TGFA at 30 min
after the [1-14C]oleate bolus and peaked on average at
105 min (Fig. 4b). No significant sex- (p=0.08) or meal-
related (p=0.24) differences were seen. Non-chylomicron
TG concentrations are shown in Fig. 4c. No statistically
significant effect of breakfast fat content was seen (p=
0.14), but men tended to have greater concentrations than
women (p=0.052).

NEFA storage in subcutaneous adipose tissue We were
unable to collect sufficient amounts of femoral fat from

three of the men for measurement of adipose lipid specific
activity. Specific activity values and the fractions of the
NEFA tracer stored in subcutaneous fat are provided in
Table 2.

The average adipose lipid specific activity values in both
abdominal subcutaneous and femoral fat were significantly
greater in women than in men (UBSQ fat, p=0.018; LBSQ
fat, p=0.0003). Abdominal specific activity was greater
than femoral specific activity in women (p=0.01) and men
(p=0.01); in both sexes a significantly greater fraction of
[1-14C]oleate was stored in the UBSQ than in LBSQ fat
(p<0.001). Women stored greater proportions of the NEFA
tracer in UBSQ, LBSQ and total subcutaneous fat (p<
0.0001 women vs men for all). The adipose lipid specific
activity and the per cent of tracer stored in adipose tissue
were not significantly different between participants who
had received the normal-fat and those who had received the
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high-fat breakfast, despite the markedly different plasma
oleate concentrations (Fig. 2a).

Presence of VLDL particles in adipose tissue samples In 26
out of 30 tissue samples ApoB-100 was below the lowest
detection limit (2.32 ng/ml). To these samples, we assigned
an ApoB-100 concentration of 2.30 ng/ml, and therefore
our estimates of the amount of VLDL in whole, washed
adipose tissue are conservative.

Based upon the dpm in non-chylomicron TG relative to
plasma VLDL ApoB-100 and the concentration of VLDL
ApoB-100 in whole adipose tissue, we estimated that 10±
2% of the 14C in adipose tissue lipid could be attributed to
VLDL particles. In nine women, we were able to assess the
presence of VLDL in the abdominal and femoral samples.
The average adipose lipid specific activity in abdominal
subcutaneous and femoral fat, as well as the fractional
[1-14C]oleate storage (% of tracer administered) before and
after correcting for contribution of VLDL-TG, is presented
in Table 3. The contribution of VLDL to 14C dpm in

adipose tissue lipid was relatively small and, even after
correction, women maintained preferential accumulation of
the NEFA tracer in the UBSQ region.

Distribution of the NEFA tracer in NEFA vs fatty-acid esters
fractions in adipose tissue In the individual (n=3) and
pooled adipose samples, <1% of the adipose tissue lipid 14C
counts were in the NEFA fraction; the remainder were in the
fatty-acid esters fraction. Thus, radioactivity in whole adipose
tissue from these volunteers was ∼90% in fatty acids that had
been esterified into complex lipids and were not VLDL-TG.

Adipose tissue blood flow Abdominal subcutaneous or leg
adipose tissue blood flow data were not available in four of
the women and four of the men. Abdominal adipose tissue
blood flow measured at ∼15 min after the [1-14C]oleate
bolus was 6.6±1.3 vs 3.9±0.9 ml (100 g tissue)−1 min−1

(p=0.09) in women and men, respectively. Corresponding
femoral adipose tissue blood flow values were 4.8±1.1 vs
4.4±1.1 ml (100 g tissue)−1 min−1 (p=0.88).

Table 2 Specific activity of 14C and percentage of the administered
[1-14C]oleate that was stored in UBSQ and LBSQ fat in women and
men at 45 min after the intravenous bolus injection of ∼1.66 MBq
[1-14C]oleate

Variables Women Men p value,
sex

Specific activity (dpm/g lipid)
UBSQ fat 1,873±214 1,122±202 <0.05
LBSQ fat 1,425±168a 605±97a <0.001
NEFA tracer take-up (%)
UBSQ fat 16.4±1.5 5.8±0.8 <0.0001
LBSQ fat 10.4±1.5b 2.5±0.4b <0.0001
Whole body
subcutaneous fat

26.8±2.7 8.2±1.0 <0.0001

Values are means±SE
a p=0.01, b p<0.001 vs corresponding value in UBSQ fat

0 60 120 180

N
on

-c
hy

lo
m

ic
ro

n 
T

G
 (

µm
ol

/l)

0

500

1,000

1,500

0 60 120 180

N
on

-c
hy

lo
m

ic
ro

n 
S

A
 (

dp
m

/µ
m

ol
 T

G
F

A
)

0

250

500

750

1,000

Time (min) Time (min) Time (min)
0 30 60 90 120

O
le

at
e 

S
A

 (
dp

m
/n

m
ol

)

0

100

200

300

400

a b c

Fig. 4 Time-course of plasma oleate specific activity (SA) (a), non-
chylomicron TGFA SA (b), and non-chylomicron TG concentration
(c) after the intravenous [1-14C]oleate bolus at time zero. A meal
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values for men; black symbols, data for participants consuming the
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isons, see the “Results” section

Table 3 Specific activity of 14C and percentage of the administered
[1-14C]oleate that was stored in UBSQ and LBSQ fat in nine women
before and after correcting for the presence of VLDL in tissue at
45 min after the intravenous bolus injection of ∼1.66 MBq [1-14C]
oleate

Variables Uncorrected Corrected

Specific activity (dpm/g lipid)
UBSQ fat 1,847±244 1,751±263
LBSQ fat 1,392±237 1,246±236

NEFA tracer stored (%)
UBSQ fat 18.3±1.6 17.3±1.6
LBSQ fat 11.3±2.0 10.2±2.0
WBSQ fat 29.6±3.3 27.5±3.4

Values are means±SE
WBSQ, whole body subcutaneous
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Discussion

We present the contributions of UBSQ and LBSQ fat to
NEFA disposal in the postprandial state. Adipose tissue
biopsies were collected from women and men of normal
weight at a time reflecting storage of the plasma NEFA
tracer through a direct uptake mechanism. Approximately
27% of the administered NEFA tracer was stored in
subcutaneous fat in women, whereas in men only ∼8%
was stored via this pathway, indicating major differences in
NEFA disposal into adipose tissue. In comparison with the
postabsorptive state [1], these values represent approxi-
mately threefold and twofold increases in the fraction of
NEFA stored in subcutaneous fat in normal-weight women
and men, respectively. As in the postabsorptive state [1],
NEFA tracer storage per unit adipose lipid mass was greater
in women than men. In the postprandial state both sexes
showed preferential accumulation of the NEFA tracer in
their UBSQ fat region.

Disappearance of NEFA across abdominal adipose tissue
has been detected in postprandial men using a combination
of stable isotope dilution and arterio-venous balance
techniques [2]. We administered the NEFA tracer and
performed the fat biopsies after a noon meal, a time of
significant chylomicronaemia. Coordinated LPL action on
chylomicron-TG in the adipose tissue capillary bed,
combined with insulin-mediated inhibition of adipose tissue
lipolysis, creates a favourable concentration gradient that
facilitates the inward flow of fatty acids (LPL-derived and
plasma NEFA) into adipocytes. One possible explanation
for the greater fraction of plasma NEFA stored in adipose
tissue in the fed state than in the postabsorptive state [1] is
that adipose tissue has the same storage (μmol/min) of a
smaller pool (reduced NEFA concentrations in the postpran-
dial period due to insulin-mediated inhibition of lipolysis).
Alternatively, there may be an enhanced NEFA trans-
membrane transport (as passive diffusion and/or facilitated
transport), combined with accelerated intracellular fatty acid
sequestration as TG, in the postprandial state. Our finding
that the fractional NEFA tracer storage was similar in those
participants with postabsorptive range plasma oleate con-
centrations as a result of consuming the high-fat breakfast
(Fig. 2a) suggests that enhanced postprandial NEFA storage
is independent of circulating NEFA concentrations.

Given that plasma oleate concentrations in participants
consuming the high-fat breakfast were three- to fivefold
greater than in the normal-fat breakfast group (Fig. 2a), yet
the fractional oleate tracer storage in subcutaneous fat was
similar, the absolute oleate storage must also have been
much greater in the high-fat meal group. The greater
chylomicronaemia after the high-fat breakfast [3] may have
created a greater local concentration of LPL-derived fatty
acids, and thus a more favourable concentration gradient for

the inward flow of circulating NEFA into adipocytes,
explaining the greater absolute oleate storage in the high-
fat breakfast group. This novel observation suggests that
the direct NEFA storage pathway may be an important
route for the disposal of LPL-generated NEFA spilling over
into the systemic circulation in the postprandial state; up to
one third of meal fatty acids traverse the NEFA pool during
the postprandial interval [13–15].

Women had greater adipose lipid specific activity (dpm/g
adipose lipid) and amount of body fat than men. Therefore,
women stored a greater fraction of the NEFA tracer in their
subcutaneous fat than did men. No statistically significant
differences in adipocyte size or blood flow between sexes
were found, suggesting that factors other than or in
addition to substrate delivery or fat cell size account for
the sex-related differences we observed. Little is known
about the potential mechanism(s) for this sex-related
difference. Possible explanations include: (1) greater
postprandial adipose tissue LPL activity in women [3],
resulting in a more favourable inward concentration
gradient; (2) a more active facilitated fatty acid transport
system; and (3) more efficient TG synthesis in adipocytes
of women [16], which would lower the intracellular NEFA
concentration.

In both sexes, [l-14C]oleate storage per unit lipid mass
was greater in abdominal subcutaneous fat than in femoral
fat. This contrasts with postabsorptive women, in whom no
preferential upper body NEFA storage was noted [1]. The
greater NEFA storage in abdominal subcutaneous fat in our
normal-weight men and women corresponds with the
greater meal fatty acid storage by abdominal subcutaneous
fat in normal-weight humans [4, 17]. Given the much larger
quantities of chylomicron-derived fatty acids than NEFA
entering adipocytes in the postprandial period, the direct
NEFA storage we measured may, to some extent, be a
reflection of the pathway of dietary fatty acid uptake/
storage by adipocytes.

The limitations of our study need to be taken into
consideration. Our goal was to time the biopsies such that
virtually no [1-14C]oleate would be in the circulation and
tracer levels in VLDL-TG would be insufficient to allow
accumulation in adipose tissue. This can be challenging
because the NEFA tracer appears as VLDL-TGFA before it
is completely cleared from the circulation (Fig. 4b). Al-
though it is possible that VLDL-derived [1-14C]oleate was
stored in adipose tissue via the LPL pathway, this seems
unlikely to have affected our results, given the slow
disappearance rate of VLDL-TG from the circulation [18]
and the fact that <10–15% of systemic NEFA are converted
to VLDL-TG over several hours [19, 20]. Although some of
the radioactivity in the adipose tissue samples may have
been 14C-labelled VLDL present in adipose tissue capillaries
(i.e. extracellular), the amount of ApoB in the tissue
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indicated that VLDL contributed ≤10% of the 14C present in
adipose tissue lipid. Even after correcting for this artefact,
[1-14C]oleate storage still represented nearly threefold
(women) and twofold (men) increases from the postabsorp-
tive state [1]. Another limitation is that we assessed regional
NEFA tracer storage by extrapolating from para-umbilical
and femoral subcutaneous fat samples to the UBSQ and
LBSQ depots, respectively. Studies of direct NEFA storage
in a variety of subcutaneous adipose tissue beds are needed
to understand the limits to the accuracy of this extrapolation.

These findings emphasise the role of subcutaneous fat in
direct plasma NEFA storage, confirming that storage occurs
in postprandial men [2] and defining sex-related and regional
differences in this process. We found that direct NEFA
storage in subcutaneous fat is a quantitatively more important
pathway in postprandial women than in men, accounting for
over one quarter of NEFA disposal. Interestingly, fractional
storage of NEFA in adipose tissue is not greater in the
postprandial state merely because plasma NEFA concentra-
tions are low. Direct postprandial NEFA storage per unit lipid
weight is greater in UBSQ than in LBSQ fat in men and
women (unlike the postabsorptive condition), suggesting that
the direct NEFA storage process in the fed state favours
upper-body fat accumulation in both sexes.
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