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OBJECTIVE—Preferential upper-body fat gain, a typical male
pattern, is associated with a greater cardiometabolic risk. Regional
differences in lipolysis and meal fat storage cannot explain sex
differences in body fat distribution. We examined the potential role
of the novel free fatty acid (FFA) storage pathway in determining
body fat distribution in postabsorptive humans and whether
adipocyte lipogenic proteins (CD36, acyl-CoA synthetases, and
diacylglycerol acyltransferase) predict differences in FFA storage.

RESEARCH DESIGN AND METHODS—Rates of postabsorp-
tive FFA (palmitate) storage into upper-body subcutaneous (UBSQ)
and lower-body subcutaneous (LBSQ) fat were measured in 28 men
and 53 premenopausal women. Stable and radiolabeled palmitate
tracers were intravenously infused followed by subcutaneous fat
biopsies. Body composition was assessed with a combination of
dual-energy X-ray absorptiometry and computed tomography.

RESULTS—Women had greater FFA (palmitate) storage than men
in both UBSQ (0.376 0.15 vs. 0.276 0.18 mmol $ kg21 $min21, P =
0.0001) and LBSQ (0.426 0.19 vs. 0.226 0.11 mmol $ kg21 $min21,
P , 0.0001) fat. Palmitate storage rates were significantly greater
in LBSQ than UBSQ fat in women, whereas the opposite was true
in men. Plasma palmitate concentration positively predicted pal-
mitate storage in both depots and sexes. Adipocyte CD36 content
predicted UBSQ palmitate storage and sex-predicted storage in
LBSQ fat. Palmitate storage rates per kilogram fat did not decrease
as a function of fat mass, whereas lipolysis did.

CONCLUSIONS—The FFA storage pathway, which had remained
undetected in postabsorptive humans until recently, can have con-
siderable, long-term, and sex-specific effects on body fat distribu-
tion. It can also offer a way of protecting the body from excessive
circulating FFA in obesity. Diabetes 60:2032–2040, 2011

O
besity is a major contributor to chronic disease
(1). Furthermore, a recent large cohort study
demonstrated a strong positive association be-
tween abdominal fat distribution and all-cause

mortality independently of general adiposity (2). Partic-
ipants in the lowest third of BMI (women ,23 kg/m2; men
,24.9 kg/m2) and the highest quintile of waist or waist-
to-hip ratio had the highest relative risk of death. These

findings emphasize the importance of body fat distribu-
tion not only in overweight/obese individuals but also in
normal-weight individuals.

Men tend to preferentially store fat in their upper-body
region and women in their lower-body region (3). Regional
differences in fat accumulation must develop from imbal-
ances in fatty acid storage and/or free fatty acid (FFA)
release between fat depots. In both sexes, the upper-body
subcutaneous (UBSQ) fat depot is lipolytically more active
than lower-body subcutaneous (LBSQ) fat (4,5), suggest-
ing that differences in regional lipolysis cannot explain the
sex differences in body fat distribution. In addition to the
well-known dietary fat storage pathway, an underappre-
ciated storage pathway in adipose tissue also exists (6–8).
It involves the uptake and storage of circulating FFAs in the
postabsorptive state. The existence of this process under
postabsorptive conditions is counterintuitive considering the
rapid efflux of fatty acids due to active lipolysis. Interestingly,
the pattern of FFA storage between fat depots corresponds
to sex differences in body fat distribution (6). However, FFA
storage rates in subcutaneous fat regions have not been
quantitatively measured, which would allow direct assess-
ment of its quantitative and physiological importance.

Adipose tissue buffers the daily flux of fatty acids in
the circulation (9). A remarkable adaptation in obesity is
downregulation of lipolysis per unit of fat mass (10–13).
This is advantageous because it prevents excessive increases
in plasma FFA concentrations. Unfortunately, the enlarged
adipose tissue also downregulates dietary fat storage (13).
Because adipocytes resist further fat storage, dietary fat may
be diverted to nonadipose organs leading to ectopic fat ac-
cumulation. It is currently unknown whether postabsorptive
FFA storage is also downregulated in obesity or whether
the enlarged adipose tissue maintains its ability to store
FFA from plasma at rates similar to those in normal-weight
individuals.

Fatty acid uptake and storage in adipocytes has been well
studied in vitro, but limited information is available in vivo.
The initial step in fatty acid uptake involves the trans-
membrane transport of fatty acids. Both passive diffusion
and protein-facilitated transport (e.g., fatty acid translocase/
CD36, fatty acid-binding proteins, fatty acid transport
proteins) are thought to contribute to the transmembrane
movement of fatty acids (14–18). The transmembrane trans-
port is intimately coupled to esterification with CoA via the
action of acyl-CoA synthetases (ACSs) (19,20). This reaction
decreases the intracellular concentration of fatty acids to
favor import and is an essential initial step for triglyceride
synthesis. Diacylglycerol acyltransferase (DGAT) catalyses
the final and only committed step in triglyceride synthesis,
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the conversion of diacylglycerol to triglyceride, making this
a critical step in vivo (21).

Our goal was to assess the effect of sex and obesity
on FFA storage in UBSQ and LBSQ depots under post-
absorptive conditions. We examined the potential impor-
tance of the direct FFA storage pathway in redistributing
fatty acids between fat depots. We also investigated whether
obesity downregulates this pathway, as it does for lipolysis
and meal fat storage. Lastly, we studied whether CD36, ACS,
and DGAT relate to postabsorptive FFA storage and may
constitute limiting steps in this process.

RESEARCH DESIGN AND METHODS

The study was approved by the Mayo Clinic Institutional Review Board. In-
formed written consent was obtained from all volunteers.
Participants. Healthy participants (28 men, 53 premenopausal women) re-
ceiving nomedications, including oral contraceptives, participated in the study.
They were weight stable for .3 months before the study with a wide range of
adiposity (20–36 kg/m2). A complete blood count, chemistry group, and rou-
tine urinalysis were documented as normal.
Study protocol. Participants received all their meals from the Mayo Clinic
Clinical Research Unit metabolic kitchen for 5 days before the study to ensure
stable energy intake and consistent macronutrient composition (50% carbohy-
drate, 35% fat, and 15% protein). Volunteers were then admitted to the Clinical
Research Unit at 1700 h and given a meal at 1800 h. At 0545 h the next day,
a forearm vein catheterwas inserted and kept patentwith a controlled infusion of
0.45% NaCl. Another catheter was placed in a retrograde fashion in a hand
vein for collecting arterialized blood using the heated (55°C) hand vein tech-
nique. After collecting a baseline blood sample for background palmitate spe-
cific activity (SA) and enrichment, a continuous infusion of [U-13C]palmitate
(2–4 nmol/kg FFM/min) (Cambridge Isotope Laboratories, Andover, MA) com-
menced. After 30 min for isotopic equilibration, a series of three blood samples
were collected at 10-min intervals and then every 30 min until 0900 h to mea-
sure palmitate kinetics. An ;60 mCi intravenous bolus of [1-14C]palmitate or
;200 mCi [9,10-3H]palmitate (NEN Life Science Products; PerkinElmer Life and
Analytical Sciences, Boston, MA) was given at 0800 h. Abdominal and femoral
subcutaneous adipose biopsies were collected at 30 min after the intravenous
bolus of the radiolabeled palmitate. The biopsies were timed such that virtually
no radiolabeled FFA tracer remained in the circulation and there would be in-
sufficient tracer in VLDL-triglycerides to accumulate in adipose tissue via VLDL
(6). Participants were dismissed from the Clinical Research Unit after com-
pleting the study.
Body composition measurements. Total and regional fat masses were as-
sessed with dual-energy X-ray absorptiometry (DXA) (Lunar Radiation, Madison,
WI). Leg fat mass was considered LBSQ fat. Visceral fat mass was estimated
using a combination of single-slice computed tomography (L2-L3 interspace)
and dual-energy X-ray absorptiometry–measured abdominal fat (22). Total
body fat minus visceral and LBSQ fat masses was UBSQ fat mass.
Adipose tissue biopsies. Subcutaneous adipose tissues biopsies were col-
lected from the abdominal (just lateral to the umbilicus) and the femoral region
(on the anterior-lateral aspect of the midthigh) as previously described (6–8).
The samples were meticulously rinsed with saline through Nitex Nylon Fiber
250/50 and processed for measurement of adipocyte size and lipid SA.
Assays

Measurement of adipocyte size and adipocyte lipid specific activity. Ad-
ipocyte size (23) and adipocyte lipid specific activity (SA) (dpm/g lipid) (6) were
assessed as previously described.
Plasma palmitate concentration and SA. Aliquots of the [1-14C]palmitate
and [9,10-3H]palmitate infusates were counted to assess the exact amount
of radiotracer administered. Plasma palmitate SA was measured using high-
performance liquid chromatography (24). All other metabolic parameters were
measured as previously described (25). Plasma palmitate concentration and
plasma and [U-13C]palmitate infusate enrichment and concentration were
measured using an liquid chromatography/mass spectrometry method (26).
Measurement of adipose tissue CD36 content and ACS and DGAT
activities. We obtained sufficient tissue from a subset of participants to
measure adipose tissue CD36 content and ACS and DGAT activities. Approxi-
mately 250 mg flash-frozen adipose tissue was homogenized in 2 mL standard
homogenization buffer (20 mmol/L Tris-HCl, pH 7.4, 1 mmol/L EDTA, 255 mmol/L
sucrose) with antiproteases tablets (Roche, Indianapolis, IN). Supernatant was
collected after centrifugation at 2,100 rpm at 4°C for 10 min. The fat cake of the
supernatant was removed, and its lipids were extracted (chloroform:methanol)
and used to normalize for protein content and enzyme activity per milligram
lipid.

CD36 protein content. We used a sandwich enzyme-linked immunosorbent
assay to measure adipose tissue CD36 content (27). In brief, 100 mL of the
above-mentioned supernatant was denatured with SDS (final concentration
0.06%) and boiling for 10 min. The CD36 content was compared with that of
a calibration standard using a five-point dilution curve for each sample and
standard.
ACS activity. We measured the conversion of [3H]palmitate to its CoA de-
rivative using a modification of the method of Hall et al. (28). All reagents were
purchased from Sigma-Aldrich (St. Louis, MO), unless otherwise stated.
Briefly, the 150-mL reaction mix consisted of 150 mmol/L Tris-HCl, 50 mmol/L
MgCl2, 20 mmol/L ATP, 200 mmol/L CoA, 200 mmol/L dithiothreitol, 30 mmol/L
NaCl, and 0.1 mmol/L EDTA. A total of 50 mL palmitate with [3H]palmitate
(Perkin Elmer NET-043) mixture was added and then 50 mL sample super-
natant. At 2 min, the reaction was terminated with 1.25 mL isopropanol:
heptane:1 N H2SO4 (40:10:1, vol/vol/vol), and the supernatant was separated
with centrifugation. The aqueous phase was counted on a scintillation counter
with ,2% counting error. The intra- and interassay coefficient of variation (CV)
was ,10%. Quality control samples were run at the beginning, middle, and end
of each assay. Interassay variation was adjusted for using the mean values of the
quality control samples relative to the entire set of samples analyzed.
DGAT activity. We used the method of Coleman et al. (29) modified slightly to
use the cytosolic fraction (30) of the adipose tissue homogenate and 20 mL of
10.0 mmol/L (rather than 2.0 mmol/L) 1,2 dioleoyl-sn-glycerol (Sigma-Aldrich)
in the reaction mixture. The intra- and interassay CVs were ,10%. Interassay
variation was adjusted as described above for ACS activity.
Calculations. Palmitate flux was calculated dividing the [U-13C]palmitate in-
fusion rate by steady-state plasma [U-13C]palmitate enrichment. At steady
state, the rate of appearance (Ra) and rate of disappearance (Rd) are equal.
The regional adipose lipid SA (dpm/g lipid) was used to calculate the fraction
of injected radiolabeled palmitate stored per kilogram adipose tissue lipid
(fat). The abdominal biopsy was considered representative of the UBSQ de-
pot, whereas the femoral fat biopsy was considered representative of the
LBSQ compartment. Palmitate storage rates into each fat depot were mea-
sured as the product of steady-state palmitate Rd ([U-13C]palmitate) and the
corresponding fraction of injected radiotracer stored per kilogram fat in each
depot. Palmitate storage rates, CD36 content, and ACS and DGAT activities
were expressed in mmol $ kg fat21 $ min21 and per 1,000 adipocytes.

Different means of data expression can have a significant impact on data
interpretation. We focused on the per-unit fat mass expression, when aiming
to understand whether one body fat depot is better at competing for the
available FFA than another depot. When examining the factors that may
regulate fatty acid storage within a depot, we focused on the per 1,000 adipocytes
expression.

Homeostasis model assessment of insulin resistance (HOMA-IR) was cal-
culated as fasting serum insulin (mU/mL) 3 fasting plasma glucose (mmol/L)/
22.5. Glucose and insulin were measured as previously described (25,31).
Statistical analysis. Values are expressed as means 6 SD. Nonnormally
distributed data were logarithmically transformed to ensure normal distribu-
tion. Statistical analyses were performed using unpaired and paired Student
t test for sex and depot comparisons, respectively. P values of ,0.05 were
considered statistically significant. The Pearson test was used to assess bi-
variate relationships. Multiple linear regression analysis was used to assess
independent predictors of regional palmitate storage rates. Variance inflation
factor was determined to identify mutually dependent predictors. A variance
inflation factor of ,10 was accepted.

RESULTS

Subject characteristics. Table 1 provides the character-
istics of the participants. Participants were well matched for
age and BMI. We observed the expected differences in body
fatness. Specifically, women had significantly greater body
fat percentages and subcutaneous fat masses and less vis-
ceral fat than men. Women also had significantly larger
femoral adipocytes than men. The average plasma palmitate
concentrations did not differ between sexes, and concen-
trations were stable over the study interval. Adipose tissue
lipolysis rates (as represented by palmitate Ra) were less in
women than in men, but not when differences in resting
energy expenditure were taken into account. The time
course of plasma palmitate radioactivity was such that there
was virtually no remaining counts in plasma palmitate after
30 min and very little in the plasma triglyceride component,
similar to previous reports (6) (data not shown).
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Regional palmitate storage rates in adipose tissue.
Plasma palmitate storage rates in both UBSQ and LBSQ fat
were significantly greater in women than in men (Table 2),
whether expressed per kilogram fat or per 1,000 adipo-
cytes. In addition, storage rates were significantly greater
in LBSQ fat than in UBSQ fat in women using either mode
of expression. Conversely, adipose tissue palmitate storage
rates were greater in UBSQ fat than in LBSQ fat in men.

Plasma palmitate concentration was a positive predictor
of palmitate storage rates (effect of palmitate concentration:
UBSQ, P , 0.0001; LBSQ, P , 0.0001) (Fig. 1). In addition,
at a given palmitate concentration, women had greater
storage rates than men (sex effect: UBSQ: P = 0.0002; LBSQ:
P , 0.0001). Results were similar whether the data were
expressed per kilogram fat or per 1,000 adipocytes. Obesity
did not significantly affect regional storage rates (effect of
body fat mass on UBSQ storage, P = 0.17; LBSQ storage, P =
0.46). HOMA-IR was a significant negative predictor of
storage rates, independent of sex and palmitate concentra-
tion, in UBSQ (P = 0.025) but not LBSQ fat (P = 0.63).
Regional CD36 content, ACS activity, and DGAT
activity. Average values of CD36 content and ACS and
DGAT activities for the participants from whom we were
able to collect adequate amounts of adipose tissue are
provided in Table 3. No significant differences were ob-
served between sexes in the three lipogenic factors ex-
amined in UBSQ fat. However, women had significantly
greater ACS and DGAT activity in LBSQ fat than men. In

addition, women had significantly greater CD36 protein
content (per milligram lipid and per 1,000 adipocytes),
ACS (per milligram lipid and per 1,000 adipocytes), and
DGAT activity (per 1,000 adipocytes) in LBSQ fat than in
UBSQ fat. No regional differences were observed in men in
any of the three lipogenic factors examined.

We examined whether adipose tissue CD36 content,
ACS, and DGAT activities per 1,000 adipocytes were in-
terrelated. We observed significant positive relationships
between all of the lipogenic factors in women and between
some of them in men (Table 4).
Relationship between regional lipogenic enzymes/
proteins and regional adiposity. In women, ACS (P =
0.01) and DGAT (P = 0.03) activities per milligram lipid
decreased as a function of UBSQ fat mass in a nonlinear
fashion (Fig. 2). A similar pattern was observed for CD36
content (P = 0.02) and ACS (P = 0.005) activity in men
(Fig. 2). No associations were observed between any of the
lipogenic factors studied and LBSQ fat mass in either sex.
Relationship between regional lipogenic enzymes/
proteins and regional palmitate storage rates. When
expressed per milligram lipid, no significant correlations
were observed between lipogenic factors and regional pal-
mitate storage rates in either UBSQ or LBSQ fat, with the
only exception being a weak relationship between ACS
activity and palmitate storage rates in UBSQ fat in women
(data not shown).

When expressed per 1,000 adipocytes, rates of palmitate
UBSQ storage were significantly and positively correlated
with CD36 content (women: r = 0.66, P = 0.0001), ACS ac-
tivity (men: r = 0.61, P = 0.034; women: r = 0.65, P = 0.0002),
and DGAT activity (women: r = 0.44, P = 0.02) (Fig. 3).
Therefore, in women, palmitate storage rates in UBSQ adi-
pocytes correlated with all three lipogenic factors. In con-
trast, rates of palmitate storage in UBSQ adipocytes in men
correlated with ACS activity only. In the LBSQ depot, rates
of palmitate storage per 1,000 adipocytes were significantly
and positively correlated with CD36 content (women: r =
0.43, P = 0.006), ACS activity (women: r = 0.57, P = 0.0001),
and DGAT activity (men: r = 0.71, P = 0.005) (Fig. 3).
Therefore, palmitate storage rates in LBSQ adipocytes
correlated significantly with CD36 content and ACS activity
in women but with DGAT activity in men.
Predictors of regional palmitate storage rates. As
mentioned, plasma palmitate concentration and sex were
independent predictors of palmitate storage rates (Fig. 1).
In addition, we assessed whether the lipogenic factors
would provide an additional predictive value on palmitate
storage above and beyond sex and palmitate concentra-
tion. When the three lipogenic factors were included in the
multivariate regression analysis, palmitate concentration
(P = 0.0002) and CD36 content (P = 0.047) were the only
significant independent predictors of palmitate storage in
UBSQ adipocytes. In LBSQ adipocytes, both palmitate

TABLE 2
Palmitate storage rates in subcutaneous adipose tissue depots

Women Men P (women vs. men)

N 49 25
Palmitate storage in UBSQ fat (mmol $ kg fat21 $ min21) 0.367 6 0.153 0.267 6 0.181 0.001
Palmitate storage in LBSQ fat (mmol $ kg fat21 $ min21) 0.418 6 0.188* 0.219 6 0.107† ,0.0001
Palmitate storage in UBSQ fat (pmol $ 1,000 adipocytes21 $ min21) 0.202 6 0.114 0.153 6 0.146 ,0.0001
Palmitate storage in LBSQ fat (pmol $ 1,000 adipocytes21 $ min21) 0.284 6 0.169‡ 0.135 6 0.086 ,0.0001

Data are means 6 SD. Statistics were performed on log-transformed data. *†‡ vs. UBSQ fat within sex; *P = 0.01; †P = 0.04; ‡P , 0.0001.

TABLE 1
Anthropometrics and fat distribution of study participants

Women Men P

n 53 28
Age (years) 36 6 8 33 6 9 *
BMI (kg/m2) 27.7 6 5.0 27.7 6 5.1 *
Resting energy
expenditure (kcal/day) 1,521 6 215 1,900 6 305 ,0.0001

Weight (kg) 75.2 6 14.3 88.9 6 16.6 0.0002
Total body fat (%) 39 6 8 26 6 8 ,0.0001
Total body fat (kg) 29.7 6 10.0 23.2 6 10.6 0.009
UBSQ fat (kg) 15.8 6 5.2 12.3 6 5.9 0.009
LBSQ fat (kg) 11.8 6 4.6† 7.6 6 3.1† ,0.0001
Visceral fat (kg) 2.2 6 1.8 3.3 6 2.2 0.015
Abdominal adipocyte
size (mg lipid/cell) 0.58 6 0.24 0.58 6 0.33 0.90

Femoral adipocyte size
(mg lipid/cell) 0.75 6 0.20† 0.64 6 0.26 0.037

HOMA-IR 1.36 6 0.72 1.42 6 1.20 0.76
Plasma palmitate (mmol/L) 103 6 28 109 6 30 0.74
Plasma palmitate Ra

(mmol/min) 107 6 38 130 6 50 0.016

Data are means 6 SD. *Selected to be similar, not subject to statis-
tical testing. †P , 0.001 between depots within sex.

POSTABSORPTIVE FFA STORAGE IN SUBCUTANEOUS FAT

2034 DIABETES, VOL. 60, AUGUST 2011 diabetes.diabetesjournals.org



concentration (P = 0.003) and sex (P = 0.0003) remained
significant independent predictors of palmitate storage,
whereas none of the lipogenic factors did.
Patterns of palmitate release and storage rates
relative to adiposity. Figure 4 depicts palmitate release
(lipolysis) and storage per kilogram fat versus total sub-
cutaneous fat mass. As opposed to the downregulation of
lipolysis per kilogram fat that occurred with increasing body
fatness, palmitate storage per kilogram fat exhibited an
identical range between individuals of low and high adi-
posity. In individuals with .40 kg subcutaneous fat, palmi-
tate release was on average ;2.5 mmol $ kg fat21 $ min21,
whereas palmitate storage was on average ;0.8 mmol $
kg fat21 $min21 (Fig. 4). Therefore, in these cases, palmitate
storage was approximately one-third of palmitate release.
Estimates of body fat redistribution attributable to
the direct FFA storage pathway. Using the palmitate
storage data, we can assess whether postabsorptive FFA
storage rates in UBSQ and LBSQ fat follow the same pattern
as that for postabsorptive regional lipolysis. If an imbalance
exists between regional FFA storage and lipolysis, it could
result in redistribution of fatty acids from one fat depot to
another. We calculated palmitate storage into whole UBSQ
and LBSQ fat depots by multiplying the regional storage per
kilogram fat (Table 2) by the corresponding regional fat
masses (Table 1). In women, palmitate storage was 5.7 6
2.8 and 5.2 6 3.6 mmol/min into whole UBSQ and LBSQ fat,
respectively. Corresponding values in men were 3.0 6 2.4
and 1.6 6 1.1 mmol/min.

Although we did not measure regional lipolysis rates in
these volunteers, on average, UBSQ and LBSQ fat contrib-
ute ;75 and ;18%, respectively, of systemic lipolysis in
normal-weight individuals and ;57 and ;28%, respectively,
in obesity (5). Using these values, we estimate that, if pal-
mitate storage in total subcutaneous fat in women (;10.8
mmol/min) was distributed into UBSQ and LBSQ regions
in proportion to rates of release from these regions (5),
;7.7 and ;3.1 mmol/min palmitate would be stored into
UBSQ and LBSQ fat, respectively. Compared with the ac-
tual storage rates (5.7 and 5.2 mmol/min), the FFA storage
pathway could redistribute ;2.1 mmol/min palmitate from
the UBSQ to LBSQ region (;631 g FFA/year assuming a
12-h postabsorptive state/day) in postabsorptive women.
Using the same approach to estimate FFA redistribu-
tion in men, if palmitate storage in subcutaneous fat
(;3.6 mmol/min) was distributed in proportion to release
rates, ;3.3 and ;1.3 mmol/min palmitate would be stored
into UBSQ and LBSQ fat, respectively. Compared with the
actual storage rates (3.0 and 1.6 mmol/min, respectively), the
FFA storage pathway would redistribute only;0.3 mmol/min
palmitate from UBSQ to LBSQ fat (;92 g FFA/year).

DISCUSSION

We assessed the quantitative importance of direct FFA
storage into subcutaneous adipose tissue in postabsorptive
humans and its potential role in body fat distribution. We
further examined the effect of obesity and key lipogenic

FIG. 1. Relationship between palmitate storage in UBSQ fat (mmol/kg fat/min) and plasma palmitate (Palm) concentration (mmol/L) (A) and
palmitate storage in LBSQ fat (mmol/kg fat/min) and plasma palmitate concentration (mmol/L) (B).

TABLE 3
Regional ACS and DGAT activities and CD36 content in subcutaneous adipose tissue

Women Men

UBSQ fat LBSQ fat UBSQ fat LBSQ fat

CD36 (relative units $ mg lipid21) 17 6 7 (37) 20 6 7 (50)† 21 6 9 (14) 20 6 11 (15)
ACS (pmol $ mg lipid–1 $ min21) 53 6 22 (37) 68 6 23 (50)*† 61 6 36 (16) 51 6 22 (16)
DGAT (pmol $ mg lipid–1 $ min21) 5.1 6 3.1 (37) 5.0 6 2.8 (50)* 3.7 6 1.5 (15) 3.1 6 1.1 (16)
CD36 (relative units $ 1,000 adipocytes21) 10 6 9 (34) 15 6 6 (44)† 14 6 6 (12) 15 6 10 (15)
ACS (pmol $ 1,000 adipocytes21 $ min21) 31 6 18 (34) 52 6 22 (44)*† 35 6 22 (14) 36 6 18 (16)
DGAT (pmol $ 1,000 adipocytes21 $ min21) 2.8 6 1.6 (34) 3.6 6 2.5 (44)*† 2.3 6 1.4 (13) 2.3 6 1.2 (16)

Data are means 6 SD (n). Statistics were performed on log-transformed data. *P , 0.05 between sexes; †P , 0.05 between depots within sex.

C. KOUTSARI AND ASSOCIATES
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factors involved in distinct steps of FFA handling by the
adipose tissue. The major findings are as follows: 1) women
stored more circulating FFA (as represented by palmitate)
in their subcutaneous fat depots than men; 2) women
preferentially stored FFA in their LBSQ region, whereas
men preferentially stored FFA in their UBSQ fat depot;
3) circulating FFA concentration was an independent pre-
dictor of FFA storage in both depots, and in addition, CD36
predicted storage in UBSQ fat and sex-predicted storage
in LBSQ fat; and 4) as opposed to lipolysis and meal fat
storage (10–13), obesity did not affect the magnitude of FFA
storage per unit fat mass.

The finding that women store greater amounts of circu-
lating FFA in their subcutaneous fat than men agrees with
indirect observations from previous work (6). The sex dif-
ference was noted in both depots and at any given plasma
FFA concentration (Fig. 1). This observation indicates that,
as in the case of dietary fat storage (32,33), women store
greater amounts of fatty acids in subcutaneous adipose
tissue than men. The most striking observation was that
palmitate storage (per unit fat mass) exhibited preferential
lower body fat accumulation in women and preferential
upper body fat accumulation in men. Given that regional in
vivo differences in the storage of dietary fat (34,35) or adi-
pose tissue lipolytic rates (36,37) do not seem to account for
variations in human body fat distribution under isoenergetic
conditions, this is the first direct evidence for a pathway
whose pattern matches sex-specific patterns of fat distri-
bution.

By comparing the observed rates of regional FFA storage
against what would occur if FFA storage took place in
proportion to release, we estimated the postabsorptive FFA
storage pathway would redistribute ;631 g fatty acids/year
from the UBSQ to LBSQ fat depot in women but only;92 g
fatty acids/year in men. These results suggest that under
postabsorptive conditions, the FFA storage pathway is
quantitatively significant in regulating and/or maintain-
ing the sex-specific body fat distribution patterns by
redistributing fatty acids between fat depots. This pathway
is easier to detect in the postprandial state, when there is
net fat storage into adipose tissue (38,39). FFA uptake into
abdominal subcutaneous fat in men during the early and
midpostprandial period was 82–183 nmol $ 100 g21 $ min21

(corresponding to ;0.21–0.46 mmol palmitate $ kg21 $
min21) (38). In addition, in a mixed group of women and
men, no difference was observed in postprandial FFA
uptake between abdominal and femoral subcutaneous
fat (39).

Another approach to evaluate the quantitative signifi-
cance of the FFA storage pathway in adipose tissue is by
comparing its magnitude with that of FFA storage into
nonadipose tissues, such as muscle. Muscles rely on the
supply of FFA from plasma. It was shown that in the non-
contracting skeletal muscle, approximately half of the
plasma FFAs entering the muscle are used for esterification
into intramyocellular triglycerides (40). The incorporation
of plasma palmitate into intramyocellular triglycerides was
reported to be 0.28 mmol $ kg wet muscle21 $ min21 in men
and 0.50 mmol $ kg wet muscle21 $ min21 in women (41).
Palmitate storage in the current study (average of UBSQ
and LBSQ fat) was 0.24 mmol $ kg fat21 $ min21 in men and
0.39 mmol $ kg fat21 $ min21 in women. Thus, FFA storage
(as represented by palmitate) into adipose tissue lipid
appears to be ;80% of the corresponding rate of FFA
incorporation into intramyocellular triglycerides in the
resting postabsorptive muscle. Other studies (40) have
found somewhat lower rates of palmitate incorporation
into intramyocellular triglycerides in men (;0.18 mmol $
kg wet muscle21 $ min21 calculated using the same pre-
cursor pool as in the study by Kanaley et al. [41]). Col-
lectively, these findings indicate that postabsorptive FFA
storage into subcutaneous fat is not substantially differ-
ent in magnitude compared with the incorporation of
FFAs into intramyocellular triglycerides.

A surprising discovery was that plasma palmitate con-
centrations were positively correlated with adipocyte pal-
mitate storage rates in both depots and sexes. Whereas we
might logically expect such a relationship in nonadipose
tissues such as muscle or liver, this finding for adipose tis-
sue seemed counterintuitive. Because increased FFA con-
centrations are most often secondary to increased lipolysis,
we anticipated the latter would result in an unfavorable
concentration gradient, thereby reducing FFA uptake and
storage. The implication of this observation is that, as adi-
pose tissue lipolysis increases, the reuptake and storage of
circulating FFAs also increases, yet in a depot- and sex-
specific manner.

In our attempts to identify regulatory factors that may
play a role in FFA storage within a fat depot, we examined
three proteins/enzymes involved in FFA handling by the
adipocyte: CD36 content, ACS activity, and DGAT activity
(collectively termed “lipogenic factors”). Although signifi-
cant univariate correlations were observed between cer-
tain lipogenic factors and palmitate storage rates (Fig. 3),
only CD36 (along with plasma palmitate concentration)
independently predicted FFA storage in UBSQ fat. None of

TABLE 4
Univariate correlations between CD36 content and ACS and DGAT activities in subcutaneous adipose tissue

Women Men

CD36 ACS CD36 ACS

UBSQ fat
CD36 (relative units $ 1,000 adipocytes21)
ACS (pmol $ 1,000 adipocytes21 $ min21) r = 0.70, P , 0.0001 r = 0.91, P , 0.0001
DGAT (pmol $ 1,000 adipocytes21 $ min21) r = 0.52, P = 0.0017 r = 0.77,

P , 0.0001
r = 0.37, P = 0.23 r = 0.50,

P = 0.081
LBSQ fat
CD36 (relative units $ 1,000 adipocytes21)
ACS (pmol $ 1,000 adipocytes21 $ min21) r = 0.62, P , 0.0001 r = 0.72, P = 0.0026
DGAT (pmol $ 1,000 adipocytes21 $ min21) r = 0.31, P = 0.043 r = 0.62,

P , 0.0001
r = 0.49, P = 0.061 r = 0.74,

P = 0.0009

Statistics were performed on log-transformed data.
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the three proteins/enzymes predicted FFA storage in LBSQ
fat independently of sex and palmitate concentration.
These results suggest that transmembrane transport of
FFA (as represented by CD36 content) may be a limiting

step in FFA storage in UBSQ fat. The findings are in
line with previous work where, compared with wild-type
adipocytes, the incorporation of radiolabeled fatty acid
into triacylglycerol was decreased in adipocytes from

FIG. 2. Relationship between abdominal CD36 content (units per mg lipid) (A), abdominal ACS activity (pmol/mg lipid/min) (B), abdominal DGAT
activity (pmol/mg lipid/min) (C), and UBSQ fat mass and between femoral CD36 content (units per mg lipid) (D), femoral ACS activity (pmol/mg
lipid/min) (E), femoral DGAT activity (pmol/mg lipid/min) (F), and LBSQ fat mass in men (●, solid line) and women (○, dashed line).

C. KOUTSARI AND ASSOCIATES

diabetes.diabetesjournals.org DIABETES, VOL. 60, AUGUST 2011 2037



FAT/CD36-null mice (42). We were unable to identify any of
the lipogenic factors that we assessed as rate-limiting for
the storage of FFAs in the LBSQ depot. Therefore, women

exhibit greater FFA storage rates in LBSQ fat than men
(Fig. 1); however, none of the three lipogenic factors were
implicated in that effect. A limitation that has to be noted

FIG. 3. Relationship between palmitate (Palm) storage in UBSQ fat (mmol/1,000 adipocytes/min) and abdominal CD36 content (units per 1,000
adipocytes) (A), abdominal ACS activity (pmol/1,000 adipocytes/min) (B), and abdominal DGAT activity (pmol/1,000 adipocytes/min) (C) and
between palmitate storage in LBSQ fat (mmol/1,000 adipocytes/min) and femoral CD36 content (units per 1,000 adipocytes) (D), femoral ACS
activity (pmol/1,000 adipocytes/min) (E), and femoral DGAT activity (pmol/1,000 adipocytes/min) (F) in men (●, solid line) and women
(○, dashed line). Log values were used to achieve normal distribution.
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is that because of the limited CD36, ACS, and DGAT data
in men compared with women, our ability to detect sig-
nificant relationships was probably greater in women than
in men. We also note that CD36 is expressed on adipose
tissue macrophages as well as adipocytes. It seems un-
likely that this source of CD36 affects our conclusions,
however. Macrophages represent a small fraction (#5%) of
stromovascular cells in adipose tissue of individuals with
the BMI range of the current study, and the proportions do
not differ between UBSQ and LBSQ fat (43). Stromovas-
cular cells represent ;64% of total adipose tissue cells
(44); thus, macrophages contribute only ;3% (0.64 3 0.05)
of adipose tissue cells. Furthermore, CD36 mRNA is more
highly expressed in adipocytes than SV cells in humans
(45). Collectively, these findings suggest that macrophage
CD36 protein does not substantially affect the relation-
ships we observed.

In the context of obesity, a fascinating observation was
that obese individuals maintained the ability to store FFAs
from plasma to the same extent as normal-weight indi-
viduals (Fig. 4). This is in stark contrast with the well-
known downregulation that occurs in obesity in lipolysis
(10–13) and dietary fat storage (13). This is a biologically
remarkable observation, because it allows obese people
to dispose more fatty acids in their subcutaneous fat
than lean individuals. In individuals with .40 kg sub-
cutaneous fat, one-third of the fatty acids that were re-
leased in the postabsorptive state were stored back in
subcutaneous fat.

In summary, this is the first study to directly show that
the FFA storage pathway, which had remained undetected
in postabsorptive humans until recently (6–8), can have
considerable, long-term, and sex-specific effects on body
fat distribution. Furthermore, as opposed to the “inap-
propriate” downregulation that occurs in meal fat storage
(13), the subcutaneous adipose tissue of obese individu-
als maintains its ability to store FFA from plasma to the
same degree as normal-weight individuals. This result
suggests that, along with reduced lipolysis (10–13), the
FFA storage pathway offers another way of protecting the
body from excessive amounts of circulating FFAs in
obesity.
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