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Abstract
Aims/hypothesis Obesity causes an imbalance in fat mass
distribution between visceral and subcutaneous adipose tissue
(AT) depots. We tested the hypothesis that this relates to
increased NEFA uptake between these depots in obese

compared with healthy participants. Second, we hypothesised
that a diet very low in energy (very low calorie diet [VLCD])
decreases fat mass in obese participants and that this is asso-
ciated with the decline in NEFA uptake.
Methods NEFA uptake in AT depots was measured with
[18F]-fluoro-6-thia-heptadecanoic acid (18F-FTHA) and posi-
tron emission tomography (PET) in 18 obese participants with
the metabolic syndrome before and after a 6 week VLCD.
Whole body fat oxidation was measured using indirect calo-
rimetry and [U-13C]palmitate. Sixteen non-obese participants
were controls.
Results Obese participants had >100% higher (p<0.0001)
NEFA uptake in the visceral and subcutaneous abdominal
AT depots than controls. VLCD decreased AT mass in all
regions (12% to 21%), but NEFA uptake was decreased
significantly (18%; p<0.006) only in the femoral AT. Whole
body carbohydrate oxidation decreased, while fat oxidation
increased.
Conclusions/interpretation The data demonstrate that weight
loss caused by VLCD does not affect abdominal fasting
NEFA uptake rates. We found that visceral fat takes up more
NEFAs than subcutaneous AT depots, even after weight loss.

Keywords [U-13C]-palmitate . [18F]-Fluoro-6-thia-
heptadecanoic acid . Indirect calorimetry . NEFA .

Obesity . Positron emission tomography . Subcutaneous
adipose tissue . Very low calorie diet . Visceral adipose
tissue . Weight loss
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18F-FTHA [18F]-Fluoro-6-thia-heptadecanoic acid
HOMA-βCFI HOMA-β-cell function index
IDF International Diabetes Federation
MRS Magnetic resonance spectroscopy
OGIS Oral glucose insulin sensitivity index
Ra Rate of appearance
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Introduction

Visceral and subcutaneous fat depots differ in their biological
and physiological properties [1]. Femoral subcutaneous fat
plays a protective role against diabetes [2] because it positive-
ly associates with favourable lipid and glucose levels [3], and
coronary artery disease risk factors [4]. A low amount of
femoral fat is a metabolic risk factor, independent of the
amount of abdominal fat [3]. Visceral fat associates with
reduced insulin sensitivity, hypertension, impaired glucose
tolerance, type 2 diabetes, coronary heart disease [5], and
accumulation of liver [6] and intramuscular fat [7]. Visceral
fat, compared with abdominal subcutaneous fat, is metaboli-
cally more active in the fasting state in terms of NEFA uptake
per unit of fat mass in young, healthy, non-obese men [8], and
in obese otherwise healthy people [9]. Although the net stor-
age of lipids in adipose tissue (AT) occurs primarily from
lipoprotein-derived fatty acid (FA) uptake in the postprandial
period [10–12], recently, Shadid et al found that, during the
post-absorptive period, circulating NEFAs are stored in sub-
cutaneous AT [13]. During a diet very low in energy (very low
calorie diet [VLCD]) when a very low amount of fat is
introduced by diet, lipoprotein-derived uptake of NEFAs into
AT may play a less significant role than direct NEFA uptake.
Compared with other weight loss methods, VLCDs tend to
reduce more visceral than subcutaneous AT [14]. The chang-
es, in visceral and subcutaneous AT FA metabolism, after a
VLCD, are currently unclear.

The objective of this study was to determine whether
VLCD produces a more pronounced decline in fasting
NEFA uptake in visceral than subcutaneous AT in proportion
with the reduction of the respective masses. Additionally, the
effect of VLCD on skeletal muscle NEFA uptake and intra-
myocellular lipid accumulation was tested.

Methods

Study design The study was designed to investigate the effects
of a 6-week VLCD regimen on: (1) energy expenditure; (2)
whole body and regional fat metabolism using [18F]-fluoro-6-
thia-heptadecanoic acid (18F-FTHA) and positron emission

tomography (PET), uniformly labelled [U-13C]palmitate and
indirect calorimetry; and (3) fat masses, skeletal muscle mass
and lipid content using computerised tomography (CT, femo-
ral masses), MRI (abdominal masses) and magnetic resonance
spectroscopy (1H-MRS) in obese participants. All daily meals
were replaced by diet products (2.3 MJ, 4.5 g fat, 59 g protein
and 72 g carbohydrate per day; Nutrifast, Leiras, Finland).
After the diet, there was a 1 week recovery period with an
isocaloric diet (Electronic Supplementary Material [ESM]
Materials and Methods) to avoid the catabolic state.

Participants Eighteen participants with the metabolic syn-
drome, as defined by the current International Diabetes
Federation (IDF) criteria [15], were recruited through a local
newspaper advertisement. Control participants were non-
obese. Participants with an eating disorder, known cardiovas-
cular disease, hypertension (blood pressure >160/100 mmHg)
or medication for hypertension, previous or present abnormal
hepatic or renal function, or oral corticosteroid treatments,
were excluded. Participants were instructed not to use any
alcohol during the study period. Smoking was an exclusion
criterion. The protocol was approved by the Ethics Committee
of the Hospital District of Southwest Finland and all partici-
pants gave their written informed consent. At the time when
the study was approved, in Finland it was not compulsory to
register clinical trials internationally, and for this reason this
study has not been registered with a clinical trials database.

Study day protocol The study day started with measurements
of anthropometric values (ESMMaterials and Methods) and a
collection of baseline samples. Then, the infusion of
[U-13C]palmitate was started in a subgroup of ten obese
participants (nine women and one man) together with indirect
calorimetry. PET imaging was started with an injection of 18F-
FTHA: the abdominal region was acquired first for 25 min
(dynamic scanning), and after 65 to 70 min from the injection,
the femoral region was acquired for 10 min (static scanning).
In PET images, regions of interest were manually drawn in
visceral and subcutaneous (abdominal and femoral) fat and in
femoral skeletal muscle to obtain time-activity curves.
Together with plasma activity levels, tissue curves were used
to calculate fractional NEFA uptake rates (Ki, net influx
constant) from dynamic images, and fractional uptake rates
(from static images), which were multiplied by serum NEFA
levels and divided by the tissue density to obtain NEFA uptake
values.

The rate of appearance (Ra) of palmitate was calculated for
each sample point using the single-pool non-steady state
Steele equations adapted for stable isotope methodology
[16]. The adipose insulin resistance index (AIRI) was calcu-
lated as described in ESM Materials and Methods. Indirect
calorimetry was used to measure whole body carbohydrate
and fat oxidation. In the obese participants, resting energy
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expenditure (REE) was obtained by the calorimetry monitor.
Additional details about the study day are reported in the ESM
Materials and Methods.

1H-MRS studies Triacylglycerol content in skeletal muscle was
measured from the tibialis anterior muscle, using a 1.5 T MR
imager (Gyroscan Intera CV Nova Dual, Philips Medical
Systems, the Netherlands) with a flexible surface coil and
internal body coil. 1H-MRS spectra were analysed using the
LCModel software package (version 2.6-1, www.s-provencher.
com/pages/lcmodel.shtml) [9].

OGTT The OGTT (75 g) was done on a separate day, both
before and after, the VLCD in the obese group, and once
before imaging studies, in the control group. Blood samples
were drawn at 0, 60 and 120 min for determination of plasma
glucose, insulin, and C-peptide. Glucose tolerance status was
defined according to the 2006 WHO recommendations [17].
The oral glucose insulin sensitivity (OGIS) and HOMA indi-
ces were calculated as described in ESM Materials and
Methods.

Statistical analysis Statistical analysis was performed
using SPSS/Win statistical program (version 15.0 for
Windows; SPSS, Chicago, IL, USA). Data are reported
as mean±SD. The normality of variables was assessed
by Shapiro–Wilk test. The Student’s paired t test was
used for normally distributed variables to compare re-
sults before and after VLCD. Group comparisons be-
tween control participants and obese participants before
and after VLCD were performed using parametric and
nonparametric ANOVA tests. For parametric analysis, a
Bonferroni post hoc test was performed and for non-
parametric analysis, a Bonferroni-corrected Mann–
Whitney U test was used. Correlations were calculated
using either Pearson or Spearman tests according to the
normality of the variable.

Results

Changes in fat depots and skeletal muscle mass Obese par-
ticipants lost 11.2±2.5 kg during the 6 week VLCD period
(p<0.0001) in which loss of fat mass accounted for 7.5±1.3 kg
(74%) and fat-free mass (FFM) accounted for 2.9±2.2 kg
(26%). All the AT depots decreased significantly (Table 1).
Men had initially more visceral AT than women (2.8±0.6 vs
2.0±0.6 kg, p=0.02) and women showed a tendency for more
abdominal subcutaneous AT thanmen (6.4±1.5 vs 4.9±1.6 kg,
p=0.07). Sex did not have an impact on the loss of fat from
these depots. Weight loss decreased intramyocellular lipid
content in skeletal muscle from 0.65±0.37% to 0.37±0.24%
(p<0.05). There was no difference in baseline femoral muscle

masses between the obese and the non-obese groups, with the
former group having more femoral AT than the latter
(p<0.03). Weight loss decreased both femoral adipose
(p<0.0003) and skeletal muscle masses (p<0.02).

Changes in glucose tolerance status and insulin resistance
indices Before weight loss, one participant had type 2 diabetes
mellitus, two had impaired glucose tolerance, five had impaired
fasting glucose levels and ten were classified as
normoglycaemic. After weight loss, only four participants had
impaired fasting glucose and 13 were normoglycaemic. Weight
loss improved OGIS (p<0.01) and AIRI (p<0.03; Table 1).

Changes in laboratory values Weight loss did not change
serum NEFA levels (Table 1). Women had higher levels than
men both before and after weight loss (0.70±0.13 vs 0.47±
0.16, p<0.007; 0.67±0.17 vs 0.41±0.65, p<0.003 mmol/l,
respectively). Weight loss decreased fasting glucose, total
cholesterol, LDL-cholesterol and triacylglycerol levels.

Results from PET data Group comparisons are shown in
Table 1 and Fig. 1. The obese vs the non-obese participants
had significantly higher NEFA uptake in visceral AT and this
difference persisted after weight loss. NEFA uptake in abdom-
inal subcutaneous AT did not differ among the groups when
measured per 100 g of tissue, but it was higher in the whole
depot in the obese patients. NEFA uptake in femoral muscle
was similar among the groups.

In obese individuals, visceral AT was metabolically more
active than subcutaneous AT (Fig. 1). Visceral AT took up to
four times more NEFAs than abdominal subcutaneous AT per
100 g. The whole visceral AT depot extracted 1.5 times more
NEFAs than the abdominal subcutaneous AT depot at baseline
and after weight loss. VLCD did not change NEFA uptake in
visceral AT, abdominal subcutaneous AT, or femoral skeletal
muscle, but decreased the uptake in femoral subcutaneous AT,
both per 100 g of tissue (p<0.006) and in the whole depot
(p<0.002).

Sex effects are reported in Table 2 and Fig. 2. The above
comparisons were repeated while accounting for sex as a
covariate in the statistical analyses, and the differences be-
tween obese and non-obese groups persisted.

Visceral AT NEFA uptake was correlated with the HOMA-
IR index in controls (r=0.57, p<0.03), and in post-VLCD
participants, and in the latter group, visceral AT NEFA uptake
was associated with fasting glucose levels (r=0.65, p<0.002)
and the OGIS index (r=−0.76, p<0.03). No other correlations
were found.

Indirect calorimetry The 24 h energy expenditure decreased
(Table 1). Weight loss increased FFM-adjusted total fat oxi-
dation (p=0.002), while carbohydrate oxidation decreased
(p<0.0001; Table 3, Fig. 3).
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Discussion

Our principal findings were, first, that NEFA uptake in vis-
ceral AT in the obese group with the metabolic syndrome, was
significantly higher than in any other AT depot, and remained
higher after weight loss. Our data are in line with our previous
studies in healthy participants and in obese otherwise healthy
participants [8, 9], and extend these observations to obese
patients with the metabolic syndrome. Dietary NEFA uptake
is reported to be higher in visceral than subcutaneous AT in
healthy, lean [11] and obese participants [12], although this
difference was blunted in extremely obese individuals. We
found the same trend in fasting NEFA uptake rates in our
obese participants, and the participant with the highest BMI
was the only outlier in the relationship between visceral NEFA
uptake and BMI (r=0.78, p=0.002). Instead, dietary NEFA
uptake was reduced in participants with impaired glucose

tolerance [10], whereas we did not observe any group differ-
ence in our study. Differences in the characteristics (impaired
glucose tolerance vs obesity+metabolic syndrome) of the
study participants, and the route of tracer administration may
explain this discrepancy. More likely, group differences ob-
served during the postprandial period, when AT NEFA uptake
and substrate storage are high, may not occur in the
fasting state because of lower net uptake and higher
lipolysis. We tested if the heterogeneous oral glucose
tolerance status at baseline would have influenced the
effects of VLCD, and no influence was found.
Nonetheless, VLCD diet improved the glucose tolerance
status as well as the OGIS of the participants; HOMA-
IR did not reach significance, although it improved in
12 out of 17 cases, which is likely because of the large
variability observed in fasting insulin levels, especially
after VLCD.

Table 1 VLCD intervention and comparisons between obese and non-obese participants

Variable Non-obese group (9 men, 7 women) Obese group (6 men, 12 women)

Before After (n=17) Intervention

Age (years) 37±14 42±6 42±6 NS

BMI (kg/m2) 25.0±2.7 34.0±3.9*** 30.2±3.9** <0.0001

Energy expenditure (kJ/day) n.a. 7125±1113 6339±992 <0.0001

Whole body SAT (kg) 21.4±6.0 38.0±7.7*** 30.5±7.5** <0.0001a

Abdominal SAT (kg) 2.7±1.0 5.9±1.7*** 4.7±1.3** <0.0001b

Abdominal VAT (kg) 0.9±0.4 2.3±0.7*** 1.7±0.5** <0.0003a

Femoral SAT (kg) 1.2±0.5 2.0±0.8* 1.6±0.7 <0.0003b

Femoral muscle (kg) 2.5±0.7 2.5±0.6 2.2±0.5 <0.02b

Whole body muscle (kg) 20.5±6.7 23.6±5.2 21.8±4.6 <0.0001

Whole body fat (kg) 22.9±6.1 42.0±8.2*** 34.2±8.1*** <0.0001

NEFA (mmol/l) 0.40±0.2 0.62±0.18** 0.58±0.2* NS

Fasting glucose (mmol/l) 5.54±0.4 6.04±0.6* 5.74±0.48 <0.03

Fasting insulin (pmol/l) 42±31 91±41*** 81±59** NS (0.17)

HOMA-βCFI 59±35 104±40** 102±66* NS

HOMA-IR 1.61±1.2 3.57±1.8*** 3.04±2.33** NS (0.18)

OGIS 390±43 346±53 399±31 <0.01c

AIRId 2.38±1.82 8.09±4.31*** 6.19±3.67*** <0.03

Triacylglycerol (mmol/l) 0.85±0.45 1.23±0.5* 0.85±0.28 <0.002b

Total cholesterol (mmol/l) 4.41±0.81 4.86±0.8 3.70±0.57* <0.0001b

HDL-cholesterol (mmol/l) 1.46±0.37 1.33±0.3 1.27±0.25 NS

LDL-cholesterol (mmol/l) 2.56±0.68 2.99±0.8 2.09±0.52 <0.0001

Data are presented as mean±SD

The obese group consisted of 18 subjects at baseline, but one woman dropped out during the intervention (n=17, After)
a n=15
b n=16
c n=9
d Statistical tests performed on the log10 transformed variables because of different variances in variables between groups

***p<0.0001, **p<0.01, *p<0.05, compared with the non-obese group

HOMA-βCFI, HOMA-β-cell function index; n.a., not assessed; SAT, subcutaneous AT; VAT, visceral AT
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Second, obese participants, compared with non-obese
controls, had higher total FA uptake in both visceral and
abdominal subcutaneous adipose depots, but the differ-
ence remained only in the visceral AT after accounting
for fat mass.

Third, while weight loss had no effect on either visceral or
abdominal subcutaneous AT FA uptake, the uptake in femoral
subcutaneous AT decreased. FA uptake in skeletal muscle did
not change after weight loss and did not differ between the
obese and the non-obese groups. After weight loss, whole

body carbohydrate oxidation decreased, while fat oxidation
increased. No changes existed in systemic lipolysis.

The evidence that weight loss neither reversed the quantity
nor the partitioning of NEFA uptake between abdominal
masses, suggests that this trait is independent of changes in
metabolic status and insulin resistance indices. In line with our
findings, fat metabolism is different in obese compared with
non-obese participants, and this impairment remains after
weight loss [18, 19]. Although weight loss is associated with
a beneficial reduction in adipocyte size [20, 21], and our data
showed an improvement of the AIRI, this change is not
sufficient to modify the efficiency of AT fatty uptake in obese
participants.

Although Shadid et al demonstrated the physiological im-
pact of direct NEFA uptake during the fasting state [13],
postprandial NEFA uptake is more relevant under normal
conditions [10–12]. However, our VLCD includes a very
low content of fats (4.5 g in the study diet), and therefore we
presumed that fasting NEFA uptake would gain relative
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Table 2 Univariate analysis of variancea showing that sex has an effect on the difference between groups (non-obese vs obese) for AT NEFA uptake
ratesb

Variable Non-obese vs obese
p value

Sex effect
p value

Corrected model
p value

Visceral AT NEFA uptake (μmol min−1 [100 g]−1) 0.004 0.018 <0.001

Visceral AT NEFA uptake (μmol min−1 [log10 tr.]) <0.001 0.11 <0.001

Abd. Subc. AT NEFA uptake (μmol min−1 [100 g]−1) 0.37 0.81 0.67

Abd. Subc. AT NEFA uptake (μmol min−1 [log10 tr.]) <0.001 0.06 <0.001

A difference between the groups (last column) was found for all variables (except abdominal subcutaneous AT NEFA uptake)
a Univariate analysis was performed between non-obese vs obese participants with sex as the covariate
b AT NEFA uptake as measured in μmol min−1 [100 g]−1 and in μmol min−1 (whole depot)

Abd, abdominal; Subc, subcutaneous; Tr., transformed
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importance, and decline in proportion with the tissue mass.
Against our hypothesis, the uptake process, during fasting, did
not play a significant role in the pathophysiology of weight
loss, and the −20±15% visceral fat mass change was not
caused by a change in AT NEFA uptake.

Subcutaneous NEFA uptake per depot and per 100 g of
tissue was lower than that in visceral AT, at baseline, with the
difference even more pronounced after weight loss. Femoral
subcutaneous AT NEFA uptake was reduced by weight loss.
Lower body adiposity is considered to be protective against
ectopic fat accumulation and metabolic disorders [2]. Our
findings may indicate that lower body adiposity is associated
with greater metabolic flexibility and adaptability. A reduction
in NEFA uptake may be associated with a less pronounced
tendency to re-accumulate fat mass in this region. On the one
hand, this may confer the advantage of a long-term buffering
capacity. On the other hand, the low uptake of FAs in this
tissue and their further reduction after dieting may reflect a
weak buffering capacity.

We found a significant reduction in intramyocellular lipid
droplets (IMCL) content. Our data indicate that weight loss
has an impact on intramyocellular lipid stores, enhancing their

consumption in skeletal muscle, while leaving the metabolism
of plasma NEFA unaltered.

Limitations of this study are noted. Due to the radiation
exposure and the demands of the study for the participants, we
would have included a placebo group only if a change in the
main interest variables occurred. For the same reason, it has
not been possible to study also the postprandial metabolic
condition that would have been useful in comprehensively
elucidating the effect of the diet. In fact, our data suggest that
the study of AT NEFA uptake in the fasting state may be
insufficient to understand the metabolic mechanisms of
weight loss by VLCD in full. The participants were selected
according to the IDF metabolic syndrome definition, and
therefore they were heterogeneous in terms of glucose toler-
ance status. Thus, our conclusions are limited to the specific
entry criteria chosen in this study, although we tested the
confounding effect of heterogeneous glucose tolerance and
did not find it to be significant.

Some of our measurements (whole body fat mass in some
participants, visceral adipose mass), have been obtained with
estimations via formulae, which are validated but still less
optimal than direct measurements. A baseline assessment of
caloric balance was not performed, nor was the monitoring of
dietary intake, and physical activity was assessed by question-
naires only. Therefore, adherence to the diet programme is
assumed based on confirmation from the participants and
remarkable weight loss.

In conclusion, fasting NEFA uptake does not explain the
reduction in abdominal fat masses caused by very low calorie
dieting in obese participants with the metabolic syndrome. We
found that visceral fat took up quantitatively more NEFAs
than subcutaneous fat, even after weight loss.
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Table 3 [U-13C]palmitate and indirect calorimetry

Variable Before After p value

Total fat oxidation (g min−1) 0.07±0.02 0.08±0.03 NS

Total fat oxidation (μmol
(kg FFM)−1min−1)a

4.07±1.29 5.82±1.11 0.002

Ra of palmitate (μmol kg−1 min−1)b 2.98±0.62 2.81±0.46 NS

P-glycerol (μmol/l)b 74.8±31.6 63.9±28.0 NS

P-3OHB (μmol/l)b 182±37 335±307 NS

P-palmitate (μmol/l)b 164±46 148±40 NS

Data are presented as mean±SD

Total fat oxidation normalised for FFM increased after diet in a subgroup
of the intervention group
a n=10
b n=9

P, plasma; 3OHB, 3-hydroxy-butyrate
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