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Abstract

Background: It has been proposed that abnormal postprandial plasma nonesterified fatty acid (NEFA) metabolism may
participate in the development of tissue lipotoxicity and type 2 diabetes (T2D). We previously found that non-diabetic
offspring of two parents with T2D display increased plasma NEFA appearance and oxidation rates during intravenous
administration of a fat emulsion. However, it is currently unknown whether plasma NEFA appearance and oxidation are
abnormal during the postprandial state in these subjects at high-risk of developing T2D.

Methodology: Palmitate appearance and oxidation rates and glycerol appearance rate were determined in eleven healthy
offspring of two parents with T2D (positive family history, FH+), 13 healthy subjects without first-degree relatives with T2D
(FH-) and 12 subjects with T2D at fasting, during normoglycemic hyperinsulinemic clamp and during continuous oral intake
of a standard liquid meal to achieve steady postprandial NEFA and triacylglycerols (TG) without and with insulin infusion to
maintain similar glycemia in all three groups.

Principal Findings: Plasma palmitate appearance and oxidation were higher at fasting and during the clamp conditions in
the T2D group (all P<0.05). In the postprandial state, palmitate appearance, oxidative and non oxidative rates were all
elevated in T2D (all P<<0.05) but not in FH+. Both T2D and FH+ displayed elevated postprandial TG vs. FH- (P<<0.001). Acute
correction of hyperglycemia during the postprandial state did not affect these group differences. Increased waist
circumference and BMI were positively associated with elevated postprandial plasma palmitate appearance and oxidation.

Conclusions/Significance: Postprandial plasma NEFA intolerance observed in subjects with T2D is not fully established in
non-diabetic offspring of both parents with T2D, despite the presence of increased postprandial plasma TG in the later.
Elevated postprandial plasma NEFA appearance and oxidation in T2D is observed despite acute correction of the
exaggerated glycemic excursion in this group.
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Introduction

Offspring of two parents with type 2 diabetes (12D) have a very
high lifetime risk of developing overt T2D [1]. One of their earliest
identifiable metabolic defects is increased postprandial levels of
plasma triacylglycerols (T'G) and blunted early postprandial
lowering of plasma nonesterified fatty acids (NEFA) [2]. In
subjects at increased risk of developing T2D, impaired postpran-
dial reduction of NEFA by insulin may contribute to the
development of insulin resistance and impaired B-cell function
through increased exposure of non-adipose tissues to fatty acids

3].
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We have recently shown that in offspring of both parents with
T2D (FH+), plasma NEFA appearance and oxidation rate both
increase significantly during intravenous infusion of heparin +
Intralipid [4]. We showed that this « NEFA intolerance » was
linked to defective non-oxidative plasma NEFA metabolism, i.e.
possibly reduced adipose tissue NEFA storage, and was unlikely to
involve a defect in insulin-mediated suppression of intracellular
lipolysis. We also found that lower plasma adiponectin is
associated with increased NEFA appearance during intravenous
lipid infusion in humans [5], which supports the concept of a
connection between adipose tissue dysfunction and increased
NEFA flux to non-adipose tissues during intravenous fat
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administration. More recently, we demonstrated that NEFA
intolerance to intravenous lipid infusion is closely associated with
a lipid-induced decrease in insulin sensitivity and B-cell function in
vio in overweight and obese individuals [6], thus linking NEFA
intolerance to enhanced susceptibility to lipotoxicity in humans.

The aim of the present study was to determine whether NEFA
intolerance is present during the postprandial state, e.g. during a
more physiological oral fat loading, in offspring of two parents
with T2D (FH+) compared to healthy subjects without a family
history of T2D (FH-), and to subjects with established but well-
controlled T2D. Our hypothesis was that increased postprandial
NEFA appearance and oxidation may be an early feature in non-
diabetic subjects at high risk of developing T2D.

Materials and Methods

Ethics statement

Informed written consent was obtained from all participants in
accordance with the Declaration of Helsinki and the protocol
received approval from the Human Ethics Committee of the Centre
hospitalier universitaire de Sherbrooke.

Subjects

Thirty-six non smoking subjects aged between 18 and 60 y old,
participated in these metabolic studies (see Table 1). Eleven
healthy FH+ subjects (defined as two biological parents with onset
of diabetes after age 30 that did not necessitate insulin therapy at
the time of diagnosis), thirteen healthy FH— subjects and twelve
subjects with established T2D participated in the studies. Based on
a 75 g oral glucose tolerance test [7], none of the FH+ and FH-
subjects had diabetes nor were they taking any chronic medication
other than stable thyroid hormone replacement therapy. They had
no current medical condition known to affect lipid levels or insulin
sensitivity, and had no known cardiovascular disease. T2D
subjects were well-controlled (HbA;.<7.5%) on diet alone and/
or with only one oral hypoglycaemic agent (sulfonylurea,
metformin, repaglinide, nateglinide or acarbose). The women
who participated were pre-menopausal and the studies were
conducted during the follicular phase of their menstrual cycle.

Experimental Protocols

All subjects participated in three metabolic protocols performed
3 to 4 wk apart in random order (Figure 1). The subjects were
mstructed to follow an isocaloric diet (0% alcohol, 15% protein,
30% fat and 55% carbohydrates) for 48 h before each metabolic
protocol. Subjects treated with an oral glucose lowering agent were
instructed to stop their medication 2 days before the protocols and

Table 1. Characteristics of the participants.
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to monitor closely their blood glucose. On arrival, body weight,
height and waist circumference were measured and lean body
mass was determined by electrical bioimpedance (Hydra ECF/
ICF, Xitron Technologies, San Diego, CA). An intravenous
catheter was placed in one forearm for infusions, and another was
placed in a retrograde fashion in the contralateral arm maintained
in a heating box (~55°C) for blood sampling.

The first protocol was designed to measure NEFA and glycerol
metabolism at fasting for the first 2 h and during a normoglycemic
(~5.5 to 6.0 mmol/1) hyperinsulinemic clamp for the last two hours,
as previously described [8] (referred to as fasting and clamp
conditions throughout). The second and third protocols were
designed to assess NEFA and glycerol metabolism during continuous
oral intake of a standard liquid meal designed to achieve steady state
postprandial NEFA and TG levels over 6 h [9] (referred to as PP
condition throughout). The fat drink was prepared by sonication of
soybean oil (54 g/l), safflower oil (54 g/l), dried non-fat milk
(263 g/1), egg phospholipids (0.18 g/l) and water with the
addition of chocolate syrup (202 g/1) and sugar (15 g/1) to provide
2465 kcal/l, 39% as fat, 16% as proteins, 45% as carbohydrates. Its
fatty acid composition was similar to the composition of Intralipid,
an intravenous fat emulsion that we have used in our previous
studies: palmitate 10%, oleate 32%, linoleate 46%, o-linolenate 8%,
and stearate 4% [9]. The oral intake of the drink corresponded to
28.4 ml every 15 min for a total of 1680 kcal over 6 h. During the
third protocol, plasma glucose was clamped at ~5.5 to 6.0 mmol/I
over the last 3 h of the 6 h postprandial period using a variable
dextrose 20% intravenous infusion adjusted every 5 min according
to plasma glucose (Beckman Glucose Analyzer II, Beckman
Instruments Corporation, Fullerton, CA) during intravenous
insulin infusion (primed 0.8 mU/kg continuous 1.2 mU/kg/min
infusion of Novolin Toronto, Mississauga, ON). This protocol was
performed to control for any potential effect of the difference in
plasma glucose on postprandial fatty acid metabolism and oxidation
[10] (referred to as PP/clamp condition throughout).

From time 0 min in the fasting protocol and from time 240 min
in both postprandial protocols, a constant infusion of [U-"*C]-K
palmitate (0.01 umol/kg/min in 100 ml 25% human serum
albumin; Cambridge Isotopes Laboratories Inc., Andover, MA)
and a primed (1.6 umol/kg) continuous (0.11 umol/kg/min)
infusion of [1,1,2,3,3—2H5]—g1ycer01 (Cambridge Isotopes Labora-
tories Inc.) were administered [8], preceded by an intravenous
bolus of [1-'*C]-NaHCOj; (1.2 umol/kg, Cambridge Isotopes
Laboratories Inc.) to prime the bicarbonate pool [11]. The choice
of a palmitate tracer in our experimental protocols was based on
the following: 1) palmitate, oleate, and linoleate are the most
prevalent NEFA in human plasma and have similar clearance

Groups P*

FH— (n=13) FH+ (n=11) T2D (n=12) Group Group difference
Age (yr) 28.2*+3.1 37.1%x29 52126 <0.001 T2D#others
Gender (M:F) 7:6 2:9 5.7 0.22 -
BMI (kg/m?) 248*13 273*1.8 34.2+2.0 0.001 T2D#others
LBM (kg) 55.7%4.2 46.7+3.9 54.8+4.1 0.26 -
Waist (cm) 81.5+35 88.9+35 105.7+4.2 <0.001 T2D#others

doi:10.1371/journal.pone.0010956.t001
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*P values are from one-way ANOVAs with Scheffe’s post-hoc test for difference between groups or from Fisher's exact test. BMI: body mass index; FH-: no family history
of type 2 diabetes; FH+: offspring of both parents with type 2 diabetes; LBM: lean body mass; T2D: subjects with type 2 diabetes.
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Figure 1. Experimental protocols. Each participant underwent three experimental protocols. The first protocol consisted, first, of a two-hour
fasting experimental phase (time 0 to 120 min) followed by a two-hour normoglycemic hyperinsulinemic clamp (time 120 to 240 min) with
determination of plasma glycerol and NEFA metabolism using stable isotopic tracers. The second protocol (postprandial or PP protocol) consisted in
a 6-hour continuous oral intake of a standard liquid meal with determination of steady-state postprandial glycerol and NEFA metabolism using stable
isotopic tracers. The third protocol (postprandial with exogenous insulin infusion or PP+INS protocol) was identical to the second protocol with the
exception of intravenous insulin and dextrose infusion in the last 3 hours of the postprandial experiment to maintain normoglycemia (~5.5 to

6.0 mmol/l) in all participants.
doi:10.1371/journal.pone.0010956.g001

rates in humans [12]; 2) a palmitate tracer was previously used to
measure total NEFA turnover in humans after oral fat intake
[13,14]; and 3) NEFA appearance determined with palmitate
tracer alone predicts very well NEFA appearance determined
using combined palmitate and linoleate tracers during intravenous
infusion of heparin + Intralipid in humans (r=0.90, P<0.001)
[15]. All tracers were pre-tested for sterility and non-pyrogenicity.

The protocols started with 30 min bed rest, after which blood
samples were taken at 10-min intervals at baseline and during the last
30 min of each of the four experimental phases: 1) end of the first two
hours of the first protocol = fasting (Fasting); 2) end of the last two
hours of the first protocol = normoglycemic hyperinsulinemic clamp
(Clamp); 3) end of the 6-hour postprandial protocol = PP; and 4) end
of the 6-hour postprandial protocol with insulin infusion=PP/
clamp. Blood was collected in tubes containing Na,EDTA and
Orlistat (30 pg/ml, Roche, Mississauga, Canada) to prevent i vitro
triacylglycerol lipolysis. After a 10 min equilibration, VO, and
VCO, were measured by indirect calorimetry (Vmax29n, Sensor-
medics) during a 30 min baseline period and during the last 30 min
of each four experimental phases to determine net carbohydrate (net
CHOox) and net fatty acid oxidation (net FATox) [16]. Expiratory
gases were collected at baseline and at 10-min intervals into 10 ml
evacuated glass tubes (Exetainers, Labco Ltd, High Wycombe,
Buckinghamshire, UK) [8].

Laboratory assays
Glucose, insulin, total NEFA and TG were measured as
described [4]. Plasma glycerol and plasma [1,1,2,3,3-?H;]-glycerol

@ PLoS ONE | www.plosone.org

enrichment were measured by GC/MS whereas plasma palmitate,
linoleate, oleate, and [U—ISC]—palmitate enrichment were mea-
sured by LC/MS as previously described [8]. The intra-assay and
inter-assay coefficients of variation were less than 15% for all of
these assays. Breath C0,/?CO, ratio was determined using a
gas isotope ratio mass spectrometer [8] (Sercon Ltd, Crewe,
Cheshire, UK).

Calculations

Insulin sensitivity index (Sy) was calculated from the normogly-
cemic hyperinsulinemic clamp data [17]. Plasma palmitate
appearance and clearance rates and NEFA appearance were
calculated as previously described [8,15]. Plasma glycerol
appearance rate was determined from plasma glycerol M+5
enrichment over baseline and from tracer infusion rate [18].
Fractional plasma palmitate oxidation was determined [19] with
correction for the fractional acetate recovery [8]. Individual
assessment of the fractional acetate recovery with an acetate tracer
was not possible in the present study due to its complex design, but
we found from our previous studies [4,8] that this factor can be
estimated using a linear function of time of tracer infusion
(y=0.0563+0.001359t, R*=0.99, where t is duration of tracer
infusion in minutes). This relationship was not significantly
affected by intravenous insulin infusion (not shown). Plasma
palmitate oxidation rate was then calculated by multiplying
Foxpaimitate PY Rapaimiaee [8]. Palmitate non-oxidative metabolism
was calculated by subtracting palmitate oxidation from palmitate
appearance rate.
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Statistical Analyses

Data are expressed as mean * SEM unless stated otherwise.
Gender distribution between the groups was compared by Fisher’s
exact test whereas other group characteristic were compared by
ANOVA with Scheffe’s post-hoc test. Data at baseline and during
the four experimental phases (Fasting, Clamp, PP and PP/clamp)
were averaged and metabolic rates were expressed in absolute
terms (umol/min). Two-way ANOVAs for repeated measures
were performed with experimental phases, groups and interaction
as the dependent variables and with Scheffe’s post-hoc test to
determine the significance of group differences. These analyses
were performed without and with adjustment for age, BMI,
gender, waist circumference or Sy by ANCOVA since subjects
with T2D in our study were older and more obese than the other
two groups and because gender distribution was not strictly
matched between groups. We also examined the relationship
between postprandial glycerol and NEFA metabolic rates and age,
gender, BMI, lean body mass, waist circumference, REE, glycemia
and insulin sensitivity index using univariate Pearson correlations.
When multiple significant correlations were found, multivariate
models were built to examine whether these variables remained
independently associated with postprandial glycerol and NEFA
metabolic rates. A two-tailed P value<0.05 was considered
significant. All analyses were performed with the SAS software
for Windows, version 9.1.3 (SAS Institute Inc, Cary, NC).

Results

Basal fasting plasma metabolites and insulin (Table 2 -see
also expanded version of the table in the supporting

material ‘Table S1’)
Fasting plasma glucose, insulin, TG and glycerol were signifi-
cantly higher in T2D vs. the other two groups (P<<0.001), whereas

Postprandial NEFA in Diabetes

fasting plasma NEFA were not significantly different between the
three groups of participants. Fasting plasma glucose, insulin, NEFA,
TG, glycerol, and free plasma palmitate, oleate and linoleate were
also similar between all three experimental protocols.

Plasma glucose, insulin, NEFA and TG (Figures 2, 3 and 4)

Plasma glucose at fasting was significantly higher in T2D vs. FH-
and FH+ (P<0.001) (Figure 2A), but was similar in all three groups
during the normoglycemic hyperinsulinemic clamp. Plasma glucose
throughout protocol PP (Figure 2B) was significantly higher in
T2D (P<<0.001), but was similar in all three groups after time
180 min in protocol PP/clamp (Figure 2C). Plasma insulin was
higher at fasting and during PP in T2D (P<<0.001) but was similar in
the three groups during the clamp and PP/clamp (data not shown).
Plasma NEFA were not significantly different between the three
groups at fasting and during the clamp (Figure 3A), but were
significantly higher in T2D (£<0.001) during the PP and PP/clamp
protocols (Figure 3B and 3C). Plasma TG were higher in T2D vs.
the two other groups (P<<0.001) at fasting and during the clamp
(Figure 4A) and in the PP and PP/clamp protocols (Figure 4B
and 4C). Plasma TG were higher in FH+ vs. FH- (P<<0.001) only
during the PP and PP/clamp protocols. Group differences in insulin
and NEFA were abolished after adjusting for waist circumference or
BMI but not after adjusting for gender, age or lean body mass.
Adjustment for these factors did not abolish group differences in
plasma TG during the postprandial state.

Metabolic rates during fasting and the normoglycemic
hyperinsulinemic clamp (Table 3 and Figure 5 -see also
expanded version of the table in the supporting material
‘Table S2’)

Net CHOox was lower whereas net FATox, plasma glycerol
and individual plasma NEFA were all higher in T2D vs. FH- and

@ PLoS ONE | www.plosone.org

Table 2. Basal fasting metabolites and insulin levels.
Protocols P*

Groups Fasting and clamp protocol PP PP/clamp Protocol Group Group difference
Glucose (mmol/I) FH— 5.0+0.2 4.8+0.1 4.7*0.1 0.37 <0.001 T2D#others

FH+ 5.0%+0.1 5.0*0.1 4.8%0.1

T2D 7.0x0.4 6.5+04 7.0%0.3
Insulin (pmol/I) FH— 66+8 58+5 55+5 0.57 <0.001 T2D#others

FH+ 81£8 75*6 90£10

T2D 123£23 127£27 16644
NEFA (umol/I) FH— 397+44 433+40 454+43 0.88 0.09 -

FH+ 471+85 392+53 374%55

T2D 514+46 543+72 476+75
TG (mmol/l) FH— 0.95+0.12 0.84+0.12 0.80*0.10 038 <0.001 T2D#others

FH+ 1.25+0.22 1.12£0.15 1.12+0.17

T2D 1.69%0.15 1.54+0.28 1.42+0.16
Glycerol (umol/l) FH— 72+5 72+5 75+5 0.95 0.001 T2D#others

FH+ 75x11 73*£10 71x7

T2D 94+7 98+10 91+11
*P values are from two-way ANOVAs with Scheffe's post-hoc test for difference between groups. Differences between groups remained significant after adjustment for
lean body weight, gender or age. However, adjustment for BMI or waist circumference abolished group differences in insulin, triacylglycerol and glycerol levels, but not
the other group differences.
FH—: no family history of type 2 diabetes; FH+: offspring of both parents with type 2 diabetes; LBM: lean body mass; NEFA: nonesterified fatty acids; PP: postprandial
experimental protocol; PP/clamp: postprandial with insulin infusion experimental protocol; T2D: subjects with type 2 diabetes; TG: triacylglycerol.
doi:10.1371/journal.pone.0010956.t002
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Figure 2. Plasma glucose over time during the experimental
protocols. Plasma glucose levels during the fasting and clamp
protocol (A), the postprandial protocol (B) and the postprandial
protocol with exogenous insulin infusion (C) in healthy subjects
without first-degree family history of type 2 diabetes (open circles,
continuous lines), in offspring of both parents with type 2 diabetes
(closed circles, dashed lines) and in subjects with established type 2
diabetes (closed triangles, dotted lines). Data are mean = SEM.
doi:10.1371/journal.pone.0010956.9002

FH+ (all P<0.005) during fasting and the clamp. Adjustment for
age, BMI or waist circumference, but not for gender, abolished
group differences for plasma glycerol. Glucose infusion rate and Sy
tended to be lower in T2D vs. FH- and FH+ subjects (glucose
infusion rate: 31.0%£5.0, 48.3%5.5 and 45.5%6.7 umol/kg lean
body mass/min, respectively, P=0.08; S;: 6.9£1.8, 11.1+1.2 and
9.7+1.7x10* dI/kg lean body mass/min per mU/1, respectively,
P=0.17). Glycerol appearance was higher in T2D »s. FH+ and
palmitate appearance and oxidation rates were higher in T2D us.
FH-. Exogenous insulin infusion significantly increased net
CHOox and reduced net FATox, plasma glycerol and appearance
rate, individual plasma NEFA and palmitate appearance,
oxidation and non oxidative disposal (all P<0.01). These effects
of insulin infusion were similar in the three groups (all interaction
P>0.05).

Metabolic rates during the postprandial state without
and with normalization of plasma glucose with
exogenous insulin infusion (Table 4 and figure 6 -see
also expanded version of the table in the supporting
material ‘Table S3')

Net CHOox tended to be lower and net FATox tended to be
higher in T2D vs. the other groups during the postprandial state.
Glycerol level and appearance rate, palmitate, oleate and linoleate
free plasma levels and palmitate appearance (Figure 6A),
oxidation (Figure 6B), non oxidative disposal (Figure 6C) and
NEFA appearance (Figure 6D) were significantly higher in T2D
(all P<0.05). Adjustment for waist circumference, but not for age,
gender, BMI or Sy, abolished these group differences. Exogenous
mnsulin infusion significantly reduced total NEFA, palmitate, oleate
and linoleate levels but did not change net CHOox and FATox,
plasma glycerol and appearance rate, or palmitate appearance and
oxidation and non oxidative disposal. These effects of insulin
infusion were similar in the three groups (all interaction P>0.05).

Determinants of plasma glycerol and NEFA metabolism

during the postprandial state (Table 5 and Figure 7)
Glycerol appearance rate was positively correlated with BMI
and REE, and negatively correlated with S;. In multivariate
analyses, BMI remained significantly and positively associated
with glycerol appearance rate. Palmitate appearance rate was
positively correlated with BMI, waist circumference (shown in
Figure 7A), postprandial glycemia, and REE. Palmitate oxidation
rate was positively associated with age, BMI (shown in Figure 7B),
waist circumference, postprandial glycemia, and REE. Palmitate
non oxidative metabolic rate was positively associated with BMI,
waist circumference and REE. In multivariate models, waist
circumference remained independently related to postprandial
plasma palmitate appearance and non oxidative metabolism
whereas BMI, REE and lean weight (partial R?=0.20, 0.07 and
0.07, respectively) remained independently related to palmitate
oxidative rate. Net FATox was positively correlated with lean body
mass, waist circumference, BMI and REE. REE remained
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levels during the fasting and clamp protocol (A), the postprandial
protocol (B) and the postprandial protocol with exogenous insulin
infusion (C) in healthy subjects without first-degree family history of
type 2 diabetes (open circles, continuous lines), in offspring of both
parents with type 2 diabetes (closed circles, dashed lines) and in
subjects with established type 2 diabetes (closed triangles, dotted
lines). Data are mean *= SEM.

doi:10.1371/journal.pone.0010956.g003

significantly and positively associated with net FATox in
multivariate analyses.

Discussion

To our knowledge, this is the first study to report postprandial
fatty acid metabolic rates using tracer techniques in FH+ subjects.
We report here that FH+, a population at very high lifetime risk of
developing T2D [1], do not display abnormal fasting or
postprandial glycerol and NEFA metabolism compared to FH-.
Plasma glycerol and NEFA metabolism were also similar between
FH+ and FH- during a normoglycemic hyperinsulinemic clamp.
FH+ participants in the present study had normal S; and were
only slightly older and overweight compared to FH- participants.
In accordance with previous studies [2], however, we found that
FH+ subjects display increased postprandial plasma TG compared
to FH- subjects, suggesting that postprandial abnormalities in TG
metabolism may occur earlier than postprandial abnormalities in
NEFA metabolism in the natural history of T2D. Other
mvestigators have shown that insulin-resistant offspring of parents
with T2D have impaired skeletal muscle oxidative metabolism
during fasting [20] associated with impaired muscle mitochondrial
substrate oxidation [21]. The FH+ participants in the present
study, in contrast, were not significantly insulin resistant compared
to the FH- participants. Another previous study reported unaltered
postprandial plasma NEFA levels after either a high carbohydrate
or a high fat meal in FH+ subjects [22]. The latter study reported
less postprandial reduction in RQ) after the high fat meal in FH+
compared to I'H- subjects, but did not report actual fatty acid
oxidation or plasma NEFA appearance rates. We did not observe
any difference in postprandial change in RQ between FH+ and
FH- participants (data not shown), but our standard meal
contained less fat (39% vs. 76% of energy content [22]).

In accordance with previous studies, we found that subjects with
already established T2D displayed increased postprandial plasma
NEFA and TG and increased palmitate appearance rate [13]. The
T2D participants in the present study were older and more obese
with large waist circumference compared to the FH- or FH+
groups. Waist circumference appeared to be a major determinant
of postprandial plasma palmitate appearance in our cohort of
participants, also in accordance with previous studies showing
increased postprandial plasma NEFA appearance in centrally
obese subjects [23]. We also demonstrated, for the first time to our
knowledge, that acute correction of hyperglycemia does not alter
the observed differences in postprandial plasma NEFA and
glycerol metabolism between T2D and non-diabetic individuals.

Increased postprandial appearance of plasma NEFA in T2D
was associated with an increase in both oxidative and non
oxidative palmitate metabolism. BMI was the principal determi-
nant of postprandial palmitate oxidation rate, whereas increased
waist circumference appeared to drive the increase in non
oxidative palmitate metabolism associated with T2D. We also
found a significant increase in net FATox wusing indirect
calorimetry both at fasting and in the postprandial state in
participants with T2D compared to FH- and FH+ groups, results
consistent with those reported from a large European cohort [24].
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Figure 4. Plasma triacylglycerols (TG) over time during the
experimental protocols. Plasma triacylglycerol levels during the
fasting and clamp protocol (A), the postprandial protocol (B) and the
postprandial protocol with exogenous insulin infusion (C) in healthy
subjects without first-degree family history of type 2 diabetes (open
circles, continuous lines), in offspring of both parents with type 2
diabetes (closed circles, dashed lines) and in subjects with established
type 2 diabetes (closed triangles, dotted lines). Data are mean = SEM.
doi:10.1371/journal.pone.0010956.9004

In the latter study, increasing BMI was associated with increasing
postprandial NEFA and net FATox. Our results demonstrate
using two independent methods that whole body postprandial fatty
acid oxidation is elevated in T2D in humans.

In contrast to our present findings, however, many studies have
shown reduced plasma palmitate oxidation rate in obese subjects
and in those with impaired glucose tolerance and T2D upon
stimulation of adipose tissue lipolysis with a beta-adrenergic
agonist or with physical activity [19,25,26], associated with
reduced plasma NEFA extraction and oxidation in skeletal muscle
[27,28]. In the latter i vivo studies, plasma NEFA and appearance
rate were similar or even lower in the obese or T2D subjects.
These discordant findings probably reflect both lower adipose
tissue and intramyocellular lipolysis and NEFA release in insulin
resistance [29-31], leading to reduced oxidative fatty acid
utilization. We found increased plasma palmitate appearance
and oxidation in T2D during the postprandial period and also
during fasting, although the later differences were significant only
between the T2D and FH- groups. Elevation of plasma NEFA
normally leads to increased net FATox in both obese and lean
men [32]. Recent studies in animal models of T2D have found
results that are similar than ours with regards to circulating fatty
acids (e.g. high after feeding) associated with evidence of
mitochondrial fatty acid overload [33]. Some investigators have
also recently challenged the presence of impaired mitochondrial
oxidative function in T2D and insulin resistant subjects [34-38].
The results of the present study also challenge the view that
impaired capacity for fatty acid oxidation occurs, at least at the
whole body level, in T2D or in pre-diabetic states.

The higher oxidative disposal of NEFA in T2D observed in the
present study is consistent with increased exposure to and
deposition of dietary fatty acids in the liver and skeletal muscle
in subjects with T2D [39]. Dietary fatty acids recycle into VLDL
within hours in healthy subjects [14,40,41]. Indeed, some
proportion of NEFA derived from intravascular TG lipolysis is
available in the systemic circulation during both fasting and in the
postprandial state [14,42,43]. Although we did not determine the
source of the increased NEFA appearance and oxidation rates in
T2D, we previously demonstrated that increased NEFA spillover
during intravenous fat loading at high insulin level does not result
from abnormal insulin-mediated suppression of intracellular
lipolysis in pre-diabetic individuals [4]. It is therefore likely that
enhanced postprandial NEFA appearance observed in T2D
originated from dietary fatty acids.

The steady state design of our postprandial study did not fully
reproduce physiological meal intake and, therefore, this may limit
our conclusions. For example, in a previous study, postprandial
plasma NEFA spillover was larger with discrete meal intake
compared to continuous enteral infusion [40]. Therefore, it is
possible that we did not detect subtle differences in postprandial
NEFA metabolism in the FFH+ group. Indeed, in our previous
study using intravenous heparin + Intralipid infusion which
induces greater and more rapid onset of fat loading in the
circulation, we found significantly higher plasma NEFA and
palmitate appearance rate in FH+ vs. FH- subjects of similar age,
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BMI and waist circumference [4]. Also supporting this interpre-
tation is the fact that FH+ had similar postprandial NEFA levels
and metabolic rates despite trend towards higher mean insulin
levels (see Table S3), suggesting some adipose tissue insulin
resistance in this group [44]. The design of the present study
nevertheless allowed detection of significant changes in postpran-
dial plasma NEFA metabolism in subjects with T2D. Although we
cannot conclude that FH+ subjects do not display any abnormal-
ities in postprandial NEFA metabolism, it is clear from our
findings that these abnormalities are mild or not fully established
compared to subjects with already established but well-controlled
T2D.

We have previously demonstrated that steady state plasma
NEFA levels and appearance are achieved within 90 minutes
during intravenous TG emulsion without and with insulin infusion
[15]. Nevertheless, postprandial circulating NEFA come from at
least two different sources during the postprandial state (e.g.,
adipose tissue lipolysis and circulating T'G lipolysis), it is therefore
impossible to ascertain that both of these sources achieved steady
state during the experimental design of the present study. For this
reason, we opted for a 3-hour insulin infusion period during the
postprandial state to maximize the likelihood of achieving steady
state NEFA appearance from dietary fatty acids. Our study has
other limitations. First, it was impossible to determine fractional
acetate recovery in each individual and in all experimental
conditions. We used a time-dependent function determined in our

@ PLoS ONE | www.plosone.org

Table 3. Metabolic rates at fasting without and with normoglycemic hyperinsulinemic clamp.
Experimental phases P*

Groups No clamp Clamp Protocol Group Protocol x group Group difference
CHOox (umol/min) FH— 941128 1548136 <0.001 0.002 0.30 T2D#FH—

FH+ 745+130 1355155

T2D 625159 855+124
FATox (umol/min) FH— 254+25 121£15 <0.001 <0.001 0.52 T2D#others

FH+ 255*31 138£35

T2D 389+40 319+26
Glycerol (umol/l) FH— 75*+4 36+3 <0.001 0.003 0.78 T2D#others

FH+ 77*7 35*6

T2D 100*+10 52+8
Ragiycerol (WMol/min) FH— 284+33 14117 <0.001 0.01 0.83 T2D#FH+

FH+ 235*29 141+33

T2D 368+53 244+61
Palmitate (umol/l) FH— 145+13 21*6 <0.001 0.007 0.18 T2D#FH—

FH+ 20122 22*3

T2D 21024 52+10
Oleate (umol/l) FH— 206+15 19+2 <0.001 0.008 0.42 T2D#FH—

FH+ 250*+24 38%6

T2D 280*+29 50£7
Linoleate (umol/l) FH— 766 17x2 <0.001 0.005 0.13 T2D#FH—

FH+ 107£9 20*2

T2D 107*+12 29+£3
*P values are from two-way ANOVAs with Scheffe's post-hoc test for difference between groups. Differences between groups remained significant after adjustment for
gender. Adjustment for age or BMI abolished group difference in triacylglycerol and glycerol levels. Adjustment for waist circumference abolished group differences in
triacylglycerol, glycerol, glycerol appearance rate and oleate levels.
CHOox: net carbohydrate oxidation rate; FATox: net fatty acid oxidation rate; FH—: no family history of type 2 diabetes; FH+: offspring of both parents with type 2
diabetes; NEFA: nonesterified fatty acids; Ragycerol: glycerol appearance rate; T2D: subjects with type 2 diabetes; TG: triacylglycerol.
doi:10.1371/journal.pone.0010956.t003

previous studies using intravenous heparin+Intralipid infusion
without and with insulin infusion to estimate fractional acetate
recovery. In support of this approach, another group recently
demonstrated that application of average acetate recovery during
the postprandial state leads to <10% over or underestimation of
fatty acid oxidation [45]. In the latter study, it was shown that no
demographic or anthropometric characteristics significantly af-
fected acetate recovery. We therefore feel that our conclusions
regarding palmitate oxidative rates are valid. Furthermore, gender
distribution was not strictly matched between our groups of
participants. In addition to statistical adjustment for gender that
did not affect our conclusions, we also performed separate analyses
including only the female participants and found similar results
with regards to group differences (data not shown). Therefore, we
believe that gender mismatch did not affect our conclusions. Our
participants with T2D and to a lesser extent, FH+ participants,
also were more obese and older than FH- participants. Although
statistical adjustment for age did not generally affect group
differences, adjustment for waist circumference or BMI signifi-
cantly attenuated group differences in postprandial NEFA
metabolism. This suggests that differences in postprandial NEFA
metabolism may have been affected by varying degree of central
adiposity [23,46]. We did not measure visceral us. subcutaneous
abdominal fat content in our participants and, therefore, we
cannot assess which central fat compartment is responsible for
these associations. An increase in subcutaneous abdominal adipose
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Figure 5. Plasma nonesterified fatty acid (NEFA) metabolism during fasting without and with euglycemic hyperinsulinemic clamp.
Plasma palmitate appearance (Rapaimitate — A), palmitate oxidative metabolism (OXpaimitate — B), palmitate non oxidative metabolism (NonOXpaimitate —
C) and nonesterified fatty acid appearance (Rangra — D) were not significantly different between healthy subjects without first-degree family history of
type 2 diabetes (FH— - white bars) and offspring of both parents with type 2 diabetes (FH+ - grey bars). Subjects with established type 2 diabetes
(T2D - black bars) had significantly higher Rapaimitate ahd OXpaimitate than FH—. Rapaimitater OXpaimitater NONOXpaimitate and Ranera Were all significantly
reduced during insulin clamp. * P<<0.05 vs. FH—. Adjustment for age, waist circumference, BMI or insulin sensitivity, but not for gender, abolished

difference between groups. Data are mean = SEM.
doi:10.1371/journal.pone.0010956.g005
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Figure 6. Plasma nonesterified fatty acid (NEFA) metabolism during the postprandial state without and with euglycemic
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black bars). * P<<0.05 vs. FH—. ¥ P<<0.05 vs. FH+. Adjustment for waist circumference, but not for age, gender, BMI or insulin sensitivity, abolished

difference between groups. Data are mean = SEM.
doi:10.1371/journal.pone.0010956.g006
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Table 4. Metabolic rates during the postprandial state without and with normalization of glucose level with exogenous insulin
infusion.
Experimental phases P*

Groups PP PP/clamp Protocol Group Protocol x group Group difference
CHOox (mol/min) FH— 1788+252 1863+218 0.26 0.77 0.86 -

FH+ 1680+237 1977+143

T2D 1577191 1801x175
FATox (umol/min) FH— 177+34 175*+29 0.41 0.01 0.67 FH+#T2D

FH+ 161x+47 84+38

T2D 266*63 251*49
Glycerol (umol/l) FH— 61£5 513 0.09 0.01 0.98 FH+#T2D

FH+ 58*9 45+6

T2D 79%11 6911
Ragiycerol (LMoOI/min) FH— 230+26 21131 0.54 0.006 0.95 T2D##others

FH+ 214=*46 17741

T2D 339+60 329+51
Palmitate (umol/l) FH— 40*+10 22+6 <0.001 0.004 0.63 T2D#others

FH+ 49=*7 24+6

T2D 78*+13 42*9
Oleate (umol/l) FH— 43+4 24*2 <0.001 <0.001 0.08 FH—7#T2D

FH+ 71£10 33+4

T2D 9613 43%7
Linoleate (umol/1) FH— 6510 35+5 <0.001 0.05 0.90 -

FH+ 74+8 395

T2D 95+18 55+10
*P values are from two-way ANOVAs with Scheffe's post-hoc test for difference between groups. Adjustment for gender or insulin sensitivity index did not abolish any of
the group differences. Adjustment for age and BMI abolished group differences in glycerol level. Adjustment for waist circumference abolished group differences in
NEFA, palmitate, oleate, linoleate, glycerol levels and appearance rate, and in net fatty acid oxidation.
CHOox: net carbohydrate oxidation rate; FATox: net fatty acid oxidation rate; FH—: no family history of type 2 diabetes; FH+: offspring of both parents with type 2
diabetes; NEFA: nonesterified fatty acids; PP: postprandial experimental protocol; PP/clamp: postprandial with insulin infusion experimental protocol; Ragjyceror: glycerol
appearance rate; T2D: subjects with type 2 diabetes; TG: triacylglycerol.
doi:10.1371/journal.pone.0010956.t004

tissue probably explains at least part of our findings in the and oxidation rates observed in subjects with established T2D.
participants with T2D [23,46]. These abnormalities in postprandial NEFA metabolism in T2D
In conclusion, FH+ have increased postprandial plasma TG but are associated with the presence of abdominal obesity and are not

do not yet fully display the increased plasma NEFA appearance prevented by acute correction of hyperglycemia. Our results

Table 5. Univariate correlation between characteristics of the participants and postprandial glycerol and nonesterified fatty acid
metabolism.

Ragiycerol Rapaimitate OXpalmitate NOXpaimitate FATox

Age 0.05 (0.78) 0.29 (0.09) 0.44 (0.01) 0.22 (0.24) 0.21 (0.23)
BMI 0.54 (<0.001) 0.50 (0.002) 0.77 (<0.001) 0.46 (0.01) 0.37 (0.03)
LBM 0.23 (0.18) 0.27 (0.11) 0.22 (0.24) 0.15 (0.41) 0.44 (0.008)
Waist 0.32 (0.07) 0.52 (0.002) 0.63 (<0.001) 0.47 (0.01) 0.42 (0.02)
Glycemia —0.06 (0.74) 0.47 (0.005) 0.68 (<0.001) 0.32 (0.08) 0.30 (0.08)

S —0.36 (0.03) —0.19 (0.27) —0.37 (0.04) —0.45 (0.01) —0.25 (0.14)
REE 0.36 (0.04) 0.41 (0.02) 0.44 (0.01) 0.45 (0.01) 0.55 (<0.001)

Pearson correlation coefficients (P values in parenthesis) are shown between metabolic variables expressed in umol/min. BMI: body mass index; CHOox: net
carbohydrate oxidation rate; FATox: net fatty acid oxidation rate; LBM: lean body mass; NEFA: nonesterified fatty acids; NnonOXpamitate: Palmitate non oxidative metabolic
rate; OXpaimitate: PalMitate oxidation rate; Ragyycerol: glycerol appearance rate; Rayera: Nonesterified fatty acid appearance rate; Rapaimitate: Palmitate appearance rate; REE:
resting energy expenditure; Si: insulin sensitivity index.

doi:10.1371/journal.pone.0010956.t005
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Figure 7. Major correlates of postprandial nonesterified fatty
acid metabolism. Correlation between postprandial plasma palmitate
appearance rate (Rap,imitate) OF palmitate oxidation rate (OXpaimitate) and
waist circumference (A) or BMI (B) in healthy subjects without first-
degree family history of type 2 diabetes (FH—, open circles), in offspring
of both parents with type 2 diabetes (FH+, closed circles) and in
subjects with established type 2 diabetes (T2D, closed triangles).
doi:10.1371/journal.pone.0010956.9007

suggest that increased postprandial plasma NEFA and oxidation
occurs progressively over the natural history of T2D in association
with the development of abdominal obesity.
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Table S1 Expanded version of Table 2: Basal fasting metabolites
and insulin levels. *P values are from two-way ANOVAs with
Scheffe’s post-hoc test for difference between groups. Differences
between groups remained significant after adjustment for lean
body weight, gender or age. However, adjustment for BMI or
waist circumference abolished group differences in insulin,
triacylglycerol and glycerol levels, but not the other group
differences. CHOox: net carbohydrate oxidation rate; FATox:
net fatty acid oxidation rate; FH-: no family history of type 2
diabetes; FH+: offspring of both parents with type 2 diabetes;
NEFA: nonesterified fatty acids; T2D: subjects with type 2
diabetes; TG: triacylglycerol.

References

1. Martin BC, Warram JH, Krolewski AS, Bergman RN, Soeldner JS, et al. (1992)
Role of glucose and insulin resistance in development of type 2 diabetes mellitus:
results of a 25-year follow-up study [see comments]. Lancet 340: 925-929.

2. Axelsen M, Smith U, Eriksson JW, Taskinen MR, Jansson PA (1999)
Postprandial hypertriglyceridemia and insulin resistance in normoglycemic

@ PLoS ONE | www.plosone.org

Postprandial NEFA in Diabetes

Found at: doi:10.1371/journal.pone.0010956.s001
DOC)

Table S$2 Expanded version of Table 3: Metabolic rates at
fasting and during normoglycemic hyperinsulinemic clamp. *P
values are from two-way ANOVAs with Scheffe’s post-hoc test for
difference between groups. Differences between groups remained
significant after adjustment for gender. Adjustment for age
abolished group difference in triacylglycerol and glycerol levels
and in palmitate appearance rate. Adjustment for BMI abolished
group differences in triacylglycerol and glycerol levels and in
glycerol and palmitate appearance rates, and in palmitate
oxidation rate. Adjustment for waist circumference abolished
group differences in triacylglycerol, glycerol and oleate levels, in
glycerol and palmitate appearance rates and in palmitate
oxidation rate. CHOox: net carbohydrate oxidation rate; FATox:
net fatty acid oxidation rate; FH-: no family history of type 2
diabetes; FH+: offspring of both parents with type 2 diabetes;
FoxXpamitate: Palmitate fractional oxidation rate; NEFA: nonester-
ified fatty acids; nonOXpaimitae: palmitate non oxidative metabolic
rate; OXpaimitate: Palmitate oxidation rate; Ragyceror: glycerol
appearance rate; Rangra: nonesterified fatty acid appearance
rate; Ra,amiae: palmitate appearance rate; REE: resting energy
expenditure; T2D: subjects with type 2 diabetes; TG: triacylgly-
cerol, T'TR: tracer to tracee ratio.

Found at: doi:10.1371/journal.pone.0010956.s002 (0.13 MB
DOC)

Table 83 Expanded version of Table 4: Metabolic rates during
the postprandial state without and with normalization of glucose
level with exogenous insulin infusion. *P values are from two-way
ANOVAs with Scheffe’s post-hoc test for difference between
groups. Adjustment for gender or insulin sensitivity index did not
abolish any of the group differences. Adjustment for age abolished
group differences in glycerol level. Adjustment for BMI abolished
group differences in glycerol level and appearance rate. Adjust-
ment for waist circumference abolished group differences in
NEFA, palmitate, oleate, linoleate, glycerol levels, in net fatty acid
oxidation, in glycerol, palmitate and NEFA appearance rates and
in palmitate oxidative and non oxidative metabolic rates. CHOox:
net carbohydrate oxidation rate; FATox: net fatty acid oxidation
rate; FH-: no family history of type 2 diabetes; FH+: offspring of
both parents with type 2 diabetes; FoxXpaimitate: palmitate fractional
oxidation rate; NEFA: nonesterified fatty acids; nonOxpaimicate
palmitate non oxidative metabolic rate; OXpamiwae: palmitate
oxidation rate; Ragyceror glycerol appearance rate; Rangra:
nonesterified fatty acid appearance rate; Rapamiae: palmitate
appearance rate; REE: resting energy expenditure; T2D: subjects
with type 2 diabetes; TG: triacylglycerol, TTR: tracer to tracee
ratio.

Found at: doi:10.1371/journal.pone.0010956.s003 (0.13 MB
DOC)

(0.08 MB

Author Contributions

Conceived and designed the experiments: ACC. Performed the experi-
ments: FNL FF SML ACC. Analyzed the data: FNL SML PB RG ACC.
Contributed reagents/materials/analysis tools: PB RG SC. Wrote the
paper: FNL FF SC ACC.

first-degree relatives of patients with type 2 diabetes. Annals of Internal Medicine
131: 27-31.

3. Lewis GF, Carpentier A, Adeli K, Giacca A (2002) Disordered fat storage and
mobilization in the pathogenesis of insulin resistance and type 2 diabetes. Endocr

Rev 23: 201-229.

June 2010 | Volume 5 | Issue 6 | e10956



20.

21.

22.

23.

24.

. Brassard P, Frisch F, Lavoie F, Cyr D, Bourbonnais A, et al. (2008) Impaired

plasma nonesterified fatty acid tolerance is an early defect in the natural history

of type 2 diabetes. ] Clin Endocrinol Metab 93: 837-844.

. Lavoie F, Frisch F, Brassard P, Normand-Lauziere F, Cyr D, et al. (2009)

Relationship between Total and High Molecular Weight Adiponectin Levels
and Plasma Nonesterified Fatty Acid Tolerance during Enhanced Intravascular
Triacylglycerol Lipolysis in Men. J Clin Endocrinol Metab 94: 998-1004.

. Carpentier AC, Bourbonnais A, Frisch F, Giacca A, Lewis GF (2010) Plasma

nonesterified Fatty Acid intolerance and hyperglycemia are associated with
intravenous lipid-induced impairment of insulin sensitivity and disposition index.

J Clin Endocrinol Metab 95: 1256-1264.

. Anonymous (2004) Diagnosis and classification of diabetes mellitus. Diabetes

Care 27 Suppl 1: S5-S10.

. Carpentier A, Frisch F, Cyr D, Genereux P, Patterson BW, et al. (2005) On the

suppression of plasma non-esterified fatty acids by insulin during enhanced
intravascular lipolysis in humans. Am J Physiol Endocrinol Metab 289:
E849-E856.

. Park Y, Grellner W], Harris WS, Miles JM (2000) A new method for the study of

chylomicron kinetics in vivo. Am J Physiol Endocrinol Metab 279:
E1258-E1263.

. Sidossis LS, Mittendorfer B, Walser E, Chinkes D, Wolfe, RR (1998)

Hyperglycemia-induced inhibition of splanchnic fatty acid oxidation increases
hepatic triacylglycerol secretion. American Journal of Physiology 275:
E798-E805.

. Wolfe RR (1992) Measurement of substrate oxidation. In: Radioactive and

stable isotope tracers in biomedicine. Principles and practice of kinetic analysis.
New-York: Wiley-Liss. pp 235-282.

. Mittendorfer B, Liem O, Patterson BW, Miles JM, Klein S (2003) What does the

measurement of whole-body Fatty Acid rate of appearance in plasma by using a
Fatty Acid tracer really mean? Diabetes 52: 1641-1648.

. Miles JM, Wooldridge D, Grellner WJ, Windsor S, Isley WL, et al. (2003)

Nocturnal and postprandial free fatty acid kinetics in normal and type 2 diabetic
subjects: effects of insulin sensitization therapy. Diabetes 52: 675-681.

. Bickerton AS, Roberts R, Fielding BA, Hodson L, Blaak EE, et al. (2007)

Preferential uptake of dietary Fatty acids in adipose tissue and muscle in the
postprandial period. Diabetes 56: 168-176.

. Carpentier AC, Frisch F, Brassard P, Lavoie F, Bourbonnais A, et al. (2007)

Mechanism of insulin-stimulated clearance of plasma nonesterified fatty acids in
humans. Am J Physiol Endocrinol Metab 292: E693-E701.

. Frayn KN (1983) Calculation of substrate oxidation rates in vivo from gaseous

exchange. J Appl Physiol 55: 628-634.

. Carpentier A, Patterson BW, Uffelman KD, Giacca A, Vranic M, et al. (2001)

The effect of systemic versus portal insulin delivery in pancreas transplantation
on insulin action and VLDL metabolism. Diabetes 50: 1402-1413.

. Beylot M, Martin C, Beaufrere B, Riou JP, Mornex R (1987) Determination of

steady-state and nonsteady-state glycerol kinetics in humans unssing deuterium-

labeled tracer. J Lipid Res 28: 414-422.

. Blaak EE, Aggel-Leijssen DP, Wagenmakers AJ, Saris WH, van Baak MA (2000)

Impaired oxidation of plasma-derived fatty acids in type 2 diabetic subjects
during moderate-intensity exercise. Diabetes 49: 2102-2107.

Petersen KF, Dufour S, Befroy D, Garcia R, Shulman GI (2004) Impaired
mitochondrial activity in the insulin-resistant offspring of patients with type 2
diabetes. N Engl ] Med 350: 664-671.

Befroy DE, Falk PK, Dufour S, Mason GF, de Graaf RA, et al. (2007) Impaired
Mitochondrial Substrate Oxidation in Muscle of Insulin-Resistant Offspring of
Type 2 Diabetic Patients. Diabetes 56: 1376-1381.

Heilbronn LK, Gregersen S, Shirkhedkar D, Hu D, Campbell LV (2007)
Impaired fat oxidation after a single high-fat meal in insulin-sensitive
nondiabetic individuals with a family history of type 2 diabetes. Diabetes 56:
2046-2053.

Guo ZK, Hensrud DD, Johnson CM, Jensen MD (1999) Regional postprandial
fatty acid metabolism in different obesity phenotypes. Diabetes 48: 1586-1592.
Blaak EE, Hul G, Verdich C, Stich V, Martinez A, et al. (2006) Fat oxidation
before and after a high fat load in the obese insulin-resistant state. J Clin
Endocrinol Metab 91: 1462-1469.

@ PLoS ONE | www.plosone.org

12

27.

28.

29.

30.

33.

34.

39.

40.

41.

42,

46.

Postprandial NEFA in Diabetes

. Mensink M, Blaak EE, van Baak MA, Wagenmakers AJ, Saris WH (2001)

Plasma free Fatty Acid uptake and oxidation are already diminished in subjects
at high risk for developing type 2 diabetes. Diabetes 50: 2548-2554.

. Blaak EE, Wagenmakers AJ, Glatz JF, Wolffenbuttel BH, Kemerink GJ, et al.

(2000) Plasma FFA utilization and fatty acid-binding protein content are
diminished in type 2 diabetic muscle. Am J Physiol Endocrinol Metab 279:
E146-E154.

Blaak EE, Wagenmakers AJ (2002) The fate of [U-(13)C]palmitate extracted by
skeletal muscle in subjects with type 2 diabetes and control subjects. Diabetes 51:
784-789.

Hulver MW, Berggren JR, Cortright RN, Dudek RW, Thompson RP, et al.
(2003) Skeletal muscle lipid metabolism with obesity. Am J Physiol Endocrinol
Metab 284: E741-E747.

Blaak EE, Schiffelers SL, Saris WH, Mensink M, Kooi ME (2004) Impaired
beta-adrenergically mediated lipolysis in skeletal muscle of obese subjects.
Diabetologia 47: 1462-1468.

Jocken JW, Goossens GH, van Hees AM, Frayn KN, van BM, et al. (2008)
Effect of beta-adrenergic stimulation on whole-body and abdominal subcuta-
neous adipose tissue lipolysis in lean and obese men. Diabetologia 51: 320-327.

. Bickerton AS, Roberts R, Fielding BA, Tornqvist H, Blaak EE, et al. (2008)

Adipose tissue fatty acid metabolism in insulin-resistant men. Diabetologia 51:
1466-1474.

Schiffelers SL, Saris WH, van Baak MA (2001) The effect of an increased free
fatty acid concentration on thermogenesis and substrate oxidation in obese and
lean men. Int J Obes Relat Metab Disord 25: 33-38.

Koves TR, Ussher JR, Noland RC, Slentz D, Mosedale M, et al. (2008)
Mitochondrial overload and incomplete fatty acid oxidation contribute to
skeletal muscle insulin resistance. Cell Metab 7: 45-56.

Boushel R, Gnaiger E, Schjerling P, Skovbro M, Kraunsoe R, et al. (2007)
Patients with type 2 diabetes have normal mitochondrial function in skeletal
muscle. Diabetologia 50: 790-796.

. Turner N, Bruce CR, Beale SM, Hoehn KL, So T, et al. (2007) Excess lipid

availability increases mitochondrial fatty acid oxidative capacity in muscle:
evidence against a role for reduced fatty acid oxidation in lipid-induced insulin
resistance in rodents. Diabetes 56: 2085-2092.

. Hancock CR, Han DH, Chen M, Terada S, Yasuda T, et al. (2008) High-fat

diets cause insulin resistance despite an increase in muscle mitochondria. Proc

Natl Acad Sci U S A 105: 7815-7820.

. Nair KS, Bigelow ML, Asmann YW, Chow LS, Coenen-Schimke JM, et al.

(2008) Asian Indians have enhanced skeletal muscle mitochondrial capacity to
produce ATP in association with severe insulin resistance. Diabetes 57:
1166-1175.

. Holloszy JO (2009) Skeletal muscle “mitochondrial deficiency” does not mediate

insulin resistance. Am J Clin Nutr 89: 463S-466S.

Ravikumar B, Carey PE, Snaar JE, Deelchand DK, Cook DB, et al. (2005) Real-
time assessment of postprandial fat storage in liver and skeletal muscle in health
and type 2 diabetes. Am J Physiol Endocrinol Metab 288: E789-E797.
Barrows BR, Timlin MT, Parks EJ (2005) Spillover of dietary fatty acids and use
of serum nonesterified fatty acids for the synthesis of VLDL-triacylglycerol under
two different feeding regimens. Diabetes 54: 2668-2673.

Heath RB, Karpe F, Milne RW, Burdge GC, Wootton SA, et al. (2007) Dietary
fatty acids make a rapid and substantial contribution to VLDL-triacylglycerol in
the fed state. Am J Physiol Endocrinol Metab 292: E732-E739.

Miles JM, Park YS, Walewicz D, Russell-Lopez C, Windsor S, et al. (2004)
Systemic and forearm triglyceride metabolism: fate of lipoprotein lipase-
generated glycerol and free Fatty acids. Diabetes 53: 521-527.

. Roust LR, Jensen MD (1993) Postprandial free fatty acid kinetics are abnormal

in upper body obesity. Diabetes 42: 1567-1573.

Gastaldelli A, Harrison SA, Belfort-Aguilar R, Hardies L], Balas B, et al. (2009)
Importance of changes in adipose tissue insulin resistance to histological response
during thiazolidinedione treatment of patients with nonalcoholic steatohepatitis.
Hepatology 50: 1087-1093.

. Bergouignan A, Schoeller DA, Votruba S, Simon C, Blanc S (2008) The acetate

recovery factor to correct tracer-derived dictary fat oxidation in humans.
Am J Physiol Endocrinol Metab 294: E645-E653.

Nielsen S, Guo Z, Johnson CM, Hensrud DD, Jensen MD (2004) Splanchnic
lipolysis in human obesity. J Clin Invest 113: 1582-1588.

June 2010 | Volume 5 | Issue 6 | 10956



