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Abstract
Aims/hypothesis In type 1 diabetes, abnormalities of both
glucose and lipoprotein metabolism are seen. The relationship
between these factors is not understood, but studies indicate
that hyperglycaemia may increase hepatic VLDL-
triacylglycerol (VLDL-TG) secretion and reduce VLDL-TG
fatty acid oxidation, which could lead to the development of
dyslipidaemia. The aim of this study was to determine the
isolated effect of hyperglycaemia on VLDL-TG and NEFA
kinetics in men with type 1 diabetes.
Methods VLDL-TG and palmitate kinetics were measured in
eight men with type 1 diabetes using ex vivo labelled VLDL-
TG and palmitate tracers. A 2.5 h basal period (plasma glu-
cose 5 mmol/l) was followed by a 4 h hyperglycaemic period
(plasma glucose 16 mmol/l). Steady-state VLDL-TG kinetics
(VLDL-TG secretion, clearance and oxidation rates) were
assessed by an isotope dilution technique using an intravenous
primed-constant infusion of ex vivo labelled [1-14C]VLDL-
TG in combination with sampling of blood and expired air.
Palmitate turnover was measured using [9,10-3H]palmitate.
Results The VLDL-TG secretion rate (36.0±9.6 vs 30.8±
6.1 μmol/min, NS) and clearance rate (209±30.4 vs 197±
41.7 ml/min, NS) were unchanged during the basal and
hyperglycaemic periods, resulting in unchanged VLDL-TG
concentrations (0.25±0.11 μmol/l vs 0.28±0.10 μmol/l, NS).
In addition, VLDL-TG fatty acid oxidation and palmitate flux
were not changed during hyperglycaemia.

Conclus ions / in terpre ta t ion Four hours of acute
hyperglycaemia (16 mmol/l) without a concomitant increase
in insulin does not alter VLDL-TG and NEFA kinetics in men
with type 1 diabetes.
Clinical trial registry number: NCT01178957
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VLDL-TG VLDL-triacylglycerol

Introduction

Type 1 diabetes is associated with abnormalities of
glucose and lipid metabolism as well as an increased
risk of cardiovascular disease [1]. A positive association
between a higher than optimum blood glucose concen-
tration and risk of CHD has been established in both
healthy individuals and patients with diabetes [2, 3],
and the intensive treatment of type 1 diabetes has been
shown to decrease the risk of CHD [4]. In addition,
diabetic dyslipidaemia, a cardinal risk factor for CHD in
type 2 diabetes [5], is also present in type 1 diabetes
[6]. This consists of increased plasma triacylglycerols,
an increased number of small dense LDL particles and
low HDL-cholesterol concentrations. Here, a hepatic
overproduction of VLDL particles is thought to play a
key role in generating the other lipid alterations [7].
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Dyslipidaemia in type 1 diabetes can be partly corrected
by improved insulin treatment and blood glucose control
[8, 9].

A possible link between hyperglycaemia and
dyslipidaemia could be a stimulatory effect of
hyperglycaemia per se on the hepatic production and
secretion of VLDL-tyiacylglycerol (VLDL-TG). Previous
studies have shown that hyperglycaemia may have the
ability to increase VLDL-TG synthesis by: (1) increasing
hepatic glucose oxidation at the expense of fatty acids
(FAs), resulting in a diversion of FAs towards triacyl-
glycerol synthesis [10, 11]; (2) the direct stimulation of
transcription factors involved in VLDL-TG production
[12–15]; and (3) the stimulation of apolipoprotein
B-100 (ApoB-100) production [16].

The ability to assess the effect of isolated acute
hyperglycaemia on VLDL-TG and NEFA kinetics is,
however, impeded by the simultaneous increase in en-
dogenous insulin secretion, which independently sup-
presses both VLDL-TG secretion and lipolysis [10,
17–19] and has even been found to lower VLDL-TG
secretion in healthy lean individuals [19, 20]. To our
knowledge, no studies have attempted to determine the
acute effect of overt hyperglycaemia on VLDL-TG ki-
netics either in type 1 diabetes or in experimental set-
tings that effectively circumvent the concomitant in-
crease in insulin in healthy humans. Thus, somatostatin
administration was insufficient to prevent postprandial
insulin secretion in a study of VLDL-TG secretion
following a high-carbohydrate diet [18]. With respect
to lipolysis, we found only two studies that had been
performed in patients with type 1 diabetics, in which
moderate hyperglycaemia (11–12 mmol/l) did not alter lipol-
ysis [21, 22]. We found no studies in humans examining the
effect of more pronounced hyperglycaemia (>15 mmol/l) on
VLDL kinetics or lipolysis.

The present study was performed to assess the effect
of acute overt hyperglycaemia (16 mmol/l) on VLDL-
TG and palmitate kinetics in men with type 1 diabetes.
We chose to study men with type 1 diabetes as a patient
model in order to evaluate the isolated effects of
hyperglycaemia on hepatic VLDL-TG secretion and ox-
idation without the potential impact of concomitant per-
turbations in endogenous insulin secretion. The patients
were studied during the infusion of a replacement dose
of insulin to mimic fasting insulinaemia in combination
with ex vivo labelled VLDL-TG and palmitate tracers.
We hypothesised that acute short-term hyperglycaemia,
in the absence of hyperinsulinaemia, would increase
VLDL-TG secretion and reduce VLDL-TG clearance,
but have no impact on lipolysis. As a secondary objec-
tive, we hypothesised that hyperglycaemia would de-
crease the oxidation of VLDL-TG-associated FAs.

Methods

The study was approved by the local Ethics Committee and
carried out in accordance with the principles of the Declara-
tion of Helsinki as revised in 2008. Informed consent was
obtained from all participants.

Participants Eight men with type 1 diabetes mellitus (aged
18–50 years) with an HbA1c ≤9% (75 mmol/mol) were re-
cruited from the outpatient clinic. Potentially eligible patients
visited the Clinical Research Centre (CRC) after a 10 h over-
night fast, where a medical history was taken and a physical
examination performed. A normal lipid profile, blood count
and chemistry panel were documented for all participants. The
C-peptide concentration was below the lower level of normal
in all patients. All patients were treated with a combination of
long-acting and rapid-acting insulin. In addition, all were non-
smokers and did not suffer from other diseases unrelated to
diabetes. One patient was taking prophylactic simvastatin and
another was receiving enalapril treatment, both of which were
paused 2 weeks before the study day. All the patients were
recreationally active, but none was elite-trained. The patients
were instructed not to perform high-intensity exercise for
3 days prior to the study day.

Protocol One week before the study day, a 72 ml blood
sample was drawn for VLDL-TG ex vivo labelling after an
overnight fast. The patients were then interviewed by a dieti-
tian, who estimated their daily caloric intake. A weight-
maintaining diet (55% carbohydrate, 15% protein and 30%
fat) was provided by the hospital kitchen during the 3 days
preceding the study day in order to secure a constant macro-
nutrient intake. Long-acting insulin was stopped 24 h before
the study day, and the patients were instructed to take their
rapid-acting insulin as usual with the addition of extra doses
based on self-measurements of blood glucose five times dur-
ing the 24 h period prior to the study day: at 07:30, 11:30,
17:30, 22:00 and 03:00 hours. If the blood glucose level
exceeded 10 mmol/l or 12 mmol/l, patients were instructed
to take an additional 2 or 4 U of rapid-acting insulin,
respectively.

Study day The participants were admitted to the CRC at
22:00 hours on the day before the study for an overnight stay.
From this time until the end of the study day, they remained in
bed with the exception of voiding, and fasted with the excep-
tion of tap water. The following morning, catheters were
placed in an antecubital vein for [1-14C]triolein-labelled
VLDL, 0.9% saline and 20% glucose infusion, and in a
contralateral heated hand vein for sampling of arterialised
blood, and basal blood samples were collected.

At 07.30 hours, before the start of the study, an insulin
(Actrapid; Novo Nordisk, Bagsvaerd, Denmark) infusion of
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1.0 mU kg−1 min−1 was administered for 30–85 min in order
stabilise the plasma glucose level at approximately 5 mmol/l,
after which the infusion rate was reduced to a replacement dose
of 0.15 mU kg−1 min−1 for the duration of the study period.
Hence, the study consisted of a 2.5 h basal period (0–150 min)
followed by a 4 h hyperglycaemic period (150–390 min),
du r i ng bo th o f wh i ch in su l i n was in f u sed a t
0.15 mU kg−1 min−1. At time=150 min, the plasma glucose
level was raised to approximately 16mmol/l by an intravenous
infusion of 20% glucose. The plasma glucose was measured
every 10min and kept stable by adjusting the glucose infusion.
A primed-constant infusion of [1-14C]triolein-labelled VLDL-
TG (priming with 20% of the dose) was given throughout the
study day (Fig. 1). Blood samples for measurements of VLDL-
TG concentration and specific activity (sp. act.) were drawn
prior to infusion, at time=105, 120, 135, 150 min, and every
half hour thereafter. Breath samples were collected prior to
infusion and at time=60, 120, 135, 150, 180, 240, 300, 330,
360 and 390 min for determination of CO2 production and
14CO2 sp. act. Palmitate turnover was measured using a 1 h
infusion of [9,10-3H]palmitate during the last hour of each
period. Blood samples for determination of palmitate concen-
tration and sp. act. were drawn prior to infusion and every
10 min during the last half hour of the palmitate infusion.
Insulin concentration was measured prior to insulin infusion,
at time=120 and 150 min, and once every hour thereafter. C-
peptide level was measured at time=0 and 390 min. NEFA
were measured prior to insulin infusion and at time=120, 150,
360 and 390 min. Indirect calorimetry was performed for
30 min from time=30 min and time=360. At time=390 min,
all the infusions were stopped, the catheters were removed, and
the patients were then served lunch and discharged.

VLDL-TG tracer preparation VLDL-TG labelling was per-
formed as previously described with minor modifications
[23]. In brief, serum from a 72 ml blood sample was mixed
with 1.48 MBq [1-14C]triolein (PerkinElmer, Waltham, MA,
USA) dissolved in 40 μl of ethanol and sonicated gently at
4°C for 2 h. The labelled serum was then transferred to sterile

5.9 ml polyallomer quick-seal centrifuge tubes (Beckman
Coulter, Brea, CA, USA) in 3.0 ml fractions under a saline
solution (density=1.006 g/ml), and centrifuged in a Ti 50.3
rotor (Beckman Coulter, CA, Brea, USA) for 18 h at 115,046g
and 10°C. The supernatant fraction containing the labelled
VLDL particles was removed using a sterile Pasteur pipette,
filtered and stored at 4°C. Samples were tested for bacterial
growth to ensure sterility.

Plasma VLDL-TG concentration and sp. act VLDL was iso-
lated from approximately 3 ml of plasma by ultracentrifuga-
tion as described above. The supernatant fraction containing
the VLDL fraction (approximately 1.2 ml) was obtained by
tube slicing (Beckman Coulter, Brea, CA, USA) and trans-
ferred to a scintillation vial. A small sample (300 μl) was
obtained and analysed for TG concentration, after which the
quantity (in μmol) of VLDL-TG in the sample and the plasma
concentration (in mmol/l) were calculated. The exact volume
of the remaining sample was recorded by weighing the scin-
tillation vials. Scintillation fluid (Optiphase HiSafe 2;
PerkinElmer, Waltham, MA, USA) was then added, and 14C
activity was counted to a <2% counting error. VLDL-TG sp.
act. was expressed as disintegrations per minute per μmol.

Breath 14CO2 activity Breath samples were collected in IRIS
breath bags (Wagner Analysen Technik, Bremen, Germany).
The exhaled air was passed through a solution containing
benzethonium hydroxide (Sigma-Aldrich, St. Louis, MO,
USA) with thymolphthalein (Sigma-Aldrich, St. Louis, MO,
USA) in a scintillation vial. A colour change occurred when
exactly 0.25 mmol CO2 had been trapped. Scintillation fluid
was added, and 14C activity was measured by liquid scintilla-
tion counting to a <2% counting error.

Palmitate turnover Systemic palmitate flux was measured
using the isotope dilution technique during a 1 h constant
infusion of [9,10-3H]palmitate (0.3 μCi/min) (Department of
Nuclear Medicine, Aarhus University Hospital, Aarhus, Den-
mark). The plasma palmitate concentration and sp. act. were

Glucose: 5 mmol/l Glucose: 16 mmol/l

[9,10-3H]Palmitate

0 60 120 180 240 360 390 Time (min)

Blood samples

Breath samples

Calorimetry

[1-14C]Triolein-labelled VLDL

Glucose 20%

Actrapid 0.15 mU kg-1 min-11.0

300

Fig. 1 Study protocol. The white
bars represent periods of insulin,
glucose and [1-14C]VLDL
infusion, and the patterned bars
periods of [9,10-3H]palmitate
infusion and indirect calorimetry.
The arrows illustrate time points
of blood and breath samples
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measured by HPLC using [2H31]palmitate as the internal stan-
dard. Steady-state sp. act. was verified for each individual.
Palmitate flux (μmol/min) was calculated as the [9,10-3H]pal-
mitate infusion rate divided by the steady-state palmitate sp. act.

Indirect calorimetry Resting energy expenditure (REE) and
respiratory exchange rates (RQ) were measured by indirect
calorimetry (Deltatrac monitor; Datex Instruments, Baldwin
Park, CA, USA). The protein oxidation rate was estimated
from the urinary urea excretion, and the net lipid and glucose
oxidation rates were calculated from indirect calorimetry mea-
surements with correction for protein oxidation [24].

Laboratory procedures Plasma glucose concentrations were
measured immediately using an YSI 2300 STAT Plus glucose
analyser (YSI, Yellow Springs, OH, USA). Blood samples
were placed on ice and separated as quickly as possible by
centrifugation (2,753 g at 4°C for 10 min). Aliquots of plasma
were stored at 4°C for isolation of VLDL after completion of
the study day. The remaining samples were stored at −80°C
for later analysis. TG concentrations were analysed using a
COBAS c 111 analyser (Roche, Basel, Switzerland). Serum
insulin concentrations were measured with an AutoDELFIA
insulin immunoassay kit (PerkinElmer, Waltham, MA, USA),
and plasmaC-peptide was measured using a C-peptide ELISA
kit (ALPCO, Salem, NH, USA). Serum NEFA concentrations
were determined by a colorimetric method (Wako Pure Chem-
ical Industries, Osaka, Japan).

Calculations The steady state for VLDL-TG was effectively
reached during the last hour of the basal and the
hyperglycaemic periods. The VLDL-TG secretion rate was
calculated by dividing the tracer infusion rate by the steady-
state sp. act. in each period:

VLDL secretion rate μmol=minð Þ

¼ Tracer infusion rate dpm=minð Þ
Sp: act: dpm=μmolð Þ

The VLDL-TG clearance rate was calculated by dividing
the secretion rate by the average VLDL-TG concentration
(CVLDL-TG) in each period:

VLDL‐TG clearance rate ml=minð Þ

¼ VLDL‐TG secretion rate mmol=minð Þ
CVLDL−TG mmol=mlð Þ

The fractional oxidation (%) of the infused [1-14C]VLDL-
TG was calculated as follows:

Fractional VLDL−TG oxidation ¼
14co2 sp: act:� V

⋅
CO2

k � Ar � F

where k is the volume of 1 mole of CO2 at 20°C and
1 atm pressure (22.4 l/mol), Ar is the fractional acetate
carbon recovery factor for breath CO2, and F is the
tracer infusion rate. Sidossis et al have previously esti-
mated Ar to be 0.56 during basal resting conditions
[25]. Published data on the increment in 14CO2 recovery
during a prolonged infusion of [14C]acetate in healthy
normoglycaemic participants were used to visually com-
pare the increase in sp. act. between 4 and 8 h of
infusion (approximately 50%) [26].

The total VLDL-TG oxidation rate was calculated as:

VLDL‐TG oxidation rate μmol=min½ �
¼ fractionalVLDL‐TGoxidation

� VLDL‐TG secretion rate

Statistics Data are presented as mean ± SEM or range. Com-
parisons of changes in the VLDL-TG kinetic variables (basal-
to-clamp) were performed using the Student’s t test for paired
comparisons or Wilcoxon’s test. A p value below 0.05 was
considered significant.

Results

The patients’ characteristics are presented in Table 1. The
morning pre-study plasma glucose level averaged
12.4 mmol/l, and the serum insulin was below the limits of
detection in all patients. Patients who took additional insulin at
03:00 hours all used insulin aspart (B28Lys,B29Pro human
insulin; Novo Rapid, Novo Nordisk, Bagsvaerd, Denmark).
The plasma glucose level was stable during the basal period
(approximately 5 mmol/l) and plateaued as intended around
16 mmol/l during the hyperglycaemic period (Fig. 2a). As
seen in Fig. 2b, the low-dose insulin infusion resulted in stable
serum insulin concentrations with no evidence of additional

Table 1 Basal characteristics of the eight study participants

Variable Value

Age, years 31 (21–46)

Weight, kg 82.2±12.7

BMI, kg/m2 24.5±2.5

HbA1c, % (mmol/mol) 7.2±1.1 (55±12)

TG, mmol/l 0.85±0.24

Total cholesterol, mmol/l 4.5±0.6

LDL-cholesterol, mmol/l 2.6±0.4

HDL-cholesterol, mmol/l 1.5±0.3

C-peptide, pmol/l (reference range) 70.5±62.7 (210–1150)

Data are mean ± SD or median (range)
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endogenous insulin secretion during hyperglycaemia. This
was confirmed by the measurement of C-peptide, which
remained unchanged and well below normal levels during
the basal and hyperglycaemic periods (70.5 pmol/l ±62.7 vs
80.6±88.3 pmol/l, NS).

NEFA kinetics Serum NEFA concentrations did not differ
significantly between the basal and hyperglycaemic pe-
riods (0.23±0.04 mmol/l vs 0.31±0.07 mmol/l, NS)
(Fig. 2c). No significant difference was observed in
palmitate flux between the basal and hyperglycaemic
periods (175±25.8 μmol/min vs 190±34.3 μmol/min,
NS). Plasma palmitate concentrations increased slightly,
but not significantly, during hyperglycaemia compared
with the basal period (68±11.3 μmol/l vs 103±24 μmol/l,
p=0.13 for the basal period and hyperglycaemia,
respectively).

VLDL-TG kinetics Plasma total TG and VLDL-TG con-
centrations remained unchanged during the basal and
hyperglycaemic periods (Fig. 2d). Steady-state plasma
VLDL-TG sp. act. was effectively reached in the last
hour of the basal period and the last 2 h of the
hyperglycaemic period (Fig. 3a). Individual changes in
VLDL-TG secretion were seen, but the secretion rate in
all participants was not changed by experimental
hyperglycaemia (36.0 ± 9.6 μmol/min vs 30.8 ±

6.1 μmol/min, NS) (Fig. 3b). The participants who
showed a pronounced change in secretion rate did not
differ from the other participants. Similarly, the VLDL-
TG clearance rate was not significantly different be-
tween the basal and hyperglycaemic periods (209±30.4
vs 197±41.7 ml/min, NS) (Fig. 3c).

Breath 14CO2 sp. act. increased progressively during the
study day and reached a steady state at the end of the
hyperglycaemic period (Fig. 3d). A comparison of breath
14CO2 sp. act. curves in the present study with published data
[26] on the increment in acetate recovery during prolonged
[14C]acetate infusion revealed comparable increments (ap-
proximately 50%) in 14CO2 sp. act. between 4 and 8 h of
infusion, indicating that no major difference in VLDL-TG FA
oxidation occurred after the initiation of experimental
hyperglycaemia.

REE and substrate oxidation REEwas stable during the study
day (basal REE 8190±284 kJ/24 h vs hyperglycaemia REE
7871±326 kJ/24 h). RQ was slightly greater during the basal
period compared with the hyperglycaemic period (0.85±
0.01 mg kg−1 min−1 vs 0.81±0.01 mg kg−1 min−1,
p=0.035). Similarly, the glucose oxidation rate was greater
during the basal period (1.58±0.18 mg kg−1 min−1 vs 1.06±
0.11 mg kg−1 min−1, p=0,017), whereas lipid oxidation did
not differ significantly (0.66±0.12 mg kg−1 min−1 vs 0.84±
0.07 mg kg−1 min−1, NS).
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Discussion

This study was performed to determine the independent effect
of overt acute hyperglycaemia (16 mmol/l) on VLDL-TG and
palmitate kinetics in men with type 1 diabetes. We found that
the VLDL-TG secretion rate, clearance rate and concentra-
tions remained unchanged during 4 h of hyperglycaemia
compared with normoglycaemia when insulin was clamped
at a concentration comparable to fasting levels in healthy men.
Furthermore, we found no effect of overt hyperglycaemia on
lipolysis as measured by palmitate flux.

Our findings do not support previous reports suggesting
that isolated hyperglycaemia may acutely increase VLDL-TG
secretion [10, 18]. The study by Sidossis et al, which had a
primary aim of studying the effect of insulin on VLDL-TG
secretion, used somatostatin to suppress postprandial endoge-
nous insulin secretion following 5 days on a carbohydrate
enriched diet compared with a normal diet. Complete inhibi-
tion was, however, not achieved, resulting in different post-
prandial insulin increments in the groups [18]. In the second
study, plasma NEFA levels were substituted using an
intralipid infusion in order to account for the concomitant
insulin-mediated suppression of plasma NEFA during
hyperglycaemia [10]. Although this approach may account
for a NEFA-mediated impact on VLDL-TG secretion, no
attempt was made to avoid hyperinsulinaemia.

In rodents, however, studies have suggested a VLDL stim-
ulatory effect of isolated hyperglycaemia during a clamp of
only short duration. In rats, blood glucose was clamped at
17 mmol/l for 2 h in combination with either somatostatin or a
blockade of insulin signalling through transcription factor
FoxO1 [27] to create hyperglycaemic–hypoinsulinaemic con-
ditions. This led to a 4.7-fold and 4.6-fold increase in serum
VLDL levels, respectively. The insulin levels attained in these
experiments were very low or insulin signalling was blocked,
and perhaps such near-complete insulin inhibition, more than
hyperglycaemia per se, could explain the pronounced increase
in VLDL levels.

We found no evidence to sugges t tha t over t
hyperglycaemia alters lipolysis or NEFA concentrations.
Thus, palmitate flux did not change significantly during
hyperglycaemia, which corresponds to studies in men with
type 1 diabetes that compared palmitate flux during
euglycaemic and hyperglycaemic clamping under comparable
stable insulinaemia [21, 22]. Compared with these studies, we
chose a somewhat higher glucose concentration (16 mmol/l vs
11–12 mmol/l). Thus, our results confirm and extend these
prev ious f ind ings to inc lude more pronounced
hyperglycaemia as well.

Hyperglycaemia has been reported to decrease whole-body
fat oxidation as well as reduce hepatic fat oxidation and
increase hepatic TG synthesis in healthy individuals [10]. In

Fig. 3 (a) [14C]VLDL-TG sp.
act. (disintegrations per minute
per μmol) as a percentage of the
maximum. The individual time
series of patient VLDL-TG sp.
act. data are normalised by the
maximum value for each patient,
yielding the relative changes. The
mean ± SEM of the relative
changes for all patients is depicted
at each sample point in time. (b)
Individual changes in VLDL-TG
secretion rate (μmol/min) and (c)
clearance rate (ml/min),
comparing the kinetics from the
last hour of the basal and clamp
periods. The mean (black square)
± SEM is also depicted. (d) 14CO2

sp. act. expressed as the
proportion of infused tracer
oxidised during the study day
(fractional recovery). Data are
mean ± SEM
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the absence of hyperinsulinaemia, we found no evidence for a
shift towards a whole-body preference for glucose oxidation
during hyperglycaemia. Instead we found RQ to decrease
slightly during the study day, probably reflecting the
prolonged fasting state, although no significant increase in
lipid oxidation could be detected. In accordance with this,
we observed increments in breath 14CO2 sp. act. that were
similar to the available data for long-term postabsorptive
acetate recovery in breath [26]. Thus, the lack of a clear
change in the increment in 14CO2 sp. act., which we would
have taken as supportive evidence that hyperglycaemia alters
VLDL-TG oxidation, refutes our hypothesis that short-term
hyperglycaemia alters VLDL-TG FA oxidation. Collectively,
our results do not support the notion that isolated overt
hyperglycaemia acutely invokes increased VLDL-TG secre-
tion or suppression of lipolysis, and we interpret our results as
an indication of unchanged VLDL-TG FA oxidation follow-
ing the induction of experimental hyperglycaemia.

The use of a systemic, as opposed to portal, insulin infusion
may result in a greater redistribution of insulin action from the
liver to the peripheral tissues [28], which may have affected
our results. In dogs, Sindelar et al found that the hepatic
glucose output was similar but was delayed by approximately
1 h when equivalent amounts of insulin were infused periph-
erally compared with into the portal vein. The authors sug-
gested that the delayed response involved an indirect (non-
hepatic) effect on gluconeogenic precursors, for example
NEFA. We are unaware of published studies using similar
insulin infusion approaches to evaluate the effects of portal
vs peripheral insulin on VLDL-TG secretion. In the present
study, insulin was infused for 150 and 240min in the basal and
hyperglycaemic periods, which we believe would ameliorate a
time-dependent effect on the liver. In addition, peripheral
subcutaneous insulin administration is the treatment of choice
in patients with type 1 diabetes. A more elaborate design
including portal insulin infusion would be necessary to ac-
count for the difference in insulin distribution encountered in
healthy individuals.

Importantly, we deliberately confined our study to
men with type 1 diabetes in order to evaluate the
isolated effects of hyperglycaemia on hepatic VLDL-
TG secretion and oxidation without the potential impact
of concomitant perturbations in endogenous insulin se-
cretion, and we administered intravenously to minimise
the impact of intestinally derived factors, for example
chylomicrons and glucagon-like peptide-1 (GLP-1). In
accordance, we were not able to elicit detectable insulin
secretion during hyperglycaemia. We did not measure
plasma insulin aspart concentration, which was used by
the patients to control their blood glucose during the
evening and night before the study day. We believe that
any effect of residual insulin aspart on lipid kinetics
4–10 h after the last injection would, if anything,

promote a greater suppression of VLDL-TG and palmitate in
the basal period compared with the hyperglycaemic period,
that is, it would promote changes in favour of our hypothesis.
Since, however, we did not find such changes, we believe the
effect to be irrelevant.

This study has, however, limitations. First, the participants
had high blood glucose levels at the beginning of the study
day, and a potential carry-over effect leading to increased
basal VLDL-TG secretion rates may have affected our find-
ings. However, we find this unlikely, since VLDL-TG sp. act.
was constant during the basal period. Second, a greater initial
insulin infusion was necessary in order to obtain an adequate
control of plasma glucose level. This could have resulted in an
untoward suppression of VLDL-TG secretion and palmitate
flux in the basal period, leading to a rebound effect in the
hyperglycaemic period. However, as this was not observed,
we expect that any effect of extra insulin was negligible. A
control group was not included. Caruso et al previously dem-
onstrated that no difference was found in palmitate flux when
comparing patients with type 1 diabetes during a control
(saline) and a hyperglycaemic day [21]. Thus, any effect
of palmitate on VLDL-TG secretion seems unlikely.
Third, participants were studied in a highly experimental
setting with 4 h of constant hyperglycaemia. However,
since we did not observe any effect in these circum-
stances, we find it unlikely that real-life short-term
excursions in plasma glucose will affect VLDL-TG se-
cretion rate. Finally, our results cannot be extended to
women or to individuals without diabetes.

We conclude that short-term hyperglycaemia in the ab-
sence of increased insulinaemia does not have any indepen-
dent effect on short-term VLDL-TG or NEFA kinetics in men
with type 1 diabetes. Whether similar results apply to healthy
individuals, insulin-resistant obese people or patients with
type 2 diabetes is currently unknown.
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