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Abstract
Aims/hypothesis Overproduction of VLDL1 seems to be the
central pathophysiological feature of the dyslipidaemia
associated with type 2 diabetes. We explored the relationship
between liver fat and suppression of VLDL1 production by
insulin in participants with a broad range of liver fat content.
Methods A multicompartmental model was used to deter-
mine the kinetic parameters of apolipoprotein B and TG in
VLDL1 and VLDL2 after a bolus of [

2H3]leucine and [2H5]
glycerol during a hyperinsulinaemic–euglycaemic clamp in

20 male participants: eight with type 2 diabetes and 12
control volunteers. The participants were divided into two
groups with low or high liver fat. All participants with
diabetes were in the high liver-fat group.
Results The results showed a rapid drop in VLDL1-
apolipoprotein B and -triacylglycerol secretion in participants
with low liver fat during the insulin infusion. In contrast,
participants with high liver fat showed no significant change
in VLDL1 secretion. The VLDL1 suppression following
insulin infusion correlated with the suppression of NEFA,
and the ability of insulin to suppress the plasma NEFA was
impaired in participants with high liver fat. A novel finding
was an inverse response between VLDL1 and VLDL2

secretion in participants with low liver fat: VLDL1 secretion
decreased acutely after insulin infusion whereas VLDL2

secretion increased.
Conclusions/interpretation Insulin downregulates VLDL1

secretion and increases VLDL2 secretion in participants
with low liver fat but fails to suppress VLDL1 secretion in
participants with high liver fat, resulting in overproduction
of VLDL1. Thus, liver fat is associated with lack of VLDL1

suppression in response to insulin.
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Introduction

An increased plasma level of triacylglycerol (TG)-rich VLDL
is not only a common characteristic of the dyslipidaemia
associated with insulin resistance and type 2 diabetes but
seems to be the central pathophysiological feature of the
abnormal lipid profile [1]. Emerging evidence suggests that
the fundamental defect is an overproduction of large VLDL
particles (VLDL1), which initiates a sequence of lipoprotein
changes, including higher levels of remnant particles and
smaller LDL and lower levels of HDL particles [1]. Impor-
tantly, these atherogenic lipid abnormalities appear years
before type 2 diabetes is diagnosed and may explain the
‘ticking clock’ hypothesis of cardiovascular disease [2]. Thus,
pinpointing the mechanisms for the overproduction of VLDL1
particles in diabetic dyslipidaemia is of key importance.

The assembly of VLDL1 involves a step-wise loading
of nascent VLDL with core lipids during biosynthesis [3,
4]. This results in a triacylglycerol-poor VLDL particle
that is either secreted or further lipidated to form mature
triacylglycerol-rich VLDL1 [5]. The importance of hepatic
TG for the assembly and secretion of VLDL1 is supported
by our recent observations in vivo demonstrating that the
secretion of VLDL1 increases with increasing hepatic con-
centrations of lipids [6]. Interestingly, hepatic fat content is
a major determinant of insulin resistance, leading to glucose
overproduction, the hallmark of type 2 diabetes [7–9]. The
coexistence of hepatic insulin resistance and steatosis even
independently of diabetes and obesity is consistent with the
tenet that hepatic steatosis precedes hepatic insulin resistance
covering both glucose and lipid metabolism [10]. This is
further supported by the reports that hepatic steatosis predicts
diabetes [11]. Normally, insulin suppresses VLDL1 forma-
tion by controlling the substrate influxes for liver TG
synthesis [12–15]. Consequently, an imbalance between
insulin-sensitive and insulin-resistant action sites will be
reflected in increased liver fat content and secondarily in
increased VLDL1 secretion. In addition, emerging results
indicate that insulin has a direct suppressive effect on the
production of VLDL1 in the liver, independently of the
availability of NEFAs [14, 15]. The molecular mechanism
behind this effect of insulin remains to be elucidated, but
tentative mechanisms have been reviewed [1, 15].

The objective of this study was to test the association
between insulin resistance, liver fat and the acute suppres-
sion of VLDL1 by insulin.

Methods

Participants We studied eight men with type 2 diabetes and
12 healthy male participants without diabetes, all of whom

were of white European origin. The participants were
recruited through advertisements in local newspapers and
from a Finnish database, Health 2000 (a population-based
cohort). All participants underwent a physical examination
and laboratory tests to exclude hepatic diseases (other than
hepatic steatosis) and renal, thyroid or haematological dis-
eases. Participants with coronary heart disease, diabetic reti-
nopathy or microalbuminuria, total cholesterol >7.0 mmol/l,
TG >5.0 mmol/l or BMI >40 kg/m2 were excluded.

All the participants without diabetes had lipid values
representative of the western population; one had impaired
glucose tolerance, according to WHO criteria [16]. The
diagnosis of type 2 diabetes was based on two separate
glucose tolerance tests according to WHO criteria [16] or
on the use of oral glucose-lowering medication. The age of
onset of the type 2 diabetes was required to be at least
35 years. None of the participants with type 2 diabetes was
taking lipid-lowering therapy or insulin. Three participants
with type 2 diabetes and one participant without diabetes
were taking acetylsalicylic acid. Two patients with type 2
diabetes were treated with diet alone, one with diet and
metformin, two with diet and sulfonylurea, and four with a
combination therapy of sulfonylurea, metformin and diet.
One patient with type 2 diabetes was using antihypertensive
therapy (felodipine). The medications were continued
throughout the study. The mean duration of diabetes was
7.0 years (range 0–13 years). The study design was approved
by the ethics committee of Helsinki University Central
Hospital, and each participant gave written informed con-
sent. All samples were collected in accordance with the
Declaration of Helsinki. Nine of the participants with low
liver fat and eight of the participants with high liver fat have
been presented in previous papers [6, 17]. However, none of
the present kinetic data have previously been reported in
any form.

Euglycaemic–hyperinsulinaemic clamp studies The patients
were admitted at 0730 hours after an overnight fast. An
indwelling cannula was inserted in an antecubital vein for
infusions and a second cannula was inserted retrogradely
into a heated hand vein to obtain arterialised venous blood
for sampling. At 0 min a primed-continuous infusion of
insulin (Actrapid Human; Novo Nordisk, Copenhagen,
Denmark) was started (rate of continuous infusion 1 mU
min−1 kg−1) (Fig. 1). Plasma glucose was maintained at its
fasting level by a variable rate infusion of glucose (200 g/l)
[18]. The infusion rate was determined empirically based
on plasma glucose measurements, which were performed
every 5–10 min from arterialised venous blood. Whole body
insulin sensitivity (M value) was calculated from the mean
values of the second hour of glucose infusion rate after
correcting for changes in the glucose pool size [18] and was
expressed per body weight (μmol min−1 kg−1). The insulin
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infusion continued for 8.5 h (510 min) and the participants
remained fasting until 1700 hours.

Determination of fat compartments and liver fat and
biochemical analyses Subcutaneous and intra-abdominal fat
volumes and liver fat content were measured using magnetic
resonance imaging and magnetic proton spectroscopy as
previously described [6]. Biochemical analyses of TG,
NEFAs, cholesterol, insulin and glycerol were performed
as previously described [19] and alanine aminotransferase
was determined according to European Committee for
Clinical Laboratory Standards. HOMA-IR was estimated
from insulin (pmol/l)× plasma glucose (mmol/l)/405.

Isolation of lipoproteins, and ApoB and TG turnover
protocol Isolation and analysis of VLDL1 and VLDL2

was performed as described [19]. Particle composition and
ApoB mass of the VLDL1 and VLDL2 fractions were deter-
mined at 0, 30, 270 and 510 min after the start of the insulin
infusion to determine pool sizes (Fig. 1). To estimate
turnover of ApoB and TG, a bolus injection of [2H3]leucine
and [2H5]glycerol was given at 30 min and blood samples
were drawn as previously described [19]. A theoretical
problem with using labelled plasma glycerol as tracer for
VLDL-TG is that during the insulin infusion, the release of
unlabelled glycerol from adipose tissue is reduced, resulting
in an increased enrichment of the glycerol derived from
plasma. On the other hand, recruitment of hepatic lipid
storage as a source of VLDL-TG synthesis together with
increased production of glycerol from glucose will probably
compensate for this by increasing the unlabelled portion of
glycerol. To test if this theoretical problem influenced our
data, we compared the plasma glycerol enrichment in
insulin infusion participants (n=4) and control participants
(n=8). The results did not show any significant difference
in glycerol enrichment (data not shown). However, the
numbers in this study was too low to prove no difference.

Kinetics analysis Modelling of VLDL1 and VLDL2 kinetics
of ApoB and TG was performed as described in detail by
Adiels et al. [19] with modifications to allow for changes in
the secretion rates of VLDL1 and VLDL2 as well as changes
in the transfer and catabolic rates. Allowing the VLDL1

secretion rate to decrease could not by itself account for
the decrease in VLDL1 pool size in all participants; thus it
was necessary to allow the VLDL1 fractional catabolic rate
(FCR) to increase in order to achieve the desired change in
pool size. However, decreasing the VLDL1 secretion rate
and/or increasing the transfer to VLDL2 resulted in a
decrease in the VLDL2 pools. Therefore, it was necessary
to allow an increased VLDL2 secretion rate. A detailed
description of the model can be found in the Electronic
supplementary material.

Non-steady-state variables VLDL1 and VLDL2 secretion
rates are expressed as percentage of total VLDL (i.e. VLDL1+
VLDL2) secretion rate at baseline (t=0). The FA index is
the suppression of NEFA at 60 min of the insulin injection,
expressed as the percentage change from baseline.

Statistical analysis Correlations were evaluated by linear
regression. For non-normally distributed variables, values
were log transformed before correlation analysis. Differ-
ences were considered significant at p<0.05. Differences
groups were evaluated with unpaired, two-sided t tests.
Statistical analysis was performed with SPSS and Microsoft
Excel.

Results

Participant characteristics The clinical characteristics of
the participants are given in Table 1.

Plasma glucose, insulin, NEFA and glycerol Plasma glucose
levels were almost constant during the study and after an
initial rise; the insulin levels were almost constant from 150
to 510 min. The plasma concentration of NEFA was, on
average, suppressed by 63% (FA index) and the plasma
glycerol pool was suppressed by 33% after 60 min.

Relationships between VLDL1 and VLDL2 pool sizes and
metabolic measures On average, VLDL1-TG and VLDL1-
ApoB pool sizes were decreased by 20 and 30%, respec-
tively (p<0.05) at 510 min. The VLDL2 pools showed a
non-significant change. The VLDL1-TG and ApoB pools
correlated with liver fat, M value, fasting serum glucose, FA
index (Table 2), fasting serum insulin (TG r=0.51, p<0.05;
ApoB r=0.64, p<0.01), homeostasis model assessment of
insulin resistance (HOMA-IR; TG r=0.55, p<0.05; ApoB
r=0.66, p<0.001) and NEFA at 60 min (data not shown).

Fig. 1 The insulin infusion (1 mU kg−1 min−1) was initiated at 0 min
and was continued for 510 min. To keep the plasma glucose levels
constant, a 20% glucose infusion was given at a variable rate,
determined by plasma glucose measurements taken every 5–10 min.
The plasma concentrations of ApoB and TG in the VLDL1 and
VLDL2 subfractions were determined at 0, 30, 270 and 510 min (open
circles). At 30 min, the stable isotopes [2H3]leucine and [2H5]glycerol
were given as a bolus injection, and enrichment in ApoB and TG in
VLDL1 and VLDL2 was determined at 15 time-points (closed circles)
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The suppression of the VLDL1 pools correlated with liver
fat, M value, FA index (Table 2) and NEFA at 60 min (data
not shown). There was also a correlation between VLDL1-TG
with fasting serum insulin (r=0.51, p<0.05) and HOMA-IR
(r=0.56, p<0.05). No variables correlated with the change
in the VLDL2 pool sizes.

Relationship between VLDL1 and VLDL2 secretion rates
and metabolic measures The baseline (t=0 min) VLDL1

secretion rates of both TG and ApoB correlated with liver
fat; this correlation was even stronger during the insulin
infusion (Table 2). VLDL1 secretion rates did not correlate
with the baseline NEFA concentration but to NEFA at
60 min and to the FA index. Furthermore, the VLDL1

secretion rates correlated negatively with the M value.
The suppression of VLDL1 secretion (in % of total

VLDL at baseline) correlated with liver fat, NEFA at
60 min and to the FA index (Table 2). At 270 min the
suppression also correlated with the M value (Table 2). The
VLDL2 secretion rates did not correlate with any metabolic
measures either at baseline or during the insulin infusion.
The FA index (NEFA suppression by insulin at 60 min)
correlated inversely with liver fat (r=−0.64, p<0.01;
Fig. 2a) and positively with the M value (r=0.56, p<
0.001; Fig. 2b).

Furthermore, the FA index correlated with the intra-
abdominal fat compartment (r=−0.53, p<0.05), but not
with the subcutaneous fat compartment (data not shown).
Liver fat correlated alsowith plasma glucose (r=0.66, p<0.01),
M value (r=−0.65, p<0.01), HOMA-IR (r=0.57, p<0.01)
and insulin (r=0.49, p<0.05).

Table 2 Correlations (r) of metabolic measures and VLDL1-TG and -
ApoB pool sizes, secretion rates and secretion

Time 1 Time 2

TG ApoB TG ApoB

VLDL1 pool
a

Liver fat 0.70*** 0.67** 0.65** 0.59**
FA index 0.47* 0.42 0.76*** 0.78***
M value −0.58** −0.53* −0.61** −0.58**
Fasting glucose 0.53* 0.49* 0.48* 0.37

VLDL1 secretion rateb

Liver fat 0.46* 0.45* 0.65** 0.64**
FA index 0.49* 0.39 0.75*** 0.70***
M value −0.34 −0.30 −0.52* −0.55*
Fasting glucose 0.69*** 0.71*** 0.63** 0.64**

VLDL1 secretion
c

Liver fat 0.59** 0.61** 0.56** 0.59**
FA index 0.71*** 0.70*** 0.69*** 0.69***
M value −0.53* −0.52* −0.43 −0.44
Fasting glucose 0.38 0.36 0.26 0.26

a Values are baseline and suppression at 510 min
b Values are baseline and at 510 min
c Values are at 270 and 510 min
*p<0.05; **p<0.01; ***p<0.001

Table 1 Participant characteristics

Low liver
fat (n=10)

High liver
fat (n=10)

Age (years) 50±11 54±10
Type 2 diabetes (n) 0 8
Weight (kg) 80±7 90±9*
BMI (kg/m2) 26.0±2.9 28.4±3.6
Total abdominal fat (cm3) 3,750±1,480 4,900±930
Subcutaneous fat (cm3) 2,150±730 2,420±520
Intra-abdominal fat (cm3) 1,600±880 2,480±860*
Liver fat (%) 2.1±1.5 11.4±4.5***
Fasting insulin (pmol/l) 37.9±18.7 85.6±82.2
Fasting glucose (mmol/l) 5.6±0.8 7.1±1.9*
M value (μmol kg−1 min−1) 35.2±9.9 22.1.0±11.3*
Adiponectin (mg/l) 10.2±3.8 7.2±2.4
Alanine aminotransferase (U/l) 26±6 35±15
Fasting TG (mmol/l) 1.4±0.5 2.0±0.8
Fasting cholesterol (mmol/l) 5.4±1.1 5.1±0.5
Fasting ApoB (g/l) 1.05±0.24 1.23±0.17
HDL (mmol/l) 1.4±0.2 1.1±0.3**
LDL size (nm) 26.6±0.8 25.3±1.1**

Data are means±SE
*p<0.05; **p<0.01; ***p<0.001

Fig. 2 FA index vs liver fat (a) and M value (b) in low and high liver-
fat groups. The FA index (NEFA suppression at 60 min) correlated
negatively with liver fat (r=−0.72, p<0.001) and positively with the
M value (r=0.67, p<0.01). Closed circles, participants with high liver
fat; open circles, participants with low liver fat
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Grouping of participants based on liver fat content Both
VLDL1 pools and production rates showed linear correla-
tions in all participants regardless of the characteristics
(Fig. 3a,c). Importantly, analysis of the correlation between
VLDL1-ApoB and -TG productions separated the partic-
ipants in two distinct groups: one group with no change in
production rates and one with large suppression in the
productions rates (Fig. 3d). Discriminant analysis showed
that liver fat and FA index were better predictors of VLDL1

response, compared with insulin, diabetes per se, fasting
plasma glucose or intra-abdominal fat volume (data not
shown). Likewise, if diabetes or the median of M value was
used as grouping variable, the difference in response in
both VLDL1 pool sizes and secretion was smaller.

Based on the fact that liver fat content was the best
prediction for VLDL1 response in the discriminant analyses,
the participants were divided into two groups according to
whether they had high (>5.5%) or low (<5.5%) liver fat
based on the median in our population. This subdivision
coincided with the cut-off from a recent study using mag-
netic resonance spectroscopy in a large population [20],
where the 95th percentile of normal liver fat was below
5.56%, close to traditional diagnoses of hepatic steatosis
(above 5%) [21, 22]. All eight participants with type 2
diabetes were in the high liver-fat group. The two groups
showed significant differences in intra-abdominal fat,M value,
weight, HDL concentration, LDL size and plasma glucose
concentrations (Table 1).

Plasma glucose, insulin, NEFA and glycerol in subgroups
Plasma glucose levels were constant during the study
(Fig. 4a). After an initial rise, the insulin levels remained
almost constant, and there was no significant difference
between the insulin levels in the two groups (Fig. 4b).
The plasma concentration of NEFA was suppressed by
69% in the low liver-fat group but only by 57% in the
high liver-fat group following 60 min of insulin
infusion (p<0.05 high liver fat vs low liver fat;
Fig. 4c). The plasma glycerol pools were suppressed by
33% after 60 min in both the low and high liver-fat
groups (Fig. 4d).

VLDL1 and VLDL2 pools in subgroups Analysis of the
VLDL1- and VLDL2-ApoB and VLDL1- and VLDL2-TG
pools showed higher baseline concentrations in the high
liver-fat group compared with the low liver-fat group (p<
0.05; Fig. 5a–d). In the low liver-fat group, VLDL1-ApoB
and -TG pools decreased significantly during insulin infusion
(all time-points, p<0.01; Fig. 5a,b), but the VLDL2-ApoB
and -TG pools did not change significantly (Fig. 5c,d). In
the high liver-fat group, neither the VLDL1 nor the VLDL2

pools changed significantly during the insulin infusion
(Fig. 5a–d).

VLDL1- and VLDL2-TG and VLDL1- and VLDL2-ApoB
secretion rates in subgroups In the low liver-fat group, a
rapid and marked drop in VLDL1 secretion rate compared

Fig. 3 The VLDL1-ApoB and
VLDL1- TG pools showed a
strong correlation at the baseline
(a) and throughout the study
(510 min) (b). Similarly, the
VLDL1-ApoB and VLDL1-TG
secretion rates correlated at
baseline (c) and throughout the
study (510 min) (d). At the end
of the study there was a clear
separation of participants with
high and low response to insulin
infusion, and most of the
participants with low liver fat
were in the high-response group
(d). Closed circles, participants
with high liver fat; open
circles, participants with low
liver fat. To convert TG values
from mg/kg to mmol/l multiply
by 0.0282 and from mg kg−1

day−1 to μmol kg−1 day−1

multiply by 1.113; to convert
ApoB values from mg/kg to
pmol/l multiply by 48.8
and from mg kg−1 day−1 to pmol
kg−1 day−1 multiply by 1.95
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with baseline was observed at the start of insulin infusion
(Fig. 6a,b). Both the VLDL1-ApoB and -TG secretion rates
were decreased by 61% at 510 min (p<0.01) (Fig. 6a,b). In
contrast, neither VLDL1-ApoB nor -TG secretion rates were
significantly changed over the study duration in the high
liver-fat group (Fig. 6a,b).

Interestingly, the VLDL2-ApoB and -TG secretion rates
displayed inverse kinetics compared with VLDL1-ApoB
and -TG secretion rates and increased rapidly during insulin
infusion (all time-points, p<0.05) in the low liver-fat group
(Fig. 6c,d). The VLDL2-ApoB and -TG secretion rates
were increased by 73% at the end of insulin infusion (p<

Fig. 5 VLDL1-ApoB (a) and
VLDL1-TG (b) and VLDL2

ApoB (c) and TG (d) pools in
low liver-fat and high liver-fat
groups. The VLDL pool sizes
were significantly higher in
the high liver-fat group than in
the low liver-fat group (p<0.05).
In the low liver-fat group,
the VLDL1 ApoB (a) and TG
(b) pool sizes were significantly
reduced at all time-points
(p<0.01 vs baseline). In the high
liver-fat group, the VLDL1-
ApoB (a) and -TG pool sizes
(b) did not change significantly
during the study. Filled circles,
participants with high liver
fat; open circles, participants
with low liver fat. Means±SEM,
n=10 in both groups. To convert
TG values from mg/kg to mmol/
l multiply by 0.0282; to
convert ApoB values from mg/kg
to pmol/l multiply by 48.8

Fig. 4 Mean plasma concentra-
tion of glucose (a), insulin (b),
plasma NEFA (c) and glycerol
(d) in low and high liver-fat
groups. a Both baseline plasma
glucose levels and plasma
glucose levels during the study
were lower in the low liver-fat
group (p<0.05 vs high liver-fat
group). b Plasma insulin levels
increased rapidly and were steady
between 120 and 510 min.
c Plasma NEFA levels were
significantly suppressed in both
groups after 60 min. The
suppression was higher in the low
liver-fat group (p<0.05 vs
high liver-fat group). d Plasma
glycerol levels were significantly
suppressed in both groups during
the study. Filled circles,
participants with high liver fat;
open circles, participants with
low liver fat. Means±SEM, n=10
in both groups
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0.05). Neither VLDL2-ApoB nor -TG secretion rates were
significantly increased over the study duration in the high
liver-fat group (Fig. 6c,d).

Total VLDL (i.e. VLDL1+VLDL2)-ApoB secretion rates
decreased by 24% after insulin infusion (p<0.05) in the low
liver-fat group, but remained unchanged over the study in
the high liver-fat group. Likewise, the total VLDL-TG
secretion rates decreased by 39% (p<0.01) in the low liver-
fat group, but remained unchanged in the high liver-fat
group.

VLDL1- and VLDL2-TG and VLDL1- and VLDL2-ApoB
FCRs The lipolytic rates, characterised by the FCR, of
VLDL1 and VLDL2 were allowed to vary in the model. In
the high liver-fat group, the FCRs of VLDL1 or VLDL2 did
not change significantly during the study. However, in the
low liver-fat group, the VLDL1 FCR of both ApoB and TG
increased rapidly (by 22%, p<0.05) at 30 min and the
VLDL2 FCR increased by 75% (ApoB) and 83% (TG)
from 270 to 510 min (p<0.05).

Discussion

This study highlights the acute regulation of VLDL1 secretion
rate by insulin and the impaired response in participants
with high liver fat. Furthermore, it is the first non-steady-
state kinetic study in which VLDL1- and VLDL2-ApoB and
VLDL1- and VLDL2-TG have been simultaneously deter-

mined. The results showed a rapid and marked drop in
VLDL1-ApoB and VLDL1-TG secretion in participants
with low liver fat during the insulin infusion. In contrast,
participants with high liver fat showed no significant
changes in either VLDL1-ApoB or VLDL1-TG secretion
rates over the study duration. This study confirms our
recent results that liver fat determines baseline VLDL1

production [23], but extends this relationship to hold also
under insulin infusion. Importantly the suppression itself
correlated with the liver fat content.

Our results showed that the VLDL1 suppression following
insulin infusion correlated with the suppression of NEFA,
and that the ability of insulin to suppress the plasma NEFA
was impaired in participants with high liver fat. The fact
that the NEFA suppression was inversely related to intra-
abdominal fat volume, but not to subcutaneous fat, supports
the important role of visceral fat as the source of NEFA flux
to the liver. The data pinpoint that adipose tissue insulin
resistance together with endocrine overactivity contributes
to hepatic steatosis. Overall, the influx of NEFA from
adipose tissue to the liver normally accounts for 60–80% of
the hepatic TG [24]. Insulin decreases TG biosynthesis in
the liver by reducing this influx [12–14, 25, 26], possibly
leading to a reduced synthesis of the intracellular lipid
droplets required for the formation of VLDL1 from VLDL2.

This is in agreement with the finding that acute lowering of
NEFAs using the antilipolytic agent acipimox resulted in the
secretion of smaller and denser VLDL2 particles [14], The
increased hepatic biosynthesis in participants with insulin
resistance may also stabilise ApoB and thereby reduce post-

Fig. 6 VLDL1-ApoB (a) and
VLDL1-TG (b) and VLDL2-
ApoB (c) and VLDL1-TG
(d) secretion rates in low
liver-fat and high liver-fat
groups. Both the VLDL1-ApoB
(a) and VLDL1-TG (b) secretion
rates were significantly
suppressed in the low liver-fat
group (p<0.01 vs baseline).
VLDL2-ApoB (c) and VLDL2-
TG (d) secretion rates were
significantly increased in the
low liver-fat group (p<0.05
vs baseline). No significant
changes were observed in the
high liver-fat group. Closed
circles, participants with high
liver fat; open circles,
participants with low liver fat.
Means±SEM, n=10 in both
groups. To convert TG values
from mg kg−1 day−1 to
ìmol kg−1 day−1 multiply by
1.113; to convert ApoB values
from mg kg−1 day−1 to pmol
kg−1 day−1 multiply by 1.95
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translational degradation of ApoB [3]. Indeed, total VLDL
ApoB secretion was significantly reduced after insulin
infusion for 8.5 h in the low liver-fat group, but remained
unchanged over the study in the high liver-fat group.

Insulin also seems to have direct suppressive effects on
the formation of VLDL1 in the liver, independently of the
availability of NEFAs [14, 27]. First, insulin regulates the
expression of key factors that regulate the initiation of
VLDL assembly and the maturation of VLDL particles
[28–31]. Furthermore, increased insulin levels promote for-
mation of cytosolic lipid droplets [32, 33]. Activation and
upregulation of genes that acutely shift TG and NEFA from
VLDL formation and towards cytosolic storage may play
important roles [32, 33].

A novel finding was the inverse response between
VLDL1 and VLDL2 secretion in participants with low liver
fat: VLDL1 secretion decreased acutely after insulin infusion
whereas VLDL2 secretion increased. Results in vitro sup-
port a step-wise loading of nascent VLDL with core lipids
during biosynthesis [3, 4]. If TG is not added to the nascent
VLDL leading to the formation of VLDL1, the TG-poor
VLDL particle will be secreted as a VLDL2 particle [3].
The finding that VLDL1 secretion decreased acutely after
insulin infusion in participants with low liver fat, whereas
VLDL2 secretion increased, supports in vivo a step-wise
loading of VLDL particles during biosynthesis and suggests
that insulin inhibits the bulk lipid addition that converts
TG-poor VLDL into mature VLDL1. Furthermore, the shift
from VLDL1 to VLDL2 explains why secretion of total
VLDL-TG was reduced to a greater extent than the secre-
tion of total VLDL-ApoB following insulin infusion.

Today the question whether hepatic insulin resistance is
a consequence of increased liver fat or vice versa remains a
matter of debate [34]. The key question is whether the
effects of liver fat per se can be separated from the effects
of diabetes/hepatic insulin resistance. The fact that the
participants with high liver fat were predominantly people
with diabetes is a weakness but we purposefully aimed to
recruit participants with a wide range of liver fat. Recognis-
ing the fact that hepatic steatosis is highly prevalent in
patients with type 2 diabetes we were unable to avoid the
abundance of participants with type 2 diabetes in the high
liver-fat group. Thus, we cannot exclude that impaired
suppression of VLDL1 production rate may also reflect
some direct effect of diabetes beyond liver fat accumula-
tion. However, as seen in Fig. 3a,c, our data indicate that,
independently of the characteristics of the participant, both
pools and production rates fall on the same line and forms a
continuum. Furthermore, a discriminant analysis showed
that liver fat and NEFA suppression were better predictors
of VLDL1 response to insulin (Fig. 3d) than diabetes per se,
fasting plasma glucose, fasting insulin or intra-abdominal
fat volume (data not shown). Moreover, liver fat and the

NEFA suppression were the best correlates with the actual
changes in the VLDL1 pools in the VLDL1 secretion rate
itself at both baseline and during insulin infusion. Thus, we
believe that liver fat and the ability of insulin to regulate
NEFA flux are important determinants of synthesis and
secretion of VLDL1 and VLDL2 particles.

Once hepatic insulin resistance has developed, it is likely
that it will further contribute to fat accumulation in the
liver, creating a vicious cycle. Indeed, recent evidence indi-
cates that defective suppression of hepatic glucose produc-
tion (i.e. the hallmark of hepatic insulin resistance) is closely
correlated with liver fat accumulation in both healthy
control participants and patients with type 2 diabetes [7,
10, 35]. Furthermore, emerging data link the metabolic
pathways of carbohydrate and TG homeostasis by the action
of nuclear receptors [36]. It is therefore hard to ascertain
whether the observed correlation between high liver fat and
reduced suppression of VLDL1 by insulin is the result of
fatty liver or merely the consequence of hepatic insulin
resistance, or alternatively by a combination of both. To
specifically address this, it would be of interest to perform
the simultaneous analysis of both hepatic glucose and lipid
metabolism in patients with either disturbed hepatic glucose
metabolism or disturbed lipid metabolism.

However, emerging data from both humans and animals
support a causal role of intracellular hepatic accumulation
of TG [36–39] and, probably more importantly, of certain
intracellular fatty acid metabolites (fatty acyl CoAs,
diacylglycerol, ceramides and glycosphingolipids) in the
pathogenesis of hepatic insulin resistance [40–42]. Impor-
tantly preventing liver fat accumulation in animal models is
associated with reversal of hepatic insulin sensitivity [43,
44]. Clinically, this relationship seems to be also reversible,
as modest weight loss in humans is associated with a
marked reduction of hepatic fat and reversal of hepatic
insulin resistance [45, 46].

What are the consequences of the impaired suppres-
sion of VLDL1 secretion in participants with high liver fat?
LDL particles can be converted to small dense LDL by
interaction with triacylglycerol-rich lipoproteins, a reaction
catalysed by hepatic lipase and cholesteryl-ester transfer
protein, enzymes that are increased in type 2 diabetes [1].
In addition, increased levels of VLDL1 alter the compo-
sition of HDL, ultimately leading to an increased catabo-
lism of these particles [47]. These findings are consistent
with our observation of an inverse correlation of both
LDL particle size and HDL concentration with VLDL1

production [6]. Thus, the two hallmarks of the highly
atherogenic diabetic dyslipidaemia, low HDL levels and
increased generation of small dense LDL, are both strongly
linked to overproduction of VLDL1. The inability for the
liver to regulate VLDL secretion in high liver-fat partic-
ipants may also contribute to postprandial lipaemia, further
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contributing to the dyslipidaemia seen in high liver-fat
participants.

In summary, our results show that insulin downregulates
VLDL1 secretion and increases VLDL2 secretion in par-
ticipants with low liver fat. In contrast, the acute suppression
of VLDL1 secretion by insulin is impaired in participants
with high liver fat, resulting in overproduction of VLDL1.
Whether a reduction of liver fat is associated with decreased
production of VLDL1 particles and a reversal of the
atherogenic dyslipidaemia remains to be established, but
this suggests a potential target for the treatment of diabetic
dyslipidaemia.
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