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Abstract
Aims/hypothesis Pharmacological augmentation of
glucagon-like peptide 1 receptor signalling by dipeptidyl pep-
tidase 4 (DPP-4) inhibition reduced intestinal lipoprotein se-
cretion in experimental studies, suggesting that DPP-4
inhibitors may ameliorate dyslipidaemia and thus reduce car-
diovascular risk in patients with type 2 diabetes. We assessed
the effects of alogliptin (Alo) and Alo co-administered with
pioglitazone (Pio) vs placebo (Pbo) on triacylglycerol (TG)-

rich lipoproteins in type 2 diabetes before and following a
high-fat meal.
Methods Seventy-one patients (age 18–70 years), who did not
reach HbA1c 6.5% (48 mmol/mol) with lifestyle and/or met-
formin, sulfonylurea or glinide therapy, participated in this
16 week, double-centre (university hospitals) Pbo-controlled
parallel-group study. All participants, people doing measure-
ments or examinations, and people assessing the outcomes
were blinded to group assignment. Fasting TG 1.7–
5.0 mmol/l was among the entry criteria. Patients received a
high-fat mixed meal before and 4 and 16 weeks after
randomisation (allocation by central office) to Alo (n025),
Alo/Pio (n022) or Pbo (n024). Blood was sampled at pre-
specified intervals, starting at 15 min before and ending 8 h
after meal ingestion.
Results At week 16, Alo (n025) and Alo/Pio (n021) vs Pbo
(n024) produced similar significant reductions in total post-
prandial TG response (incremental AUC [iAUC]; p<0.001), as
well as in chylomicron TG (p<0.001) and VLDL1 TG iAUCs
(p<0.001 and p00.012, respectively). Postprandial chylomi-
cron apolipoprotein B-48 iAUC showed a significant decrease
after Alo treatment (p00.028), and a non-significant trend
towards a decrease with Alo/Pio (p00.213). The incidence of
adverse events was low and consistent with previous studies.
Conclusions/interpretation Treatment with Alo and Alo/Pio
produced significant reductions in postprandial TG and TG-
rich lipoproteins, contributing to an improved overall cardio-
metabolic risk profile in type 2 diabetes. The data support
the concept that incretins not only modulate glucose metabo-
lism but also influence chylomicron metabolism in intestinal
cells.
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Abbreviations
AE Adverse event
Alo Alogliptin
ApoB Apolipoprotein B
DPP-4 Dipeptidyl peptidase 4
GIP Glucose-dependent insulinotropic polypeptide
GLP-1 Glucagon-like peptide 1
HDL-C HDL-cholesterol
iAUC Incremental AUC
IDL Intermediate-density lipoprotein
LDL-C LDL-cholesterol
Pbo Placebo
Pio Pioglitazone
Sf Subfraction
TG Triacylglycerol
TRL Triacylglycerol-rich lipoprotein
RLP Remnant-like lipoprotein

Introduction

As the incidence and prevalence of type 2 diabetes increases
globally, different therapies are required to provide individu-
alised and effective glucose-lowering treatment. The goals are
not only to optimise glycaemic control but also to modify
favourably cardiovascular risk factors. These particularly in-
clude diabetic dyslipidaemia, which is characterised by ele-
vated levels of triacylglycerol (TG)-rich lipoproteins (TRLs)
and apolipoprotein B (ApoB), low levels of HDL-cholesterol
(HDL-C) and a preponderance of small atherogenic LDL
particles [1]. In type 2 diabetes, the serum TG levels are
frequently elevated both in the fasting and the postprandial
states, indicating elevation of the highly atherogenic TRL
remnants. Recent evidence also highlights the importance of
TRLs as a significant risk factor for cardiovascular disease [2].

Recent data have shown that glucagon-like peptide 1
(GLP-1) plays an important role in the assembly and secre-
tion of intestinal chylomicrons [3, 4]. Intestinal lipoprotein
secretion in both mice and hamsters was reduced by poten-
tiation of endogenous incretin action via inhibition of dipep-
tidyl peptidase 4 (DPP-4)—the primary enzyme involved in
the in vivo degradation of at least two incretin hormones
released in response to nutrient ingestion, GLP-1 and
glucose-dependent insulinotropic peptide—and pharmaco-
logical augmentation of GLP-1 receptor signalling [4]. In
agreement with this, the GLP-1 receptor agonist exenatide
has been shown to have positive effects on postprandial
lipaemia in individuals with type 2 diabetes by specifically
reducing ApoB-48-containing particles [5].

So far, there is limited information on the effects of DPP-4
inhibitors on postprandial lipid and lipoprotein metabo-
lism in patients with type 2 diabetes. In one study, 4 weeks
of treatment with vildagliptin was associated with a reduc-
tion in postprandial plasma triacylglycerol and ApoB-48-
containing TRLs after a fat-rich meal [6]. Recently, treat-
ment with sitagliptin for 6 weeks was shown to reduce
postprandial plasma levels of TG-rich lipoproteins of both
intestinal and hepatic origins [7]. Taken together, these
results suggest that DPP-4 inhibitors may offer a novel
approach of reducing cardiovascular risk in patients with
type 2 diabetes.

Inhibition of DPP-4 activity augments glucose-stimulated
insulin secretion and reduces glucagon secretion, thus low-
ering glycaemia. Alogliptin (Alo) is a well-tolerated oral
selective inhibitor of DPP-4. Interestingly, there also seems
to be an interaction between DPP-4 levels and other blood-
glucose-lowering treatments, as thiazolidinediones appear to
reduce DPP-4 activity [8] and may also have beneficial
effects on the lipid profile [9–11]. Theoretically, such a
combination of therapies may potentiate the favourable
effects on both lipid and glucose metabolism in patients
with type 2 diabetes.

Clinical studies of pioglitazone (Pio) have demonstrated
improvements in glycaemic control as well as robust
decreases in TG and increases in HDL-C [12]. Additionally,
Pio treatment has also been associated with beneficial
effects on postprandial TG in type 2 diabetes [9]. Thus,
combined treatment with Pio and a DPP-4 inhibitor, such
as Alo, may provide an advantage in terms of both treating
hyperglycaemia and lowering cardiovascular risk in type 2
diabetes.

Given the potential complementary mechanisms of action
of these two agents, we initiated a two-centre randomised
double-blind Pbo-controlled parallel-group study to assess
the effects of Alo monotherapy or Alo co-administered with
Pio, compared with Pbo, on postprandial lipids and lipopro-
tein metabolism in individuals with type 2 diabetes. The
primary objective was to evaluate the effects of the various
treatment regimens on postprandial TG-rich lipoproteins.
The secondary objectives of this study were to evaluate
effects on BMI and measures of glycaemic control.

Methods

Patients Individuals were recruited from community hospital
diabetes clinics and by newspaper advertisements. Seventy-
one patients were enrolled (Fig. 1). Study participants were
aged between 18 and 70 years, had type 2 diabetes and had not
reached adequate glycaemic control with diet and exercise or a
stable dose of metformin, sulfonylurea or glinide for more
than 3 months prior to screening. Entry criteria included a
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baseline HbA1c 6.5–9.0% (48–75 mmol/mol), fasting plasma
glucose (FPG) <13.3 mmol/l, fasting TG 1.7–5.0 mmol/l,
BMI 23–45 kg/m2, an ApoE3/3 or E3/4 phenotype, and stable
statin and/or ezetimibe therapy or no lipid-lowering therapy
within 3 months prior to screening. All other non-excluded
medications should have been taken with a stable dose for at
least 4 weeks prior to screening. The participants agreed to
maintain their previous diet and exercise regimen during the
full course of the study.

Exclusion criteria included: the use of weight-lowering
drugs, corticosteroids or any investigational blood-glucose-
or lipid-lowering agent (other than statins or ezetimibe)
within the past 3 months; history of type 1 diabetes; history
of drug or alcohol abuse within the past 2 years; systolic or
diastolic blood pressure >160 mmHg or >100 mmHg, re-
spectively; alanine transaminase level of >2.5 times the
upper limit of normal; serum creatinine level >133 μmol/l;
fasting cholesterol >6.5 mmol/l; any coronary interventions
or history of myocardial infarction within the past 6 months;
or allergies to Alo or Pio. Women of childbearing potential
agreed to use adequate contraception from screening
throughout the duration of the study.

The study protocol was approved by the ethics review
board at each study site and was in accordance with the
principles of the Declaration of Helsinki. All study partici-
pants gave written informed consent before screening.

Study design This was a 16-week phase IIIB multicentre
randomised double-blind Pbo-controlled parallel-group
study comparing the effects of Alo alone, combination therapy
with Alo and Pio, or Pbo. It was performed between August
2007 and December 2009 in two study sites (university
hospitals): Sweden and the Netherlands.

Following the screening visit and confirmation of eligibility,
patients were randomised (allocation by central office) within
14 days at baseline to one of three treatment groups in a 1:1:1

ratio to receive Alo 25 mg daily, co-administration of Alo
25 mg and Pio 30 mg (Alo/Pio) daily, or Pbo. All participants,
people doing measurements or examinations, or people assess-
ing the outcomes were blinded to group assignment. Mean
adherence during the study was similar for the Pbo (96.1%),
Alo (97.8%) and Alo/Pio groups (97.4%). The participants
returned to the study site at weeks 4, 8 and 16 for study
assessments. Individuals were stratified by statin use (no
therapy in the previous 3 months vs stable therapy with statin
and/or ezetimibe for at least 3 months). Patients were asked to
fast overnight for 8 h and to abstain from alcohol ingestion for
3 days and from strenuous exercise for 24 h prior to the
screening, baseline and weeks 4, 8 and 16 visits.

At baseline, week 4 and week 16 a standardised meal was
given in the morning. No study medication was given before
the test meal at baseline. Study medication was taken with
200 ml water 30 min prior to the meal at week 4 and week
16. The standardised test meal, which contained approxi-
mately 3,845 kJ with 14% protein, 49% fat, and 36% carbo-
hydrates, was consumed within 10 min. Blood samples were
drawn from catheters placed in antecubital veins at 15 and
5 min before starting the meal, and 0.25, 0.5, 1, 2, 3, 4, 5, 6, 7
and 8 h after the meal. Participants were allowed to drink only
water until the final blood sample had been collected.

Fasting total cholesterol, HDL-C, LDL-cholesterol
(LDL-C), small dense LDL and serum TG were assessed
at every visit. HbA1c was obtained at the baseline, week 8 and
week 16 visits. Glucose, insulin and C-peptide samples
were obtained at every time point of the standardised test
meal. Total TG and the indicated lipoprotein fractions were
assessed as described below in the samples obtained at −5 min
and 2, 3, 4, 6 and 8 h after the meal).

Laboratory values Plasma glucose, insulin, C-peptide and
HbA1c were analysed at the Department of Clinical Chemistry,
Sahlgrenska University Hospital, Göteborg, Sweden. We used
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Fig. 1 Patient flow chart
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HOMA-IR to assess insulin resistance [13]. GLP-1 and gluca-
gon were analysed at the Department of Biomedical Sciences,
Panum Institute, University of Copenhagen, Denmark. Con-
centrations of lipids, lipoproteins and apolipoproteins were
measured at Biomedicum, University of Helsinki, Finland.
Plasma lipoprotein fractions (chylomicrons >400, VLDL1
subfraction [Sf] 60–400, VLDL2 Sf 20–60 and intermediate-
density lipoprotein [IDL] Sf 12–20) were separated by density-
gradient ultracentrifugation as described previously [14]. TG,
cholesterol, ApoB-48 and ApoB-100 concentrations were
analysed in total plasma and in all fractions. TG and choles-
terol were measured by automated enzymatic methods (Cobas
Mira S Analyzer; Hoffman-La Roche, Basel, Switzerland) and
LDL-C was calculated by the Friedewald equation [15].

Concentrations of ApoB-48 and ApoB-100 were measured
in lipoprotein fractions using SDS-PAGE [16]. The bands
represented by ApoB-48 and ApoB-100 were analysed with
Image-Master 1D software (Amersham Pharmacia Biotech,
Newcastle upon Tyne, UK). CVs for ApoB-48 and ApoB-100
were 9.65% and 5.03%, respectively. The detection limit has
been reported to be between 0.01 and 0.02 mg/l [16]. Plasma
total ApoB-48 was analysed using an ELISA kit (AKHB48E,
Shibayagi, Japan; CV 9.4% and lower detection limit
0.4 ng/ml) [17]. Remnant-like lipoprotein (RLP) cholesterol
was quantified using an immunoseparation assay (Otsuka,
Tokyo, Japan). ApoE phenotyping was performed in serum
by isoelectric focusing.

Statistical analysis The primary endpoint was the change
from baseline in postprandial incremental AUC (iAUC) for
total plasma TG at week 16. Secondary endpoints included
postprandial iAUC changes for total plasma TG at week 4
and postprandial iAUC changes for all lipid and lipoprotein
variables described above at week 4 and week 16. The
primary analysis was conducted using the full analysis set
and an analysis of covariance (ANCOVA) model with
change from baseline in iAUC for TG as the response
variable, treatment and statin use as fixed effects and base-
line iAUC for TG as a covariate. Comparisons between each
pair of treatment arms were derived from the primary analysis
model and tested at a nominal two-sided 0.05 significance
level. No multiplicity adjustments were used. Secondary
variables were analysed using the full analysis set and a
model similar to the primary analysis model. Missing
values of primary or secondary variables were imputed using
last observation carried forward (LOCF). Statistical analysis
was performed using SAS version 8.2.

Results

Patient characteristics Table 1 lists the patient characteristics
in the three treatment groups. The entire study population was

white and 70% were male. No meaningful differences in
demographic characteristics, medical history or use of con-
comitant medications were observed among the treatment
groups at baseline. Diabetes was mostly well controlled, and
only two (Pbo), five (Alo) and two patients (Alo/Pio) had
HbA1c values >7.5% (58 mmol/mol). Only one participant
(in the Pbo group) was treated with ezetimibe, while no patient
used oestrogen or progestin agents.

Metabolic and lipid variables Electronic supplementary
material (ESM) Table 1 reports the between-group compari-
sons of fasting lipids and lipoproteins, including plasma
ApoB-48 and RLP cholesterol. Treatment with Alo for
16 weeks reduced fasting TG by 0.56 mmol/l (p00.003)
and Alo/Pio lowered fasting TG by 0.81 mmol/l (p<0.001)
compared with Pbo. Levels of ApoB-48 as well as RLP
cholesterol were significantly reduced by both Alo and
Alo/Pio treatment compared with Pbo. Treatment with
Alo/Pio, but not Alo alone, significantly increased fasting
HDL-C (0.23 mmol/l from baseline) compared with a de-
crease of 0.05 mmol/l for Pbo (p<0.001). Fasting total
cholesterol and LDL-C were not changed in any treatment
group at week 16. Alo/Pio slightly reduced fasting NEFA
levels compared with PLO (−0.10 mmol/l, p00.028), while
there was no effect of Alo treatment (−0.02 mmol/l, p00.68).
After 16 weeks, NEFA levels showed a non-significant trend
to be lower after Alo/Pio than Alo treatment (−0.09 mmol/l,
p00.066).

Figure 2a–c shows baseline and endpoint concentrations
of total TG, chylomicron TG and VLDL1 TG in the three
different treatment arms. Similarly, Fig. 2d–f gives total
plasma ApoB-48, chylomicron ApoB-48, and VLDL1
ApoB-48 in the three treatment arms. Table 2 reports the
between-group comparisons of postprandial iAUC (0–8) of
lipid and lipoprotein variables. Overall, the effects of Alo
and Alo/Pio treatments on lipids and ApoB-48 changes in
different TRL species were seen already at 4 weeks (data not
shown) and were maintained over the 16 week treatment
period.

Both Alo and Alo/Pio treatment produced similar and
statistically significant (p<0.001) reductions at week 16 in
total postprandial TG (iAUC) compared with Pbo. Although
individuals in the Alo group exhibited a trend to greater
mean reduction compared with the Alo/Pio group (−3.47 vs
−2.87 mmol/l×h, respectively), this difference was not sta-
tistically significant (p00.445). When sex was included as a
covariate in the calculation the results remained virtually
unchanged (data not shown).

Similarly, both Alo and Alo/Pio led to statistically signifi-
cant reductions in postprandial chylomicron TG and
VLDL1 TG compared with Pbo and there were no statisti-
cally significant differences between the two treatment
arms. However, the numerically higher mean reduction of
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total TG response (iAUC) in the Alo compared with the
Alo/Pio group seems to be due to a greater TG reduction in
the VLDL1. The iAUC of TG chylomicrons was reduced to
similar extents in the Alo and Alo/Pio arms. Postprandial
chylomicron ApoB-48 iAUC showed a significant decrease
after treatment with Alo (−0.62 mg h/l, p00.028), and a non-
significant trend towards a decrease with Alo/Pio (−0.33mg h/l,
p00.213) compared with Pbo. Furthermore, both Alo and Alo/
Pio treatment produced statistically significant (p<0.001 and
p00.002, respectively) reductions in chylomicron cholesterol
iAUCs at week 16 compared with Pbo (data not shown). Alo
but not Alo/Pio treatment led to a significant decrease of both
VLDL1 ApoB-48 and ApoB-100 iAUCs compared with Pbo.
Postprandial iAUCs for all measured variables in VLDL2 and
IDL remained similar in all treatment groups (ESM Table 2).

Non-lipid variables Figure 3a–c shows the mean change
from baseline to week 16 in HbA1c, FPG and HOMA-IR.
Treatment for 16 weeks with both Alo and Alo/Pio signif-
icantly decreased HbA1c and FPG. HbA1c at baseline aver-
aged 6.6% (49 mmol/mol), 6.8% (51 mmol/mol) and 6.6%
(49 mmol/mol) in patients treated with Pbo, Alo and Alo/
Pio, respectively. In patients randomised to Pbo, HbA1c

increased by 0.38%, while it decreased by 0.39% and
0.95% in patients randomised to Alo and Alo/Pio, respec-
tively. Similarly, FPG at baseline averaged 8.9, 9.3 and
8.6 mmol/l in patients treated with Pbo, Alo and Alo/Pio,
respectively. In patients randomised to Pbo, FPG increased

by 0.7 mmol/l, while it decreased by 0.9 mmol/l and
2.1 mmol/l in patients randomised to Alo and Alo/Pio,
respectively. HOMA-IR was similar at baseline across the
different treatment groups and did not change from baseline
in patients treated with Pbo and Alo. However, HOMA-IR
decreased from baseline by a statistically significant 3.06
(p00.005 vs Alo) in patients randomised to Alo/Pio (Fig. 3c).
There were no significant differences in postprandial NEFA
levels between the treatment groups (Pbo vs Alo or Alo/Pio,
or Alo vs Alo/Pio) after 16 weeks of treatment.

Active GLP-1 and glucagon levels during the meal test at
week 16 are presented in Fig. 4a,b. Postprandial levels of active
GLP-1 were significantly increased in patients treated with
Alo/Pio compared with Pbo, but the largest increase was seen
in patients treated with Alo only. Postprandial glucagon levels
were suppressed to a similar and statistically significant degree
in patients treated with Alo and Alo/Pio compared with Pbo.

Safety The incidence of adverse events (AEs) ranged from
59% for the Alo/Pio group to 76% for the Alo group. More
events were considered by the investigator to be related to
study medication in the Alo/Pio group than the other two
treatment groups. The majority of events (71/81) were consid-
eredmild in severity, with seven consideredmoderate and three
severe.More individuals in the Alo andAlo/Pio (five and three,
respectively) experienced nasopharyngitis than in the Pbo
group (one). Hypoglycaemia was reported for three individuals
in the Alo/Pio group but none in the other groups. Anaemia

Table 1 Patient characteristics

Data are means (SD) or
proportions

OHA, oral glucose-lowering
agents; RAS, renin–angiotensin
system

Characteristic Pbo (n024) Alo (n025) Alo/Pio (n022)

Sex, n (%)

Men 20 (83) 15 (60) 15 (68)

Women 4 (17) 10 (40) 7 (32)

Age (years) 59.1 (6.2) 58.7 (6.5) 59.1 (6.9)

Weight (kg) 101.8 (12.0) 93.7 (10.8) 93.1 (13.2)

Height (cm) 178 (7) 174 (8) 173 (11)

BMI (kg/m2) 32.1 (4.0) 31.1 (4.2) 31.2 (3.5)

Diabetes duration (years) 5.5 (3.2) 6.4 (3.6) 5.0 (3.8)

HbA1c (%) 6.6 (0.7) 6.8 (0.8) 6.6 (0.6)

HbA1c (mmol/mol) 49 (8) 51 (9) 49 (7)

FPG (mmol/l) 8.9 (1.6) 9.3 (2.8) 8.5 (2.0)

Fasting plasma
insulin (pmol/l)

126.4 (63.9) 116.0 (53.5) 116.0 (72.2)

HOMA-IR (%) 7.1 (3.5) 6.9 (3.6) 6.7 (5.4)

Concomitant medications, n (%)

Metformin/other OHA 23 (96) 22 (88) 21 (95)

Lipid-lowering agents 13 (54) 15 (60) 12 (55)

RAS blockers 13 (54) 9 (36) 9 (41)

Beta-blocking agents 8 (33) 7 (28) 7 (32)

Diuretics 5 (21) 6 (24) 6 (27)

Anti-thrombotic agents 4 (17) 3 (12) 4 (18)

Diabetologia (2012) 55:915–925 919



was reported for three individuals in theAlo group vs one in the
Pbo group and none in the Alo/Pio group. Two cases of
anaemia in the Alo and the one case in the Pbo group were
ongoing at the time of study completion. Of the severe AEs
reported during the study, three were reported for one person in
the Alo/Pio group as a result of one incident (fall, head injury,

and concussion), and were considered by the investigator to be
not related to study drug. The other events were gastric ulcer
and nephrolithiasis, reported for one participant each in the Alo
group. Both were assessed as related to study drug. No clini-
cally relevant changes in laboratory tests, ECGs or physical
examination findings were observed. Alo was generally safe
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and well tolerated in this study as monotherapy and as co-
administered with Pio. The incidence of AEs and severe AEs
was low and consistent with previous studies.

Discussion

The major finding of this randomised double-blind Pbo-
controlled study is that the DPP-4 inhibitor Alo at a dose
of 25 mg daily for 16 weeks caused highly significant
reductions in postprandial total TG and chylomicron TG
following a fat-rich meal, and also significantly reduced
fasting TG and RLP cholesterol levels in patients with type 2
diabetes. Alo treatment significantly decreased ApoB-48
in chylomicrons, indicating that the number of chylomicron
particles was reduced. The finding that the combination of Alo
with Pio did not further reduce postprandial TG response or
fasting TG is surprising, although it significantly increased
fasting HDL-C compared with Alo alone. As expected, treat-
ment with Alo/Pio decreased HbA1c to a significantly greater
extent than Alo alone. Moreover, GLP-1 and glucose-
dependent insulinotropic polypeptide (GIP) levels were in-
creased but glucagon levels reduced in response to an oral
fat load in both study arms. These results show that treatment
with Alo improved the overall cardiometabolic risk profile in
patients with type 2 diabetes; results were augmented by the
Alo/Pio combination.

Our data expand results from a previous pilot study using
vildagliptin for 4 weeks and from a recent study where
sitagliptin treatment for 6 weeks was reported to reduce
postprandial elevations of TG and ApoB-48 in response to
a fat-rich meal in type 2 diabetes [6, 7]. Likewise, vildaglip-
tin reduced chylomicron ApoB-48 levels, and exenatide
reduced postprandial lipaemia with a robust reduction for
chylomicron ApoB-48 [5, 18]. Taken together, these data
suggest that modulation of the GLP-1 system not only

−1.5

−1.0

−0.5

0.0

0.5

1.0

C
ha

ng
e 

in
 H

bA
1c

 (
%

)

−3.0

−2.0

−1.0

0.0

1.0

2.0

C
ha

ng
e 

in
 F

P
G

 (
m

m
ol

/l)

** ***

−5.0

−4.0

−3.0

−2.0

−1.0

0.0

1.0

2.0

C
ha

ng
e 

in
 H

O
M

A
-I

R
 (

%
)

** ***

***

a

b

c

†

Fig. 3 Mean (±SE) change from baseline to week 16 in: (a) HbA1c,
baseline values Pbo 6.6%, Alo 6.8% and Alo/Pio 6.6% (to convert
values for HbA1c in % into mmol/mol, subtract 2.15 and multiply by
10.929); (b) FPG, baseline values Pbo 8.9 mmol/l, Alo 9.3 mmol/l and
Alo/Pio 8.5 mmol/l; and (c) HOMA-IR, baseline values Pbo 7.1%, Alo
6.9% and Alo/Pio 6.7%. p values for the least squares mean treatment
difference: †p00.048, **p<0.01 and ***p<0.001 compared with Pbo.
White bars, Pbo; grey bars, Alo; dark grey bars, Alo/Pio

0

2

4

6

8

10

12

14

G
LP

-1
 (

pm
ol

/l)

Time (h)

**

***

*** *** ***

***
**

*

**
* **

*
0

5

10

15

20

25

−1 0 1 2 3 4 5 6 7 8 −1 0 1 2 3 4 5 6 7 8

G
lu

ca
go

n 
(n

g
/l)

Time (h)

**

***

***

***

***

**

**

**
*** *

** **

***

a b

Fig. 4 Mean (±SE) postprandial active GLP-1 (a) and glucagon (b) at week 16. p values for the least squares mean treatment difference: *p<0.05,
**p<0.01, ***p<0.001 compared with Pbo. White triangles, Pbo; grey triangles, Alo; black triangles, Alo/Pio

922 Diabetologia (2012) 55:915–925



influences glucose metabolism but also favourably inter-
feres with intestinal lipid metabolism [3, 4, 19]. The data
also suggest that the effect of DDP-4 inhibitors seems to be
a class effect, but there seems to be some differences in the
efficacy of DPP-4 inhibitors to modulate lipid levels. In
contrast to vildagliptin and sitaglipitin, Alo reduced the
fasting TG levels as well as the fasting RLP cholesterol
levels. Whether this is due to specific characteristics of
Alo as a DPP-4 inhibitor and/or an increased potency is
currently unclear.

Postprandial TRLs comprise, in addition to chylomicrons
(Sf >400) containing ApoB-48, large VLDL particles
(VLDL1 Sf 60–400) containing both ApoB-48 and ApoB-
100, smaller VLDL particles (VLDL2 Sf 20–60) and IDL
particles containing mainly ApoB-100, all contributing to
the elevation of serum TG. We report here significant
decreases in levels of the major chylomicron components
(ApoB-48, TG and cholesterol) in individuals treated with
Alo. Interestingly, sitaglipitin has been demonstrated to
decrease postprandial TRL TG, cholesterol and ApoB-48
in fructose-fed rodents [4], and it has been suggested that
sitagliptin reduces intestinal postprandial TG and cholesterol
secretion. Exendin-4 caused similar changes in lipids and
ApoB-48 in the TRL fraction, as did sitagliptin in hamsters.
In contrast, the GLP-1 receptor antagonist exendin (9–35)
blocked the effect of exendin-4 on the TRL response to an
oral fat load. The authors also provided evidence that the
effects of sitagliptin could not be explained by the action on
gastric emptying or via GIP receptor signalling. In summary,
this elegant study demonstrated that GLP-1 regulates the
assembly and/or secretion of chylomicrons by directly influ-
encing enterocyte ApoB-48 secretion ex vivo.

It should be recognised that large VLDL1 particles con-
tain ApoB-48 remnants as well as ApoB-100 particles of
hepatic origin and their remnants. We report here for the first
time that Alo significantly also reduced VLDL1 ApoB-48
iAUC and TG iAUC, suggesting that chylomicron remnants
in the VLDL1 fraction were decreased. The lack of signifi-
cant decrease of the VLDL/IDL fraction by vildagliptin
may have been due to a power problem or to the fact that
large VLDL1 species, which contain the major part of
chylomicron remnants, were not specifically isolated [6].
This was the case in the study by Tremblay et al. [7]. It
was recently reported that RLP TG levels correlate closely
with total postprandial TG levels. Notably, RLP TG con-
stitutes about 80% of the total postprandial TG concentra-
tion at 3–6 h after an oral fat load [20]. Thus, the total burden
of remnant particles seems to be considerably more than
previously reported.

In addition to the postprandial reduction of VLDL1
ApoB-48, VLDL1 ApoB-100 and TG iAUC were signifi-
cantly reduced by Alo. This may be due to either improved
clearance or reduced production rate of large VLDL particles.

As chylomicrons and VLDL particles and their remnants
compete for the same catabolic pathways, both at the first step
of lipolysis by LPL and at the second step of uptake by liver
remnant receptors [21, 22], a reduced secretion of ApoB-48
particles by itself could improve the catabolic rate of VLDL1
particles by releasing the competition for the clearance path-
way. The key regulators of VLDL assembly in the liver are
NEFA flux from the systemic NEFA pool, dietary fat intake
and de novo lipogenesis [23–25]. Likewise, NEFA flux seems
to regulate chylomicron production by intestinal cells [26],
and insulin acutely suppresses ApoB-48 production due to the
reduced NEFA flux [27, 28]. In the present study, postprandial
NEFA levels were similarly suppressed in the three treatment
groups. Thus, changes in NEFA flux are not likely to be the
major mechanism explaining the improved postprandial lipae-
mia by Alo and by Pio/Alo. Recently, GLP-1 receptor pro-
duction was demonstrated in human hepatocytes and exendin-
4 was shown to reduce hepatic steatosis in the absence of
insulin [29]. This potential direct effect of GLP-1 on lipid
metabolism offers an explanation also for the observed reduc-
tion of VLDL1 ApoB and TG in this study. Furthermore, a
recent report on GLP-1 treatment in mice fed a high-fat diet
showed reduced VLDL production during hyperinsulinaemic
clamps without affecting lipolysis [30]. Therefore it is neces-
sary to confirm the effect of DDP-4 inhibitors and exenatide
on the kinetics of TG, ApoB-48 and ApoB-100 in the post-
prandial state, using stable isotopes concomitantly with quan-
tification of liver fat, and thus to determine if the production or
catabolic rate of ApoB-48 and ApoB-100 particles is modi-
fied. This would demonstrate how modulation of the GLP-1
system influences lipoprotein metabolism in humans.

An unexpected finding was that the combination of Alo/
Pio did not further decrease the postprandial TRL lipid
response to the oral fat load as Pio alone decreases not only
fasting TG but also postprandial lipaemia [9–11]. Recent
evidence also indicates that liver fat content is reduced by
Pio [31]. As liver fat content is a driving force for VLDL1
overproduction in patients with type 2 diabetes [32], one
would expect to see a further reduction of VLDL1 ApoB-
100 and TG in the combination treatment arm. The design of
the present study does not allow elucidation of a potential
mechanism, which remains an open question. In contrast to
the postprandial lipid response, we observed robust additive
effects of Alo/Pio treatment, as compared with Alo alone, on
HbA1c, FPG and HOMA-IR index. This is expected, recog-
nising the complementary mechanisms of action of Alo
stimulating insulin secretion and Pio enhancing insulin sen-
sitivity. This agrees with data from db/dbmice, in which Alo
in combination with Pio enhanced the effect on glycaemic
control [33]. Thus, the lack of additive effect by Alo/Pio on
the postprandial lipids argues against the possibility that the
observed changes are secondary to significant ameliorations
of both glycaemic control and insulin resistance by Pio.
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Together, the data support the concept that incretins not
only modulate glucose metabolism, but also lipid metabo-
lism at the intestinal and hepatic levels via GLP-1 receptor
activation by correcting dysfunction of the gut–liver axis in
type 2 diabetes. The exact molecular mechanisms remain to
be resolved but the current study underlines the concept that
DPP-4 inhibitors and GLP-1 exert several other important
actions on cardiovascular risk in type 2 diabetes, in addition
to improving the glycaemic control.
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