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Abstract

Background: Early glucose lowering intervention in subjects with type 2 diabetes mellitus was demonstrated to be
beneficial in terms of micro- and macrovascular risk reduction. However, most of currently ongoing cardiovascular
outcome trials are performed in subjects with manifest atherosclerosis and long-standing diabetes. Therefore, the aim
of this study is to investigate the effects of the dipeptidylpeptidase-4 inhibitor linagliptin in subjects with coronary
artery disease (CAD) but early type 2 diabetes mellitus (T2DM) on a set of cardiovascular surrogate measurements.

Methods: In this randomized, placebo-controlled, double-blind, single-center study, we included subjects with
early diabetes (postchallenge diabetes (2 h glucose >200 mg/dl) or T2DM treated with diet only or on a stable dose
of metformin monotherapy and an HbA1c <75 mmol/mol) and established CAD. Participants were randomized to
receive either linagliptin (5 mg) once daily orally or placebo for 12 weeks. The primary outcome was the change in
flow mediated dilatation (FMD). The secondary objective was to investigate the effect of linagliptin treatment on argi-
nine bioavailability ratios [Global arginine bicavailability ratio (GABR) and arginine to ornithine ratio (AOR)]. Arginine,
ornithine and citrulline were measured in serum samples with a conventional usual amino acid analysis technigue,
involving separation of amino acids by ion exchange chromatography followed by postcolumn continuous reaction
with ninhydrin. GABR was calculated by t-arginine divided by the sum of (t-ornithine plus t-citrulline). The AOR was
calculated by dividing L-arginine by t-ornithine levels. Group comparisons were calculated by using a two-sample
t-test with Satterthwaite adjustment for unequal variances.

Results: We investigated 43 patients (21% female) with a mean age of 63.3 +-8.2 years. FMD at baseline was

3.5+ 3.1% in the linagliptin group vs. 4.0 £ 2.9% in the placebo group. The change in mean FMD in the linagliptin
group was not significantly different compared to the change in the placebo group (0.43 +4.84% vs. —0.45 £+ 3.01%;
p=0.486). No significant improvements were seen in the arginine bioavailability ratios (GABR; p =0.608 and AOR;
p=0.549).
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Conclusion: Linagliptin treatment in subjects with CAD and early T2DM did not improve endothelial function or the

arginine bioavailability ratios.

Trial registration ClinicalTrials.gov, NCT02350478 (https://clinicaltrials.gov/ct2/show/NCT02350478)
Keywords: Linagliptin, Flow mediated dilatation, RCT, DPP-4 inhibitor, Type 2 diabetes, Coronary artery disease,

Endothelial function

Background

Patients with type 2 diabetes (T2DM) are at increased
risk of macrovascular events as well as microvascular
complications [1]. Endothelial dysfunction represents an
early step in the process of atherosclerosis and moreover
serves as a surrogate for future cardiovascular events.
We and others have shown previously, that endothelial
dysfunction is present in patients with coronary artery
disease and early diabetes and can be improved by phar-
macological intervention [2].

Dipeptidylpeptidase-4 (DPP-4) inhibitors increase
endogenous glucagon like-peptide-1 (GLP-1) levels lead-
ing to an insulin release from pancreatic beta-cells and
suppression of glucagon secretion from alpha cells in
a glucose dependent manner [3]. Hence, this drug class
was demonstrated to lower both, fasting and post-chal-
lenge or postmeal glucose levels and consequently glyco-
sylated haemoglobin (HbA1c) and is well tolerated.

Three cardiovascular outcome trials with the DPP-4
inhibitors alogliptin, saxagliptin and sitagliptin were pub-
lished and demonstrated cardiovascular safety of those
molecules as compared to usual diabetes care without
DPP-4 inhibitors [4—6]. Two outcome trials with linaglip-
tin (CAROLINA [7] and CARMELINA—NCT01897532)
are ongoing. All published studies included subjects with
longstanding diabetes (median duration between 7.1 and
11.6 years) and it has been argued that results might be
different in subjects with shorter diabetes duration.

A well-known and validated cardiovascular surrogate
parameter for future cardiovascular events is the dys-
function of endothelium, characterized by impairment
of relaxation of the arteries in response to increased
shear stress [8]. Mechanistic animal and in vitro data
demonstrated, that DPP-4 inhibitions leads to improved
vascular stiffening, endothelial function, vascular remod-
elling, suggesting potential cardiac, renal and neurologic
benefits of this drug class [9, 10]. Reduction in oxidative
stress, inflammatory responses or apoptosis and benefi-
cial effects on the AGE/RAGE axis were proposed as pos-
sible molecular mechanisms leading to the vascular and
renal effects observed [11].

Data on the effect of DPP-4 inhibitors on endothe-
lial function are conflicting. While Nakamura et al. [12]
demonstrated an improvement of endothelial function
with Sitagliptin, Ayaori and contributors [13] showed a

worsening of endothelial function using the same drug.
However, Jax et al. demonstrated a neutral effect on mac-
rovascular function [14]. However, not all these trials
were performed in a placebo-controlled fashion.

Therefore, we performed a randomized, placebo-con-
trolled, double-blind trial investigating the effect of the
DPP-4 inhibitor linagliptin on endothelial function and
further biochemical markers of vascular function and
effects on postprandial lipids of the DPP-4 inhibitor lina-
gliptin in early stages of T2DM.

Methods
We conducted a prospective, single-center, double-
blind, randomized placebo-controlled trial at the Medi-
cal University of Graz, Austria (ClinicalTrials.gov,
NCT02350478). The study was approved by the local
Ethics Committee of the Medical University of Graz
(25—295 ex 12/13) and was performed in accordance with
the principles of the Declaration of Helsinki, good clini-
cal practice guidelines, and the standard operating pro-
cedures of the sponsor. Written informed consent was
obtained from all participants prior to enrolment.

Detailed information regarding the design and meth-
ods of this study were described previously [15]. Briefly,
patients with early T2DM and manifest coronary athero-
sclerosis (diagnosed either by coronary angiography or
coronary computer tomography), aged between 40 and
80 years, with either a 2 h-glucose value above 200 mg/
dl after 75 g glucose load or a glycated haemoglobin
(HbA1c) level between 42 and 75 mmol/mol while on
diet only or metformin monotherapy, were included in
the trial. Participants were randomized to receive either
linagliptin [linagliptin group (LG)] or matched placebo
drug [placebo group (PG)] administered orally for a
duration of 12 weeks. Randomization was performed by
using the web-based randomization tool “Randomizer for
Clinical Trials: http://www.randomizer.at/” (Accessed 29
Jan 2018) provided by the Institute of Medical Informat-
ics, Statistics and Documentation, Medical University of
Graz. Patients were randomly assigned to one of the two
arms (LG or PG, ratio 1:1). Permuted block randomiza-
tion with block size 10 was used.

Mobilization of hematopoietic stem/progenitor
cells (HSPC) endothelial progenitor cells (EPC) and
mesenchymal stromal cells (MSC) was analysed by
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multi-parameter flow cytometry as described previously
using heparinised peripheral blood samples [16]. Briefly,
at least one million mononuclear cells per sample were
analysed to determine mature cell lineage marker-neg-
ative (Lin"F9) CD34%/CD457/CD90"/CD271~ HSPC,
CD34"/CD457/CD907/CD271~ EPC and CD347/
CD457/CD90"/CD271" MSC based on previously pub-
lished procedures [17, 18]. HSPC subpopulations were
measured as Lin“F9/CD347/CD387/CD45RA™ lym-
phoid multipotent progenitors (LMPP), LinNES/CD34:+/
CD38%7/CD107/CD1237/CD45RA™ megakaryocyte-
erythroid progenitors (MEP), Lin™ES/CD34%/CD38%/
CD10%/CD45RA™ common lymphoid progenitors (CLP)
and Lin™F$/CD347/CD38~/CD45RA~ multipotent pro-
genitors (MPP) [19].

Statistical analysis

For sample size calculation a relative improvement of the
FMD of 30% in the linagliptin group and no changes from
baseline to week 12 in the placebo group were assumed.
For a total sample size of 42 subjects and based on an
absolute difference between the two groups in the FMD
change from baseline to week 12 of 1.5% with a SD of
1.5%, a power of approximately 90% could be achieved
(two-sided test with alpha 5%). All statistical analyses
were performed with SAS® software version 9.4 (SAS
Institute, Cary, NC, USA). Data are expressed as mean
(£ standard deviation), unless otherwise specified.

Net incremental area (net area above baseline) was cal-
culated for c-peptide, glucose and insulin, and net dec-
remental area (net area below baseline) for the free fatty
acids based on the trapezoidal rule with baseline value
as mean of the values at time points —5 and 0 min. For
the primary and secondary endpoints, group differences
were analysed using analysis of covariance with the fol-
low-up value at week 12 as dependent variable, and the
baseline value and treatment group as covariates. If the
assumptions of the ANCOVA were not fulfilled, param-
eter changes between the groups were compared by t-test
or Mann—Whitney-U-test. Laboratory parameters hav-
ing a skewed distribution were log-transformed. As post
hoc sensitivity analysis, multiple linear regression analy-
sis for change in FMD including age, gender, eGFR, N'T-
proBNP, LDL-cholesterol and systolic blood pressure at
baseline was conducted. All analyses were performed on
intention-to-treat (ITT) basis. Statistical significance was
defined as p <0.05.

Results

Study population

In total 49 randomizations were performed. After ran-
domization, two subjects were excluded due to screen-
ing failures without receiving the study medication.
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Therefore 47 subjects were enrolled in the study and
received the study medication. Of those, 3 subjects were
lost to follow up without available follow-up data and 1
subject was excluded due to a major protocol violation
prior to unblinding (Fig. 1).

In the final analysis we included 43 patients (9
females/34 males) with a mean age of 63.3+8.2 years
and a mean diabetes duration of 4.3+5.5 years. Mean
HbAlc at baseline was 52.3+8.2 mmol/mol in the LG
and 51.0 8.3 mmol/mol in the PG, respectively. Overall,
16 (8 in the LG vs. 8 in the PG) subjects were treated with
diet only, while 27 (12 in the LG vs. 15 in the PG) partici-
pants were on metformin monotherapy. No differences
with respect to any of the baseline parameters were seen
between PG and LG at the time of enrolment (Table 1).

Endothelial function

At baseline FMD measurement was 3.54+3.1% in the
LG and 4.0£2.9% in the PG, respectively (Table 2).
The increase in mean FMD in the LG (0.444.8%) was
not significantly different compared to the change in
the PG (—0.5+3.0%; p=0.486). The sensitivity analy-
sis for change in FMD including age, gender, eGFR,
NT-proBNP, LDL-cholesterol and systolic blood pres-
sure at baseline did not change the results (data not
shown). No significant improvements were observed
in the change of other endothelial function parameters
such as Global Arginine Bioavailability Ratio (GABR)
(change —0.11£0.35 in the LG vs. —0.06£0.39 in the
PG; p=0.608), the change of the arginine-to-ornithine-
ratio (AOR) (—0.13+£0.45 in the LG vs. —0.05+0.53
in the PG; p=0.549), change in asymmetric dimethy-
larginine (ADMA) (0.15+0.22 pmol/L in the LG vs.
0.10£0.14 umol/L in the PG; p=0.28), change of serum
soluble intercellular adhesion molecule-1 ([SICAM-1]-15
(—272 to 103) vs. —21 (— 134 to 310) ng/ml; p=0.903)
or change of serum soluble vascular cell adhesion mole-
cule-1 ([sVCAM-1]-34+84 vs. 54+130 ng/ml; p=0.431),
respectively.

Glucose and lipid metabolism

HbAlc was significantly reduced with linagliptin treat-
ment —2 (— 8 to 27) mmol/mol in the LG vs. 0.5 (—28
to 18) mmol/mol in the PG; p=0.029). Compared with
the placebo group, subjects receiving linagliptin showed
a numerical, but not statistically significant reduction of
the area under curve (AUC) for glucose (Table 2). AUC
for insulin, C-peptide and free fatty acids were compara-
ble between both treatment groups (Table 2).

Ancillary study for hematopoietic stem cells
In a subset of randomly selected 8 subjects (5 in the lina-
gliptin and 3 in the placebo group) endothelial progenitor
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Study Design
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Fig. 1 Flow diagram of the study
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cells (EPC) and mesenchymal stromal cells (MSC) were
investigated. Neither increased nor reduced mobilization
of EPCs and MSC were observed in this small subgroup
(see Additional file 1: Table S1).

Serious adverse events occurred in 3 subjects in the LG
vs. in 1 subject in the PG (p=0.323), none of the events
were related to the study medication.

Discussion
We investigated the impact of the DPP-4 inhibitor lina-
gliptin on markers of endothelial function and postpran-
dial lipid excursions in subjects with established coronary
artery disease and early diabetes treated either with diet
alone or metformin monotherapy. We observed, that lin-
agliptin neither improves flow mediated dilation or other
biochemical markers of endothelial function nor post-
prandial lipid levels.

Animal studies suggested beneficial effects of DPP-4
inhibitors on atherosclerosis [20]. Although first human
studies suggested a beneficial effect on endothelial

function [12] there were others showing even a worsen-
ing of endothelial function [13], while others turned out
to be neutral [14, 21].

In a recent trial, Ott et al. investigated the impact of
linagliptin on renal endothelial dysfunction and their
data of a 4 week trial suggest the prevention of hypergly-
caemia induced impaired renal endothelial function by
linagliptin [22]. In contrast to our study, they focused on
renal endothelial function, while we used flow mediated
vasodilation as an assessment of vascular function and
the major difference is, that our cohort had established
coronary atherosclerosis as an inclusion criterion. Effects
of linagliptin on endothelial function in subjects without
manifest atherosclerosis might be different than the neu-
tral effects observed in our cohort.

Shigiyama and colleagues investigated changes in
endothelial function by linagliptin treatment compared
to placebo and metformin treatment in subjects with
type 2 diabetes and without macrovascular disease.
While there was a significant improvement within the
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Table 1 Baseline characteristics
Linagliptin Control p-value®
Baseline 3 months A Baseline 3 months A
Blood pressure systolic (mmHg) 134417 142414 8418 128418 132418 4418 0.103
Blood pressure diastolic (mmHg) 79+14 81+£12 114 78+10 78+12 014 0.599
Low density lipoprotein (mg/dl) 66+ 31 80434 13443 76+43 78+43 4423 0.408
Triglycerides (mg/dl), median 145 (54 t0 480) 132 (68to451) — 16 (— 108 to 122 (63 t0 255) 146 (62t0651) 14 (—16t0396) 0.173
(range) 197)
HbA1c (mmol/mol), median 50.5(43t069) 49 (3810 88) —2(—8t027) 51 (3910 78) 48 (39to 71) 05 (—28t0 18) 0.029
(range)
Fasting blood glucose (mg/dl) 136+41 130£39 —4+18 123+£26 125£36 4+£37 0.670
Aspartate-aminotransferase (U/L) 335+14 3494206 09+219 276483 31.8+129 47+£14.1 0.869
Alanine-aminotransferase (U/L) 404425 3774217 —36+214 294127 2924119 10+74 0.905
Creatinine (mg/dL) 1.0£03 1.0+£03 00£0.1 1.0£0.2 1.0£0.2 00+£0.1 0327
eGFR (ml/min) 76.7 £16.1 7321176 —25+114 80.8+£180 813+£175 05+86 0.245
NT-proBNP (pg/ml) 4194528 486£519 65+377 2284452 2324589 44192 0.543
c-Reactive protein (mg/L) 38+42 24+£30 —15+25 76+204 33445 —464+212 0.548

eGFR estimated glomerular filtration rate, NT-proBNP N-terminal pro b-type natriuretic peptide

2 p values based on analysis of covariance except for triglycerides and HbA1c (Mann-Whitney-U-test for differences). A reflects difference between 3 months and

baseline. Data are mean =+ SD unless otherwise stated

Table 2 Effect of linagliptin treatment on primary and secondary outcome parameters

Linagliptin Placebo p-value®
Baseline 3 months A Baseline 3 months A
Global Arginine 0.9+0.36 0.814+0.29 —0114035 09340231 0.86+0.35 —0.064+0.39 0.608
Bioavailability Ratio
(GABR)
Arginine to Ornithine  1.13+048 1.02+0.38 —0.13£045 1.154+0.36 1.10+£047 —0.05£053 0.549
Ratio (AOR)
FMD (%) 35431 39433 04448 40+£29 35433 —05+30 0.486
NMD (%) 140+59 13.2+64 11+£74 136452 129449 —0.7+£51 0.963
SICAM-1 (ng/ml) 929 (692 t0992) 922 (514t0995) —15(—272t0 103) 852 (547to 1164) 914 (597 to 1030) —21 (—134t0310) 0.903
sVCAM-1 (ng/ml) 755480 7124189 —34+84 713£271 7164264 54130 0431
C-peptide (mg/dl) 370+162 3534183 —34161 3714+191 3424189 —344211 0.562
AUC
Glucose (mg/dl) AUC 573943359 443442714 — 113542619 41184£2132 467042636 481+£3185 0.456
Insulin (mg/dl) AUC 5456 £5074 5416+3890 249+ 4766 5765+£5342 6508 £ 5966 40+£6357 0.855
Free Fatty Acids —1544287 —155+134 204284 —193+169 —223+193 —314183 0452

(mol/l) AUC

SICAM-1 serum soluble intercellular adhesion molecule-1, sVCAM-1 soluble vascular cell adhesion molecule-1, AUC area under the curve, NMD nitroglycerin mediated

dilatation, FMD flow mediated dilatation

2 p-values based on analysis of covariance except for SICAM-1 (Mann-Whitney-U-test for differences). NET-AUC in minutes; A reflects difference between 3 months

and baseline

linagliptin group from baseline to study end, they were
not able to demonstrate a significant improvement in
the change of endothelial function compared to the
other two groups [23]. The recent EFFORT trial is very
similar to our trial in design, investigating subjects with
early type 2 diabetes and coronary artery disease. They

demonstrate an improvement in endothelial function
measured by reactive hyperaemia-peripheral arterial
tonometry by a 3 months linagliptin treatment com-
pared to a voglibose group [24]. The major limitation
of this small trial (in total 16 subjects) is the open label
design without providing details on a prespecified sam-
ple size calculation in the publication.
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The neutral effect shown by our study fits well into the
framework of the neutral cardiovascular outcome tri-
als seen with compounds of this group [4-6]. It is also
in line with the neutral results of the recently published
MARLINA-T2D trial, which did not confirm previous
suggestions of an improvement in acute glomerular dam-
age measured by the urinary albumin-creatinine ratio
in subjects with type 2 diabetes [25]. The novelty of our
study is that compared to in particular cardiovascular
outcome trials, where usually subjects with longer diabe-
tes duration are included, we performed our study solely
in subjects with earlier stages of very well controlled dia-
betes and established coronary artery disease, given that
previous analyses were suggesting that with increasing
diabetes duration interventions are less likely to have an
impact on endothelial function [26]. However, our data
suggest, that also in this patient group linagliptin has a
neutral effect on endothelial function. Future analyses
using novel-omics techniques such as metabolomics
might help in finding biomarker patterns to select patient
subgroups still benefiting of a particular treatment
despite neutral outcome in the overall population [27].

Data from a small ancillary study performed within the
main trial did not show any changes in stem cell counts
by linagliptin supporting a safe drug profile.

One limitation of our study is that we compared lina-
gliptin against placebo and not an active control drug.
However, given that the mean HbAlc at baseline was
below 53 mmol/mol, the impact of linagliptin on glucose
lowering was statistically significant, but very limited
in the extent, as one would expect. Therefore, the glu-
cose lowering effect observed in the linagliptin group is
very unlikely to have an influence on endothelial func-
tion. Another limitation is the trial duration of 3 months.
One could argue that a longer treatment period might be
necessary to demonstrate a benefit on endothelial func-
tion in a cohort already having coronary atherosclerosis.
However, our neutral results fit well in the overall neutral
cardiovascular effects observed for DPP-4 inhibitors in
recent cardiovascular outcome trials [4—6]. Further, the
overall number of subjects included, being 43, could be
considered small, however, the trial was powered to dem-
onstrate a potential relative 30% improvement in FMD,
which is deemed a clinically meaningful improvement.

Conclusion

Our study in subjects with early diabetes and established
coronary artery disease demonstrates a neutral effect of
linagliptin on various measurements of endothelial func-
tion. Whether this finding is also true for subjects with
newly diagnosed diabetes without established cardiovas-
cular disease, needs further investigation.
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Additional file

Additional file 1: Table S1. Change in cell counts from baseline in lina-
gliptin vs. Placebo groups. FMD: flow mediated dilatation; MTT: meal toler-
ance test; sSVCAM-1: soluble vascular cell adhesion molecule-1; sSICAM-1:
soluble intercellular adhesion molecule-1.

Abbreviations

AOR: arginine-to-ornithine-ratio; AUC: area under curve; CAD: coronary artery
disease; DPP-4: dipeptidylpeptidase-4; EPC: endothelial progenitor cells; FMD:
flow mediated dilatation; GABR: global arginine bioavailability ratio; GLP-1:
glucagon like-peptide-1; HbAlc: glycated haemoglobin; ITT: intention-to-
treat; LG: linagliptin; MSC: mesenchymal stromal cells; MTT: meal tolerance
test; PG: placebo group; sVCAM-1: soluble vascular cell adhesion molecule-1;
sICAM-1: soluble intercellular adhesion molecule-1; T2DM: type 2 diabetes
mellitus.
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