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because of their transient nature. Alternatively, although T2DM 
patients in ELIXA were relatively frail compared with other 
CVOTs, thus leaving little room for cardiovascular improve-
ment, we can speculate that the observed vasopressor response 
partly explains the neutral effect on cardiovascular events with 
a short-acting GLP-1RA25 compared with the cardiovascular 
benefits seen with the long-acting GLP-1RAs liraglutide29 and 
semaglutide30 and to lesser extent exenatide once-weekly.31

Yet, in a specific T2DM population, a transient meal-related 
increase in BP could be clinically beneficial in the prevention of 
postprandial hypotension. Postprandial hypotension occurs in 
0% to 70% of T2DM patients32 and is associated with syncope, 
falls, angina, dizziness, light-headedness, visual disturbance, 
and increased mortality.16 Interestingly, a proof-of-concept study 
in 15 healthy older subjects and 15 T2DM patients showed that 
acute administration of lixisenatide 10 µg markedly reduced 
GER of a 75 g glucose load and consequent glycemia, which 
was associated with attenuation of a rise in splanchnic blood 
flow and fall in postprandial SBP.33 Notably, although we aimed 
for real-life effects in this study, the additional water ingestion 
as part of the protocol presumably led to higher postbreakfast 
BP estimates (see below), leading to potential overestimation 
of the corresponding cardiovascular and renal risk, and limiting 
adequate assessment of postprandial hypotension. Moreover, 
although the absence of morning antihypertensive medication 
permitted characterization of the true effects of the study drugs, 
results may be different when BP medication is present.

Numerous mechanisms may explain the observed increase 
in postbreakfast BP. As such, the lixisenatide-induced reduction 
in GER may have induced a direct vasopressor response. After a 
meal, the interaction of nutrients with the small intestine triggers 
a potential BP fall by splanchnic blood pooling and consequent 
reduction in venous return of blood to the heart, presumably 
mediated by neural and humoral factors.16,34 This response 
is greater when GER is relatively more rapid in T2DM.35 
However, postprandial BP lowering is attenuated by gastric dis-
tension, which increases muscle sympathetic nervous activity, 
vascular resistance and consequently BP (the so-called gastro-
vascular reflex).15–17 Interestingly, ingestion of 480 mL water to 
induce gastric distension markedly increases SBP in patients 
with severe autonomic failure36,37 and older controls,37 whereas 
it attenuates the hypotensive response to a meal in patients with 

postprandial hypotension.38 Notably, HR decreased in these 
studies.36–38 The effect is not explained by changes in intravas-
cular volume or hormones, as it occurs within minutes after 
water ingestion and is almost completely abolished by ganglion 
blockage, indicating a neuronal pathway.37 Adding guar gum to 
a meal also slows GER and small intestinal nutrient absorption 
leading to an attenuated postprandial BP reduction in older sub-
jects and T2DM patients.16 In the current study, we hypothesize 
that lixisenatide not only prevented a fall in postbreakfast BP 
by inhibiting the passage rate of nutrients through the stomach 
and small bowel but also augmented the gastrovascular reflex 
through nutrient- and water-induced gastric distension. Notably, 
the fast-acting neural pathways that may directly increase mus-
cle sympathetic nerve activity do not necessarily associate with 
markers for cardiac and systemic SNS-activity, that is, the LF/
HF-ratio and circulating catecholamines, respectively,17 which 
did not change in the current study. However, in studies that 
investigated the hemodynamic effects of intraduodenal glucose 
infusion, thereby bypassing the stomach, exogenous GLP-1 also 
attenuated the hypotensive response in healthy older subjects,39 
whereas exenatide even increased BP in T2DM patients.18

These findings indicate that the effects of lixisenatide 
are, at least in part, mediated through mechanisms other than 
the gastrovascular reflex. First, it has been suggested that the 
GLP-1–related increase in HR raises CI and thereby BP.3,7,8,18,40 
Alternatively, GLP-1R–mediated inhibition of parasympa-
thetic outflow or augmentation of SNS-activity could increase 
CI.3,5,19,41 Notably, preclinical studies also suggest that GLP-
1R–stimulation increases HR and BP by directly augment-
ing sympathetic outflow from the central nervous system.19,41 
However, although lixisenatide increased HR, the drug 
decreased SVI and did not affect CI or SNS-activity. This is in 
accordance with a direct effect of GLP-1RA on the sinoatrial 
node, as previously suggested,9,42 whereas SNS-activation 
would be expected to lead to increased HR, SVI, and CI. 
Second, although the similar HbA

1c
 lowering in both treatment 

arms allowed for a clinically relevant comparison, one could 
speculate that postbreakfast glucose reduction with lixisena-
tide may have induced a vasoconstrictive response by activat-
ing the SNS. However, the number of glucose measurements 
in the hypoglycemic range was low and changes in glucose 
AUC did not explain postbreakfast changes in SBP or DBP. 

Table 2. Blood Glucose and Acetaminophen Responses

 Insulin Glulisine Lixisenatide

Blood glucose area under the curve (mmol/L per 3 h)

        Week 0 1693±66 1678±65

        Week 8 1415±54* 1096±72*

        Mean difference lixisenatide-insulin glulisine … −318±90*

Acetaminophen area under the curve (mg/L per 3 h)

        Week 0 1288 (677–1762) 1131 (970–1723)

        Week 8 1527 (1011–1778) 500 (244–830)*

        Mean difference lixisenatide-insulin glulisine … −804±138†

Data are mean±SEM, median (interquartile range), or baseline-corrected mean difference±SEM.
*P<0.01.
†P<0.001.
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Moreover, SNS-activity did not change. Third, reduced post-
breakfast insulin levels with lixisenatide because of inhibition 
of GER may have reduced insulin-dependent vasodilation16 and 
increased vascular stiffness.20 However, although AIX@75—
to a minor extent—explained SBP, we were unable to iden-
tify a contributory role of insulin in our exploratory analyses. 
Notably, insulin resistance may have reduced the vasoactive 
effects of insulin in our population.43 Finally, although GLP-1 
and GLP-1RA generally have either neutral or vasodilating 
properties,7,39 we cannot exclude direct vasoconstrictive prop-
erties of lixisenatide, as was also suggested for acute exenatide 
infusion in a recent trial in T2DM patients.9

Our study has several limitations apart from those dis-
cussed above. First, a noninvasive arterial BP monitoring 
device was used for determination of CI, although this is 
well validated against intra-arterial measurements.14 Second, 
potential study drug-induced alterations in vascular tone may 
have affected estimations of CI, SVI, and SVRI from the 
finger arterial waveform. Third, AIX is an indirect marker 
of arterial stiffness. Fourth, we did not specifically measure 
muscle sympathetic nervous activity. Fifth, inherently to the 
linear mixed model technique, the overall effect of repeated 
measurements after the breakfast does not take the amount of 
time between separate measurements into account.

Perspectives
Here, we demonstrate that 8-week treatment with the short-
acting GLP-1RA lixisenatide compared with once-daily 
titrated iGlu does not affect fasting, but increases postbreak-
fast BP in insulin glargine–treated overweight T2DM patients. 
This effect could, at least in part, be explained by reduced pas-
sage rate of nutrients and water, and activation of the gastro-
vascular reflex. Future studies should establish whether this 
response influences cardiovascular risk in individual patients 
or could aid in the prevention of postprandial hypotension.
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What Is New?
•	Prolonged treatment with the short-acting GLP-1RA (glucagon-like pep-

tide-1 receptor agonist) lixisenatide compared with once-daily titrated 
insulin glulisine does not affect fasting, but increases repeatedly mea-
sured blood pressure after a standardized breakfast in type 2 diabetes 
mellitus patients.

•	This response could at least partly be explained by a reduction in gastric 
emptying rate.

What Is Relevant?
•	Postprandial hypertension is associated with atherosclerosis.
•	 Increased postprandial blood pressure could prevent postprandial hypo-

tension.

Summary

Eight-week treatment with lixisenatide does not affect fasting but 
increases postbreakfast blood pressure. This effect could, at least 
in part, be explained by reduced passage rate of nutrients and wa-
ter and activation of the gastrovascular reflex.

Novelty and Significance
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Online methods 

 
Randomization and intervention  
Patients were randomized to lixisenatide or iGlu in a 1:1 ratio. Lixisenatide (Sanofi 
Aventis, Paris, France) 10 µg was administered for the first 2 weeks, which was 
subsequently increased to the 20 µg once-daily maintenance dose, injected 
subcutaneously ~30 minutes before breakfast. The starting dose of iGlu (Sanofi 
Aventis, Frankfurt am Main, Germany) was 2 units/day once-daily, injected <15 
minutes before breakfast, which was self-titrated to the 2-h post-breakfast glucose 
target ≥5.0 and ≤8.0 mmol/L, according to a predefined altorithm.1  
 
Endpoint measurements 
Cardiovascular autonomic nerve function  
Autonomic function was assessed in the fasting state at Week-0 by standardized 
cardiovascular reflex tests.2 Parasympathetic function was evaluated by heart rate 
variation during deep breathing (maximum-minimum heart rate), as well as the heart-
rate response to the Valsalva manoeuvre (Valsalva ratio) and standing (30:15 ratio). 
Sympathetic function was assessed by the fall in SBP in response to standing. Each 
result was scored as 0=normal, 1=borderline and 2=abnormal according to 
predefined criteria2 for a total maximum score of 8. A score of ≥4 was considered to 
indicate autonomic dysfunction.  
 
Body impedance analysis 
Body fat percentage was measured in the fasting state, while body water percentage 
was measured before and ~120 minutes after the meal, directly after bladder 
emptying, using single-frequency bioelectrical impedance (BF-906, Maltron 
International Ltd, Essex, UK). 
 
Laboratory analyses 
HbA1c, plasma glucose, hematocrit and creatinine were assayed by conventional 
methods.1 Blood glucose was determined using a YSI-2300 STAT Glucose analyzer 
(YSI Life Sciences, Yellow Springs, OH). Acetaminophen was measured using an 
enzymatic immunoassay (Seksisui Diagnostics, Allington, Maidstone, UK) on an 
Architect 4000 analyzer (Abbott Laboratories, Abbott Park, IL). Insulin (endogenous 
and insulin glargine, but not iGlu)1 and C-peptide were determined using 
immunometric assays (Advia Centaur XP, Siemens Medical Solutions Diagnostics, 
Malvern, PA). PRC was determined with an immunoradiometric kit (Renin III; Cisbio, 
Gif-sur-Yvette, France). Angiotensin-II was measured by radioimmunoassay after 
SepPak extraction.3 Aldosterone was determined by solid-phase radioimmunoassay 
(Diagnostic Products Corporation, Los Angeles, CA). Catecholamines were 
measured by a high-performance liquid chromatography separation method 
combined with fluorimetic detection.4 
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Table S1 Responses in metabolic measurements, body weight and composition, RAAS hormones and catecholamines 
    

 Insulin glulisine (N=18) Lixisenatide (N=16)  

Variables Week-0 Week-8 
Within-
group  

P-value 
Week-0 Week-8 

Within-
group 

P-value 

Mean ± SEM 
difference  

lixi-iGlu 
P-value 

Metabolic measurements         

HbA1c, % 7.8±0.2 7.2±0.1 0.001 8.4±0.2 7.6±0.2 <0.001 0.0±0.2 0.946 

HbA1c, mmol/mol 62±9 55±7 <0.001 68±9 60±9 <0.001 0±2 0.870 

Fasting plasma glucose, 
mmol/L 

7.1 [5.9-8.2] 7.3 [6.4-7.9] 0.975 6.6 [4.9-8.4] 6.1 [5.0-8.0] 0.500 -0.7±0.57 0.265 

Insulin AUC, nmol/L/3h 67.0 [50.8-126.6] 
66.0 [50.5-

122.5] 
0.733 57.0 [41.8-81.1] 

47.5 [39.2-
65.1] 

0.003 -11.6±6.7 0.095 

C-peptide AUC, nmol/L/3h 236 [126-355] 169 [114-279] 0.008 189 [145-239] 130 [89-192] 0.001 -9±18 0.637 

Body weight and composition         

Body weight, kg 95.8±4.2 96.6±4.3 0.119 99.6±3.9 99.1±3.9 0.074 -1.4±0.6 0.022 

Waist circumference, cm 
115.5 [107.0-

122.1] 
115.5 [107.1-

124.3] 
0.027 

109.5 [105.5-
118.1] 

109.5 [106.6-
119.1] 

0.459 -1.2±0.9 0.184 

Hip circumference, cm 
112.0 [107.8-

116.4] 
113.0 [105.8-

118.3] 
0.379 

111.5 [109.6-
115.4] 

110.8 [107.5-
117.1] 

0.154 -1.5±1.1 0.179 

Waist/hip ratio 1.01±0.02 1.02±0.02 0.619 1.00±0.02 1.00±0.02 0.323 0.0±0.0 0.942 

Fasting body fat, % 37.0 [33.0-43.4] 36.5 [32.5-43.7] 0.910 32.7 [28.6-39.8] 
32.1 [29.0-

38.4] 
0.955 -0.6±0.6 0.290 

Fasting body water, % 46.9 [42.1-49.3] 46.5 [41.6-49.6] 0.401 49.3 [44.1-52.3] 
49.6 [45.1-

51.9] 
0.932 0.7±0.4 0.082 

Post-breakfast body water, % 46.5 [42.4-48.8] 46.8 [42.8-49.1] 0.311 47.0 [43.9-51.6] 
46.8 [44.2-

51.2] 
0.753 -0.5±0.4 0.274 

Fasting hematocrit, L/L 0.41±0.01 0.40±0.01 0.035 0.40±0.01 0.39±0.01 0.039 0.00±0.01 0.850 

Post-breakfast hematocrit, L/L 0.41±0.01 0.40±0.01 0.287 0.41±0.01 0.41±0.01 0.281 0.01±0.01 0.045 

RAAS hormones         

Fasting PRC, pg/mL 11.4 [7.3-15.5] 10.5 [6.9-14.9] 0.502 8.8 [3.3-32.6] 10.5 [3.2-24.9] 0.554 0.76±1.26§ 0.242 

Post-breakfast PRC, pg/mL 11.4 [6.1-13.6] 10.7 [6.9-15.0] 0.874 8.3 [3.5-30.1] 8.7 [2.7-22.6] 0.113 0.61±1.26§ 0.041 

Fasting Angiotensin-II, fmol/mL 8.0 [5.9-9.8] 8.0 [6.5-10.4] 0.586 6.9 [3.8-8.3] 8.6 [6.9-11.4] 0.041 1.05±0.99 0.300 

Post-breakfast angiotensin-II, 
fmol/mL 

7.7 [5.1-8.9] 8.9 [6.3-10.5] 0.076 7.0 [3.9-8.6] 8.4 [6.6-9.5] 0.163 0.02±1.02 0.983 



 

Data are mean ± SEM, median [IQR] or baseline-corrected mean difference (SEM) using multiple linear regression to examine 
baseline-corrected lixisenatide-induced effects compared to insulin glulisine. Paired t-tests or Wilcoxon signed rank tests were used 
for within-group comparisons. Significant differences indicated in bold font. §indicates baseline-corrected ratio ± SEM using multiple 
linear regression. Abbreviations: AUC, are under the curve; PRC, plasma renin concentration; RAAS, renin-angiotensin-
aldosterone-system

Fasting Aldosterone, pg/mL 47.9 [30.8-88.2] 44.5 [32.8-73.1] 0.112 50.7 [32.1-88.4] 
45.2 [24.7-

79.7] 
0.121 0.08±6.37 0.990 

Post-breakfast aldosterone, 
pg/mL 

33.9 [24.7-48.5] 27.4 [17.5-51.1] 0.396 29.2 [22.1-48.6] 
47.2 [25.4-

65.2] 
0.196 10.64±7.77 0.181 

Catecholamines         

Post-breakfast noradrenaline, 
nmol/L 

1.74±0.13 1.86±0.18 
0.274 

1.57±0.12 1.66±0.11 
0.516 

-0.06±0.16 0.697 

Post-breakfast adrenaline, 
nmol/L 

0.08±0.01 0.08±0.01 
0.439 

0.10±0.02 0.08±0.01 
0.097 

-0.01±0.01 0.565 

Post-breakfast dopamine, 
nmol/L 

0.08±0.01 0.08±0.01 
0.869 

0.07±0.00 0.07±0.01 
0.798 

0.89±1.10 0.246 



Figure S1 Flow diagram of study participants 
 

 
 



Figure S2 Within-group differences of 8-week treatment with lixisenatide or insulin glulisine  
 

 



Data are mean difference ± SEM using linear mixed models to examine lixisenatide or insulin glulisine-induced effects compared to 
baseline. * p<0.05, ** p<0.01, and *** p<0.001. AIX@HR75, augmentation index normalized to heart rate of 75 bpm; CI, cardiac 
index; DBP, diastolic blood pressure; LF/HF-ratio, ratio of low-frequency to high frequency; PB, post-breakfast. SBP, systolic blood 
pressure; SVI, stroke volume index; SVRI, systemic vascular resistance index. 



Figure S3 Correlations  

 
 
Spearman signed rank test was used to assess correlations. 
 

 


