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Aims: To test the hypothesis that GLP-1 receptor (GLP-1R) agonists have beneficial effects 

on vascular endothelial function, fibrinolysis, and inflammation through weight loss-independent 

mechanisms.

Materials and Methods: Individuals with obesity and pre-diabetes were randomized to 14 

weeks of the GLP-1R agonist liraglutide, hypocaloric diet, or the DPP4 inhibitor sitagliptin in a 

2:1:1 ratio. Treatment with drug was double blind and placebo controlled. Measurements were 

made at baseline, after 2 weeks prior to significant weight loss, and after 14 weeks. The primary 

outcomes were measures of endothelial function: flow-mediated vasodilation (FMD), plasminogen 

activator inhibitor-1 (PAI-1), and urine albumin-to-creatinine ratio (UACR).

Results: Eighty-eight individuals were studied (liraglutide N=44, diet N=22, sitagliptin N=22). 

Liraglutide and diet reduced weight, insulin resistance, and PAI-1, while sitagliptin did not. 

There was no significant effect of any treatment on endothelial vasodilator function measured by 

FMD. Post hoc subgroup analyses in individuals with baseline FMD below the median, indicative 

of greater endothelial dysfunction, demonstrated improvement in FMD by all three treatments. 

GLP-1R antagonism with exendin (9–39) increased fasting blood glucose but did not change FMD 

or PAI-1. There was no effect of treatment on UACR. Finally, liraglutide, but not sitagliptin or 

diet, reduced the chemokine monocyte chemoattractant protein-1 (MCP-1).

Conclusions: Liraglutide and diet reduce weight, insulin resistance and PAI-1. Liraglutide, 

sitagliptin and diet do not change FMD in obese pre-diabetic individuals with normal endothelial 

function. Liraglutide alone lowers the pro-inflammatory and pro-atherosclerotic chemokine 

MCP-1, indicating that this beneficial effect is independent of weight loss.

Introduction

Glucagon-like peptide-1 receptor (GLP-1R) agonists decrease cardiovascular morbidity and 

mortality in patients with type 2 diabetes mellitus (T2DM).1–3 GLP-1R agonists also cause 

significant weight loss and have been approved as pharmacologic weight loss therapy.4 

Given that weight loss improves many of the risk factors for cardiovascular disease in 

patients with T2DM and insulin resistance,5,6 the question remains whether the beneficial 

cardiovascular effects of the GLP-1R agonists are fully or partially attributable to weight 

loss.

Dipeptidyl peptidase 4 (DPP4) inhibitors increase endogenous GLP-1 without inducing 

weight loss. DPP4 inhibitors have not been shown to reduce cardiovascular mortality in 

T2DM.7 In addition to preventing the degradation of GLP-1, DPP4 inhibitors also prevent 

the degradation and formation of a variety of vasoactive peptides, rendering their actions less 

specific.8

To understand the weight loss versus GLP-1R-dependent effects of the GLP-1R agonist 

liraglutide on vascular function, we compared the effects of liraglutide to hypocaloric diet-

induced weight loss and to treatment with the DPP4 inhibitor sitagliptin in a randomized 

controlled trial. We enrolled obese pre-diabetic individuals and measured weight, metabolic 

parameters, hemodynamic variables, endothelial function, fibrinolysis, and markers of 

inflammation at baseline, after two weeks of therapy before anticipated clinically significant 

weight loss, and after 14 weeks of therapy. We evaluated endothelial function using flow-
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mediated vasodilation (FMD) and assessed fibrinolysis by measuring plasminogen activator 

inhibitor-1 (PAI-1), the major inhibitor of tissue-type plasminogen activator in vivo. We 

also evaluated a marker of vascular inflammation by measuring the chemokine monocyte 

chemoattractant protein-1 (MCP-1). In addition, to assess whether the effects of treatment 

were GLP-1R-dependent, we studied a subset of participants after treatment with the 

GLP-1R antagonist exendin (9–39) and matching vehicle in a randomized, crossover design.

Materials and Methods

Detailed methods, including inclusion/exclusion criteria, screening/randomization/study 

procedures, and power calculations, are available in the Supplementary Appendix.

Protocol

Men and women aged 18 to 65 with obesity (BMI ≥ 30 kg/m2) and pre-diabetes were 

eligible. The study was approved by the Vanderbilt Institutional Review Board, registered 

at clinicaltrials.gov NCT03101930, and conducted according to the Declaration of Helsinki. 

All participants provided written informed consent.

Participants underwent a six-week run-in to optimize their medical management (Figure 

S1A). Participants then underwent a baseline study day for anthropometric and 

hemodynamic measurements, FMD, blood collection for glucose, insulin, PAI-1, MCP-1, 

P-selectin, and urine collection for albumin and creatinine.

Participants were then randomized in parallel to liraglutide 1.8mg/day (Novo Nordisk), 

sitagliptin 100mg/day (Merck and Co, Inc), or hypocaloric diet in a 2:1:1 ratio, stratified 

by race. Within each stratum, we used a block randomization algorithm with a block size 

of four. A higher proportion of participants were randomized to liraglutide to enable future 

investigation of individual predictors of response. Liraglutide was given on a dose escalation 

starting at 0.6mg/day for week 1, 1.2mg/day for week 2 and then up to the full dose of 

1.8mg/day at the start of week 3. Treatment with liraglutide or sitagliptin was double blind 

and placebo-controlled, while treatment with diet was unblinded. Liraglutide and matching 

placebo were a generous gift from Novo Nordisk.

Participants were treated for a total of 14 weeks. The first 74 participants underwent four 

study days in a 2×2 crossover study of the GLP-1R antagonist exendin (9–39) and placebo 

(Figure S1B). The first two study days were conducted after two weeks of treatment to 

measure short-term effects. The first and second study days were separated by 48 hours and 

participants received a single dose infusion of placebo or exendin (9–39) on each day to 

assess the contribution of GLP-1R activation to any observed effects. We randomly assigned 

individuals to two sequences (exendin → placebo or placebo → exendin) in a 1:1 ratio using 

a block randomization algorithm with a block size of two. The third and fourth study days 

were completed after 14 weeks of treatment to measure the sustained chronic effects. The 

third and fourth study days were also separated by 48 hours and participants again received 

placebo or exendin (9–39) infusion in random order. The last 14 individuals studied did 

not participate in the crossover study with exendin (9–39) due to lack of drug availability, 

and only underwent two study days, one after 2 weeks and one after 14 weeks. Placebo 
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vehicle was infused during each of these study days. All participants underwent repeat urine 

collection after 13.5 weeks at a separate visit to the Clinical Research Center.

Statistical Analyses

The primary endpoints were endothelial vascular function (FMD, UACR) and fibrinolytic 

function (PAI-1) after 2 weeks (prior to clinically significant weight loss) and after 14 weeks 

of treatment. Secondary endpoints reported here include blood pressure, heart rate, fasting 

insulin and glucose, MCP-1, and P-selectin. All analyses were by original assigned groups.

Descriptive statistics of patient baseline characteristics are presented as mean ± SD for 

continuous variables and frequencies and proportions for categorical variables. Between-

group comparisons in Table 1 were performed using Kruskal–Wallis or Pearson’s chi-

squared test, with pairwise comparisons made using Wilcoxon rank-sum test when the 

Kruskal-Wallis test was positive. To evaluate the treatment effects on variables measured 

pre-infusion (weight, systolic blood pressure, diastolic blood pressure, heart rate and pre-

infusion PAI-1, P-selectin, and MCP-1), separate multivariable generalized least squares 

linear regression models were fitted using the data from pre-infusion measurements alone. 

Treatment (liraglutide, sitagliptin or diet), time (2- or 14-week), baseline measurement 

as well as interaction between treatment and time were included as independent 

variables. A compound symmetry structure for within-subject correlation was used. For 

variables measured post-infusion (fasting blood glucose, fasting insulin, Homeostatic Model 

Assessment for Insulin Resistance (HOMA-IR), forearm blood flow measures including 

FMD percent, and post-infusion PAI-1), separate multivariable generalized least squares 

linear regression models were fitted using data from post-infusion measurements. Treatment 

(liraglutide, sitagliptin or diet), infusion (vehicle or exendin (9–39)), time (2- or 14-week), 

baseline measurement as well as all the two-way and three-way interactions between 

treatment, time and infusion were included as independent variables. For each measure 

in the model, we examined the residuals and confirmed that they were normally distributed. 

For brachial artery diameter, FMD and NMD, gender was included as a covariate. Inferences 

on the contrasts of interest were conducted using Wald test. Estimates of change in outcome 

from baseline to 2- and 14-weeks were calculated based on the multivariable regression 

model. Spearman’s rank correlation was computed to assess the relationship between PAI-1 

and HOMA-IR or MCP-1. All the analyses were performed using the statistical software R 

4.1.0.

Results

Participant characteristics

Participant recruitment and follow-up was completed between May 2017 to June 2021. 

Ninety-three individuals were randomized to treatment (liraglutide N=46, sitagliptin N=23, 

hypocaloric diet N=24; Figure S2). Three participants dropped out prior to receiving 

treatment, and two dropped out after receiving treatment but before completing any 

study days. Data from the remaining 88 individuals (liraglutide N=44, sitagliptin N=22, 

hypocaloric diet N=22) were analyzed. Seven individuals dropped out after completing 
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study days 1 and 2 (2 liraglutide, 5 diet) and their available data were included in the 

analyses. Baseline characteristics were similar (Table 1).

Effect of treatment on weight and fasting metabolic measures

Liraglutide and diet caused weight loss, while sitagliptin did not (Figure 1A and Table 2). 

Weight loss in individuals in the diet arm was significant from baseline to both 2 and 14 

weeks (2 weeks: difference -1.4 kg, 95% CI[−2.4, −0.3], P=0.01; 14 weeks: -4.9 kg[−6.1, 

−3.7], P<0.001). Individuals in the liraglutide arm lost a small amount of weight from 

baseline to 2 weeks (-0.5 kg[−1.3, 0.3], P=0.20), and continued to lose significant weight 

by 14 weeks (−2.7 kg[−3.5, −1.9], P<0.001). Hypocaloric diet-treated participants lost 

more weight compared to liraglutide-treated participants at 14 weeks (−2.3 kg[−3.7, −0.9], 

P<0.01). In addition, both diet-treated and liraglutide-treated participants lost more weight 

than sitagliptin-treated participants at 14 weeks (Liraglutide vs Sitagliptin −2.0 kg[−3.3, 

−0.6], P<0.01; Diet vs Sitagliptin −4.2 kg[−5.8, −2.6], P<0.001).

Liraglutide and hypocaloric diet decreased HOMA-IR, a measure of insulin resistance, while 

sitagliptin did not (Figure 1B and Table 2). Diet caused the greatest decrease in HOMA-IR 

at both 2 and 14 weeks compared to baseline (2 weeks: −1.9[−3.1, −0.7], P<0.01; 14 weeks: 

−2.4[−3.7, −1.1], P<0.001). Liraglutide also decreased HOMA-IR at both 2 and 14 weeks (2 

weeks: −1.3[−2.1, −0.4], P<0.01; 14 weeks: −1.2[−2.0, −0.3], P<0.01). Both diet-treated and 

liraglutide-treated participants had a greater decrease in HOMA-IR than sitagliptin-treated 

participants at 14 weeks (Liraglutide vs Sitagliptin −1.6[−3.1, −0.1], P = 0.03; Diet vs 

Sitagliptin −2.3[−4.1, −0.5], P=0.01).

Liraglutide decreased fasting blood glucose, while sitagliptin and hypocaloric diet did not 

(Figure 1C and Table 2). Liraglutide caused an early and sustained decrease in fasting 

blood glucose from baseline (2 weeks: −10.9 mg/dL[−13.5, −8.2], P<0.001; 14 weeks: 

−10.3 mg/dL[−13.0, −7.6], P<0.001). Fasting glucose in liraglutide-treated participants 

was significantly lower compared to sitagliptin- and diet-treated participants at 14 weeks 

(Liraglutide vs Sitagliptin −9.2 mg/dL[−13.9, −4.5], P<0.001; Liraglutide vs Diet −6.9 

mg/dL[−11.9, −2.0], P<0.01).

Finally, diet decreased fasting insulin at both 2 and 14 weeks compared to baseline (2 weeks: 

−7.0 μU/mL[−11.6, −2.3], P<0.01; 14 weeks: −8.2 μU/mL[−13.3, −3.1], P<0.01; Figure 

1D and Table 2). Liraglutide significantly decreased fasting insulin at 2 but not 14 weeks 

(2 weeks: −3.7 μU/mL[−7.1, −0.4], P=0.03; 14 weeks: −3.1 μU/mL[−6.4, 0.3], P=0.08). 

Sitagliptin did not alter fasting insulin at 2 or 14 weeks.

Effect of treatment on endothelial vasodilator function

Baseline brachial artery diameter and FMD were comparable among treatment groups 

(Figure 2A and Table 2). Neither liraglutide, sitagliptin nor hypocaloric diet significantly 

changed FMD at 2 or 14 weeks compared to baseline (Liraglutide: 2 weeks: +0.70%[−0.71, 

2.11], P=0.33, 14 weeks: +1.38%[−0.01, 2.78], P=0.05; Sitagliptin: 2 weeks: +1.92%[−0.05, 

3.88], P=0.06, 14 weeks: +1.59%[−0.30, 3.48], P=0.10; Diet: 2 weeks: +1.24%[−0.69, 

3.18], P=0.21, 14 weeks: +1.20%[−0.97, 3.38], P=0.28). There was no significant change in 

endothelium-independent NMD in any of the treatment groups (Table 2).
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In considering the cohort’s clinical characteristics, we noted that baseline endothelial 

function was similar to that measured in healthy subjects in our prior studies.9,10 In a post 

hoc exploratory analysis, we divided the cohort into those with baseline FMD below or 

above the median for gender, to query the effect of treatment in individuals with reduced 

or normal endothelial function, respectively. Baseline characteristics of these subgroups are 

shown in Table S1. Three individuals were missing baseline FMD and were excluded from 

this analysis. Individuals with lower baseline FMD, indicative of endothelial dysfunction, 

had increased BMI, waist circumference, fasting insulin and insulin resistance as measured 

by HOMA-IR and HOMA2 compared to those with higher baseline FMD. As shown in 

Figure 2B, in individuals with lower baseline FMD, treatment with liraglutide, sitagliptin 

and hypocaloric diet improved FMD after 2 and 14 weeks. Of note, FMD in individuals with 

normal baseline FMD did not change with any intervention, with the exception of sitagliptin 

treatment at 2 weeks (Figure 2C).

Additional forearm blood flow measurements are reported in Table S2. Reactive hyperemia 

and fold change velocity time integral (VTI), both estimates of microvascular function, 

increased modestly at 14 weeks by all three treatments. Changes in the microvascular 

ischemic response do not account for the outcomes we report. We additionally normalized 

FMD for shear rate using several published equations,11 and did not detect a difference.

Urine albumin-to-creatinine ratio, which is associated with vascular endothelial function 

and is a predictor of cardiovascular events,12–14 was not changed by treatment (Table 2). 

Additional summary statistics are presented in Table S3.

Effect of treatment on circulating measures of fibrinolysis and inflammation

We measured concentrations of PAI-1, the major inhibitor of endogenous fibrinolysis 

and a marker of inflammation. Liraglutide significantly decreased PAI-1 concentration 

from baseline to 2 and 14 weeks (2 weeks: −2.3 U/mL[−4.1, −0.6], P<0.01; 14 weeks: 

−3.7 U/mL[−5.5, −2.0], P<0.001; Figure 3A and Table 2). Hypocaloric diet significantly 

decreased PAI-1 concentration from baseline to 14 weeks (−3.8 U/mL[−6.6, −1.0], P<0.01). 

Sitagliptin treatment did not affect PAI-1 concentration. In addition, PAI-1 levels were lower 

at 14 weeks in both the liraglutide- and diet-treated individuals compared to sitagliptin 

(Liraglutide vs Sitagliptin: −3.7 U/mL[−6.7, −0.6], P=0.02; Diet vs Sitagliptin: −4.8 

U/mL[−8.5, −1.1], P=0.01). Finally, PAI-1 concentrations correlated with HOMA-IR both at 

baseline (r=0.34, P<0.01) and after treatment (Liraglutide r=0.30, P<0.01; Sitagliptin r=0.32, 

P<0.05; Diet r=0.49, P<0.01).

We next measured concentrations of the circulating chemokine MCP-1. Liraglutide 

decreased MCP-1 at both 2 and 14 weeks (2 weeks: −10.7 pg/mL[−17.6, −3.7], P<0.01; 

14 weeks: −10.7 pg/mL[−17.7, −3.7], P<0.01; Figure 3B and Table 2). Sitagliptin and 

hypocaloric diet did not significantly change MCP-1 levels. MCP-1 levels did not correlate 

with HOMA-IR (data not shown) but correlated with PAI-1 at baseline (r=0.30, P=0.01) 

and after treatment with liraglutide at 2 weeks (r=0.32, P<0.05), but not 14 weeks (r=0.08, 

P=0.60). Finally, P-selectin, a marker of platelet and endothelial activation, was unchanged 

by treatment (Table 2).
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Effect of treatment on resting hemodynamics

Systolic blood pressure decreased significantly after hypocaloric diet (2 weeks: −6.0 

mmHg[−9.4, −2.7], P<0.001; 14 weeks: −8.0 mmHg[−11.6, −4.3], P<0.001), but not with 

liraglutide or sitagliptin (Figure S3A). Diastolic blood pressure and heart rate also decreased 

significantly after 14 weeks of hypocaloric diet (DBP: −3.8 mmHg[−6.7, −0.9], P=0.01; HR: 

−2.9 bpm[−5.4, −0.4], P=0.02; Figure S3B). Liraglutide treatment increased heart rate at 

both 2 weeks (+4.0 bpm[2.4, 5.7], P<0.001) and 14 weeks (+3.7 bpm[2.1, 5.4], P<0.001; 

Figure S3C).

Effect of GLP-1R antagonism

To test the hypothesis that GLP-1R activation contributes to the effects of liraglutide or 

sitagliptin, we pre-treated participants with the GLP-1R antagonist exendin (9–39) and 

vehicle at 2 and 14 weeks. As shown in Figure S4A and Table S4, GLP-1R antagonism with 

exendin (9–39) raised fasting blood glucose in all treatment groups at both 2 and 14 weeks. 

Overall, exendin did not change FMD in liraglutide, sitagliptin, or diet-treated participants 

(Figure S4B). In the stratified analysis of those with reduced FMD, exendin decreased FMD 

in sitagliptin-treated individuals at 2 weeks (−3.6[−7.0, −0.3], P=0.03), but not at 14 weeks 

(−1.0[−4.3, 2.3], P=0.56) as compared to vehicle (Figure S4C). Finally, there was no acute 

effect of GLP-1R antagonism on PAI-1 concentrations in any treatment group (Table S4).

Discussion

GLP-1R agonists cause weight loss in obese individuals and reduce major adverse 

cardiovascular outcomes in T2DM. We performed a randomized controlled study comparing 

the effects of treatment with a GLP-1R agonist, hypocaloric diet-induced weight loss, and 

a DPP4 inhibitor in obese pre-diabetic individuals. Our aim was to dissect the weight loss-

dependent and -independent effects of GLP-1R agonist treatment on measures of vascular 

function. We found no effect of liraglutide, diet-induced weight loss, or sitagliptin on 

endothelium-dependent vasodilation as measured by FMD in the overall cohort. In a post 

hoc analysis, liraglutide, weight loss, and sitagliptin all improved endothelial function in 

those individuals with reduced baseline FMD after 2 and 14 weeks. In contrast, liraglutide 

treatment and weight loss, but not sitagliptin treatment, significantly reduced PAI-1 after 14 

weeks, and GLP-1R antagonism did not alter this effect. Finally, liraglutide treatment, but 

neither sitagliptin nor hypocaloric diet, reduced circulating MCP-1.

Prior studies of the effects of GLP-1R agonists on endothelial function as measured by FMD 

were all performed in individuals with T2DM and demonstrated mixed results. Two studies 

found no effect,15,16 three reported improvement in FMD,17–19 and a systematic review and 

meta-analysis did not find a significant effect of GLP-1R agonists on FMD.20 Interpretation 

of these data is limited by the modest number of and heterogeneity among published studies. 

Our study is the largest evaluating the effect of GLP-1R agonist treatment on FMD to 

date, and the first study that is controlled and blinded (to drug assignment). Our negative 

findings in the overall cohort agree with multiple prior studies and with the meta-analysis, 

suggesting that the cardiovascular benefits of GLP-1R agonists are not mediated through 

improved endothelial vasodilator function as measured by FMD. The lack of an acute 
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effect of the GLP-1R antagonist on endothelium-dependent vasodilation during liraglutide, 

despite dramatic effects on fasting glucose, further argues against a significant contribution 

of improved endothelium-dependent vasodilation to the cardiovascular protective effects of 

GLP-1R agonists.

Notably, our overall cohort demonstrated relatively intact baseline endothelium-dependent 

vasodilation with a median FMD 9.91% in our group compared to values ranging from 

1.6–8.9% in the prior studies.15–19 While we anticipated higher FMD in individuals with 

pre-diabetes as compared to those with T2DM at the outset, prior studies had demonstrated 

measurable endothelial dysfunction in pre-diabetic individuals, which informed our study 

population choice.9 Our exploratory analysis suggests that both GLP-1R activation and 

weight loss improve FMD in individuals with attenuated baseline FMD, and this needs to 

be investigated in future studies. Our findings in the subgroup with baseline FMD above 

median also demonstrate that improvements beyond normal do not occur, as we have shown 

previously.21

PAI-1 is the primary inhibitor of tissue plasminogen activator and is central to regulating 

fibrinolysis. PAI-1 is increased in obese22 and insulin resistant individuals,23–25 and 

PAI-1 levels predict incident myocardial infarction.26 PAI-1 expression is upregulated by 

inflammatory stimuli such as interleukin-6 and tumor necrosis factor-alpha, activation 

of the renin-angiotensin-aldosterone system, as well as by metabolic stimuli including 

hyperglycemia, hyperinsulinemia, and elevated VLDL.25 PAI-1 decreases after weight loss27 

or treatment with GLP-1R agonists.28,29 In this study, liraglutide reduced PAI-1 as early as 

2 weeks, with concomitant reductions in blood glucose, HOMA-IR, and MCP-1, but prior 

to significant weight loss. In contrast, hypocaloric diet did not reduce PAI-1 at 2 weeks, 

despite significant reductions in weight and HOMA-IR. This suggests that the liraglutide-

induced reduction in PAI-1 at 2 weeks is not driven by weight loss or improvements in 

insulin resistance but may be due to improvements in hyperglycemia or inflammation. The 

significant correlation between PAI-1 and MCP-1 levels at 2 weeks in the liraglutide group 

supports this notion. By 14 weeks, reductions in PAI-1 in the liraglutide and hypocaloric 

diet-treated groups are likely due to a combination of the above factors including additional 

weight loss in both groups.

MCP-1 is a key chemokine that recruits monocytes into tissues, including the vasculature, 

and MCP-1 levels are increased by vascular endothelial injury, oxidative stress, and 

inflammatory cytokines.30,31 MCP-1 expression is higher in diseased human arteries with 

atherosclerotic plaques,32,33 and circulating MCP-1 levels predict restenosis after coronary 

angioplasty34 and are associated with histopathologic markers of plaque vulnerability.35 

Furthermore, the therapeutic potential of targeting the MCP-1 pathway in cardiovascular 

disease has been demonstrated in animals.36 A smaller study of liraglutide 1.2 mg versus 

hypocaloric diet in type 2 diabetic patients for four months reported increased circulating 

and subcutaneous adipose tissue MCP-1 levels with liraglutide treatment, suggesting that 

GLP-1R agonist treatment does not improve this inflammatory parameter.37 Yet several 

reports have found that activation of the GLP-1R pathway reduces circulating MCP-1, 

although without a diet-induced weight loss comparator.38–40 In the current study, the 

liraglutide-induced reduction in MCP-1 by 2 weeks, prior to clinically significant weight 
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loss, combined with failure of hypocaloric diet-induced weight loss to lower MCP-1, 

suggest that activation of the GLP-1 pathway specifically lowers MCP-1 in a weight-loss 

independent mechanism.

The current study suggests that GLP-1R-induced improvement in endothelium-dependent 

vasodilation does not account for the beneficial cardiovascular effects of these drugs 

in individuals without baseline endothelial dysfunction. This is supported by large 

cardiovascular trials demonstrating that the benefit of this class of agents increases with 

the illness severity of enrolled participants.41 In addition, demonstrating a benefit in 

endothelial dysfunction, a predictor of cardiovascular events and death,42 likely relies on 

baseline abnormal function. Reduction of PAI-1 with liraglutide as early as 2 weeks after 

treatment initiation, and prior to significant weight loss, suggests a role for fibrinolysis 

and inflammation in the cardiovascular risk improvement. In addition, the finding that 

MCP-1 was uniquely reduced during treatment with liraglutide may provide insight into the 

mechanism of cardiovascular benefit with GLP-1R agonists.

Another mechanism of cardiovascular benefit may involve platelet activation. Platelet 

activation plays a critical role in atherosclerosis and thrombosis, and platelets express 

GLP-1R. Barale et al have shown that GLP-1R agonists potentiate the anti-aggregating 

effects of nitric oxide in human platelets.43 We have recently reported that liraglutide 

attenuates thromboxane-induced platelet aggregation both in vitro and in vivo.44 Of note, 

MCP-1 expression is increased by platelet-derived growth factor,45 and activated platelets 

induce MCP-1 release in vitro.46 While we did not detect an effect of any treatment on 

circulating P-selectin, P-selectin reflects both platelet and endothelial cell activation.47 Thus, 

further studies are needed to assess the antithrombotic effects of GLP-1R agonists.

This study has several limitations. The majority of participants enrolled were women and 

the study was not powered to permit comparison between effects in men and women. 

The duration of intervention was 14 weeks, which may be too short to detect changes in 

our measures. Of note, prior studies of GLP-1R agonists measuring FMD ranged from 

14–26 weeks.15–19 In addition, we enrolled individuals with pre-diabetes rather than overt 

diabetes, which may have diminished the effect size of our treatment by eliminating the 

hyperglycemia component of vascular dysfunction.48 We chose to enroll obese pre-diabetic 

individuals to study a homogenous population with baseline insulin resistance but without 

overt hyperglycemia to avoid confounding by concurrent anti-diabetic medications or by 

varying severity and duration of diabetes. As noted, the participants had normal baseline 

endothelium-dependent vasodilation. We completed a post hoc analysis stratified by baseline 

FMD below and above the median. Although not pre-specified, the finding that those 

with lower baseline FMD were significantly more insulin resistant than those with higher 

baseline FMD provides physiologic support of the analysis. However, all three interventions 

improved FMD in this subgroup to some extent, and clinical data has proven that only 

liraglutide, and not sitagliptin or equivalent weight loss through diet, improve cardiovascular 

outcomes.

In conclusion, in the largest study of the effect of a GLP-1R agonist on endothelium-

dependent vasodilation, liraglutide, sitagliptin, and diet-induced weight loss had no effect 
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on FMD in obese pre-diabetic individuals with normal baseline endothelial function. 

Liraglutide, sitagliptin and diet all improved FMD in those individuals with baseline 

endothelial dysfunction. Liraglutide appears to have anti-inflammatory (MCP-1 and PAI-1) 

and anti-thrombotic (PAI-1) effects that precede weight loss. Reduction of MCP-1 by 

liraglutide differentiates the effects of the GLP-1R agonist from weight loss or DPP4 

inhibition. Such an anti-inflammatory effect could contribute to the unique cardiovascular 

benefit of GLP-1R agonists.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The Effect of Treatment on Weight, Fasting Blood Glucose, Fasting Insulin, and Insulin 
Resistance.
Plots show mean ± SEM for (A) weight, (B) HOMA-IR, (C) fasting blood glucose, and (D) 
fasting insulin at 2 and 14 weeks of treatment as change from baseline. Asterisk (*) symbols 

indicate P<0.05 for estimates of change from baseline, and brackets indicate difference 

between treatments at 14 weeks. HOMA-IR indicates Homeostatic Model Assessment of 

Insulin Resistance.
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Figure 2. The Effect of Treatment on FMD.
Plots show mean ± SEM for (A) FMD in the entire cohort, (B) in subgroup with baseline 

FMD below median for gender, and (C) in subgroup with baseline FMD above median for 

gender. Asterisk (*) symbols indicate P<0.05 for estimates of change from baseline, and 

brackets indicate difference between treatments at 14 weeks. FMD indicates flow-mediated 

dilation.

Mashayekhi et al. Page 15

Diabetes Obes Metab. Author manuscript; available in PMC 2024 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. The Effect of Treatment on PAI-1 and MCP-1.
Plots show mean ± SEM for (A) PAI-1 and (B) MCP-1 at 2 and 14 weeks of treatment as 

change from baseline. Asterisk (*) symbols indicate P<0.05 for estimates of change from 

baseline, and brackets indicate difference between treatments at 14 weeks. PAI-1 indicates 

plasminogen activator inhibitor-1; MCP-1, monocyte chemoattractant protein-1.
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Table 1.

Baseline Participant Characteristics

Measures
Liraglutide Sitagliptin Diet Overall

N=44 N=22 N=22 N=88

Age, years 49.8±10.1 52.4±10.5 49.2±12.5 50.3±10.8

Gender

 Male 29.5% (13) 31.8% (7) 36.4% (8) 31.8% (28)

 Female 70.5% (31) 68.2% (15) 63.6% (14) 68.2% (60)

Race

 Asian 4.5% (2) 0% (0) 0% (0) 2.3% (2)

 Black or African American 9.1% (4) 13.6% (3) 18.2% (4) 12.5% (11)

 White 86.4% (38) 81.8% (18) 77.3% (17) 83.0% (73)

 More Than One Race 0% (0) 4.5% (1) 4.5% (1) 2.3% (2)

Ethnicity

 Hispanic or Latino 2.3% (1) 9.1% (2) 4.5% (1) 4.5% (4)

 NOT Hispanic or Latino 95.5% (42) 90.9% (20) 95.5% (21) 94.3% (83)

 Unknown / Not Reported 2.3% (1) 0% (0) 0% (0) 1.1% (1)

Weight, kg 108.8±20.9 111.4±22.0 111.3±21.5 110.1±21.1

BMI, kg/m2 38.8±6.1 39.9±6.0 38.4±5.9 39.0±6.0

Waist Circumference, cm 115.8±11.5 118.4±14.5 117.5±13.6 116.9±12.8

Hip Circumference, cm 126.2±12.7 126.2±12.0 125.7±10.9 126.1±11.9

Fasting blood glucose, mg/dL 96.2±10.1 100.2±9.4 96.7±11.8 97.4±10.4

Fasting insulin, μU/mL 21.4±13.9 26.9±14.0 18.4±7.4 22.3±12.8

OGTT 2-hour blood glucose, mg/dL 142.0±24.8 148.1±41.1 130.2±27.8 140.6±30.7

HOMA-IR 5.0±3.0 6.5±3.3 4.6±2.4 5.3±3.0

HOMA2 0.41±0.25 0.52±0.27 0.36±0.15 0.43±0.24

Hemoglobin A1c, % 5.7±0.3 5.8±0.3 5.7±0.3 5.7±0.3

Total cholesterol, mg/dL 191.0±39.2 192.5±31.2 170.9±49.9 186.6±40.7

Triglycerides, mg/dL 122.2±51.4 143.3±59.6 115.0±67.1 125.9±58.0

HDL-C, mg/dL 47.5±9.6 45.6±11.2 44.1±10.9 46.2±10.3

LDL-C, mg/dL 119.1±31.9 118.2±27.0 111.5±35.7 117.0±31.4

Systolic blood pressure, mmHg 124.1±7.7 120.2±11.3* 127.7±8.3 124.1±9.1

Diastolic blood pressure, mmHg 77.6±9.3 74.7±8.7 77.8±7.0 76.9±8.6

Heart rate, bpm 64.9±7.4 67.2±9.0 63.8±8.8 65.2±8.2

Anti-hypertensive agent use 25.0% (11) 36.4% (8) 45.5% (10) 33.0% (29)

FMD, % 10.54±5.21 10.39±5.37 10.22±5.25 10.42±5.20

All measures shown as mean±SD for continuous variables and % (N) for categorical variables. OGTT indicates oral glucose tolerance test; 
HOMA-IR, Homeostatic Model Assessment for Insulin Resistance; HOMA2, Homeostatic Model Assessment 2. Asterisk

(*)
indicates P<0.05 versus diet using Wilcoxon rank-sum test.
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