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Abstract 

Background Patients with type 2 diabetes (T2D) treated with glucagon-like peptide-1 receptor agonists may experi-
ence reductions in weight and blood pressure. The primary objective of the current study was to determine the 
weight-dependent and weight-independent effects of ~ 6 months treatment with dulaglutide 1.5 mg treatment in 
participants with T2D.

Methods Mediation analysis was conducted for five randomized, placebo-controlled trials of dulaglutide 1.5 mg 
to estimate the weight-dependent (i.e., mediated by weight) and weight-independent effects from dulaglutide vs. 
placebo on change from baseline for systolic blood pressure (SBP), diastolic blood pressure (DBP), and pulse pressure. 
A random-effects meta-analysis combined these results. To investigate a dose response between dulaglutide 4.5 mg 
and placebo, mediation analysis was first conducted in AWARD-11 to estimate the weight-dependent and weight-
independent effects of dulaglutide 4.5 mg vs. 1.5 mg, followed by an indirect comparison with the mediation result 
for dulaglutide 1.5 mg vs. placebo.

Results Baseline characteristics were largely similar across the trials. In the mediation meta-analysis of placebo-con-
trolled trials, the total treatment effect of dulaglutide 1.5 mg after placebo-adjustment on SBP was − 2.6 mmHg (95% 
CI − 3.8, − 1.5; p < 0.001) and was attributed to both a weight-dependent effect (− 0.9 mmHg; 95% CI: − 1.4, − 0.5; 
p < 0.001) and a weight-independent effect (− 1.5 mmHg; 95% CI: − 2.6, − 0.3; p = 0.01), accounting for 36% and 
64% of the total effect, respectively. For pulse pressure, the total treatment effect of dulaglutide (− 2.5 mmHg; 95% CI: 
− 3.5, − 1.5; p < 0.001) was 14% weight-dependent and 86% weight-independent. For DBP there was limited impact 
of dulaglutide treatment, with only a small weight-mediated effect. Dulaglutide 4.5 mg demonstrated an effect on 
reduction in SBP and pulse pressure beyond that of dulaglutide 1.5 mg which was primarily weight mediated.

Conclusions Dulaglutide 1.5 mg reduced SBP and pulse pressure in people with T2D across the placebo-controlled 
trials in the AWARD program. While up to one third of the effect of dulaglutide 1.5 mg on SBP and pulse pressure was 
due to weight reduction, the majority was independent of weight. A greater understanding of the pleotropic effects 
of GLP-1 RA that contribute to reduction in blood pressure could support developing future approaches for treating 
hypertension.

Trial registrations (clinicaltrials.gov) NCT01064687, NCT00734474, NCT01769378, NCT02597049, NCT01149421, 
NCT03495102
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Introduction
Elevated blood pressure (BP) is highly prevalent and 
is reported in about three-fourths of patients with type 
2 diabetes (T2D) [1]. The role of elevated BP in both 
macrovascular and microvascular complications is well-
established in patients with T2D [2, 3] and is recog-
nized as a common and robust predisposing risk factor 
for cardiovascular disease [4, 5]. Importantly, relatively 
small reductions in the mean systolic blood pressure 
(SBP) (2–5  mmHg) are sufficient to reduce cardiovas-
cular events and death in a population (Fig.  1) [6]. In a 
meta-analysis of recent blood pressure trials, the Blood 
Pressure Lowering Treatment Trialists’ Collaboration 
reported that a 5-mmHg reduction in SBP lowers the 
risk of major cardiovascular events by 10%, and the ben-
efit was independent of the baseline presence of cardio-
vascular disease [7]. In a large meta-regression analysis 
of patients with diabetes, the risk of stroke decreased by 
13% for each 5-mmHg reduction in SBP and by 11.5% 
for each 2-mmHg reduction in diastolic blood pressure 
(DBP) [8]. Similarly, results from the UK Prospective Dia-
betes Study (UKPDS) showed that among patients with 
mean SBP ranging from 159–160  mmHg, a 10-mmHg 
reduction in SBP decreased diabetes-related mortality by 
15% and all-cause mortality by 12% [9].

The current American College of Cardiology/Ameri-
can Heart Association multi-society guideline recom-
mends individualized BP treatment targets for patients 
with T2D based on cardiovascular risk, with a goal 
of < 130/80 mmHg; individualized targets should account 
for patient tolerance of the BP level [10]. However, up 
to half of patients do not achieve these goals [11, 12]. 

Since small reductions in BP occur with glucagon-like 
peptide-1 receptor agonist (GLP-1 RA) treatment, it 
has been proposed that these reductions in BP and the 
specific mechanisms contributing to BP reduction with 
GLP-1 RAs may be relevant to decreases in major adverse 
cardiovascular events (MACE) observed with GLP-1 RA 
treatment [13, 14]. The specific mechanisms contribut-
ing to BP reduction with GLP-1 RAs are unknown, but 
improvement in arterial stiffness is a probable mecha-
nism [15].

Treatment of patients with T2D with GLP-1 RAs 
also results in modest weight reduction [16] which may 
contribute to the long-term reduction in BP, as well as 
prevent the onset of hypertension [17, 18]. However, pre-
vious large metanalyses have reported conflicting results 
[18, 19]. In a randomized, placebo-controlled clinical 
trial to characterize the effect of dulaglutide 1.5  mg vs. 
placebo on BP and heart rate in participants with T2D 
using 24-h ambulatory BP monitoring, participants who 
received dulaglutide demonstrated a 2.5 mmHg decrease 
in 24-h SBP vs. an increase of 0.2 mmHg with placebo at 
week 26, with limited change in DBP. There was no sig-
nificant association found between weight reduction and 
BP reduction occurring with dulaglutide treatment in 
this single trial [20].

The current study aimed to better characterize the rela-
tionship between dulaglutide treatment and changes in 
BP and pulse pressure in participants with T2D. The pri-
mary objective was to determine the weight-dependent 
and weight-independent effects of treatment through a 
mediation meta-analysis of the all the dulaglutide pla-
cebo-controlled trials. The secondary objective was to 
investigate the effect of higher dose dulaglutide treat-
ment on the weight-dependent and weight-independent 
effects of blood pressure change.

Methods
Studies
The analyses included six pivotal randomized, double-
blind trials of dulaglutide 1.5  mg in participants with 
T2D that measured sitting SBP and DBP from vital sign 
data around the timeline of 6 months (week 24 to week 
26). Five placebo-controlled studies were used to esti-
mate the effects between dulaglutide 1.5 mg and placebo. 
AWARD-1 (NCT01064687), AWARD-5 (NCT00734474), 
AWARD-8 (NCT01769378), and AWARD-10 
(NCT02597049) were phase 3, placebo-controlled tri-
als which investigated the safety and glycemic efficacy of 
dulaglutide with various background glycemic therapies 

Fig. 1 Distribution of systolic blood pressure before and after 
intervention. BP blood pressure, CHD coronary heart disease. Adapted 
from Whelton PK, et al. [6]
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(Table 1). Ferdinand et al. (NCT01149421) was a phase 2, 
randomized, double-blind, placebo-controlled trial which 
evaluated BP and heart rate effects of dulaglutide vs. pla-
cebo in participants with T2D with and without hyper-
tension and BP < 140/90 mmHg. In addition, AWARD-11 
(NCT03495102) was a phase 3, non-placebo-controlled 
trial to evaluate safety and glycemic efficacy of dulaglu-
tide 3.0 mg and 4.5 mg to dulaglutide 1.5 mg.

Statistical analysis
The primary objective included mediation analyses 
of each of the five placebo-controlled trials (Ferdi-
nand et  al., AWARD-1, AWARD-5, AWARD-8, and 
AWARD-10) followed by a meta-analysis pooling 
the individual mediation results in a random-effect 
model. In the mediation analyses, the total effect of 
dulaglutide 1.5  mg vs. Placebo was decomposed into 
a weight-dependent (i.e., mediated by weight) and 
weight-independent effect on changes from baseline for 
SBP, DBP, and pulse pressure. The total effect, weight-
dependent effect, and weight-independent effect were 
estimated via a series of multiple regression models 
adjusted for covariates including baseline weight, base-
line blood pressure, hypertension diagnosis at base-
line, and study-specific covariates. To provide more 
perspective, we also report the estimated “% weight-
independent” calculated as the percentage of weight-
independent effect with respect to the total effect. A 
post-hoc sensitivity meta-analysis was completed with-
out AWARD-8 as its background medication differs 

from other studies. The mediation analyses assumed 
no other unknown or unmeasured confounding fac-
tors besides the adjusted covariates. The computational 
details of the mediation analysis were provided in Addi-
tional file 1: Supplemental Methods.

For the secondary objective, a mediation analysis for 
dose response was first conducted as described above on 
AWARD-11 for dulaglutide 4.5 mg vs. dulaglutide 1.5 mg. 
AWARD-11 also evaluated dulaglutide 3.0  mg vs. dula-
glutide 1.5  mg, but these comparisons were not exam-
ined in the current report as there was less difference in 
SBP between dulaglutide 3.0 mg and dulaglutide 1.5 mg 
at week 26. An adjusted indirect comparison (Bucher 
method) [21] of dulaglutide 4.5 mg vs. placebo was then 
conducted using the mediation analysis results from 
AWARD-11 (4.5 mg vs. 1.5 mg) and AWARD-5 (1.5 mg 
vs. placebo), as these trials had similar background 
therapy (Additional file  1: Supplemental Methods). This 
analysis provided an estimation of the weight-depend-
ent, weight-independent, and total effects of higher dose 
dulaglutide compared to placebo. A sensitivity analysis of 
the indirect comparison of dulaglutide 4.5 mg vs. placebo 
was also conducted that included a subset of participants 
from Ferdinand et al. which had similar background ther-
apy as AWARD-11 and AWARD-5.

Analyses were based on the intention-to-treat popu-
lations from each study, excluding patients who discon-
tinued study drug before 6  months. All analyses were 
exploratory: descriptive and mediation analysis (PROC 
CAUSALMED) was performed using SAS v9.4, and the 

Table 1 Study design for placebo-controlled trials included in the meta-analysis

BMI body mass index, NA not applicable for the study’s design, Met metformin, mono monotherapy, OAM oral antihyperglycemic medication, PBO placebo, SBP systolic 
blood pressure, SGLT2i sodium-glucose cotransporter-2 inhibitors, SU sulfonylurea, T2D type 2 diabetes, TZD thiazolidinediones

Parameters AWARD-1 AWARD-5 AWARD-8 AWARD-10 AWARD-11 Ferdinand et al

Phase Phase III Phase II/III Phase III Phase III Phase III Phase II

Randomization Randomized Randomized Randomized Randomized Randomized Randomized

Blinding Blinding Double-blind Double-blind Double-blind Double-blind Double-blind

Primary Endpoint A1c A1c A1c A1c A1c 24-h SBP

Study Treatment Period 52 weeks 24 months 24 weeks 24 weeks 52 weeks 26 weeks

Last scheduled visit with 
PBO

26 weeks 6 months 24 weeks 24 weeks 52 weeks (no PBO) 26 weeks

Background therapy (Add-
ons)

Met + TZD Met mono SU mono SGLT2i with or without 
metformin

Met mono Stable OAM

Key inclusion/ exclusion criteria

 Age  ≥ 18 years 18–75 years  ≥ 18 years  ≥ 18 years  ≥ 18 years  ≥ 18 years

 T2D duration NA  ≥ 6 months NA NA for ≥ 6 months NA

 A1c 7.0–11.0 7.0–9.5 7.5–9.5 7.0–9.5 7.5–11 7–9.5

 BMI 23–45 25–40  ≤ 45  ≤ 45  ≥ 25 NA

 Medication Stable OAM Diet & exercise / met-
formin and/or other 
OAM

Stable SU SGLT2i with or without 
metformin for ≥ 3 months

Stable metformin 
for ≥ 3 months

OAM
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meta-analysis (packages meta and metafor) and indirect 
comparison were performed using R v3.4.4.

Results
Baseline characteristics and concomitant medications
Baseline characteristics were largely similar across stud-
ies (Additional file  1: Table  S1). Mean age ranged from 
54 to 58 years, percentage of male patients ranged from 
44 to 59%, and percentage of patients identified as white 
ranged from 51 to 89%. Duration of T2D ranged from 
6.8 to 9.2  years and baseline SBP ranged from 127 to 
132  mmHg. At baseline, 59–72% of participants had a 
hypertension diagnosis. Concomitant antihyperglyce-
mic and antihypertensive medications at baseline are 
presented (Additional file  1: Table  S2). The majority 
(88–100%) of participants included in the individual tri-
als received metformin as background therapy, except for 
participants in AWARD-8, who predominantly received 
a sulfonylurea due to differences in trial design (Addi-
tional file 1: Table S2). Blood pressure, hemoglobin A1c, 
and body weight results for the dulaglutide 1.5 mg group 
were comparable for studies used in the indirect com-
parison analysis for the effect of higher dose dulaglutide 
(Additional file 1: Table S3).

SBP change from baseline (dulaglutide 1.5 mg vs. placebo)
In the mediation meta-analysis of placebo-controlled 
trials, the estimated overall total effect of dulaglutide 
1.5  mg was −  2.6  mmHg (Table  2; Fig.  2), significantly 
reducing SBP compared to placebo (95% CI: − 3.8, − 1.5; 
p < 0.001); 36% of dulaglutide’s total effect on BP change 
was weight-dependent, with an estimated treatment 
group difference of − 0.9 mmHg (95% CI: − 1.4, − 0.5; 
p < 0.001). Consequently, the weight-independent effect 
of dulaglutide 1.5 mg comprised 64% of the total effect, 

with an estimated treatment effect of − 1.5 mmHg (95% 
CI: − 2.6, − 0.3; p = 0.013). No significant heterogeneity 
was detected in the meta-analysis. Results from the post-
hoc sensitivity meta-analysis excluding AWARD-8 were 
consistent with the primary meta-analysis results (Addi-
tional file 1; Table S4).

Pulse pressure change from baseline (dulaglutide 1.5 mg 
vs. placebo)
In the mediation meta-analysis of placebo-controlled tri-
als, the estimated overall total effect of dulaglutide 1.5 mg 
was −  2.5  mmHg, demonstrating significantly reduced 
pulse pressure compared to placebo (95% CI: −  3.5, 
−  1.5; p < 0.001) (Table  2; Fig.  3); 14% of dulaglutide’s 
total effect on pulse pressure change was weight-depend-
ent, with an estimated overall treatment group differ-
ence of −  0.4  mmHg (95% CI: −  0.6, −  0.1; p = 0.005). 
The weight-independent effect of dulaglutide 1.5  mg 
comprised 86% of the total effect, with an overall esti-
mated treatment effect of −  2.0  mmHg (95% CI: −  3.0, 
−  1.0; p < 0.001). The post-hoc sensitivity meta-analysis 
for pulse pressure showed consistent results (Additional 
file 1: Table S5).

DBP change from baseline (dulaglutide 1.5 mg vs. placebo)
In the mediation meta-analysis of placebo-controlled 
trials, limited effect was seen for DBP. This is likely 
due to that DBP changes from baseline were generally 
small in the individual studies (effect estimates ranged 
from −  0.9 to 1.1  mmHg; all p > 0.05 (Additional file  1; 
Table  S6). The overall total effect was minimal and not 
significant (−  0.2  mmHg; 95% CI: −  1.0, 0.5; p = 0.56); 
there was a small but significant weight-dependent 
effect that decreased DBP (− 0.6 mmHg; 95% CI: − 0.8, 
− 0.3; p < 0.001), while the weight-independent effect for 

Table 2 Summary of findings for SBP and PP on dulaglutide treatment effect in participants with T2D

Dula dulaglutide, PBO placebo, PP pulse pressure, SBP systolic blood pressure

% Weight-Independent was calculated as (1 − Weight-dependent Effect / Total Effect) × 100% and was reported only when total effect p-value < 0.05 or when the 
weight-dependent and weight-independent effects had the same sign

Weight-dependent 
effect (mmHg)

Weight-independent 
effect (mmHg)

Total effect (mmHg) % Weight-
independent 
(%)

Mediation meta-analysis of placebo-controlled trials (AWARD-1, 5, 8, 10, 11, and Ferdinand et al.)

 Dula 1.5 mg vs. PBO SBP − 0.9 (− 1.4, − 0.5) − 1.5 (− 2.6, − 0.3) − 2.6 (− 3.8, − 1.5) 64

PP − 0.4 (− 0.6, − 0.1) − 2.0 (− 3.0, − 1.0) − 2.5 (− 3.5, − 1.5) 86

Mediation analysis for dose response (AWARD-11)

 Dula 4.5 mg vs. Dula 1.5 mg SBP − 0.7 (− 1.1, − 0.4) − 0.3 (− 1.6, 1.0) − 1.0 (− 2.2, 0.3) 29

PP − 0.4 (− 0.6, − 0.2) − 0.9 (− 1.8, 0.2) − 1.2 (− 2.2, − 0.1) 70

Indirect comparison of Dula 4.5 mg vs. PBO (AWARD-5 and 11)

 Dula 4.5 mg vs. PBO SBP − 2.0 (− 2.9, − 1.1) − 1.5 (− 4.2, 1.2) − 3.5 (− 6.2, − 0.8) 43

PP − 1.1 (− 1.7, − 0.5) − 1.8 (− 4.0, 0.4) − 2.9 (− 5.1, − 0.7) 62
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increased DBP was not significant (+ 0.5 mmHg; 95% CI: 
− 0.3, 1.2; p = 0.24). The post-hoc sensitivity meta-anal-
ysis for DBP showed consistent results (Additional file 1; 
Table S6).

The dose effect of dulaglutide 4.5 mg vs. dulaglutide 
1.5 mg and placebo
The mediation analysis for dose response for estimation 
of difference between dulaglutide 4.5 mg vs. 1.5 mg was 
conducted on AWARD-11 at week 26. The dose response 
for SBP estimated total effect for 4.5 mg vs. 1.5 mg was 
−  1.0  mmHg (95% CI: −  2.2, 0.3; p = 0.15), weight-
dependent effect was −  0.7  mmHg (95% CI: −  1.1, 
− 0.4; p < 0.001), and the weight-independent effect was 
− 0.3 mmHg (95% CI: − 1.6, 1.0; p = 0.67) (Table 2). For 

dulaglutide 4.5  mg, 71% of the additional effect beyond 
dulaglutide 1.5 mg on SBP reduction was weight depend-
ent. When comparing the dose response of dulaglutide 
4.5 mg to 1.5 mg at week 26 for pulse pressure, the total 
effect was − 1.2 mmHg (95% CI: − 2.2, − 0.1; p = 0.02), 
the weight-dependent effect was −  0.4  mmHg (95% 
CI: −  0.6, −  0.2; p = 0.001), and weight-independent 
effect was −  0.9  mmHg (95% CI: −  1.8, 0.2; p = 0.11). 
For dulaglutide 4.5  mg vs. 1.5  mg, 30% of the effect on 
pulse pressure reduction was weight-dependent, and 
70% of the effect was weight-independent. For dose 
response between dulaglutide 4.5  mg and 1.5  mg, DBP 
did not demonstrate a significant total effect (0.3; 95% 
CI: −  0.6, 1.2; p = 0.56) nor weight-independent effect 
(0.6; 95% CI: − 0.2, 1.5, p = 0.18) while there was a small 

Fig. 2 Mediation of dulaglutide 1.5 mg effects on SBP: meta-analysis of placebo-controlled trials for weight dependent vs. weight independent 
effects. Percent attributed as weight-independent was calculated as (1 − Weight-dependent Effect / Total Effect) × 100% and was reported only 
when total effect p-value < 0.05 or when the weight-dependent and weight-independent effects had the same sign. CI confidence interval, NA not 
applicable, REM random-effect model, SBP systolic blood pressure
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weight-dependent effect (−  0.3; 95% CI: −  0.6, −  0.2) 
p < 0.001) (Additional file 1; Table S7).

The indirect comparison analysis of dulaglutide 4.5 mg 
vs. placebo using AWARD-11 and AWARD-5 estimated 
the total effect for SBP change to be − 3.5 mmHg (95% 
CI: − 6.2, − 0.8; p = 0.01; Table 2), the weight-dependent 
effect to be − 2.0 mmHg (95% CI: − 2.9, − 1.1; p < 0.001), 
and the weight-independent effect to be −  1.5  mmHg 
(95% CI: − 4.2, 1.2; p = 0.28). Of the total effect of dula-
glutide 4.5  mg vs. placebo, 57% was weight dependent, 
and 43% was weight independent. Results of the sensi-
tivity analysis for SBP from the indirect comparison for 
dulaglutide 4.5 mg vs. placebo, which included the addi-
tional data from Ferdinand et  al., were consistent with 
the primary analysis (Additional file 1; Table S8).

Additionally, the indirect comparison of the effect of 
dulaglutide 4.5 mg vs. placebo estimated the total effect 
for pulse pressure to be −  2.9  mmHg (95% CI: −  5.1, 
− 0.7; p = 0.01; Tables 2 and S8). The weight-dependent 
effect was − 1.1 mmHg (95% CI: − 1.7, − 0.5; p < 0.001), 
and the weight-independent effect −  1.8  mmHg (95% 
CI: − 4.0, 0.4; p = 0.11). A total of 38% of the effect was 
weight-dependent, and 62% of the effect was weight 
independent. In the sensitivity analysis for the indirect 
comparison of dulaglutide 4.5 mg vs. placebo there was 
modest variation from the primary analysis as the total 
effect was an additional 0.5  mmHg reduction in pulse 
pressure which was due to a larger weight-independ-
ent effect. While the absolute weight-dependent effect 
was increased moderately compared to the primary 

Fig. 3 Mediation of dulaglutide 1.5 mg effects on pulse pressure: meta-analysis of placebo-controlled trials for weight dependent vs. weight 
independent effects. Percent attributed as weight-independent was calculated as (1 − Weight-dependent Effect / Total Effect) × 100% and was 
reported only when total effect p-value < 0.05 or when the weight-dependent and weight-independent effects had the same sign. CI confidence 
interval, REM random-effect model
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analysis, it explained only 29% of the reduction in pulse 
pressure, and 71% of the reduction was weight-inde-
pendent (Additional file 1; Table S9).

The indirect comparison for the effect of dulaglutide 
4.5  mg vs. placebo for DBP was in-line with the results 
for dulaglutide 1.5  mg vs. placebo; the estimated  total 
effect was − 0.6 mmHg (95% CI: − 2.2, 1.0; p = 0.46), the 
weight-dependent effect was -0.9 mmHg (95% CI: − 1.3, 
−  0.5; p < 0.001), while the weight-independent effect 
was 0.3 (− 1.3, 1.9), p = 0.71) (Additional file 1; Table S7). 
The sensitivity analysis for the indirect comparison 
demonstrated similar results for DBP (Additional file  1; 
Table S7).

Discussion
Our primary findings demonstrate that dulaglutide 
treatment has both weight-dependent and weight-inde-
pendent effects on reduction in SBP and pulse pressure 
in participants with T2D. Both SBP and pulse pressure 
decreased consistently with dulaglutide treatment, and 
the majority of the effect on blood pressure with dulaglu-
tide 1.5 mg treatment was weight-independent, as weight 
reduction mediated only 36% and 14% of the effect on 
SBP and pulse pressure, respectively. Additional reduc-
tions of SBP and pulse pressure were observed with 
dulaglutide 4.5 mg. The greater effect was mostly weight-
dependent and was likely driven by the greater weight 
reduction known to occur with higher dose dulaglutide 
[22].

Possible mechanisms of dulaglutide’s effects on CV system
Dulaglutide is a highly efficacious treatment for hypergly-
cemia in T2D that was developed based on incretin phys-
iology, as GLP-1 is released after nutrient ingestion and 
stimulates glucose-dependent secretion of insulin. Pleo-
tropic effects of GLP-1 RAs include suppression of gluca-
gon, delayed gastric emptying, and improved satiety [23]. 
Like other GLP-1 RAs, chronic treatment with dulaglu-
tide is associated with reduced body weight [24], which 
has been proposed as one of the mechanisms underlying 
the concomitant decrease in BP. While weight reduction 
is a favorable characteristic of a T2D treatment, our anal-
ysis showed that most of the BP reduction that occurred 
with dulaglutide 1.5  mg was weight-independent, high-
lighting additional effects of dulaglutide.

In the REWIND CV outcomes trial evaluating dula-
glutide 1.5 mg vs. placebo, 3-point major adverse cardiac 
events (MACE-3) were reduced by 12% in the dulaglu-
tide arm over a median of 5.4  years, even though 68% 
of participants at baseline only had CV risk factors and 
had not experienced a CV event prior to starting the trial 
[25]. Over the course of the REWIND trial, the estimated 
treatment difference for SBP was a 1.7-mmHg reduction 

for dulaglutide compared to placebo [25]. There was also 
a 1.9-beat-per-minute increase in heart rate with dulaglu-
tide treatment that persisted through the REWIND trial, 
which was similar to the results of other GLP-1 RA car-
diovascular outcomes trials [26]. While the mechanism 
of the slight increase in heart rate with GLP-1 RA treat-
ment is uncertain, clinical evidence supports that GLP-1 
receptor activation does not affect cardiac sympathetic 
activity [27], and the MACE reduction seen in REWIND 
and other CVOTs is reassuring. A mediation analysis of 
the REWIND trial data did not demonstrate a significant 
relationship between MACE reduction and reduced SBP 
[28]. A similar analysis of data from the LEADER trial 
evaluating liraglutide vs. placebo also did not find SBP 
reduction to be a mediator of MACE reduction [29], 
however, pulse pressure was not included in either of 
these mediation analyses.

Increases in pulse pressure are caused by arterial 
stiffening [30]. Diabetes and obesity are established risk 
factors for elevated pulse pressure and accelerate the 
progression of arterial stiffening that occurs with age 
[30]. Dulaglutide and other GLP-1 RAs improve arterial 
stiffness in people with T2D [31, 32]. Numerous mech-
anisms contribute to the arterial stiffness that occurs in 
patients with obesity, insulin resistance and type 2 dia-
betes, including endothelial cell and vascular smooth 
muscle cell dysfunction [33]. Liu et  al. reviewed the 
GLP-1 receptor activation-induced cell signaling that 
directly improves endothelial cell and vascular smooth 
muscle dysfunction [34]. Importantly, GLP-1 recep-
tor activation increases endothelial-dependent relaxa-
tion and reduces endothelial-induced contractions of 
vascular smooth muscle to reduce blood pressure [34]. 
Various other mechanisms have been identified in pre-
clinical models including that GLP-1 receptor agonism 
directly induces secretion of atrial natriuretic peptide 
[19]. However, findings are not consistent in clinical 
studies [35]. More recent research demonstrates that 
dulaglutide treatment in people with early T2D occurs 
with increased number and function of circulating 
endothelial progenitor cells (EPCs), which are impor-
tant for maintaining endothelial structure by repair-
ing vascular injury. This increase in EPCs predicted a 
decrease in arterial stiffness supporting the potential 
clinical relevance on this finding [15]. Other mecha-
nisms proposed for GLP-1 RAs on cardiovascular func-
tion and BP reduction include suppression of oxidative 
stress, anti-inflammatory activity, renal anti-fibrotic 
effects, and central nervous system control [36–38]. 
The area postrema, a circumventricular organ located 
in the dorsal medulla of the brain which densely 
expresses GLP-1 receptors, may have a role mediat-
ing the effects of GLP-1 RAs [39]; preclinical models 
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of hypertension support an antihypertensive effect of 
GLP-1 RAs by activating these neurons and suppress-
ing sympathetic nerve activity [40].

Integration of our findings with previous studies
In the current study, data from similar time points 
(24–36  weeks) were used to limit potential confound-
ing by the length of GLP-1 RA treatment on the media-
tion analysis results. Another meta-analysis found that 
weight reduction partially mediated SBP reduction with 
GLP-1 RA treatment [16]; however, the effect may have 
been confounded by the broad range of timing used in 
the study (8  weeks to > 5  years). A third meta-analysis 
with an endpoint time range of 12–56 weeks did not find 
an effect of weight reduction on SBP [19]. After 4 weeks, 
treatment with once weekly dulaglutide contributes to 
robust decreases in SBP [20, 22] and pulse pressure [20], 
but partial attrition occurs by week 26. Due to the partial 
attrition of the BP effect from 4 to 26 weeks and that at 
4  weeks the BP reductions are before significant weight 
reduction, at least a portion of this early decrease in BP 
is likely due to a different mechanism than the reductions 
seen at the later time points investigated in the current 
study.

Possible explanations for different results in AWARD-8
AWARD-8 was the only individual study included in the 
primary analysis that did not show a significant effect of 
treatment for either SBP or pulse pressure; participants 
in AWARD-8 also had the lowest mean weight reduction 
of the trials included in this analysis. Differences in the 
trial design that could account for the different response 
include the concomitant medications taken by the par-
ticipants; while participants in AWARD-8 were taking a 
sulfonylurea, with very few participants receiving con-
comitant metformin, participants in the other trials were 
predominantly on metformin with or without another 
oral anti-diabetes medication. In a retrospective cohort 
comparing monotherapy after one year of treatment with 
sulfonylurea, SBP was 1.3  mmHg higher vs. metformin, 
and this difference was thought to be due to the varying 
treatment effects on weight [41]. The literature regard-
ing the effect of metformin on BP suggests there may 
be a small BP-lowering effect that occurs specifically in 
individuals with underlying hypertension [42]. Even with 
potentially different effects on BP between sulfonylurea 
and metformin, participants were required to be on sta-
ble background therapy before enrolling in the included 
trials. AWARD-8 also had the smallest sample size for a 
single study which limits any generalizability to the find-
ings from this individual study.

Active weight loss vs. weight reduction maintenance
While there is a robust decrease in BP during active 
weight loss, the benefit is attenuated during the weight 
reduction maintenance phase. This attenuation is 
hypothesized to be due to a lack of sustained neurohor-
monal responses to the active weight loss during weight 
reduction maintenance [17]. In the Look AHEAD trial, 
participants with T2D who undertook an intensive 
lifestyle-based weight-reduction intervention achieved 
an 8.6% weight reduction by the end of one year com-
pared to 0.7% in the standard diabetes education arm, 
concurrent with a 7-mmHg decrease in SBP [43]. After 
approximately 10 years of follow-up, most of the weight 
reduction (6.0%) was maintained in the intensive arm 
but only 2  mmHg of the SBP reduction persisted [44]. 
Pulse pressure also decreases early on after lifestyle-
induced weight reduction phase in people with obesity 
[45]. While long-term follow up from bariatric surgery 
also demonstrates a reversal of the early reduction in SBP 
and DBP, there is long-term slowing of the age-associated 
increase in pulse pressure [46]. In the REWIND trial, 
after a median of 5.4  years of follow up the dulaglutide 
treatment occurred with associated reductions in SBP 
(−  1.7  mmHg) and weight (−  1.5  kg) [25], but it is not 
known if weight reduction contributes to the long-term 
SBP effect observed in the REWIND trial.

Weight-independent and weight-dependent effects 
of dulaglutide on blood pressure
The Ferdinand et  al. 2014 trial included in this meta-
analysis reported a differential dose effect of dulaglu-
tide 0.75 mg vs. 1.5 mg on SBP and pulse pressure [19]. 
In the current study, we also found a dose effect for SBP 
and pulse pressure reduction when comparing dulaglu-
tide 4.5 mg and 1.5 mg at 26 weeks in AWARD-11. The 
higher dose reduced SBP by an additional − 1.0 mmHg 
compared to lower dose of which 71% was dependent on 
weight reduction and reduced pulse pressure by an addi-
tional 1.2 mmHg of which 30% was dependent on weight 
reduction. Interestingly, the weight-independent effect of 
dulaglutide 1.5  mg and dulaglutide 4.5  mg were similar 
(− 1.5 mmHg for SBP and − 2.0 mmHg and − 1.8 mmHg 
for pulse pressure, respectively), suggesting that the 
weight-independent effect of dulaglutide may be maxi-
mized at the 1.5 mg dose. Thus, that may be the limit of 
the weight-independent effects of dulaglutide.

Study limitations
There are specific considerations which limit the inter-
pretation of the current study. Many of the clinical trials 
included were multinational impacting the racial and eth-
nic representation; therefore, it is uncertain if the current 
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findings apply to specific populations with high rates of 
T2D and high blood pressure such as African American 
or Black adults. Participants’ blood pressure control at 
baseline was potentially better than many clinical prac-
tice populations and may also influence generalizability 
of the findings. Additionally, because the trials included 
in this analysis were primarily designed to assess hyper-
glycemia, strict definitions for hypertension diagnosis at 
baseline were not used, partially limiting interpretation. 
Our findings are specific to approximately 6  months of 
dulaglutide treatment; additional research is necessary 
to understand the interaction of dulaglutide and weight 
reduction on SBP and pulse pressure in longer-term 
studies. Results from the indirect comparison should 
be interpreted with caution as despite the similarities in 
baseline demographics and background treatment there 
might be unmeasured confounding factors that could 
have influenced the results.

Conclusions
In conclusion, as elevated SBP and pulse pressure are 
risk factors for cardiovascular and microvascular com-
plications in patients with T2D, treatment options like 
dulaglutide and other GLP-1 RAs that reduce these are 
favorable. The current findings indicate that a portion 
of the SBP and pulse pressure reduction observed with 
dulaglutide treatment is not weight mediated, and fur-
ther research is needed to understand the mechanisms 
of the additional benefit. Understanding the mecha-
nisms by which dulaglutide improves SBP and pulse 
pressure, whether dependent or independent of weight 
reduction, could provide insight into developing future 
treatment regimens for elevated blood pressure.
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