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Abstract 

Background:  The cardiovascular (CV) safety in terms of heart failure among different classes of treatment remains 
largely unknown. We sought to assess the comparative effect of these agents on heart failure outcomes.

Methods:  This study was registered in the International Prospective Register of Systematic Reviews (CRD 
42016042063). MEDLINE, EMBASE, and the Cochrane Library Central Register of Controlled Trials were searched. 
For the primary outcomes reported previously, studies between Jan 1, 1980 and June 30, 2016 were screened, and 
subsequently updated till Jan 24, 2019. We performed network meta-analysis to obtain estimates for the outcomes of 
heart failure, in particular by rankograms for ranking of heart failure risk as well as by pairwise comparisons among all 
classes of anti-diabetic medications.

Results:  A total of 91 trials were included, among which were 171,253 participants and 4163 reported cases of 
heart failure events. As for rankograms, the surface under the cumulative ranking curves (SUCRA) of sodium-glucose 
co-transporters 2 and thiazolidinediones were 93.4% and 4.3%, respectively, signifying the lowest and highest risk of 
heart failure, respectively. As for pairwise comparisons in the network, sodium-glucose co-transporters 2 were signifi‑
cantly superior to insulin (OR: 0.75, 95% CI 0.62–0.91), dipeptidyl peptidase 4 inhibitors (OR: 0.68, 95% CI 0.59–0.78), 
glucagon-like peptide-1 receptor agonists (OR: 0.65, 95% CI 0.54–0.78), and thiazolidinediones (OR: 0.46, 95% CI 
0.27–0.77) in terms of heart failure risk. Furthermore, in an exploratory analysis among subjects with underlying heart 
failure or at risk of heart failure, the superiority of sodium-glucose co-transporters 2 was still significant.

Conclusions:  In terms of heart failure risk, sodium-glucose co-transporters 2 were the most favorable option among 
all classes of anti-diabetic medications.
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Introduction
In 1974, the Framingham studies have reported an 
approximately two- to five-fold increase for the risk 
of heart failure in patients with diabetes [1]. Rates of 

mortality and hospitalization from heart failure were 
also higher among diabetics than non-diabetics [2–5]. 
However, listed alongside with atherosclerotic car-
diovascular (CV) diseases as one of the two major CV 
safety concerns [6], heart failure as a “frequent, for-
gotten, and often fatal complication of diabetes” [7] 
involves complex, multifactorial pathogenesis, and can-
not be indiscreetly pigeonholed into the stereotypical, 
binary classification as either microvascular or macro-
vascular [8]. Further complicating the matter, glycemic 
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control per se did not reduce the risk of heart failure 
[9], and might even adversely affect cardiac function 
in susceptible individuals [10–12]. The harmful effect 
of developing heart failure appeared to be associated 
with improved glucose control and was explained, at 
least in part, by choice of treatment, as indicated in a 
recent meta-analysis [13]. Whether or not anti-diabetic 
medications directly contribute to the progression and/
or precipitation of heart failure, as well as which class 
of anti-diabetic medications is the optimal choice for 
this patient population, have henceforth been and are 
still being intensely debated and investigated [8, 14–
21]. Previously, we have conducted a network meta-
analysis to evaluate whether novel anti-diabetic agents, 
including dipeptidyl peptidase 4 (DDP-4) inhibitors, 
glucagon-like peptide-1 (GLP-1) receptor agonists, and 
sodium-glucose co-transporter 2 (SGLT-2) inhibitors, 
were superior in terms of major adverse cardiovascular 
events (MACE) and all-cause mortality, compared with 
more traditional classes of drugs [22]. Here, we per-
formed a similar study aiming at providing evidence-
based hierarchies of the comparative CV safety profiles, 
specifically regarding heart failure endpoints, among 
classes of anti-diabetic agents currently in use.

Methods
This study was registered in the International Pro-
spective Register of Systematic Reviews (CRD 
42016042063). The systematic review and meta-analy-
sis was conducted according to the Preferred Report-
ing Items of Systematic Reviews and Meta-Analyses 
(PRISMA) guideline [23]. The method and results of the 
primary outcomes were reported previously [22]. This 
study reported the secondary outcome of heart failure. 
The network meta-analysis was based on a frequentist 
model [24]. The analysis incorporated both direct and 
indirect comparisons to estimate the relative efficacy of 
treatments.

Data source and study inclusion
MEDLINE, EMBASE, and the Cochrane Library Cen-
tral Register of Controlled Trials were searched. For 
the primary outcomes reported previously, studies 
between Jan 1, 1980 and June 30, 2016 were screened. 
We updated the data until Jan 6, 2019 for the outcome 
of heart failure. Data on http://www.clini​caltr​ials.gov 
were also checked if the registry number was provided. 
The strategy of searching was provided in Additional 
file 1: Table S1.

To be included, studies had to: be randomized con-
trolled trials; included individuals with type 2 diabe-
tes; compared one kind of anti-diabetic with another 

or placebo; had at least 1 incident heart failure dur-
ing follow-up; had a treatment duration of more than 
24 weeks. Studies were excluded if they: were crossover 
studies; non-randomized trials; compared the different 
dosages or forms of the same drugs; enrolled patients 
with type 1 diabetes, prediabetes, or insulin resistance.

Novel anti‑diabetics and dosages
Novel anti-diabetics in our studies referred to the fol-
lowing 3 categories: dipeptidyl peptidase 4 inhibitors 
(DPP4i), glucagon-like peptide-1 receptor agonists 
(GLP1a), andsodium-glucose co-transporter 2 inhibi-
tors (SGLT2i). We only included studies on drugs that 
were already approved by US FDA or European Medi-
cines Agency. Data of the novel anti-diabetic treatment 
arm were excluded if the dosages were inconsist-
ent with the recommended ones (Additional file  2: 
Table S2).

Data extraction and quality assessment
Outcome of interest in this study was incident heart 
failure or hospitalization for heart failure. Data were 
extracted by 2 independent reviewers. Studies char-
acteristics (registry number, name the first author, 
whether it was international study, number of study 
centers, and treatment duration), patients character-
istics (mean age, male proportion, and comorbidity), 
intervention details (type and dosage of the studied 
drugs, and baseline anti-diabetic used across arms), 
total number of participants and incidence of heart 
failure.

The methodological quality of included studies was 
assessed using the tool recommended by Cochrane 
collaboration [25]. This tool included 7 components, 
which are random sequence generation, allocation con-
cealment, blinding of participants and personnel, blind-
ing of outcome assessment, incomplete outcome data, 
selective reporting and other sources of bias. Each of 
these components was rated as “high risk”, “unknown”, 
or “low risk”.

Statistical analysis
Network meta-analysis was performed to compare any of 
the 2 anti-diabetics by incorporating direct and indirect 
comparison data. The results were reported as odd ratios 
(ORs) and 95% confidence intervals (CIs). We then gen-
erated a ranking of the anti-diabetics in terms of risk of 
heart failure by calculating the surface under the cumu-
lative ranking curves (SUCRA). Larger SUCRA indicated 
lower risk of heart failure. Rankograms were also gener-
ated [26].

http://www.clinicaltrials.gov
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To identify any potential inconsistency between direct 
and indirect comparisons data, we used a previously 
described node-splitting method. It separates evidence 
for a particular comparison into direct and indirect com-
ponent, excluded one direct comparison at a time, and 
estimated the indirect treatment effect for the excluded 
comparison [27].

All the analyses were performed using STATA version 
13 with the mvmeta package.

Results
Flow chart of study inclusion is shown in Additional 
file 3: Figure S1. Finally, 91 studies were included. There 
were totally 171,253 participants and 4163 reported 
cases of incident heart failure. Eight treatments were 
compared with each other: DPP4i, GLP1a, SGLT2i, Met-
formin (MET), sulfonylureas (SU), thiazolidinedione 
(TZD), insulin (INS), and placebo (PLA). Character-
istics of studies and numbers of heart failure cases are 
summarized in Additional file  4: Table  S3. Mean age of 
included studies ranged from 44.0 to 72.5 years. Propor-
tion of male ranged from 41.3 to 77.6%. Three studies 
included patients with coronary heart disease. Nine stud-
ies included patients with high cardiovascular risk. Eight 
studies included patients with renal impairment. One 
study included patients with high cardiovascular and 
renal risk. Patients in these 23 studies were regarded as at 
high risk of heart failure and included in the exploratory 
analysis.

Assessment of methodological quality of included stud-
ies is summarized in Additional file 4: Table S4. The qual-
ity of included studies was generally good, but more than 
a half of the studies did not provide details about random 
sequence generation.

Network plot of the comparisons is presented in Fig. 1. 
Direct comparisons were available for any of the 2 study 
arms, except for INS and MET, INS and PLA, INS and 
SGLT2i, INS and TZD, and SGLT2i and GLP1a.

Sample sizes and numbers of incident heart failure of 
included studies are summarized in Additional file  4: 
Table S5. Network plot of the comparisons is presented 
in Fig. 1. Direct comparisons were available for any of 
the 2 study arms, except for INS and MET, INS and 
PLA, INS and SGLT2i, INS and TZD, and SGLT2i and 
GLP1a. Rankograms and SUCRAs of the 8 treatments 
are summarized in Fig.  2. With the highest SUCRA 
of 93.4%, SGLT2i was associated with the lowest risk 
of heart failure compared with other drugs and PLA. 
In the contrast, TZD had the lowest SUCRA of 4.3%, 
which represented the highest risk of heart failure. 
MET, INS, SU, DPP4i, PLA, and GLP1a ranked 2nd to 
7th, respectively.

Results of the network meta-analysis were summa-
rized in Fig. 3. SGLT2i was significantly superior to INS 
(OR: 0.75, 95% CI 0.62–0.91), DPP4i (OR: 0.68, 95% CI 
0.59–0.78), GLP1a (OR: 0.65, 95% CI 0.54–0.78), and 
TZD (OR: 0.46, 95% CI 0.27–0.77) in terms of heart 
failure risk. In addition, a lower risk than TZD was also 
found for MET (OR: 0.53, 95% CI 0.29–0.95) and SU 
(OR: 0.66, 95% CI 0.48–0.90). No significant inconsist-
ency was identified (Additional file 5: Table S6). Results 
of the exploratory analysis were presented in Fig.  4. 
Superiority of SGLT2i, when compared with DPP4i, 
GLP1a, and TZD, was still significant. In this subpop-
ulation, SGLT2i was even more effective than MET in 
reducing risk of heart failure (OR: 0.75, 95% CI 0.58–
0.95). However, comparisons between SGLT2i and INS, 
MET and TZD, and SU and TZD did not yielded sta-
tistically significant results. Sensitivity analyses were 
consistent with the original analysis (Additional file  6: 
Figure S2 and Additional file 7: Figure S3).

Discussion
In our previous work, we have found that novel classes 
of anti-diabetic agentsshowed favorable CV safety pro-
file in terms of MACE and all-cause mortality, despite 
small differences between individuals [22]. In the current 
study, we further explored the impact of these anti-dia-
betics on one specific CV outcome, namely, heart failure. 
Compared with prior analyses, the evidence-based hier-
archies generated from this network meta-analysis were 

DPP4i

GLP1a

INS

MET

PLA

SGLT2i

SU

TZD

Fig. 1  Network plot of treatment comparisons for heart failure. Direct 
comparison of treatment is linked with a line, the thickness of which 
represents the number of trials that assess the comparison. SGLT2i 
sodium-glucoseco-transporter 2 inhibitors, GLP1ra glucagon-like 
peptide-1 receptor agonists, DPP4i dipeptidyl peptidase 4 inhibitors, 
TZD thiazolidinediones, MET metformin, SU sulfonylureas, INS insulin, 
PLA placebo
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Fig. 2  Ranking of anti-diabetic agents ordered by their respective probability to be the best treatment for heart failure endpoints. SGLT2i 
sodium-glucoseco-transporter 2 inhibitors, GLP1ra glucagon-like peptide-1 receptor agonists, DPP4i dipeptidyl peptidase 4 inhibitors, TZD 
thiazolidinediones, MET metformin, SU sulfonylureas, INS insulin, PLA placebo
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Fig. 3  Mixed comparisons of anti-diabetic agents for heart failure by drug class. Agents are reported in order of heart failure risk ranking. Treatment 
at the top left corner ranks first, while the one at the bottom right corner ranks last. An odds ratio (OR) lower than 1 indicates better safety for 
heart failurein favor of the column-defining treatment. SGLT2i sodium-glucoseco-transporter 2 inhibitors, GLP1ra glucagon-like peptide-1 receptor 
agonists, DPP4i dipeptidyl peptidase 4 inhibitors, TZD thiazolidinediones, MET metformin, SU sulfonylureas, INS insulin, PLA placebo
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relatively similar in some parts and notably different in 
others.

It has been well established that TZDs, when com-
pared with placebo, was associated with an increased risk 
of heart failure among diabetic patients [28–31]. In our 
network, TZDs consistently fared worst in both ranko-
grams and pairwise comparisons among existent classes 
of anti-diabetic medications. In other words, our study 
once again corroborated the inimical potential of TZDs 
towards the precipitation or exacerbation of heart failure, 
strengthening the recommendation against their use in 
congestive heart failure [6]. On the other hand, SGLT-2 
inhibitors, which ranked lowest in the risk of MACE and 
all-cause mortality from our previous analysis [22], were 
also shown to be the safest for heart failure endpoints 
in the current study, even in the exploratory analysis. 
These results were undoubtedly driven, in a large part, 
by the recent EMPA-REG OUTCOME, CANVAS and 
DECLARE trials [32–34], and were consistent with a 
recent systematic review and meta-analysis [35]. Preclini-
cal studies have already alluded to the fact that sodium-
glucose linked co-transporter itself is mechanistically 
involved for cardiac glucose uptake and energy metabo-
lism in the heart failure setting [36, 37]. Other potential 
mechanisms of benefit, for instance, alleviated oxidative 
stress, improved arterial compliance and so on, have also 
been postulated [38, 39]. In one recent real-world popu-
lation-based cohort study, the protective effect of SGLT-2 
inhibitors against hospitalization for heart failure was 

observed as early as 30  days after initiation in patients 
with established CV diseases [40]. Currently, the efficacy 
of SGLT-2 inhibitors in treating congestive heart failure 
are being tested in outcome trials in heart failure patients 
regardless of concomitant diabetes.

DPP-4 inhibitors and GLP-1 agonists, or collectively 
termed incretin-based therapies, were found in our net-
work to be respectively taking up 5th and 7th places in 
rankograms and were both statistically significantly infe-
rior to SGLT-2 inhibitors in pairwise comparisons. For 
GLP-1 agonists, after LEADER and SUSTAIN-6 trials 
having demonstrated a reduction in CV mortality but not 
heart failure hospitalization [41, 42], subsequent FIGHT 
and LIVE trials also failed to show improvement in heart 
failure endpoints [43, 44]. Even though this class of drugs 
possesses overall cardiovascular safety [45], controversy 
for their use in heart failure population remains and cau-
tion is strongly advised [46]. As for DDP-4 inhibitors, 
the signal of harm was first identified in SAVOR-TIMI 
53 and EXAMINE trials [47, 48], in which heart failure 
hospitalization was increased with the use of saxagliptin 
and alogliptin. Furthermore, in several meta-analyses and 
observational studies, DPP-4 inhibitors were reported to 
be associated with an increased risk of worsening heart 
failure [49–51], besides acute pancreatitis and hypogly-
cemia [52]. Recently, the hypothesis of adrenergically 
mediated cardiotoxicity mediated by DPP-4 inhibition 
has been proposed [53]. Experimental studies discovered 
that DDP-4 inhibition potentiates not only GLP-1, but 
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Fig. 4  Mixed comparisons of anti-diabetic agents used among patients at high risk of heart failure by drug class. Agents are reported in order of 
heart failure risk ranking. Treatment at the top left corner ranks first, while the one at the bottom right corner ranks last. An odds ratio (OR) lower 
than 1 indicates better safety for heart failure in favor of the column-defining treatment. SGLT2i sodium-glucoseco-transporter 2 inhibitors, GLP1ra 
glucagon-like peptide-1 receptor agonists, DPP4i dipeptidyl peptidase 4 inhibitors, TZD thiazolidinediones, MET metformin, SU sulfonylureas, PLA 
placebo
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also stromal cell-derived factor 1 (SDF-1), neuropeptide 
Y, and substance P and so on, bringing out central and 
peripheral sympathetic overactivity via beta-adrenergic 
stimulation, thereby effecting changes in cardiac inflam-
mation, fibrosis as well as myocardial apoptosis and 
loss of viability [54–62]. In the SAVOR-TIMI 53 trial, 
the increase in heart failure hospitalization in patients 
treated with saxagliptin was significantly attenuated with 
the concomitant use of beta blockers [63], lending addi-
tional proof to the plausibility of such theory. However, in 
the recent CARMELINA trial, linagliptin did not seem to 
affect heart failure-related endpoints [64–66]. In a related 
commentary, one possible explanation was proposed that 
the unexpected findings from SAVOR TIMI-53 was due 
to chance, and that the overall CV effects of DPP-4 inhib-
itors (including heart failure) were likely neutral [67].

The complex signaling and mechanisms through which 
generalized insulin resistance contribute to myocardial 
dysfunction and ultimately heart failure has recently been 
reviewed by Riehle et  al. [68]. Packer further proposed 
the potentiation of insulin signaling being instrumental 
in the precipitation of heart failure among patients with 
diabetes [69]. Specifically, direct pharmacologic effects 
on hyperinsulinemia of anti-diabetic medications appear 
to be consistently linked to the risk they confer on heart 
failure. In other words, medications that potentiate insu-
lin via insulin signaling (i.e. sulfonylureas, incretin-based 
therapies, TZDs) tend to increase the risk of heart fail-
ure, whereas medications that mitigate hyperinsulinemia 
and do not act through insulin signaling (i.e., metformin 
and SGLT-2 inhibitors) tend to improve on heart failure 
outcomes [69]. In our network, SGLT-2 inhibitors and 
Metformin ranked comparably safest on top, whereas 
sulfonylureas, DDP-4 inhibitors, GLP-1 agonists and 
TZDs were associated with relatively increasing risk of 
heart failure. Thus, these results fit squarely into Packer’s 
conceptual framework, and further support that ampli-
fied insulin signaling may have played a major role in the 
clinical progression of heart failure in diabetic patients. 
Future studies are definitely warranted to further explore 
this phenomenon.

There are several limitations to our current study. First 
of all, the heterogeneity of trial designs and reporting 
styles of the included studies, as well as modest event 
rates in general cannot be overlooked. Therefore, these 
results were primarily hypothesis-generating in nature 
and should be interpreted with discretion. Second, infor-
mation regarding heart failure being that which was 
with reduced or preserved ejection fraction was virtually 
indistinguishable in the majority of studies, preventing 
a deeper layer of exploration in the network which dif-
ferentiates heart failure clinical phenotypes. Third, since 
patient-level data was inaccessible to us, other possible 

variables correlated with heart failure were unable to be 
accounted for in the current analysis. Ongoing preclinical 
studies and clinical trials would shed light on how these 
questions can be answered.

Conclusion
Our network meta-analyses demonstrated that, in terms 
of heart failure risk, SGLT-2 inhibitors were the most 
favorable option among all classes of anti-diabetic medi-
cations; DDP-4 inhibitors and GLP-1 agonists seemed 
inferior to SGLT-2 inhibitors and metformin. Results 
from this study indicate that heart failure as a phenotypi-
cally distinct entity among diabetic complications may 
be significantly influenced by choice of glucose-lowering 
medications, and also call for future studies to further 
explore the dynamic interplay between pharmacologic 
effects of different agents, pathognomonic mechanisms 
of diabetes-related cardiotoxicity, and clinical progres-
sion of heart failure.
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