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Abstract
Aim We performed a meta-analysis of randomized controlled trials (RCTs) that evaluated the effect of dipeptidyl peptidase-
4 inhibitors (DPP-4i), glucagon-like peptide-1 receptor agonists (GLP-1 RAs), and sodium glucose co-transporter-2 inhi-
bitors (SGLT-2i) on heart failure (HF) risk in patients with type 2 diabetes (T2D).
Methods and results The electronic search was carried out until 10 November 2018. RCTs were included if they compared
add-on therapy with any DPP-4i, GLP-1 RAs, or SGLT-2i with placebo, and included in the outcome hospitalization for HF,
and other outcomes required for cardiovascular safety studies. Risk of HF was the primary outcome for this meta-analysis.
We used a random-effect model to calculate hazard ratio (HR) and 95% CI. Twelve trials were identified, involving 120,765
patients. Compared with placebo, HF risk showed a non-significant 10% reduction with the newer anti-hyperglycemic drugs
(HR= 0.90, 0.80–1.01); use of DPP-4i and GLP-1 RAs was associated with nonsignificant modifications of the HF risk
(+5% and −9%, respectively), while the use of SGLT-2i was associated with a significant 31% reduction of the HF risk
(HR= 0.69, 0.61–0.79, P < 0.001), with no heterogeneity (I2= 0%, P= 0.741), suggesting a class effect. The meta-
regression analysis of all 12 trials showed no association of reductions of hemoglobin A1C with HF risk.
Conclusion In T2D, SGLT-2i can reduce the risk of HF that is unrelated to improved glycemic control; DPP-4i and GLP-1
RAs behave as neutral.
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Introduction

The prevalence of type 2 diabetes (T2D) and heart failure
(HF) continues to increase with the general aging of the
population. Prevalence of HF is 2.5 times higher in indi-
viduals with diabetes than the general population, and up to
49% of patients with HF are estimated to have diabetes.
Furthermore, patients with both T2D and HF have worse
outcomes than patients with HF without diabetes [1]. Sig-
nificant and clinically relevant decreases (−40.3% for
ischemic heart disease and −29.2% for stroke) in major
cardiovascular (CV) disease death have occurred in adults
with and without diabetes from 1988 to 2015 in the US [2];
in contrast, HF did not show any significant change, but
paradoxically showed an increase (+11%) in young adults.

Despite the growing number of therapeutic options,
uncertainty surrounds the clinical benefits and risks of varying
intensities of glucose control for patients with T2D. Tight
glycemic control has an imperfect role to reduce the CV
complications in patients with T2D. As far as HF is
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concerned, the risk of HF after intensive glycemic control
remains unchanged, with a residual risk as high as 100% [3].

Starting from 2005, three new classes of drugs were
launched to treat diabetic hyperglycemia, particularly
glucagon-like peptide-1 receptor agonists (GLP-1 RAs),
dipeptidyl peptidase-4 inhibitors (DPP-4i), and sodium
glucose co-transporter-2 inhibitors (SGLT-2i). In 2008, FDA
required the proof of cardiovascular safety as a prerequisite
for the approval of new glucose-lowering drugs [4], which
led to dedicated cardiovascular outcome trials (CVOTs). All
these trials had a similar design, consisting in the addition of
the newer drug or placebo to a background of previous
diabetes treatment and lipid and/or antihypertensive therapy.
This has represented a unique opportunity to group and
evaluate drugs belonging to the same class, in order to see
whether their cardiovascular effects are generalizable.

Recognizing that 12 CVOTs have been completed, we
planned a systematic review and meta-analysis of CVOTs
that evaluated the effect of GLP-1 RAs, DPP-4i, and SGLT-
2i on HF risk in patients with T2D. In particular, we sought
to answer the following questions:

(1) What is the effect of these drugs on the risk of HF?
(2) Is the effect restricted to a particular drug class?
(3) Is there any difference among drugs belonging to the

same class?
(4) What is their effect on other CV parameters, including

MACE (major adverse cardiovascular events) and its
components, and overall death?

Although recent meta-analyses had addressed similar
topics (for some drugs or some CV outcomes only) [5, 6], to
our knowledge this is the first one to analyze all CVOT
trials so far published.

Methods

We conducted this systematic review and meta-analysis
based on PRISMA (Preferred Reporting Items for Sys-
tematic Reviews and Meta-analyses) guidelines [7]. The
PRISMA checklist and the protocol are provided in Sup-
plementary Data. Neither ethics approval nor patient con-
sent was required for this analysis. The authors are
experienced in meta-analyses [8–10].

Data sources and searches

Databases for search included PubMed, EMBASE, the
Cochrane Central Register of Controlled Trials, the
Cochrane Database of Systematic Reviews, and Clin-
icalTrials.gov (http://www.clinicaltrials.gov). The last
search was performed on 10 November 2018. The search

terms used were “dipeptidyl-peptidase inhibitor”, “sax-
agliptin”, “alogliptin”, “sitagliptin”, “linagliptin”; “gluca-
gon-like peptide-1 receptor agonist”, “exenatide”,
“lixisenatide”, “liraglutide”, “semaglutide”, “dulaglutide”,
“albiglutide”; sodium-glucose co-transporter-2 inhibitor”,
“empagliflozin”, “canagliflozin”, “dapagliflozin”; “hospita-
lization for heart failure”, “cardiovascular mortality”,
“myocardial infarction”, “stroke”, and “all-cause mortality”.
The search was filtered to include only randomized con-
trolled trials (RCTs) or meta-analyses involving humans.
Reference lists of prior reviews and meta-analyses were also
manually searched to capture relevant RCTs that were not
indexed by normal keywords.

Study selection

We included trials if they were RCTs performed in adults
with T2D, compared add-on therapy with any DPP-4i,
GLP-1RA, or SGLT-2i with placebo, and included in the
outcome (either primary or secondary) hospitalization for
HF, as well as other outcomes required by regulatory
agencies for cardiovascular safety studies in diabetes (car-
diovascular mortality, non-fatal myocardial infarction, or
non-fatal stroke). We excluded trials if they were completed
before the FDA guidance of 2008.

Data extraction and quality assessment

Two investigators (D.G. and M.I.M.) used a standardized tool
to independently abstract all data, and disagreements were
resolved by consensus. Results reported in trial publications
(primary trial results and subsequent secondary publications),
and their accompanying supplementary materials, were used
as the primary source of information. Available additional
sources, including, but not limited to, the US Food and Drug
Administration, European Medicines Agency, and pharma-
ceutical company websites, were searched to capture any
additional data. The relevance of studies was assessed with a
hierarchical approach on the basis of title, abstract, and the
full manuscript. After the initial screening of titles and
abstracts, the studies included by both reviewers were com-
pared, and disagreement was resolved by consensus.

We evaluated the risk of bias of the included RCTs
according to the Cochrane Collaboration’s tool for assessing
the risk of bias [11]. The risks of bias were categorized as
high, low, and unclear. Methodologic quality was also
assessed by calculating the Jadad score [12] for each RCT.
This quality scale includes points for randomization (1 point),
tables of random numbers or computer-generated randomi-
zation (1 point), double-blind (1 point), placebo (1 point), and
follow-up (numbers and reasons for withdrawal in each group:
1 point). We gave an additional point if the analysis was by
intention to treat. We considered a score of >4 as good quality.
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Data synthesis and analysis

The primary efficacy outcome for this meta-analysis was the
effect of DPP-4i, GLP-1 RAs, and SGLT-2i on the risk of
HF compared with placebo. Additional preplanned analyses
were conducted on the incidence of MACE, its components
(cardiovascular mortality, non-fatal myocardial infarction,
non-fatal stroke), and all-cause mortality. Hazard ratios
(HR) and 95% confidence intervals (95% CI) were collected
for CV efficacy outcomes. Heterogeneity between studies
was assessed by using the Q statistic and I2, which is the
proportion of total variance observed between the trials
attributed to the differences between trials rather than to
sampling error. I2 < 25% was considered as low in hetero-
geneity, I2 > 75% as high in heterogeneity, and a Q statistic
P value of <0.10 was considered significant. In a con-
servative way, we calculated the summary estimates and
95% CIs for CV efficacy outcomes using a random effects
model meta-analysis. Publication bias was assessed visually
with funnel plots and with the Egger test [13]; a P value of
<0.10 was considered significant. The trim-and-fill method
was used to estimate the effect of publication bias, if any.
To evaluate whether the impact of novel glucose-lowering
medications on incident HF (primary efficacy outcome of
this meta-analysis) and MACE (principal outcome in all
trials) was associated with hemoglobin A1c (HbA1c)
reduction, we performed metaregression analyses. Metare-
gression model estimates the amount of heterogeneity
related to study characteristics; this model relates the
treatment effect to study-level covariates, while assuming
additivity of within-study and between-studies components
of variance. Restricted maximum likelihood estimators were
used to estimate model parameters. Permutation test (using
1000 re-allocations) was used for assessing the true statis-
tical significance of an observed metaregression finding
[14]. Data were analyzed using Stata 11.2 software (Stata-
Corp LP, College Station, TX). All statistical tests were two
sided, and P values of <0.05 were regarded as significant.

Results

Search results

Of 60 articles screened for eligibility, 12 trials [15–26] were
eligible and included in the meta-analysis (Supplementary
Fig. 1). Their characteristics are summarized in Table 1. The
participants were all patients with T2D (>18 years old). All
trials were multinational and sponsored by industry. The
trials have been published between 2013 and 2018, with
3 studies published in 2018. All trials were of parallel-group,
double-blind design, and their mean duration ranged from
1.5 to 4.2 years. The baseline HbA1c level ranged from

7.3% to 8.7%, but was almost identical between groups
(drug vs placebo) within the same trial. The populations
studied ranged in size from 3297 (SUSTAIN-6) to 17,160
(DECLARE) and were of similar age (range: 60–66 years).

Intervention and risk of bias

The trials evaluated 120,765 patients. The primary endpoint
of this meta-analysis was hospital admission for HF, defined
as new hospitalization and/or presentation to acute care
facility due to congestive HF. In almost all trials, hospital
admission for HF was reported as a secondary outcome,
while three- (ten trials) or four-point (two trials) MACE
were the primary outcome (Table 1). The following classes
of antidiabetic medications were evaluated: DPP-4i (sax-
agliptin [15], alogliptin [16], sitagliptin [17], linagliptin
[18]) in 43,522 participants; GLP-1 RAs (lixisenatide [19],
liraglutide [20], semaglutide [21], once-weekly exenatide
[22], albiglutide [23]) in 42,920 participants; SGLT-2i
(empagliflozin [24], canagliflozin [25], dapagliflozin [26])
in 34,323 participants.

According to the Cochrane Collaboration’s tool for
assessing risk of bias, there was no major risk of bias in any
study (Supplementary Fig. 2). All trials had a quality score
>4, indicating high quality (Supplementary Table 1).

Outcomes

In pooled analysis of the 12 trials, the risk of hospitalization
for HF showed a non-significant 10% reduction (HR=
0.90, 0.80–1.01, P= 0.068) with the newer anti-
hyperglycemic drugs, as compared with placebo, with sig-
nificant heterogeneity between trials (I2= 69.2%, P <
0.001) (Fig. 1, Table 2). There was no evidence of pub-
lication bias (Egger test, P= 0.644). In additional analyses
restricted to drug classes, use of DPP-4i and GLP-1 RAs
was associated with nonsignificant modifications of the HF
risk, and nonsignificant heterogeneity between studies. By
contrast, use of SGLT-2i was associated with a highly
significant (P < 0.001) 31% reduction of the HF risk, with
no heterogeneity (I2= 0%, P= 0.741) (Fig. 1, Table 2). The
reduction of hospitalization for HF by SGLT-2i was sig-
nificant in T2D patients with (HR= 0.67, 0.54–0.84, P <
0.001) or without (HR= 0.71, 0.60–0.83, P < 0.001) a
history of HF at baseline; the HR for the composite of CV
death or hospitalization for HF was also statistically sig-
nificant in patients with (HR= 0.71, 0.61–0.84, P= 0.001)
or without (HR= 0.78, 0.65–0.94, P= 0.008) a history of
HF at baseline (Supplementary Fig. 3). The metaregression
analysis of all 12 trials showed no association between
reductions of HbA1c and HF risk (P= 0.581) (Fig. 2).

In the overall analysis, the risk of MACE was sig-
nificantly reduced by 8% (HR= 0.92, 0.87–0.97, P=
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0.001) with the use of DPP-4i, GLP-1 RAs, and SGLT-2i,
as compared with placebo, with a significant degree of
heterogeneity between trials (I2= 45.8%, P= 0.041) (Fig.
3, Table 2). There was no evidence of publication bias
(Egger test, P= 0.210). Compared with placebo, DPP-4i
showed a neutral effect on MACE, while the use of both
GLP-1 RAs and SGLT-2i was associated with significant
reductions of MACE (12% and 11%, respectively), with
significant heterogeneity for GLP-1 RAs (I2= 58.8%, P=
0.045) and no heterogeneity for SGLT-2i (I2= 0%, P=
0.550). The heterogeneity for GLP-1 RAs was reduced and
became nonsignificant by excluding the ELIXA trial (I2=
36.8%, P= 0.191) (Supplementary Fig. 4).

Overall, there was a significant (P= 0.009) 10% risk
reduction in CV mortality associated with the use of
newer drugs, as compared with placebo, with significant
heterogeneity (I2= 48.3%, P= 0.031) (Fig. 4, Table 2).
There was no evidence of publication bias (Egger test, P
= 0.558). The use of GLP-1 RAs was associated with a
significant (P= 0.004) 12% risk reduction in CV mor-
tality, with no heterogeneity (I2 = 0%, P= 0.518). Both
DPP-4i and SGLT-2i were associated with no significant
effect on CV mortality. The only two trials that showed a
significant benefit on CV mortality were the LEADER
(with liraglutide) and the EMPA-REG OUTCOME (with
empagliflozin).

Overall, there was a significant (P= 0.018) 7% risk
reduction of nonfatal MI associated with the use of newer
drugs, as compared with placebo, with nonsignificant het-
erogeneity (I2= 27.6%, P= 0.174) (Fig. 5, Table 2). There
was no evidence of publication bias (Egger test,
P= 0.622). The use of SGLT-2i was associated with a

significant 12% risk reduction in nonfatal MI, with no het-
erogeneity (I2= 0%, P= 0.935), although no single trial in
this class produced a significant benefit on nonfatal MI.

Overall, there was a nonsignificant (P= 0.203) 5% risk
reduction of nonfatal stroke associated with the use of
newer drugs. Nonfatal stroke (Supplementary Fig. 5,
Table 2) was significantly reduced by GLP-1 RAs (HR=
0.87, 0.77–0.99), with low heterogeneity (I2 = 6%, P=
0.373), although only the SUSTAIN-6 trial was associated
with a significant benefit. There was no evidence of
publication bias (Egger test, P= 0.613).

Overall, there was a significant (P= 0.013) 8% risk
reduction in all-cause mortality associated with the use of
newer drugs, as compared with placebo, with significant
heterogeneity (I2 = 55.4%, P= 0.010) (Supplementary
Fig. 6, Table 2). There was no evidence of publication
bias (Egger test, P= 0.793). The use of GLP-1 RAs was
associated with a significant 11% risk reduction in all-
cause mortality, with no heterogeneity (I2= 0%, P=
0.663); the reduction of all-cause mortality was also sig-
nificant (17%) with the use of SGLT-2i, but heterogeneity
between trials was high (I2= 75.2%, P= 0.018). The use
of DPP-4i was associated with a neutral effect on CV
mortality, with low heterogeneity (I2= 14.1%, P= 0.322).

Discussion

The results of 12 CVOTs trials so far published using DPP-
4i, GLP-1 RAs, and SGLT-2i in 120,765 participants have
provided the unique opportunity to evaluate their impact on
the risk of HF in patients with T2DM, as individual trials

Fig. 1 Forest plots of meta-
analysis for the primary
endpoint, i.e., hospitalization for
HF (heart failure). The results
are expressed as hazard ratio
(HR). ES effect size
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are frequently underpowered to evaluate a secondary out-
come, as well as a single component of the primary out-
come. In the pooled analysis of the 12 trials, we found a
non-significant 10% reduction of HF risk in T2D patients
treated with the newer anti-hyperglycemic drugs, without
evidence of publication bias. However, the results of sub-
group analyses show that the use of three different SGLT-2i
(empagliflozin, canagliflozin, and dapagliflozin) was asso-
ciated with a statistically significant 31% risk reduction in
the HF outcome, with no heterogeneity, indicating that the
effect was similar within the class. In particular, hospitali-
zation for HF was reduced by 35% with empagliflozin, 33%
with canagliflozin, and 27% with dapagliflozin. Neither
DPP-4i nor GLP-1 RAs produced significant alteration of
the HF risk, except for saxagliptin which was the only drug
within the two classes associated with a significantly higher
HF risk.

The benefit of SGLT-2i on HF risk in T2D is a class
effect. It is not associated with improved glycemic control,
as the meta-regression analysis did not show any

Table 2 Preplanned statistical
analyses

Outcome Trials (n) Estimate (HR) 95% CI P value I2 (%) P value
Q test

HF

All 12 0.90 0.80–1.01 0.068 69.2 <0.001

DPP-4i 4 1.05 0.90–1.24 0.531 60.0 0.058

GLP-1 RAs 5 0.91 0.83–1.00 0.058 0 0.717

SGLT-2i 3 0.69 0.61–0.79 <0.001 0 0.741

MACE

All 12 0.92 0.87–0.96 0.001 45.8 0.041

DPP-4i 4 0.99 0.94–1.05 0.798 0 0.948

GLP-1 RAs 5 0.88 0.80–0.96 0.005 58.8 0.045

SGLT-2i 3 0.89 0.83–0.96 0.001 0 0.550

CV mortality

All 12 0.90 0.83–0.97 0.009 48.3 0.031

DPP-4i 4 0.98 0.89–1.08 0.655 2.6 0.379

GLP-1 RAs 5 0.88 0.80–0.96 0.004 0 0.518

SGLT-2i 3 0.81 0.63–1.05 0.116 79.9 0.007

Non-fatal MI

All 12 0.93 0.87–0.99 0.018 27.6 0.174

DPP-4i 4 1.00 0.92–1.10 0.928 0 0.445

GLP-1 RAs 5 0.90 0.80–1.01 0.063 50.9 0.087

SGLT-2i 3 0.88 0.79–0.97 0.011 0 0.935

Non-fatal stroke

All 12 0.95 0.88–1.03 0.203 8.6 0.361

DPP-4i 4 1.00 0.87–1.14 0.949 0 0.664

GLP-1 RAs 5 0.87 0.77–0.99 0.028 6.0 0.373

SGLT-2i 3 1.02 0.87–1.19 0.803 25.7 0.260

All-cause mortality

All 12 0.92 0.86–0.98 0.013 55.4 0.010

DPP-4i 4 1.01 0.93–1.09 0.792 14.1 0.322

GLP-1 RAs 5 0.89 0.83–0.95 0.001 0 0.663

SGLT-2i 3 0.83 0.70–0.99 0.013 75.2 0.018

Fig. 2 Metaregression between reductions of HbA1c and hazard ratio
for heart failure
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association between reductions of A1C and HF risk in all
trials. All this seems to call for nonglycemic effect as an
explanation for the reduced HF risk with SGLT-2i. Low-
ering of blood pressure, decrease in intraglomerular pres-
sure, reduction in albuminuria, and amelioration of volume
overload are all plausible protective mechanisms of their
benefit on HF and CV outlook; moreover, regulation of Na
+/H+ exchange at the level of the heart and kidney and

modulation of adipokine production may play a role as well
[27].

The benefit on HF by SGLT-2i is clinically relevant and
statistically significant in T2D patients with or without a
prior history of HF [26, 28, 29]. Overall, there is a 34% and
30% HF risk reduction in T2D patients with or without a
history of HF at baseline, respectively. However, only a
limited number of participants in the three trials had a

Fig. 3 Forest plots of meta-
analysis for the risk of MACE.
The results are expressed as
hazard ratio (HR). ES effect size

Fig. 4 Forest plots of meta-
analysis for the risk of CV
mortality. The results are
expressed as hazard ratio (HR).
ES effect size
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history of investigator-reported HF. For now, the new
ADA/EASD consensus guidelines [30] suggest to consider
a SGLT-2i with proven benefit when managing hypergly-
cemia in patients with T2D and clinical HF. Despite the
inherent limitations linked to their retrospective nature,
possibility of selection bias, residual cofounding, and rela-
tively short follow-up, data derived from large international
epidemiologic studies are a valuable addition to those
generated by RCTs. One such study [31] collected real-
world data from six countries and more than 300,000
patients, 87% of whom did not have a history of CV dis-
ease. Patients prescribed SGLT-2i had a 39% lower risk for
HF hospitalization compared with other glucose-lowering
drugs. Another study [32] collected data from 4 large US
administrative claims databases, including 253,697 new
users of SGLT-2i and 460,885 new users of non-SGLT-2i:
new users of canagliflozin and new users of empagliflozin
or dapagliflozin had a lower risk of HF (−18%, −38%,
respectively) compared with new users of a DPP-4i or GLP-
1 RAs, without any significant difference in the head-to-
head comparison of SGLT-2i. The results of these large
studies suggest the effectiveness of SGLT-2i on HF risk in a
broader T2D patient population, that is more representative
of those seen in primary care.

As a class, SGLT-2i was also associated with a sig-
nificant 11% risk reduction for MACE (low heterogeneity),
and a significant 17% reduction of all-cause mortality (high
heterogeneity). Overall, there was a neutral impact of DPP-
4i on all CV outcomes, whereas GLP-1 RAs showed a
positive and significant impact on MACE, CV mortality,

nonfatal stroke, and all-cause mortality. All 12 completed
CVOTs succeeded in showing non-inferiority of the study
drug to placebo for their primary composite MACE end-
point; even, 5 CVOTs (three with the GLP-1 RAs liraglu-
tide, semaglutide, albiglutide, and two with the SGLT-2i
empagliflozin and canagliflozin) have given evidence for
superiority.

There is a great expectation about the possibility to
translate the clinical benefits of SGLT-2i in the nondiabetic
patient: dedicated outcome trials are ongoing, assessing
empagliflozin (EMPEROR-Preserved [NCT03057951]) in
patients with HF and preserved ejection fraction and
dapagliflozin (Dapa-HF [NCT03036124]) in patients with
chronic HF. Hopefully, such ongoing trials may tell us
whether SGLT-2i will become a novel standard treatment in
both diabetic and nondiabetic patients with chronic or
acute HF.

The strengths of this meta-analysis are the inclusion of
all CVTOs trials published until 10 November 2018, the
very large number of participants, the use of a prespecified
analyses, double-checking of data extraction, and the high
quality of all trials, which minimizes the risk of bias, and
more importantly, the absence of between-study hetero-
geneity, suggesting a class effect by SGLT-2i on HF risk.
Our study has limitations as well. The first limitation is that
HF was a secondary endpoint in all trials, except for
DECLARE, with some differences in its definition: in fact,
baseline HF prevalence, when reported, is poorly char-
acterized, T2D patients with HF are poorly represented
(<15% of the total enrolled sample), a minority of trials

Fig. 5 Forest plots of meta-
analysis for the risk of non-fatal
IMI. The results are expressed as
hazard ratio (HR). ES effect size
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report the rate of incident HF, whose definition is non-
specific, and HF events are limited to HF hospitalization
only. Despite all this, the SGLT-2i CVOT trials are all
concordant in their outcome (i.e., significant reduction of
the HF risk), with very close results (between 27% and 35%
reduction). The second limitation relates to the use of
aggregate data, which limits the ability to delve further into
subgroups of interest. Another limitation relates to the
duration of follow-up, which still spans 1.5–4.2 years.
Moreover, the trials were generally conducted in patients
who were considered to be at high or very high risk of CV
events, which may limit their generalizability to those at
lower risk. Finally, few data exist in literature about the
effects of these newer drugs in the elderly diabetic patient
who is at an increased risk for HF.

In conclusion, the findings of this meta-analysis suggest
that SGLT-2i are useful in the prevention and treatment of
HF in T2D patients. Future CV outcome trials of glucose-
lowering therapies should enroll a proportion of patients
with baseline HF similar to the prevalence of HF in the
general population with T2D. However, it is likely that in
the near future conducting trials of drugs against a placebo
among such patients may no longer be ethical, as argued by
FDA [33], also on the advice by recent guidelines [30] to
use a medication with proven cardiovascular benefit in
patients with T2D and established CV disease. In the
meantime, the choice of a specific SGLT-2i for a T2D
patient with HF should be based on additional benefit on
CV risk, and individualized to each patient’s needs, con-
venience, and tolerability.
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