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Cardiovascular disease (CVD) represents both an individ-
ual and a societal burden in patients with type 2 diabetes 

mellitus (T2DM). The life expectancy of a 50-year-old with 
diabetes mellitus is, on average, 6 years shorter than that of a 
counterpart without diabetes mellitus, with ≈60% of the differ-
ence in survival attributable to excess vascular deaths.1 Thanks 
to a better control of modifiable risk factors,2 a progressive 
decline in major cardiovascular events (MACE) has been re-
ported during the last 2 decades, both in the United States3 
and in Europe.4 Nevertheless, fatal CV outcomes declined less 
among patients with T2DM than among controls4 and the ex-
cess risk in patients with T2DM remains high compared with 
nondiabetic.3 CV effects of more intensive glucose control5,6 
and of the different glucose-lowering agents7 remain a matter 
of controversy. A recent analysis of CV outcome trials showed 

that both the reduction in glycated hemoglobin (HbA1c) and 
the duration of the intensification of glycemic control are im-
portant factors that may influence CV outcome results.8

Since 2008 and the guidance document by the US Food and 
Drug Administration (FDA), all new glucose-lowering agents 
must prove CV safety.9 Therefore, numerous randomized con-
trolled trials (RCTs) were primarily designed as noninferiority 
trials compared with placebo to exclude an unacceptable risk 
of CV events with these drugs in the shortest possible time 
period.10 Of note, all these placebo-controlled RCTs were per-
formed in the setting of adjustment of alternative class glucose-
lowering therapies to achieve local and individual glycemic 
targets. Almost all used as primary outcome a composite triple 
MACE combining CV mortality, nonfatal myocardial infarc-
tion, and nonfatal stroke.11,12 Secondary outcomes consider 
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each individual component of the primary outcome, all-cause 
death and sometimes an expanded MACE (triple MACE plus 
hospitalization for unstable angina). Of note, the potential 
long-term benefits or risks were not assessed effectively as the 
median follow-up in these event-driven studies was limited to 
1.5 to 3 years. These trials included patients with relatively 
long duration of T2DM, advanced atherosclerosis and higher 
CV risk, generally patients with established CVD (secondary 
prevention). These trials were not intended to assess CV ben-
efit in the general population with T2DM (most patients being 
in primary prevention) and are best interpreted as evidence for 
CV safety of these new antihyperglycemic medications in pa-
tients with T2DM and very high risk.13

The aim of the present review is to discuss the most impor-
tant recent findings concerning 2 classes of new oral glucose-
lowering agents, DPP-4 (dipeptidyl peptidase-4) inhibitors14,15 
and SGLT-2 (sodium-glucose cotransporter type 2) inhibitors,16,17 
which are increasingly used for the management of T2DM.18,19 
This review will not analyze the positive CV results with inject-
able therapies, that is, GLP-1 (glucagon-like peptide-1) receptor 
agonists, reported in LEADER (Liraglutide Effect and Action in 
Diabetes: Evaluation of Cardiovascular Outcome Results) with 
liraglutide and in SUSTAIN-6 (Trial to Evaluate Cardiovascular 
and Other Long-Term Outcomes With Semaglutide in Subjects 
With Type 2 Diabetes) with semaglutide.12,13 This article will 
focus only on human studies; a summary of animal data may 
be found in several reviews dealing with DPP-4 inhibitors14,20–23 
and SGLT-2 inhibitors.24–26 We will summarize effects on sur-
rogate vascular end points and CV risk factors before paying 

more attention on CV clinical outcomes (MACE), including 
hospitalization for heart failure (HF), and mortality. We will 
consider both preliminary data from phase 2 to 3 trials (although 
not designed to specifically assess CV outcomes) and, more im-
portantly, dedicated prospective CV outcome trials. Indeed, the 
2 types of data are complementary because the populations re-
cruited were quite different, most T2DM patients without CVD 
in phase 2 to 3 trials contrasting with T2DM patients with es-
tablished CVD in prospective CV outcome trials. The positive 
renal outcomes, which have also been reported with SGLT-2 
inhibitors27–29 and to a lesser extent with DPP-4i,30,31 will not be 
discussed extensively here. However, because chronic kidney 
disease (CKD) is considered as an additional important CV risk 
and because SGLT-2 inhibitors exert more positive effects on 
renal outcomes than DPP-4 inhibitors, some renal findings are 
briefly presented whenever appropriate.

Cardiovascular Effects of DPP-4 Inhibitors
DPP-4 inhibitors inhibit the enzyme that degrades 2 gut-derived 
incretin hormones, GLP-1 and GIP (glucose-dependent insu-
linotropic polypeptide).32 Thereby, they stimulate insulin se-
cretion and reduce glucagon secretion in a glucose-dependent 
manner, both effects contributing to the glucose-lowering ac-
tivity (Figure 1). DPP-4 inhibitors occupy an increasing place 
in the management of T2DM, progressively replacing sulfonyl-
ureas in numerous countries.18,19 The reasons for this trend are 
that DPP-4 inhibitors are not associated with hypoglycemia or 
weight gain, have a good safety profile and are very easy to use 
(generally 1 tablet a day, without titration).15,33 They can be pre-
scribed in patients with moderate to severe CKD, provided that 
the daily dose is adjusted to the estimated glomerular filtration 
rate (eGFR); of note, linagliptin does not require dose adjust-
ment because of a biliary rather than a renal excretion.34

Effects of DPP-4 Inhibitors on Surrogate 
Vascular End Points and CV Risk Factors

Beyond the glucose-lowering effect, DPP-4 inhibitors may 
positively influence surrogate vascular end points and other 
CV risk factors, as extensively discussed in previous reviews 
(Figure 1).14,21–23 DPP-4 inhibitors may improve several CV 
risk factors. Besides their positive effect on glucose control 
(mainly by reducing postprandial hyperglycemia), DPP-4 in-
hibitors showed neutral to modest beneficial effects on body 
weight, blood pressure (without an increase in heart rate), post-
prandial lipemia, inflammatory markers, oxidative stress, and 
endothelial function in patients with T2DM.21,22 Even if each 
of these effects may appear modest, one may hypothesize that 
taken all together they could result in positive CV outcomes.

GLP-1 is classically viewed as the primary DPP-4 sub-
strate capable in modulating CV function.20 However, DPP-
4 is widely expressed in most cells and tissues. It exhibits 
enzymatic activity against dozens of peptide hormones and 
chemokines with roles in vascular pathophysiology, inflam-
mation, stem cell homing, and cell survival.14,20,22 Several stud-
ies focused on the role of DPP-4 in the inactivation of SDF-1α 
(stromal cell-derived factor-1α), a powerful chemoattractant 
of stem/progenitor cells. By inhibiting the degradation of 
SDF-1α, DPP-4 inhibitors may enhance homing of endothe-
lial progenitor cells and thereby exert vascular protection.35 
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Thus, DPP-4 inhibitors may exert a possible beneficial action 
on vessels and heart, via both GLP-1–dependent and GLP-
1–independent effects.20,22

Cardioprotective actions of DPP-4 inhibitors in preclinical 
models of ischemic injury and HF are contrasted with modest 
and often inconclusive results with these compounds in short-
term human studies.20–22 Although some positive effects have 
been described on the function of the heart in patients with 
T2DM with or without ischemic heart disease or HF,36,37 yet 
their clinical relevance remains to be further investigated.

Finally, all these effects reported with DPP-4 inhibitors, 
even combined, seem to be insufficient to provide a positive 
impact on renal function.30 Indeed, as recently reviewed,30,31 
prevention of new microalbuminuria or of progression of al-
buminuria has been reported in some clinical studies, but no 
significant effects on eGFR were noticed in most studies. The 
long-term effects of DPP-4 inhibitors on clinical renal out-
comes and development of end-stage renal disease remain 
largely unknown and thus deserve further investigations in 
prospective trials or long-term observational studies.31

CV Outcomes in Meta-Analyses of Phase 2 to 3 
Trials With DPP-4 Inhibitors

Several meta-analyses of RCTs with each of the DPP-4 inhibi-
tor commercialized in the United States (vildagliptin is not 
available in the United States) and in Europe generally report-
ed a nonsignificant trend toward a lower incidence of MACE 
compared with placebo or other active glucose-lowering com-
pounds: alogliptin,38 saxagliptin,39 sitagliptin,40 linagliptin,41 
and vildagliptin42 (Table 1). It is noteworthy, however, that 
none of these trials were designed to test CV safety/efficacy 
of the DPP-4 inhibitor; moreover, patients were at a rather low 
risk of CVD (primary prevention), the trial duration was quite 
short (generally ≤1 year) and CV events were not always prop-
erly adjudicated. Because of the rather low number of MACE 

in each individual DPP-4 inhibitor specific meta-analysis, the 
differences failed to reach statistical significance, thus paving 
the road to pooled analysis. Overall, data from meta-analyses 
did not show evidence of harm and showed neutral to benefi-
cial effects for a variety of CV outcomes depending on the 
analysis (Table 1).43,44

Neutral CV effects were reported when pooling the re-
sults of all phase 2 to 3 trials and of the 3 CV outcome tri-
als (EXAMINE [Examination of Cardiovascular Outcomes: 
Alogliptin vs. Standard of Care in Patients With Type 2 
Diabetes Mellitus and Acute Coronary Syndrome], SAVOR-
TIMI 53 [Saxagliptin Assessment of Vascular Outcomes 
Recorded in Patients With Diabetes Mellitus-Thrombolysis 
in Myocardial Infarction 53], TECOS [Trial Evaluating 
Cardiovascular Outcomes with Sitagliptin]; Table 2).45,46 No 
significant differences were observed in meta-analyses that 
compared DPP-4 inhibitors with combined placebo or ac-
tive glucose-lowering medications and in meta-analyses that 
compared DPP-4 inhibitors with placebo only (Table 2).45 
Three meta-analyses of the 3 prospective CV outcome tri-
als (EXAMINE, SAVOR-TIMI 53, TECOS: see below) 
failed to demonstrate any positive effect of DPP-4 inhibi-
tors compared with placebo on CV outcomes and mortality 
(Table 3).44,47,48

Results of Dedicated CV Outcome Trials With 
DPP-4 Inhibitors

All CV outcome trials with DPP-4 inhibitors compared a 
gliptin with placebo in T2DM patients with established 
CVD. Of note, T2DM patients included in these trials al-
ready at baseline received standard of care not only with 
diabetes mellitus management but also with cardiovascu-
lar protection as shown by the high proportion of patients 
treated with statins, antiplatelet agents, inhibitors of the re-
nin–angiotensin system, and β-blockers. In agreement with 

Figure 1. Illustration of the primary 
mechanisms of action of DPP-4 
(dipeptidyl peptidase-4) inhibitors and 
their GLP (glucagon-like peptide)-
1–dependent and GLP-1–independent 
effects. Positive effects may be 
counterbalanced by unknown negative 
effects so that the final resulting is the 
absence of improvement of myocardial 
function. GIP indicates glucose-
dependent insulinotropic polypeptide.
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the guidance by the FDA, EXAMINE49 and SAVOR-TIMI 
5350 used a primary composite CV end point defined as the 
first confirmed event of the triple MACE. TECOS, which 
was planned before the 2008 guidance of the FDA, used an 
expanded 4 MACE as the primary end point and the triple 

MACE as the secondary end point. Even if all 3 trials were 
designed to primarily prove the safety of DPP-4 inhibitors, 
that is, noninferiority versus placebo, SAVOR-TIMI 53 and 
TECOS were powered to test superiority if the criterion of 
noninferiority was met.51

Table 1. Cardiovascular Events and Mortality Rates With DPP-4 Inhibitors in Meta-Analyses of Phase 2 to 3 Randomized Controlled 
Trials (Excluding the 3 Cardiovascular Outcome Trials)

DPP-4 Inhibitor Alogliptin38 Saxagliptin39 Sitagliptin40 Linagliptin41 Vildagliptin42

All DPP-4 
Inhibitors Monami 

et al43

All DPP-4 
Inhibitors Xu 

et al44

No. of trials 11 20 25 8 40 70* 35†

Daily dose, mg 12.5–25 2.5–10 100 5–10 1 or 2 x 50 variable variable

Patients (n) DPP-4 
inhibitors vs all 
comparators

4162 vs 1855 5701 vs 3455 7726 vs 6885 3319 vs 1920 9599 vs 7847 41 959 (total) 29 600 (total)

Primary composite 
cardiovascular end 
point‡

0.635 (0–1.406) 0.75 (0.46–1.21) 0.83 (0.53–1.30)§ 0.34 (0.16–0.70) 0.84 (0.62–1.14) 0.71 (0.59–0.86); 
P<0.001

0.91 (0.53–1.56)

Myocardial 
infarction

NA IRR, 0.87 NA 0.52 (0.17–1.54) 0.87 (0.56–1.38) 0.64 (0.44–0.94); 
P=0.023

0.71 (0.49–1.03)

Stroke NA IRR, 0.75 NA 0.11 (0.02–0.51) 0.84 (0.47–1.50) 0.77 (0.48–1.24); 
P=0.290

0.61 (0.37–0.98)

Hospitalization for 
heart failure

NA IRR, 0.55 NA NA 1.08 (0.68–1.70) NA 1.01 (0.53–1.94)

Cardiovascular 
mortality

NA IRR, 0.61 NA 0.74 (0.10–5.33) 0.77 (0.45–1.31) 0.67 (0.39–1.14); 
P=0.140

0.91 (0.53–1.56)

All-cause mortality NA NA NA 1.02 (0.23–4.63) 0.91 (0.77–1.08)‖ 0.60 (0.41–0.88); 
P=0.008

0.77 (0.56–1.07)

Comparators are placebo or active glucose-lowering agents. Results are expressed as hazard ratio or odds ratio (95% confidence intervals) and P value when 
available. DPP-4 indicates dipeptidyl peptidase-4; HR, hazard ratio; IRR, incidence rate ratio; and NA, not available.

*Placebo (45 trials)/active (18 trials)/both comparators (7 trials).
†Eleven trials vs placebo and 24 trials vs active comparators: no difference between the 2 sets of trials except for stroke: 0.74 (0.25–2.20) vs placebo and 0.58 

(0.34–0.99) vs active comparators.
‡Cardiovascular mortality, nonfatal myocardial infarction, and nonfatal stroke.
§Sitagliptin (n=5236) vs placebo (n=4548) only: HR=1.01 (0.53–1.86).
‖All-cause mortality combined with any cardiovascular event.

Table 2. Cardiovascular Events and Mortality Rates With DPP-4 Inhibitors in Meta-Analyses of Randomized Controlled Trials, 
Including the 3 Prospective Cardiovascular Outcome Trials (EXAMINE, SAVOR-TIMI 53, and TECOS)

Reference Savarese et al45 Elgendy et al46 Mahmoud et al47

Type of trials Phase 2–3+3 CVOTs Phase 2–3+3 CVOTs Phase 2–3+3 CVOTs CVOTs only

No. of trials 114 NA 90 3

Comparator Placebo or active comparator Placebo only Placebo only Placebo

Patients (n) 107 100 NA 66 730 36 543

Myocardial infarction 0.915 (0.835–1.002); P=0.056 0.958 (0.872–1.054); P=0.380 0.98 (0.88–1.09); P=0.69 0.98 (0.88–1.09); P=0.610

Stroke 0.933 (0.820–1.062); P=0.293 0.980 (0.855–1.123); P=0.770 0.99 (0.85–1.15); P=0.92 1.0 (0.86–1.17); P=0.496

Hospitalization for heart 
failure

1.083 (0.973–1.205); P=0.145 1.103 (0.989–1.231); P=0.078 1.11 (0.99–1.25); P=0.07 1.12 (1.00–1.26); P=0.177

Cardiovascular mortality 0.975 (0.887–1.073); P=0.609 0.979 (0.889–1.078); P=0.666 1.02 (0.92–1.14); P=0.72 1.01 (0.90–1.12); P=0.174

All-cause mortality 1.010 (0.935–1.091); P=0.806 1.019 (0.942–1.103); P=0.836 1.03 (0.94–1.12); P=0.53 1.03 (0.94–1.12); P=0.203

Results are expressed as odds ratio (95% confidence intervals). CVOTs indicates cardiovascular outcome trials; DPP-4, dipeptidyl peptidase-4; EXAMINE, Examination 
of Cardiovascular Outcomes: Alogliptin vs. Standard of Care in Patients With Type 2 Diabetes Mellitus and Acute Coronary Syndrome; NA, not available; SAVOR-TIMI, 
Saxagliptin Assessment of Vascular Outcomes Recorded in Patients With Diabetes Mellitus-Thrombolysis in Myocardial Infarction 53; and TECOS, Trial Evaluating 
Cardiovascular Outcomes with Sitagliptin.
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Alogliptin in EXAMINE
In EXAMINE, 5380 patients with T2DM and either an acute 
myocardial infarction or unstable angina requiring hospital-
ization within the previous 15 to 90 days were randomly as-
signed to receive alogliptin or matching placebo in addition to 
existing antihyperglycemic and CV drug therapy.49 After a me-
dian follow-up of 18 months and a mean difference of 0.36% 
in HbA1c, the primary end point (triple MACE) occurred in 
the similar proportion of T2DM patients assigned to alogliptin 
or placebo (P<0.001 for noninferiority). No significant dif-
ferences were observed about the incidence rate of myocar-
dial infarction, stroke, CV mortality, and all-cause mortality 
(Table 3)49 or of a 5-component composite end point, includ-
ing coronary revascularization and CV hospitalization.52

A nonsignificant trend for a higher rate of hospital admis-
sion for HF was observed in the alogliptin group compared 
with the placebo group (Table 3).49 However, alogliptin had 
no effect on a composite end point combining CV death and 
hospital admission for HF in a post hoc analysis (hazard ra-
tio [HR], 1.00; 95% confidence interval [CI], 0.82–1.21).53 
Similar results were reported in T2DM patients treated with 
angiotensin-converting enzyme inhibitors (HR, 0.93; 95% CI, 
0.72–1.20).54 These data are reassuring after the demonstra-
tion of an increased sympathetic activity during combined 
angiotensin-converting enzyme inhibition and DPP-4 inhibi-
tion.55 Furthermore, results did not differ by baseline brain 
natriuretic peptide concentration.53

Saxagliptin in SAVOR-TIMI 53
This trial randomly assigned 16 492 T2DM patients who had 
a history of, or were at risk for, CV events to blindly receive 
saxagliptin or matching placebo.50 After a median follow-up of 
2.1 years, the primary end point (triple MACE) occurred in a 
similar proportion of patients receiving saxagliptin or placebo 

(P<0.001 for noninferiority; P=0.99 for superiority). No sig-
nificant between-group differences were observed about myo-
cardial infarction, ischemic stroke, CV mortality, and all-cause 
mortality (Table 3). Especially, the overall CV safety of saxa-
gliptin was shown in a robust number of elderly and very elderly 
participants.56 There was no heterogeneity in the effect of saxa-
gliptin on MACE or CV death by baseline HbA1c categories.57

Intriguingly, more patients in the saxagliptin group than in 
the placebo group were hospitalized for HF (3.5% versus 2.8%; 
P=0.007; Table 3).50 This increase in risk of HF was highest 
among T2DM patients with elevated levels of natriuretic pep-
tides, prior HF, or CKD at entry of the study.58 The risk of HF 
hospitalization was increased irrespective of age category56 
while high baseline HbA1c was not shown to be a risk factor.57 
Of note, this increased risk of HF hospitalization was not asso-
ciated with an increased risk of CV death or all-cause mortality 
in the group treated with saxagliptin, a finding that may be con-
sidered as reassuring. Nevertheless, caution is recommended 
and T2DM patients taking saxagliptin should be informed to 
contact their health professionals in case of symptoms (short-
ness of breath) and signs (swelling in the ankles) of HF.

Sitagliptin in TECOS
Sitagliptin has been extensively investigated in T2DM patients 
and is currently the most prescribed DPP-4 inhibitor world-
wide.59 In the randomized, double-blind TECOS trial, 14 671 
patients with T2DM and CVD were assigned to add either si-
tagliptin or matching placebo to their existing therapy.51 After a 
median follow-up of 3.0 years during which only a small differ-
ence in HbA1c (−0.29%; search of equipoise) in the sitagliptin 
group compared with the placebo group was observed, the 
primary outcome (expanded MACE) occurred in a similar pro-
portion of patients treated with sitagliptin or placebo (P<0.001 
for noninferiority; P=0.65 for superiority). No differences were 

Table 3. Cardiovascular Outcome Trials Comparing a DPP-4 Inhibitor With a Placebo

Clinical Trial
DPP-4 Inhibitor 

Daily Dose*
DPP-4i vs 
Placebo, N

History 
of CV 

Disease 
Patients, 

%

Median 
Follow-

Up Years

Primary CV 
Composite 
Outcome†

Myocardial 
Infarction 
(Fatal or 
Nonfatal)

Stroke 
(Fatal or 
Nonfatal) CV Mortality

All-Cause 
Mortality

Hospitalization 
for Heart 
Failure

SAVOR-TIMI 
53 50

Saxagliptin 5 mg 8280 vs 8212 78 2.1 1.00  
(0.89–1.12)

0.95  
(0.80–1.12)

1.11  
(0.88–1.39)

1.03  
(0.87–1.22)

1.11  
(0.96–1.27)

1.27  
(1.07–1.51)

EXAMINE49 Alogliptin 25 mg 2701 vs 2679 100 1.5 0.96  
(≤1.16)‡

1.08  
(0.88–1.33)

0.95  
(≤1.14)‡

0.85  
(0.66–1.10)

0.88  
(0.71–1.09)

1.07  
(0.79–1.46)

TECOS51 Sitagliptin 100 mg 7257 vs 7266 100 3.0 0.98  
(0.89–1.08)

0.95  
(0.81–1.11)

0.97  
(0.79–1.19)

1.03  
(0.89–1.19)

1.01  
(0.90–1.14)

1.00  
(0.83–1.20)

Meta-analyses 
Xu et al44; 
Mahmoud  
et al47; Abbas 
et al48

Saxagliptin 5 mg; 
Alogliptin 25 mg; 

Sitagliptin 100 mg

18 313 vs 18 230 78–100 1.5–3.0 0.991  
(0.929–1.057)

0.98  
(0.88–1.09

1.00  
(0.86–1.17)

1.01  
(0.91–1.12)

1.03  
(0.95–1.11)

1.12  
(1.00–1.26)

Results are expressed by hazard ratio or odds ratio (with 95% confidence intervals). CV indicates cardiovascular; DPP-4, dipeptidyl peptidase-4 EXAMINE, Examination 
of Cardiovascular Outcomes: Alogliptin vs. Standard of Care in Patients With Type 2 Diabetes Mellitus and Acute Coronary Syndrome; SAVOR-TIMI, Saxagliptin 
Assessment of Vascular Outcomes Recorded in Patients With Diabetes Mellitus-Thrombolysis in Myocardial Infarction 53; and TECOS, Trial Evaluating Cardiovascular 
Outcomes With Sitagliptin.

*Reduction of daily dose if necessary according to estimated glomerular filtration rate.
†Cardiovascular death, nonfatal myocardial infarction, or nonfatal stroke.
‡Upper boundary of the 1-sided repeated confidence interval.



1444  Circulation Research  May 11, 2018

observed between the 2 arms about each individual component 
of the primary end point or all-cause mortality (Table 3).51 The 
most common CV death was sudden death (27% of CV deaths) 
followed by acute myocardial infarction and stroke (21%) and 
HF (12%).60 Subgroup analyses showed no significant hetero-
geneity about prespecified primary outcomes (triple MACE).51 
Also among older patients with well-controlled T2DM and 
CVD, sitagliptin had neutral effects on CV risk.61

In contrast with the 2 previous CV outcome trials with DPP-
4 inhibitors, rates of hospitalization for HF did not differ be-
tween the 2 sitagliptin versus placebo groups (Table 3).51 The 
risk of specific CV death subcategories was lower among pa-
tients with no baseline history of HF.60 In a secondary analysis 
of TECOS, CV death and all-cause death occurring after hos-
pitalization for HF were similar in the sitagliptin and placebo 
groups.62 Furthermore, no heterogeneity for the effect of sita-
gliptin on hospitalization for HF was observed in subgroup anal-
yses across 21 factors. Although a signal for hospitalization for 
HF was seen within one trial (SAVOR-TIMI 53) but not within 
another (TECOS), heterogeneity of effect with the different 
agents across trials could not be established (I2=44.9, P=0.16).62

Linagliptin in CARMELINA and CAROLINA
CARMELINA (Cardiovascular and Renal Microvascular 
Outcome Study With Linagliptin in Patients With Type 2 
Diabetes Mellitus; URL: http://www.clinicaltrials.gov. Unique 
identifier: NCT01897532) is comparing linagliptin 5 mg once 
daily with a placebo in patients with T2DM and high risk of 
CV events defined by albuminuria (micro or macro) and pre-
vious macrovascular disease and impaired renal function with 
predefined urinary albumin:creatinine ratio.63 Compared with 
the 3 previous placebo-controlled CV outcome trials with oth-
er DPP-4 inhibitors, CARMELINA has targeted a T2DM pop-
ulation with more advanced CKD, a condition known to be 
associated with a higher risk of CVD. The primary outcome 
is time to the first occurrence of any of the components of the 
classical 3-point MACE (all confirmed by adjudication).

CAROLINA (Cardiovascular Outcome Study of Linagliptin 
Versus Glimepiride in Patients With Type 2 Diabetes; URL: 
http://www.clinicaltrials.gov. Unique identifier: NCT01243424) 
is comparing linagliptin 5 mg once daily with an active compar-
ator (glimepiride rather than placebo) in patients with T2DM 
and high CV risk defined as preexisting CVD or specified dia-
betes mellitus end-organ damage or age ≥70 years or 2 or more 
specified CV risk factors.64,65 CAROLINA is unique because 
it compares a DPP-4i with a sulfonylurea, a pharmacological 
class that raised controversy about its CV safety over the last 4 
decades but is still widely used worldwide.66

Vildagliptin
No dedicated CV outcome trial has been performed with vilda-
gliptin and this DPP-4 inhibitor is not marketed in the United 
States. A retrospective meta-analysis of prospectively adjudi-
cated CV events pooled patient-level data from 40 phase 3 to 
4 RCTs with vildagliptin (50 mg once or twice daily; n=9599) 
versus placebo or active comparator (n=7847).42 After a mean 
duration of exposure of about 50 weeks, a MACE occurred in 
83 (0.86%) vildagliptin-treated patients and 85 (1.20%) com-
parator-treated patients, with a Mantel–Haenszel risk ratio of 

0.82; 95% CI, 0.61 to 1.11. Nonsignificant between-group dif-
ferences were observed for each of the individual events of 
the triple MACE as well as for confirmed HF events (Mantel–
Haenszel risk ratio, 1.08; 95% CI, 0.68–1.70).42 These results 
are consistent with data reported in meta-analyses of phase 2 
to 3 trials with other DPP-4 inhibitors as shown in Table 1.

In the recently published VIVIDD trial (Vildagliptin in 
Ventricular Dysfunction Diabetes), patients with T2DM and 
HF (New York Heart Association functional class I to III and 
left ventricular ejection fraction <0.40) were randomized to 52-
week treatment with vildagliptin (50 mg twice daily or 50 mg 
once daily if treated with a sulfonylurea) or matching placebo. 
Compared with placebo, vildagliptin had no major effect on left 
ventricular ejection fraction but did lead to an increase in left 
ventricular volumes, the cause and clinical significance of which 
are unknown.67 A noninterventional analytic cohort study, using 
real-world data from 5 European electronic healthcare databas-
es, suggested CV safety of vildagliptin versus other noninsulin 
antidiabetic drugs, including the risk of HF (range of adjusted 
incidence rate ratios for composite CV outcomes: 0.22–1.02).68

Interpretation of the CV Outcomes With DPP-4 
Inhibitors

How to Explain Noninferiority?
DPP-4 inhibitors have several advantages over some other glu-
cose-lowering agents, such as sulfonylureas.69 Especially they 
do not induce weight gain or hypoglycemia, 2 factors that may 
be associated with an increased CV risk.33 Furthermore, they 
are not associated with fluid retention or lipid disturbances, 
responsible for HF and possibly increased ischemic heart dis-
ease as reported with rosiglitazone. Finally, the trial designs 
to adjust nonclass glucose-lowering medications minimized 
differences in glucose control (search for glucose equipoise) 
between treatment groups and thus would contribute to attenu-
ate potential benefit of DPP-4 inhibitors versus placebo.

How to Explain the Absence of Superiority?
The positive cardiac and vascular effects described in different 
animal models with DPP-4 inhibitors20–22 were not confirmed 
in clinical studies, especially in CV outcome trials,70 which 
showed the only noninferiority compared with placebo. The 
reasons for disappointing results in humans are unknown, but 
several tempting hypotheses may be proposed at least.

First of all, these CV outcome trials were primarily designed 
to prove safety by showing noninferiority versus placebo and not 
to demonstrate superiority. Second, equipoise in glucose control 
between the DPP-4 inhibitor arm and the placebo arm was the 
objective; therefore, open-label use of antihyperglycemic thera-
py was encouraged in both groups to reach individually appro-
priate glycemic targets in all patients. Although equipoise was 
not fully met, the overall HbA1c difference between the 2 groups 
was minimal. It averaged almost 0.3% to 0.4% throughout the 3 
studies, thus far below the HbA1c difference reported in previ-
ous double-blind RCTs that compared DPP-4 inhibitors versus 
placebo in the absence of any other glucose-lowering therapy 
adjustment15 or in studies that compared intensive glucose-low-
ering regimen versus standard regimen.71 Third, the duration of 
these trials was rather short (2–3 years), so that the difference 
in hyperglycemia exposure between the 2 arms was probably 
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too low to show any difference in CV outcomes, especially in 
T2DM patients with already advanced CVD.8 Fourth, the rather 
moderate increase in GLP-1 levels observed with DPP-4 in-
hibitors might explain why the patients did not benefit from the 
beneficial CV effects of GLP-1.20,22,72 The CV actions of DPP-4 
inhibitors and GLP-1 receptor agonists were compared, with a 
focus on the translation of mechanisms derived from preclinical 
studies to complementary findings in clinical studies.23 Although 
continued research is needed to better define the mechanisms 
leading to the benefits seen with GLP-1 receptor agonists but not 
with DPP-4 inhibitors, it is speculated that the reductions in CV 
events seen with liraglutide and semaglutide are a direct result 
of GLP-1 receptor signaling, given the numerous actions of 
GLP-1 within the heart and blood vessels, and possibly other 
tissues that impact risk factors.23

It may be also hypothesized that some unknown deleterious 
effects of DPP-4 inhibitors, resulting from out-of-target effects, 
could neutralize any positive effects from the reduction in HbA1c 
(Figure 1). However, even if DPP-4 inhibitors can interfere with 
many other substrates than DPP-4 itself,14,20 obvious negative ef-
fects have not been shown to date, except perhaps the question of 
HF with some DPP-4 inhibitors (see below unresolved issues). 
Another possible explanation is that positive effects in patient 
subgroups may be compensated for by negative effects in other 
subgroups. This has been suggested by a recent meta-analysis of 
the 3 CV outcome trials with DPP-4 inhibitors that compared the 
effects in patients treated or not treated by metformin at base-
line. The results showed a trend for reduction in the incidence of 
primary CV outcomes in metformin-treated patients contrasting 
with a trend for an increase in MACE in patients not receiving 
metformin.73 As the between-group was statistically significant, 
it was considered that metformin may act as a CV moderator 
of DPP-4 inhibitors, but obviously these hypothesis-generating 
findings require further confirmation.74 Indeed, possible bias 
could not be excluded, especially because a major reason for not 
prescribing metformin may have been CKD, a condition known 
to be associated with higher CV risk as already mentioned.

CV Outcomes Versus Overall Safety Profile
The overall safety profile of DPP-4 inhibitors is excellent, 
even in special populations such as elderly subjects or patients 
with renal impairment33 or T2DM patients with established 
CVD or high CV risk.48 Thus, even if DPP-4 inhibitors do not 
succeed to demonstrate CV protection, they are not associ-
ated with harm whereas controversy still persists with sulfo-
nylureas.66 Of note, however, none of the CV outcome trials 
performed with DPP-4 inhibitors were specific to the elderly 
population with T2DM. A concern about a possible higher risk 
of acute pancreatitis associated with the use of DPP-4is was 
raised soon after the commercialization of this pharmacologi-
cal class. A pooled analysis of data from the 3 prospective CV 
outcome trials with alogliptin,49 saxagliptin,50 and sitagliptin51 
showed an increased risk of acute pancreatitis with DPP-4 in-
hibitors (odds ratio versus placebo 1.79 [95% CI, 1.13–2.82]; 
P=0.013), but the difference in the absolute risk was small 
(0.13%).75 This has been confirmed in a broader meta-analysis 
of all clinical trials with DPP-4 inhibitors which showed that 
the overall risk of acute pancreatitis remains minimal (5.5 
extra cases/10 000 patients per year and a number needed to 

harm of 1940 per year).48 No increased risk of pancreatic can-
cer was noticed in any CV outcome trial.49–51

Unresolved Issues
The relative effect of DPP-4 inhibitors on the risk of HF in pa-
tients with T2DM remains uncertain.76 In a nationwide T2DM 
cohort, DPP-4 inhibitor use was not associated with a higher 
risk of hospitalization for HF even in patients with preexisting 
HF.77 However, a meta-analysis of both RCTs and observa-
tional studies suggested that DPP-4 inhibitors may increase 
the risk of hospital admission for HF in those patients with 
existing CVDs or multiple risk factors for vascular diseases, 
compared with no use.76 Nevertheless, another meta-analysis 
pointed out a differential effect of each DPP-4 inhibitor on the 
risk of HF: the use of saxagliptin significantly increased the 
risk of HF by 21%, especially among patients with high CV 
risk, while no signals were detected with other DPP-4 inhibi-
tors.78 Finally, according to another analysis, despite pooled 
data from 79 867 patients, including the data from the 3 CV 
outcome trials, whether DPP-4 inhibitors increase HF overall 
or exhibit within-class differences remains unresolved.79

The reason for the increase in hospitalization for HF in pa-
tients treated with saxagliptin is unclear and a chance finding 
could not be excluded.80 From a methodological point of view, 
the statistical analysis has been criticized.81,82 By using an alter-
native measure to the HR, no substantial clinically relevant dif-
ference in the risk of hospitalization for HF was shown between 
saxagliptin and placebo, as it was for alogliptin and sitagliptin.83 
The saxagliptin nonclinical and clinical pharmacology programs 
did not identify evidence of myocardial injury and CV harm that 
may have predicted or may explain this imbalance in the rate of 
hospitalization for HF seen in SAVOR-TIMI 53.84 Nevertheless, 
recent in vitro experimental data provided possible new mecha-
nisms for off-target deleterious effects of saxagliptin on cardiac 
function. Saxagliptin internalized into cardiomyocytes and in-
duced several biochemical changes that resulted in reduced 
sarcoplasmic reticulum Ca2+ content, diastolic Ca2+ overload, 
systolic dysfunction, and impaired contractile force. These 
findings may support a possible link between saxagliptin and 
an increased risk of HF.85 Whether such changes may also be 
observed with other DPP-4 inhibitors is unknown. Currently, 
the safety of saxagliptin about the risk of HF remains a mat-
ter of controversy, which justifies a warning in the FDA and 
European Medicines Agency (EMA) labels of the compound.

All published CV outcome trials compared a DPP-4 inhibi-
tor with a placebo and demonstrated noninferiority. Therefore, 
it remains unknown whether DPP-4 inhibitors might offer CV 
superiority (for instance compared with sulfonylureas)66 or 
possibly show CV inferiority compared with other glucose-
lowering agents, for instance GLP-1 receptor agonists (es-
pecially liraglutide)72 or SGLT-2 inhibitors (empagliflozin, 
canagliflozin), agents that are recommended in T2DM with es-
tablished CVD by the most recent guidelines of the American 
Diabetes Association.19 A recent study based on a large nation-
wide diabetic cohort of 113 051 patients with T2DM showed 
that DPP inhibitors as a second- or third-line add-on treatment 
provided CV benefits compared with other glucose-lowering 
agents, including sulfonylureas.86 A systematic research of pub-
lished data showed that the combination therapy of metformin 
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plus DPP-4 inhibitor significantly decreased the relative risk 
of nonfatal CV events, CV mortality, and all-cause mortality, 
compared with the combination therapy of metformin plus sul-
fonylurea.87 In this respect, the results of the CV outcome trial 
CAROLINA that is comparing linagliptin with the sulfonyl-
urea glimepiride are awaited with interest.64,65

Finally, previous CV outcome studies have recruited a large 
majority of T2DM patients with preserved renal function so 
that the CV effects of DPP-4 inhibitors in patients with more 
advanced CKD remain largely unknown. This condition is cur-
rently investigated in the CARMELINA trial that compares lin-
agliptin versus placebo in T2DM patients with impaired renal 
function with predefined urinary albumin:creatinine ratio.63

Cardiovascular Effects of SGLT-2 Inhibitors
SGLT-2 inhibitors exert a glucose-lowering effect via a spe-
cific renal action by enhancing glucosuria, independently of 
insulin.16 As a consequence, they promote weight loss and do 
not induce hypoglycemia. Furthermore, by reducing glucotox-
icity, they indirectly improve both β-cell function and insulin 
sensitivity (Figure 2).16,88 SGLT-2 inhibitors can be used in all 
stages of the natural history of T2DM, except in presence of 
moderate to severe CKD.17,89 Overall, this new pharmacologi-
cal class is characterized by a good efficacy/risk balance.90

Effects of SGLT-2 Inhibitors on CV Risk 
Factors and Surrogate End Points

Along with the primary antihyperglycemic effect, SGLT-2 in-
hibitors possess multidimensional properties that may favorably 
influence CV prognosis (Figure 2).16,17,91–93 They affect posi-
tively several recognized CV risk factors: a weight reduction 
results from calorie loss because of glucosuria,94 despite some 
compensatory increase in appetite and food intake95; a drop in 
arterial blood pressure is commonly explained by natriuresis 
and a diuretic effect;96,97 a reduction in serum uric acid levels 
is attributed to enhanced urinary excretion.98 Furthermore, an 

increase of hematocrit presumed to involve enhancement of 
erythropoiesis in addition to hemoconcentration (because of 
osmotic diuresis) may also exert positive effects.99 The clinical 
significance of minimal changes in lipids (minor increases in 
LDL [low-density lipoprotein], HDL [high-density lipoprotein], 
and non-HDL cholesterol levels and inconsistent changes in tri-
glyceride levels) is unclear.100 SGLT-2 inhibitors induce small 
increases in serum concentrations of magnesium,101 potassium, 
and phosphate, yet the potential role of these increases in se-
rum electrolyte levels in the CV protection remains unknown.102 
Finally, preliminary data pointed toward additional benefits, in-
cluding reduction of inflammation and oxidative markers, low-
ering of albuminuria in diabetic nephropathy and attenuation 
of fatty liver disease in experimental models.92 Positive effects 
on CV risk factors have been reported with canagliflozin,103,104 
dapagliflozin,105 and empagliflozin.106

Finally, SGLT-2 inhibitors have proven their capacity to 
dampen the deterioration in renal function and reduce renal 
outcomes, a condition associated with a higher CV risk. They 
have the potential to exert nephroprotection not only through 
improving glycemic control but also through glucose-inde-
pendent effects, such as blood pressure-lowering and direct 
renal effects.27,28

CV Outcomes in Meta-Analyses of Phase 2 to 3 
Trials With SGLT-2 Inhibitors

Several meta-analyses of RCTs with each of the 3 SGLT-2 
inhibitors commercialized in the United States and in Europe 
generally reported a nonsignificant trend toward a lower inci-
dence of MACE compared with placebo or other active glu-
cose-lowering compounds: canagliflozin,107,108 dapagliflozin,109 
and empagliflozin.110 Again, as already pointed out for DPP-4 
inhibitors, none of these phase 2 to 3 trials were designed to test 
CV safety/efficacy of the SGLT-2 inhibitor and patients were 
at rather low risk of CVD (mainly primary prevention, except 
for canagliflozin for which preliminary data from CANVAS 

Figure 2. Illustration of the primary 
mechanisms of action of SGLT-2 
(sodium-glucose cotransporter type 2) 
inhibitors and their hemodynamic and 
metabolic effects resulting in improved 
myocardial function and a reduced risk 
of heart failure.
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(Canagliflozin Cardiovascular Assessment Study) in patients 
with established CVD were included to more quickly fulfill 
the request by the FDA) and the trial duration was quite short 
(generally ≤1 year). As a consequence, the number of MACE 
was rather low for each individual SGLT-2 inhibitor so that the 
differences between the incidence of CV events in the SGLT-2 
inhibitor and the comparator (placebo or active) groups failed 
to reach statistical significance in most instances (Table 4). 
However, in a pooled analysis of all RCTs (excluding the data 
from EMPA-REG OUTCOME [EMPAgliflozin Cardiovascular 
OUTCOME Events in Type 2 Diabetes Mellitus Patients] and 
from CANVAS), a significant reduction in the incidence of 
myocardial infarction and a trend for a reduction in the rate of 
hospitalization for HF were reported (Table 4).45

Several meta-analyses that have pooled all phase 2 to 3 
RCTs plus EMPA-REG OUTCOME were published.45,111–113 
Because of the size of EMPA-REG OUTCOME and the am-
plitude of the effect of empagliflozin in this trial114 (see be-
low), significant reductions in the incidence of hospitalization 
for HF, CV mortality, and all-cause mortality were noticed 
(Table 5). The findings were more heterogeneous about the 
reductions in myocardial infarction and stroke (Table 5).

Dedicated CV Outcome Trials With  
SGLT-2 Inhibitors

Empagliflozin in EMPA-REG OUTCOME
The EMPA-REG OUTCOME trial randomly assigned 7020 
patients with T2DM and established CVD (secondary preven-
tion) to receive 10 mg or 25 mg of empagliflozin or matching 

placebo once daily added to standard care.114 After a median 
observation time of 3.1 years, empagliflozin (pooled data 
of the 2 doses) was associated with a moderate, but signifi-
cant, reduction in the primary CV composite outcome (triple 
MACE) and with a more marked reduction in a CV and all-
cause mortality (Table 6).114 There was no significant between-
group difference about myocardial infarction or stroke as well 
as expanded MACE (P=0.08 for superiority).114

A significant reduction (−35%, P=0.002) in hospitaliza-
tion for HF was noticed in patients treated with empagliflozin 
compared with those receiving placebo (Table 6).115 When 
the patients without HF at baseline (89.9%) were classified 
as low-to-average (<10%), high (10% to 20%), and very high 
(≥20%) 5-year risk for incident HF, the effect on combined CV 
death and HF hospitalization with empagliflozin was consis-
tent across these 3 groups (HR, 0.71; 95% CI, 0.52–0.96; HR, 
0.52; 95% CI, 0.36–0.75, and HR, 0.55; 95% CI, 0.30–1.00), 
respectively].116 These favorable results on HF were observed 
rather quickly, within the first 6 months after the treatment ini-
tiation, a finding that is suggestive of a predominant diuretic 
effect (although different from classical diuretics, see discus-
sion below).117

Because CKD is considered as an independent CV risk, 
the positive effects of empagliflozin on renal outcomes should 
also be taken into account. Significant reductions in incident 
or worsening nephropathy (HR, 0.61; 95% CI, 0.53–0.70), 
progression to macroalbuminuria (HR, 0.62; 95% CI, 0.54–
0.72), doubling of serum creatinine accompanied by eGFR 
≤45 mL/min per 1.73 m2 (HR, 0.56; 95% CI, 0.39–0.59) and 
initiation of renal replacement (HR, 0.45; 95% CI, 0.21–0.97) 

Table 4. Cardiovascular Events and Mortality Rates With SGLT-2 Inhibitors in Meta-Analyses of Phase 2 to 3 Randomized 
Controlled Trials (Excluding Final Results of CANVAS Program and Results of EMPA-REG OUTCOME)

Trials

Canagliflozin Dapagliflozin Empagliflozin All SGLT-2 Inhibitors

FDA107 Tang108 Sonesson et al109 Salsali110 Savarese et al45

No. of trials 9* NA 21 NA Without EMPA-REG OUTCOME

Comparator All comparators All comparators All comparators Placebo (without EMPA-
REG OUTCOME)

All comparators

Patients DPP-
4 inhibitors vs 
comparators, N

6396 vs 3327 7325 (total) 5936 vs 3403 2770 vs 3835 17 678 vs 8672

Primary composite 
cardiovascular end 
point

0.98 (0.70–1.36) 1.10 (0.53–2.29) 0.772 (0.543–1.097) 0.66 (0.39–1.12) NA

Myocardial infarction 0.83 (0.51–1.34) NA 0.567 (0.339–0.947) 0.47 (0.21–1.06; Non fatal, 
aussi fatal disponible dans 

pub)

0.607 (0.418–0.879); P=0.008

Stroke 1.46 (0.83–2.58) NA 0.999 (0.536–1.864) 1.07 (0.43–2.67; idem MI) 1.086 (0.681–1.733); P=0.728

Hospitalization for 
heart failure

NA 0.68 (0.22–2.06) 0.361 (0.156–0.838) 0.36 (0.12–1.11) 0.624 (0.376–1.036); P=0.068

Cardiovascular 
mortality

0.65 (0.34–1.24) NA 0.704 (0.364–1.359) 0.47 (0.16–1.41) 1.383 (0.715–2.676); P=0.335

All-cause mortality NA 0.85 (0.36–2.05) NA 0.67 (0.28–1.63) 0.820 (0.584–1.152); P=0.254

Comparators are placebo or active glucose-lowering agents. Results are expressed as hazard ratio or odds ratio (95% confidence intervals) and P value when available. 
CANVAS indicates Canagliflozin Cardiovascular Assessment Study; DPP-4, dipeptidyl peptidase-4; EMPA-REG OUTCOME, EMPAgliflozin Cardiovascular OUTCOME Events in 
Type 2 Diabetes Mellitus Patients; FDA, Food and Drug Administration; MACE, major cardiovascular events; NA, not available; and SGLT-2, sodium-glucose cotransporter type 2.

*Approximately 44% of patients and 80% of MACE events came from CANVAS preliminary analysis.
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were reported in the group treated with empagliflozin com-
pared with the group treated with placebo.118

Intriguingly, a trend for an increased risk of stroke was ob-
served in the empagliflozin group compared with the placebo 
group (HR, 1.18; 95% CI, 0.89–1.56; P=0.26; Table 6),114 a 
surprising observation for a drug that reduces arterial blood 
pressure.119 However, these data were reanalyzed in a further 
article specifically devoted to this topic, with quite reassuring 
results.120 Indeed, the numeric difference in stroke between the 
SGLT-2 inhibitor and placebo was primarily because of 18 pa-
tients in the empagliflozin group with a first event >90 days 
after the last intake of study drug corresponding to study end 
(versus only 3 on placebo). The reason why such an imbalance 
occurred >90 days after the end of the trial is unknown. No 
significant relationships with changes in arterial blood pressure 
(including rebound effects) or in hematocrit could be detected. 
In a sensitivity analysis restricted to events during treatment or 
≤90 days after the last dose of study drug, the HR for stroke 
with empagliflozin versus placebo became close to one (HR 
1.08; 95% CI 0.81–1.45; P=0.60). Furthermore, there were no 
differences in risk of recurrent, fatal, or disabling strokes, or 
transient ischemic attack, with empagliflozin versus placebo.120

Canagliflozin in CANVAS Program
The CANVAS program integrated data from 2 trials (CANVAS 
and CANVAS-R [Canagliflozin Cardiovascular Assessment 
Study-Renal]) involving a total of 10 142 participants with 
T2DM and high CV risk (65.6% had a history of CVD, 34.4% 
had only CV risk factors and were thus in primary prevention).121 
Participants were randomly assigned to receive canagliflozin 
(100–300 mg) or placebo and were followed for a mean of 3.6 
years (median 2.4 years). The rate of the primary outcome (tri-
ple MACE) was significantly lower with canagliflozin than with 
placebo (Table 6). All 3 components of the primary outcome 

showed a trend for the benefit (including nonfatal strokes), 
although the individual effects did not reach significance. 
Especially the reduction in CV mortality was only moderate 
and not statistically significant. Superiority was not shown for 
the first secondary outcome in the testing sequence (death from 
any cause; P=0.24). Therefore, subsequent differences between 
canagliflozin and placebo in death from CV causes and hospital-
ization for HF were not considered to be significant.121

The positive effects on renal outcomes reported with em-
pagliflozin in EMPA-REG OUTCOME were confirmed with 
canagliflozin in CANVAS although on the basis of the pre-
specified hypothesis testing sequence the renal outcomes are 
not viewed as statistically significant. Nevertheless, the results 
showed a possible benefit of canagliflozin with respect to the 
progression of albuminuria (HR, 0.73; 95% CI, 0.67–0.79) 
and the composite outcome of a sustained 40% reduction in 
the eGFR, the need for renal-replacement therapy, or death 
from renal causes (HR, 0.60; 95% CI, 0.47–0.77).121

The adaptative design of the CANVAS program with 
different populations in CANVAS and CANVAS-R has been 
criticized, especially because a series of modifications have 
been made to the initially planned analyses. However, as em-
phasized by the Authors,122 the specification of the analysis 
strategy before knowledge of the trial results, their careful plan-
ning by the independent scientific trial Steering Committee, 
the detailed a priori definition of the analysis plans, and the ex-
ternal review provided by the US FDA all provide maximally 
efficient and robust utilization of the data. Thus, despite some 
weakness in the design of the CANVAS program, no major 
concern could be raised in the interpretation of the data.

Dapagliflozin in DECLARE TIMI-58
A prespecified meta-analysis of CV events from 21 phase 2b/3 
RCTs with dapagliflozin suggested the potential for a beneficial 

Table 5. Cardiovascular Events and Mortality Rates With SGLT-2 Inhibitors in Meta-Analyses of Randomized Controlled Trials 
(Phase 2 to 3 Trials Plus EMPA-REG OUTCOME)

References Wu et al111 Savarese et al45 Monami et al112 Monami et al112 Saad et al113

No. of trials 57 43 71 NA 81

Comparator Placebo and active 
comparator

Placebo and active 
comparator

Placebo and active 
comparator

Placebo only Placebo only

Patients, N 33 385 33 370 31 199 vs 16 088 NA 33 195

Primary composite 
cardiovascular end point

0.84 (0.75–0.95);  
P=0.006

NA NA NA NA

Myocardial infarction 0.88 (0.72–1.07);  
P=0.18

0.803 (0.668–0.965); 
P=0.020

0.77 (0.63–0.94); 
P=0.010

0.79 (0.64–0.97); 
P=0.024

0.89 (0.74–1.09); 
P=0.29

Stroke 1.30 (1.00–1.68);  
P=0.049

1.156 (0.912–1.469); 
P=0.226

1.09 (0.86–1.38);  
P=0.50

1.07 (0.83–1.37); 
P=NS

1.09 (0.87–1.37); 
P=0.47

Hospitalization for heart 
failure

0.65 (0.50–0.85); 
P=0.002; EMPA-REG only

0.652 (0.517–0.823); 
P<0.001

NA NA 0.67 (0.51–0.87); 
P=0.003

Cardiovascular mortality 0.63 (0.51–0.77); 
P<0.0001

0.668 (0.544–0.621); 
P<0.001

0.43 (0.36–0.53); 
P<0.001

0.64 (0.52–0.79); 
P<0.001

0.67 (0.53–0.84); 
P=0.001

All-cause mortality 0.71 (0.61–0.83); 
P<0.0001

0.718 (0.613–0.840); 
P<0.001

0.70 (0.59–0.83); 
P<0.001

0.70 (0.58–0.83); 
P<0.001

0.72 (0.59–0.86); 
P<0.001

Results are expressed as hazard ratio or odds ratio (95% confidence intervals) and P value when available. DPP-4 indicates dipeptidyl peptidase-4; EMPA-REG 
OUTCOME, EMPAgliflozin Cardiovascular OUTCOME Events in Type 2 Diabetes Mellitus Patients; NA, not available; NS, nonsignificant; and SGLT-2, sodium-glucose 
cotransporter type 2.
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CV effect in any of the populations investigated.109 The ongo-
ing DECLARE trial (Dapagliflozin Effect on the Incidence of 
Cardiovascular Events-TIMI Group 58; URL: http://www.clini-
caltrials.gov. Unique identifier: NCT01730534) that is compar-
ing dapagliflozin 10 mg once daily with placebo recruited a large 
proportion of T2DM patients in primary CV prevention (10 228 
out of 17 276 individuals).123 The results will allow to decide 
whether the CV protection by SGLT-2 inhibitors could be extend-
ed to all patients at risk of CVD (both in primary and secondary 
prevention) and whether the awaited findings with dapagliflozin 
support a class effect without significant heterogeneity.124

Ertugliflozin in VERTIS-CVOT
Ertugliflozin is a new SGLT-2 inhibitor that has been extensive-
ly investigated in the large VERTIS (Cardiovascular Outcomes 
Following Ertugliflozin Treatment in Type 2 Diabetes Mellitus 
Participants With Vascular Disease, the VERTIS-CV study) 
clinical program and is currently in a final phase of clinical 
development.125 VERTIS-CVOT (URL: http://www.clinical-
trials.gov. Unique identifier: NCT0198688) is a placebo-con-
trolled RCT to assess CV outcomes following treatment with 

ertugliflozin (5 or 15 mg once daily) in patients with T2DM 
and established vascular disease, a population almost similar 
to that enrolled in EMPA-REG OUTCOME.

CV Outcomes in Observational Studies:  
CVD-REAL Registries

In a large multinational study (CVD-REAL [Comparative 
Effectiveness of Cardiovascular Outcomes in New Users of 
Sodium-Glucose Cotransporter-2 Inhibitors]: 6 European 
countries and the United States), a treatment with SGLT-2 in-
hibitors versus other glucose-lowering agents was associated 
with a lower risk of hospitalization for HF and all-cause death 
(Table 6).126 A further subanalysis of CVD-REAL showed that 
initiation of SGLT-2i versus other antidiabetic agents was asso-
ciated with a modestly lower risk of myocardial infarction and 
stroke (Table 6).127 Confirmatory findings were reported in an-
other similar study performed in other countries (CVD-REAL 
2: South Korea, Japan, Singapore, Israel, Australia, and Canada; 
Table 6).128 As a majority of these T2DM patients did not ex-
hibit established CVD (only 25% to 27% were in secondary 

Table 6. Cardiovascular Outcome Trials and Observational Studies With SGLT-2 Inhibitors

Studies

SGLT-2 
Inhibitor 

Daily Dose vs 
Comparator

SGLT-2i vs 
Placebo or 

Comparator, 
N

History 
of CVD 

Patients, 
%

Median 
Follow-

Up 
Years

Primary CV 
Composite 
Outcome*

Myocardial 
Infarction 
(Fatal or 
Nonfatal)

Stroke (Fatal or 
Nonfatal) CV Mortality

All-Cause 
Mortality

Hospitalization 
for Heart 
Failure

Randomized controlled trials vs placebo

  EMPA-REG 
OUTCOME114

Empagliflozin 
10 or 25 mg 
vs placebo

4687 vs 
2333

99 3.1 0.86  
(0.74–0.99); 

P=0.04

0.87 
(0.70–1.09); 

P=0.23

1.18  
(0.89–1.56); 

P=0.26

0.62 
(0.49–0.77); 

P<0.001

0.68 
(0.57–0.82); 

P<0.001

0.65 
(0.50–0.85); 

P=0.002

 CANVAS121 Canagliflozin 
100–300 mg 
vs placebo

5795 vs 
4347

65 2.4 0.86  
(0.75–0.97); 

P=0.02

0.85  
(0.69–1.05); 

NS

0.90  
(0.71–1.15);  

NS

0.87  
(0.72–1.06); 

NS

0.87  
(0.74–1.01); 

NS

0.67  
(0.52–0.87)†

Observational studies versus active comparator

  CVD-
REAL126,127

SGLT-2i 
(dapagliflozin 

42%, 
canagliflozin 

53%)

154 528 vs 
154 528 

(propensity 
matching)

13 0.6–0.7 NA 0.85 
(0.72–1.00); 

P=0.05

0.83  
(0.71–0.97); 

P=0.02

NA 0.49 
(0.41–0.57); 

P<0.001

0.61 
(0.51–0.73); 

P<0.001

  CVD-REAL 
2128

SGLT-2i 
(dapagliflozin 
75%) vs other 
antidiabetic 

agent

235 064 vs 
235 064 

(propensity 
matching)

27 1.1 NA 0.81 
(0.74–0.88); 

P<0.001

0.68  
(0.55–0.84); 

P<0.001

NA 0.51 
(0.37–0.70); 

P<0.001

0.64 
(0.50–0.82); 

P=0.001

  CVD-REAL 
Nordic129

SGLT-2i 
(dapagliflozin 
94%) vs other 
antidiabetic 

agent

22 830 vs 
68 490

25 0.9 0.78 
(0.69–0.87); 
P<0.0001

0.87 
(0.73–1.03); 

P=0.112

0.86  
(0.72–1.04); 

P=0.113

0.53 
(0.40–0.71); 
P<0.0001

0.51 
(0.45–0.58); 
P<0.0001

0.70 
(0.61–0.81); 
P<0.0001

  CVD-REAL 
Nordic130

Dapagliflozin 
10 mg 

vs DPP-4 
inhibitor

10 227 vs 
30 681

23 0.95 0.79  
(0.67–0.94); 

P=0.006

0.91 
(0.72–1.16); 

P=0.445

0.79  
(0.61–1.03); 

P=0.086

0.76 
(0.53–1.08); 

P=0.122

0.44 
(0.33–0.60); 

P<0.001

0.62 
(0.50–0.77); 

P<0.001

Results are expressed by hazard ratio (with 95% confidence intervals). CANVAS indicates Canagliflozin Cardiovascular Assessment Study; CVD, cardiovascular disease; 
CVD-REAL, Comparative Effectiveness of Cardiovascular Outcomes in New Users of Sodium-Glucose Cotransporter-2 Inhibitors; DPP-4, dipeptidyl peptidase-4; EMPA-
REG OUTCOME, EMPAgliflozin Cardiovascular OUTCOME Events in Type 2 Diabetes Mellitus Patients; NA, not available; NS, nonsignificant; and SGLT2i, sodium-glucose 
cotransporter type 2 inhibitor.

*Cardiovascular mortality, nonfatal myocardial infarction, and nonfatal stroke.
†Not considered statistically significant on the basis of the prespecified hypothesis testing sequence.121
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prevention) and were treated with dapagliflozin, these data sug-
gest that the benefits seen with empagliflozin and canagliflozin 
in RCTs may be a class effect applicable to a broad population 
of patients with T2DM in real-world practice.126–128 These data 
were confirmed in 2 substudies using the CVD-REAL Nordic 
database, the first one comparing matched SGLT-2 inhibitor 
(94% users of dapagliflozin) and other glucose-lowering drug 
groups,129 the second one comparing new users of dapagliflozin 
and new users of DPP-4 inhibitors (Table 6).130

These findings of CVD-REAL are consistent with the re-
sults of 2 placebo-controlled RCTs in T2DM patients at high 
CV risk, EMPA-REG OUTCOME, and CANVAS. Because 
of the observational design of the CVD-REAL studies, pos-
sible biases (differences likely exaggerated by immortal time 
and time-lag biases) could not be excluded so that caution is 
required before drawing any definite conclusion.131

Interpretation of the CV Outcomes With SGLT-2 
Inhibitors

How to Explain Noninferiority?
SGLT-2 inhibitors do not exert negative effects such as weight 
gain or hypoglycemia, in contrast to what may occur with sul-
fonylureas. The reduction in blood pressure is not accompa-
nied by a stimulation of sympathetic activity. The side effects 
resulting from volume depletion are rather rare and generally 
not severe.90 A suspicion of increased risk of stroke in EMPA-
REG OUTCOME114 could not be related to the increase in 
hematocrit or orthostatic hypotension.120 Furthermore, it was 
not confirmed neither in a dedicated post hoc analysis,120 as 
already mentioned, nor in CANVAS.121

How to Explain the Superiority?
It is generally considered that the favorable effects of empa-
gliflozin in EMPA-REG OUTCOME could not be explained 
neither by the modest reduction in HbA1c (search for equi-
poise in glucose control), nor by the slight reduction in arte-
rial blood pressure in already well-controlled patients (mean 
systolic blood pressure <140 mm Hg),119 nor by the moderate 
body weight loss94 nor by the lowering effect of serum uric acid 
levels98 nor by the increase in hematocrit alone. Even a com-
bination of all these mechanisms seems insufficient to explain 
the marked reduction in a CV and all-cause mortality observed 
with empagliflozin in EMPA-REG OUTCOME.114 If results 
of this landmark trial raised much interest among cardiolo-
gists,132,133 the mechanisms explaining the reduction in MACE 
and mortality remain highly debated,117,134 and an extensive dis-
cussion of the different proposals is beyond the scope of this 
review. Schematically, hemodynamic28,133 or metabolic135,136 
mechanistic explanations have been proposed. Importantly, 
they are not mutually exclusive and the relative impact of each 
mechanism may vary over time (for instance, the hemodynam-
ic component being predominant early after the administration 
of the drug and the metabolic component becoming more im-
portant later on during the observation period). What so ever, 
all the proposed mechanisms are still hypothetical and remain 
to be specifically investigated in further studies.26,28,93,117

The observation that the reduction in hospitalization for HF 
and CV mortality occurred rather quickly (<6 months), without 
significant changes in the incidence of myocardial infarction 

and stroke put forward a hemodynamic hypothesis, emphasiz-
ing the diuretic activity of SGLT-2 inhibitors.117,137 However, 
the diuretic properties of SGLT-2 inhibitors are quite different 
from those of classical diuretics.138 On the one hand, it has been 
hypothesized that, by reducing interstitial fluid space to a great-
er extent than blood volume, SGLT-2 inhibitors might provide 
better control of congestion without reducing arterial filling 
and perfusion, thus explaining the reduction in hospitalization 
for HF.139 On the other hand, it has been shown that SGLT-2 
inhibitors, by promoting natriuresis and osmotic diuresis, also 
lead to some plasma volume contraction and reduced preload; 
in addition, they induce decreases in blood pressure, arterial 
stiffness, and afterload as well, thereby improving subendo-
cardial blood flow especially in patients with HF.140 In a recent 
exploratory analysis from the EMPA-REG OUTCOME trial 
with multivariable models, changes in markers of plasma vol-
ume were the most important mediators of the reduction in risk 
of CV death; indeed, changes from baseline in hematocrit and 
hemoglobin mediated 51.8% and 48.9%, respectively, of the 
overall effect of empagliflozin versus placebo on CV death.141

Besides this hemodynamic hypothesis, SGLT-2 inhibitors 
are also associated with hormonal and metabolic changes that 
may also contribute to improve the CV prognosis of T2DM 
patients at high CV risk. A possible beneficial effect of the ob-
served rise in glucagon levels with SGLT-2 inhibitors has been 
hypothesized.142,143 The most popular metabolic hypothesis is 
based on the slight increase in plasma β-hydroxybutyrate lev-
els that results in a shift substrate utilization.136,144,145 It is pos-
tulated that the CV (and renal) benefits of empagliflozin may 
be because of a shift in myocardial (and renal) fuel metabo-
lism away from free fatty acid and glucose oxidation, which 
are energy inefficient in the setting of the heart (and kidney) in 
patients with advanced T2DM, toward a more energy-efficient 
fuel like ketone bodies, which improves myocardial (renal) 
work efficiency and function.136,144,145

Finally, it has been recently hypothesized that the benefits 
of SGLT-2 inhibitors in HF may be mediated by the inhibition 
of sodium-hydrogen exchange in both the kidneys and the myo-
cardium.146 In the kidneys, SGLT-2 functionally interacts with 
the sodium-hydrogen exchanger, which is responsible for the 
majority of sodium tubular reuptake after filtration. The activity 
of sodium-hydrogen exchanger is markedly increased in patients 
with HF. This abnormality may be responsible for resistance to 
both endogenous natriuretic peptides and diuretics and could 
be at least in part reverted with SGLT-2 inhibitors. In the heart, 
empagliflozin also seems to inhibit sodium-hydrogen exchange, 
which may lead to a reduction in cardiac injury, hypertrophy, 
fibrosis, and remodeling, and thus to attenuation of myocardial 
dysfunction.146 Further studies should validate this hypothesis.

CV Outcomes Versus Overall Safety Profile
The clinical value of SGLT-2 inhibitors should be assessed con-
sidering the risk-benefit ratio of the pharmacological class, which 
may depend on the individual patient characteristics.90 Besides 
their positive effects on CV outcomes, SGLT-2 inhibitors have 
the potential to exert nephroprotection, as already discussed. 
Nephroprotective effects were confirmed in both EMPA-REG 
OUTCOME118 and CANVAS121 and are now considered as a po-
tential major add-on value of SGLT-2 inhibitors.27,28
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The most common adverse events reported with SGLT-2 in-
hibitors are explained by the specific renal mechanism of action 
of this pharmacological class.90,147 Mycotic genital infections oc-
curred 4 to 6× more frequently with SGLT-2 inhibitors than with 
placebo or other antidiabetic agents, more frequently in women 
than in men and generally not severe. Urinary tract infections are 
rare and not significantly increased when compared with com-
parators in most studies, including EMPA-REG OUTCOME114 
and CANVAS.121 Side effects related to dehydration are more 
frequent with SGLT-2 inhibitors (mostly hypotension) than with 
other glucose-lowering agents but rather rare and not severe in 
published RCTs.90 Nevertheless, caution is recommended in the 
elderly more frailty population.90,144 The overall good safety pro-
file of canagliflozin,104,148 dapagliflozin,149 and empagliflozin150 
have been recently reported in dedicated extensive reviews of 
pooled data from clinical trials. However, 2 more severe adverse 
events have been attributed to SGLT-2 inhibitors, diabetic ke-
toacidosis episodes, and peripheral amputations.

A higher risk of euglycemic ketoacidosis has been reported 
in patients treated with SGLT-2 inhibitors. Reduction in insulin 
dose, stimulation of the release of glucagon and enhanced ketone 
reabsorption in the renal tubuli could contribute to the increase 
in the concentration of ketone bodies, whereas enhanced glu-
cosuria limits the amplitude of hyperglycemia.151 Euglycemic 
ketoacidosis was considered as a predictable, detectable, 
and preventable safety concern with SGLT-2 inhibitors.152 
Hospitalization for surgery was shown to be a predisposing 
condition, but it may be speculated that hospitalization for an 
acute coronary syndrome should also be considered as a risky 
condition that requires the interruption of the SGLT-2 inhibitor 
during the acute phase. In a meta-analysis of RCTs, no signal of 
increased risk for ketoacidosis was observed for SGLT-2 inhibi-
tors as a class (MH-OR, 1.14; 95% CI, 0.45–2.88; P=0.78) or 
as individual molecules,153 and this was also the case in EMPA-
REG OUTCOME114 and in CANVAS.121 However, the risk may 
be higher in real-life conditions with less well-selected patients 
under less strict supervision.154,155 Thus, the increased risk of 
ketoacidosis with SGLT-2 inhibitors should be considered at 
the time of initiating prescription of any SGLT-2 inhibitor and 
throughout therapy, if patients present with symptoms (mainly 
nausea and vomiting) suggestive of ketoacidosis.

The second severe complication is peripheral amputation.156 
An unexpected increased risk of amputation was observed in the 
CANVAS program when comparing canagliflozin and placebo 
groups (respectively, 6.3 versus 3.4 participants per 1000 patient-
years; HR, 1.97; 95% CI, 1.41–2.75). These amputations were 
primarily at the level of the toe or metatarsal.121 In a pharmaco-
vigilance analysis using the US FDA Adverse Event Reporting 
System, canagliflozin was associated with a higher risk of am-
putation relative to empagliflozin and dapagliflozin, although 
the records may not be sufficient to explain a precise causal 
relationship between canagliflozin exposure and amputation.157 
Furthermore, the US FDA Adverse Event Reporting System is 
exposed to possible reporting biases, that may limit the interpre-
tation of these data. A US real-world study observed no evidence 
of increased risk of below-knee lower extremity amputation for 
new users of canagliflozin compared with non-SGLT-2 inhibi-
tor antihyperglycemic agents in a broad population of patients 
with T2DM.158 More detailed approach considering individual 

clinical course potentially involved in the amputation, notably in 
the CANVAS program, would help to further unravel the cause 
for suspected risk of amputation with canagliflozin. If confirmed, 
this complication may attenuate the overall CV benefit attributed 
to canagliflozin and perhaps, in the absence of clear explanation, 
may also affect the whole pharmacological class of SGLT-2 in-
hibitors. Of note, however, no increased risk of lower limb am-
putations was reported in the EMPA-REG OUTCOME trial with 
empagliflozin versus placebo (HR, 1.00; 95% CI, 0.70–1.44). 
Despite the limitation of post hoc analyses of cases of lower limb 
amputations that were manually identified, these findings were 
consistent across subgroups by established risk factors for am-
putation,159 including patients with established peripheral artery 
disease.160 What so ever, possible adverse events should not hide 
the CV protection associated with SGLT-2 inhibitors: for instance 
in CANVAS, the number needed to harm for peripheral ampu-
tation was ≈ 330 per year, whereas the number-needed-to-treat 
to avoid a MACE was ≈200 per year.121

Finally, in the CANVAS program, canagliflozin was also 
associated with a higher fracture incidence of all bone frac-
tures (HR, 1.26; 95% CI, 1.04–1.52) and low-trauma fracture 
events (HR, 1.23; 95% CI, 0.99–1.52); the risk of fractures 
was significantly higher in the canagliflozin group than in 
the placebo group in CANVAS but not in CANVAS-R, a het-
erogeneity that remains unexplained, yet the follow-up was 
almost twice longer in CANVAS than in CANVAS-R.121 An 
increased risk of fractures as not reported with empagliflozin 
in EMPA-REG OUTCOME114 and in 2 pooled analyses of 
phase 2 to 3 trials with empagliflozin150 and dapagliflozin.149 
The reason for increased fracture risk with canagliflozin treat-
ment is unknown but is likely not related to a direct effect of 
canagliflozin on bone-related biomarkers.161

Unresolved Issues
There are some differences between the results observed in 
CANVAS121 and those reported in EMPA-REG OUTCOME.114 
Indeed, in contrast to the marked reduction in a CV and all-
cause mortality reported in EMPA-REG OUTCOME,114 no 
such significant reduction was noticed in CANVAS.121 This 
difference may be at least partially explained by the char-
acteristics of the T2DM patients: in CANVAS, almost 35% 
of the population were in primary prevention, whereas in 
EMPA-REG OUTCOME, nearly all patients were in sec-
ondary prevention. In CANVAS, the interaction test between 
the 2 subgroups of T2DM patients with and without previ-
ous CV complications did not reach statistical significance 
(P=0.18).121 However, the reduction in CV mortality among 
the subgroup of patients in secondary prevention in CANVAS 
was much lower than the corresponding reduction noticed in 
EMPA-REG OUTCOME. The reasons for such difference are 
unclear and it is unknown whether it is molecule-dependent.

As already discussed, a higher risk of bone fractures and 
amputations was reported with canagliflozin and not with em-
pagliflozin or dapagliflozin. The underlying mechanisms of 
peripheral amputations attributed to canagliflozin remain quite 
obscure and whether these adverse effects are specific to cana-
gliflozin or might be a class effect remains an open question.162

Whether the results obtained in EMPA-REG OUTCOME 
and to a lesser extend CANVAS may be extrapolated to 
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real-life conditions in patients with T2DM and without es-
tablished CVD is still to be proven. Indeed, only a minor-
ity of T2DM patients in the United States163 or in the United 
Kingdom164 population have the criteria that had allowed 
them to be included in EMPA-REG OUTCOME. The find-
ings of the CVD-REAL studies provide arguments support-
ing the concept that benefits could be expected from SGLT-2 
inhibitors also in T2DM patients in primary prevention.126 
Because of possible bias inherent to observational findings,130 
the final answer will come from the results of DECLARE 
that enrolled almost two-thirds of T2M patients without es-
tablished CVD.123

Another question is whether the positive findings of 
EMPA-REG OUTCOME with empagliflozin may be extrapo-
lated to dapagliflozin. The results of the CVD-REAL observa-
tional studies suggested that it may be the case.126–130 However, 
here again, only the ongoing RCT DECLARE123 comparing 
dapagliflozin with a placebo in a large cohort of T2DM with 
and without CVD will allow to conclude if the CV protection 
observed with empagliflozin and to a lesser extent to cana-
gliflozin can be attributed to a class effect or not.

Besides SGLT-2 inhibitors, the GLP-1 receptor agonist 
liraglutide has also proven CV benefit in the LEADER tri-
al.165 Thus, the question emerges which drug to use in T2DM 
patients with established CVD, either a SGLT-2 inhibitor 
(empagliflozin) or a GLP-1 receptor agonist (liraglutide and 
possibly when available semaglutide according to the results 

of SUSTAIN-6)?12 In patients with or at risk of HF, the an-
swer is easy and SGLT-2 inhibitors should be preferred con-
sidering the mitigated results with GLP-1 receptor agonists 
on this complication.166 Although SGLT-2 inhibitors seem to 
exert their CV protective actions mainly by hemodynamic ef-
fects,28 GLP-1 receptor agonists most probably work via an-
tiatherogenic/anti-inflammatory mechanisms. This raises the 
possibility that combined therapy with these 2 classes may 
produce additive CV benefits and be considered to further 
improve the CV prognosis in T2DM patients at very high risk 
of CVD.167

Finally, the reduction in the incidence of hospitalization 
for HF in EMPA-REG OUTCOME and CANVAS is impres-
sive. These findings raise the possibility of using SGLT-2 in-
hibitors as therapies not only in the prevention of HF but also 
for the treatment of patients with established HF regardless of 
the presence or absence of diabetes mellitus. Several large tri-
als are currently exploring this working hypothesis.168

Personalized Approach: DPP-4 or SGLT-2 
Inhibitor?

Although DPP-4 inhibitors showed the only noninferior-
ity versus placebo, SGLT-2 inhibitors exhibited superior-
ity. Thus, from the point of view of the cardiologist, the 
preference should be given to SGLT-2 inhibitors, at least 
in T2DM patients at high CV risk. This is in agreement 
with the 2017–2018 updated standards of medical care in 

Figure 3. Pharmacological approaches to glycemic treatment in type 2 diabetes mellitus according to standards of medical care 
in diabetes mellitus 2018. After the failure of metformin monotherapy, a patient-centered approach is recommended, and the choice of 
the add-on medication is triggered by the presence or not of cardiovascular disease, heart failure (HF), and chronic kidney disease (CKD). 
*If glycated hemoglobin (HbA1c) ≥10%, blood glucose ≥300 mg/dL (16.7 mmol/L), or symptoms, consider combination injectable therapy. 
**If no contraindications. ***A patient-centered approach should be used to guide the choice of the second pharmacological agent. For 
instance, if a patient has no cardiovascular disease (CVD), one may consider an SGLT-2i (sodium-glucose cotransporter type 2 inhibitor; 
as opposed to a DPP-4i [dipeptidyl peptidase-4 inhibitor]) if weight loss or improved blood pressure control were being considered. GLP-
1 RA indicates glucagon-like peptide-1 receptor agonist.
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diabetes mellitus from the American Diabetes Association 
(Figure 3).19,169 However, from the point of view of the en-
docrinologist, both DPP-4 and SGLT-2 inhibitors have ad-
vantages and disadvantages so that a personalized approach 
based on the properties of the medication and the individ-
ual characteristics of the patient is the recommended best 
approach (Table 7).170 The use of glucose-lowering medica-
tions should be optimized according to a patient-centered 
approach, and the emergence of precision medicine may 
help to have a better strategy for the management of T2DM 
in the future.171

DPP-4 Inhibitors for Which Patients?
The safety profile of DPP-4 inhibitors is excellent33 and the clin-
ical experience with this pharmacological class is rather broad 
worldwide over the last 10 years. DPP-4 inhibitors may be used 
safely in the frailty patient at higher risk of hypoglycemia or 
volume depletion/dehydration.33 Interestingly for the clinician, 
they may be used whatever the renal function provided that the 
daily dose is adjusted to eGFR.34 This contrasts with SGLT-2 in-
hibitors whose use is currently contraindicated in patients with 
moderate to severe renal impairment.89 In real life, numerous 
patients with T2DM and advanced CVD or HF have also some 

Table 7. Characteristics of DPP-4 and SGLT-2 Inhibitors for the Management of Type 2 Diabetes Mellitus

Properties/Effects DPP-4 Inhibitors (Gliptins) SGLT-2 Inhibitors (Gliflozins)

Molecules Alogliptin, linagliptin, saxagliptin, sitagliptin, 
vildagliptin

Canagliflozin, dapagliflozin, empagliflozin, ertuglifozin

Administration Oral, once a day (except for vildagliptin 
twice daily)

Oral, once a day

Target organ Endocrine pancreas (beta and α-cells) Kidney (proximal tubule)

Effect Stimulation of insulin secretion Forced glucosuria

Inhibition of glucagon secretion Reduction in glucose toxicity (with indirect effects on β-cell 
function and insulin sensitivity)

Primary mechanism Glucose-dependent Insulin-independent

Compensatory mechanism Unknown Increase in food intake

 Increase in glucagon

Reduction in HbA1c −0.7% to 0.8% −0.7% to 1.0% (more potent than gliptins if high HbA1c)

Risk of hypoglycemia Low (except if added to sulfonylurea or 
insulin)

Low (except if added to sulfonylurea or insulin)

Change in body weight Neutral or slight reduction Diminution

Arterial blood pressure Almost neutral Diminution

Adverse events Same tolerance as placebo Mycotic genital infections

Minimal risk of acute pancreatitis Urinary tract infections (rare)

 Dehydration/hypotension

 Euglycemic ketoacidosis

 Fractures, amputations (canagliflozin)

Use in patients with renal 
impairment

Yes (dose adjustment except for linagliptin) No initiation if eGFR <60 mL/min per 1.73 m2

 Stop if eGFR <45 mL/min per 1.73 m2

Cardiovascular safety Proven (SAVOR-TIMI 53, EXAMINE, TECOS) Proven (EMPA-REG OUTCOME, CANVAS)

Cardiovascular protection No superiority versus placebo Superiority versus placebo (EMPA-REG OUTCOME, CANVAS)

Prevention of heart failure Neutral effect for sitagliptin Less hospitalization for heart failure (EMPA-REG OUTCOME, 
CANVAS)

Possible increased risk for saxagliptin and 
perhaps alogliptin

 

Renal protection Not proven Proven in EMPA-REG OUTCOME and CANVAS

Ongoing CV outcome trials CARMELINA, CAROLINA DECLARE, VERTIS-CVOT

CANVAS indicates Canagliflozin Cardiovascular Assessment Study; CV, cardiovascular; DECLARE, Dapagliflozin Effect on the Incidence of 
Cardiovascular Events-TIMI Group 58; DPP-4, dipeptidyl peptidase-4; eGFR, estimated glomerular filtration rate; EMPA-REG OUTCOME, EMPAgliflozin 
Cardiovascular OUTCOME Events in Type 2 Diabetes Mellitus Patients; EXAMINE, Examination of Cardiovascular Outcomes: Alogliptin vs. Standard 
of Care in Patients With Type 2 Diabetes Mellitus and Acute Coronary Syndrome; HbA1c, glycohemoglobin; SAVOR-TIMI, Saxagliptin Assessment of 
Vascular Outcomes Recorded in Patients With Diabetes Mellitus-Thrombolysis in Myocardial Infarction 53;  SGLT-2, sodium-glucose cotransporter type 
2 TECOS, Trial Evaluating Cardiovascular Outcomes With Sitagliptin; and VERTIS-CVOT, Cardiovascular Outcomes Following Ertugliflozin Treatment in 
Type 2 Diabetes Mellitus Participants With Vascular Disease, the VERTIS-CV study-Cardiovascular Outcome Trial.
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deterioration of kidney function that may contraindicate the use 
of SGLT-2 inhibitors. In these patients, DPP-4 inhibitors seem 
to be used safely from a cardiology standpoint.

However, in patients with or at risk of HF, the prescription 
of a DPP-4 inhibitor may be a matter of concern even if sita-
gliptin seems to be safe according to the results of TECOS.51,62 
Despite the absence of significant heterogeneity when compar-
ing the results of the 3 trials about the risk of hospitalization 
for HF,62 it is prudent to avoid the use of saxagliptin after the 
results of the SAVOR-TIMI 53 trial50,58 and also alogliptin that 
was associated with a nonsignificant trend to an increase in hos-
pitalization for HF in EXAMINE.49 This caution is mentioned 
within the US FDA and EMA labels of the 2 products and the 
recommendations of the American Diabetes Association.19,169

SGLT-2 Inhibitors for Which Patients?
On the basis of the landmark trials with SGLT-2 inhibitors, 
especially EMPA-REG OUTCOME, a paradigm shift in the 
management of patients with T2DM, specifically in those with 
the prior macrovascular disease has been proposed. It implies a 
transition from current algorithms based primarily on glucose 
control and HbA1c changes to a more comprehensive strat-
egy additionally focused on CV prevention.172 In December 
2016, the FDA added a new indication for empagliflozin, to 
reduce the risk of CV death in adults with T2DM and CVD, 
and this approach is now recognized in the standards of medi-
cal care in diabetes mellitus published early 2017 by the 
American Diabetes Association 2017169 and confirmed in 2018 
(Figure 3).19 The following specific recommendation (class 
B) is stated: in patients with long-standing suboptimally con-
trolled T2DM and established CVD, empagliflozin (or liraglu-
tide) should be considered as they have been shown to reduce 
CV and all-cause mortality when added to standard care.169

According to the 2016 European Society of Cardiology 
Guidelines for the diagnosis and treatment of acute and chronic 
HF, empagliflozin should be considered in patients with T2DM 
to prevent or delay the onset of HF and prolong life (Class IIa, 
level B).173 Considering the recent data of CANVAS,121 with a 
similar reduction in hospitalization for HF as in EMPA-REG-
OUTCOME114 (Table 6), it seems reasonable to extend this 
recommendation to canagliflozin.19 The favorable results about 
the risk of hospitalization for HF with dapagliflozin in the ob-
servational CVD-REAL studies126–130 require further confirma-
tion in the upcoming DECLARE CV outcome RCT.123

DPP-4 Plus SGLT-2 Inhibitor Combined Therapy
Despite the emergence of a large variety of new antidiabetic 
agents, the management of T2DM remains highly challeng-
ing18,19 and so-called treatment-resistant T2DM is leading to 
poor glucose control is a common phenomenon in clinical 
practice for many reasons.174 There is a strong rationale for 
combining a DPP-4i and an SGLT-2i in patients with T2DM 
because the 2 drugs exert different and complementary glu-
cose-lowering effects.175,176 Furthermore, the increase of glu-
cagon levels induced by SGLT-2 inhibitors may be blunted by 
the coadministration of DPP-4 inhibitors. Dual therapy with a 
DPP-4 inhibitor and an SGLT-2 inhibitor (initial combination 
or stepwise approach) is more potent than either monotherapy 
in patients treated with diet and exercise or already receiving 

with metformin. Combining the 2 pharmacological options 
is safe and does not induce hypoglycemia. It is currently un-
known whether the addition of a DPP-4 inhibitor could reduce 
the risk of euglycemic ketoacidosis reported with SGLT-2 
inhibitor therapy. A reduction in the incidence of genital in-
fections associated with SGLT-2 inhibitors has been reported 
when a DPP-4 inhibitor is added, perhaps because of a better 
glucose control although other possible mechanisms remain 
to be investigated.177 Of note, the CV effects of the combined 
therapy have not been investigated. Two fixed-dose combina-
tions are already available (saxagliptin-dapagliflozin and lina-
gliptin-empagliflozin) and a third one (sitagliptin-ertugliflozin) 
has been recently approved by the US FDA and the EMA.175,176

GLP-1 Receptor Agonist Plus SGLT-2 Inhibitor
Liraglutide and empagliflozin are recognized to be able to re-
duce the incidence of MACE in T2DM patients with estab-
lished CVD (Figure 3).19,169 Because GLP-1 receptor agonists 
result in CV protection presumably by different mechanisms 
than those hypothesized for SGLT-2 inhibitors, it might be 
of interest to combine a GLP-1 inhibitor (such as liraglutide) 
and an SGLT-2 inhibitor (such as empagliflozin) to offer the 
best CV (and renal) protection in very high-risk patients with 
T2DM. This combined therapy of a GLP-1 receptor agonist 
and an SGLT-2 inhibitor has only been tested using surrogate 
end points such as glucose-lowering efficacy, weight loss, and 
blood pressure reduction.167,178,179 Whether this dual therapy 
may result in a better CV and renal protection remains un-
known. Of note, the combination of a GLP-1 receptor agonist 
and a DPP-4 inhibitor, 2 compounds that act at least partially 
via similar mechanisms, does not provide any obvious added 
value and thus is not recommended.180

Conclusions
New oral glucose-lowering agents have been evaluated in spe-
cific CV outcome RCTs. DPP-4 inhibitors showed noninferi-
ority versus placebo in patients with T2DM and high CV risk, 
thus demonstrating the CV safety of this pharmacological class, 
but failed to show superiority. In contrast, 2 SGLT-2 inhibitors 
empagliflozin and canagliflozin showed a significant reduction 
in triple MACE, all-cause mortality and hospitalization for HF 
(and also CV mortality for empagliflozin). These findings open 
new perspectives in the management of patients with T2DM and 
established CVD, especially those with or at high risk of HF. 
Whether these results may be extended to all the pharmacologi-
cal class of SGLT-2 inhibitors, to patients with T2DM and lower 
CV risk and perhaps also to nondiabetic patients with CVD and 
HF require further studies. Obviously, the prevention of CVD in 
patients with T2DM has reached an exciting new era.
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