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SGLT2 inhibitors for primary and secondary prevention
of cardiovascular and renal outcomes in type 2 diabetes:
a systematic review and meta-analysis of cardiovascular
outcome trials
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Remo H M Furtado, Deepak L Bhatt, Lawrence A Leiter, Darren K McGuire, John P H Wilding, Marc S Sabatine

Summary

Background The magnitude of effect of sodium-glucose cotransporter-2 inhibitors (SGLT2i) on specific cardiovascular
and renal outcomes and whether heterogeneity is based on key baseline characteristics remains undefined.
Methods We did a systematic review and meta-analysis of randomised, placebo-controlled, cardiovascular outcome
trials of SGLT2i in patients with type 2 diabetes. We searched PubMed and Embase for trials published up to
Sept 24, 2018. Data search and extraction were completed with a standardised data form and any discrepancies were
resolved by consensus. Efficacy outcomes included major adverse cardiovascular events (myocardial infarction,
stroke, or cardiovascular death), the composite of cardiovascular death or hospitalisation for heart failure, and
progression of renal disease. Hazard ratios (HRs) with 95% CIs were pooled across trials, and efficacy outcomes were
stratified by baseline presence of atherosclerotic cardiovascular disease, heart failure, and degree of renal function.
Findings We included data from three identified trials and 34 322 patients (60·2% with established atherosclerotic
cardiovascular disease), with 3342 major adverse cardiovascular events, 2028 cardiovascular deaths or hospitalisation sfor
heart failure events, and 766 renal composite outcomes. SGLT2i reduced major adverse cardiovascular events by 11%
(HR 0·89 [95% CI 0·83–0·96], p=0·0014), with benefit only seen in patients with atherosclerotic cardiovascular disease
(0·86 [0·80–0·93]) and not in those without (1·00 [0·87–1·16], p for interaction=0·0501). SGLT2i reduced the risk of
cardiovascular death or hospitalisation for heart failure by 23% (0·77 [0·71–0·84], p<0·0001), with a similar benefit in
patients with and without atherosclerotic cardiovascular disease and with and without a history of heart failure. SGLT2i
reduced the risk of progression of renal disease by 45% (0·55 [0·48–0·64], p<0·0001), with a similar benefit in those with
and without atherosclerotic cardiovascular disease. The magnitude of benefit of SGLT2i varied with baseline renal
function, with greater reductions in hospitalisations for heart failure (p for interaction=0·0073) and lesser reductions in
progression of renal disease (p for interaction=0·0258) in patients with more severe kidney disease at baseline.
Interpretation SGLT2i have moderate benefits on atherosclerotic major adverse cardiovascular events that seem
confined to patients with established atherosclerotic cardiovascular disease. However, they have robust benefits on
reducing hospitalisation for heart failure and progression of renal disease regardless of existing atherosclerotic
cardiovascular disease or a history of heart failure.
Funding None.
Copyright © 2018 Elsevier Ltd. All rights reserved.

Introduction
Sodium-glucose cotransporter-2 inhibitors (SGLT2i)
have now been studied in several large placebocontrolled cardiovascular outcomes trials1–3 in patients
with type 2 diabetes. These trials were done to satisfy
regulatory requirements, specifically to exclude an
excess in risk of cardiovascular death, myocardial
infarction, or stroke (ie, major adverse cardiovascular
events) and to test for efficacy.4 Data to date suggest this
drug class appears to moderately reduce the risk of
major adverse cardiovascular events, or at least some
components of them. However, the apparent greater
benefit of SGLT2i on major adverse cardiovascular

events in patients with established atherosclerotic
cardiovascular disease than in those with multiple risk
factors but without atherosclerotic cardiovascular dis
ease complicates the interpretation of these data. This
observation has resulted in European and American
diabetes and cardiology society guidelines recom
mending SGLT2i for patients with atherosclerotic
cardiovascular disease but not multiple risk factors.5,6
However, no single trial has been adequately powered to
test for such heterogeneity of cardiovascular efficacy by
baseline atherosclerotic cardio
vascular disease risk
categories because the number of patients and events in
those patients with multiple risk factors alone have been

www.thelancet.com Published online November 10, 2018 http://dx.doi.org/10.1016/S0140-6736(18)32590-X

Published Online
November 10, 2018
http://dx.doi.org/10.1016/
S0140-6736(18)32590-X
See Online/Comment
http://dx.doi.org/10.1016/
S0140-6736(18)32824-1
TIMI Study Group,
Cardiovascular Division,
Brigham and Women’s
Hospital, Boston, MA, USA
(T A Zelinker MD, S D Wiviott MD,
K Im PhD, E L Goodrich MS,
M P Bonaca MD,
R H M Furtado MD,
Prof D L Bhatt MD,
Prof M S Sabatine MD);
The Diabetes Unit, Department
of Endocrinology and
Metabolism, Hadassah Medical
Center, Hebrew University of
Jerusalem, The Faculty of
Medicine, Jerusalem, Israel
(Prof I Raz MD, O Mosenzon MD,
A Cahn MD); Department of
Cardiovascular Medicine, Kyoto
University Graduate School of
Medicine, Kyoto, Japan
(E T Kato PhD); Li Ka Shing
Knowledge Institute,
St Michael’s Hospital,
University of Toronto, Toronto,
ON, Canada (Prof L A Leiter MD);
Division of Cardiology,
University of Texas
Southwestern Medical Center,
Dallas, TX, USA
(Prof D K McGuire MD); Institute
of Ageing and Chronic Disease,
University of Liverpool,
Liverpool, UK
(Prof J P H Wilding MD)
Correspondence to:
Prof Marc S Sabatine, TIMI Study
Group, Brigham and Women’s
Hospital, Boston, MA 02115,
USA
msabatine@bwh.harvard.edu

1

Articles

Research in context
Evidence before this study
Sodium-glucose cotransporter-2 inhibitors (SGLT2i) have been
studied in large cardiovascular outcome trials in patients with
type 2 diabetes and were shown to reduce the risk of
cardiovascular events. Both patients with established
atherosclerotic cardiovascular disease and those with multiple
risk factors but without the disease were studied in these trials.
Within individual trials, the magnitude of benefit appeared to
be greater on major adverse cardiovascular events in subgroups
with established atherosclerotic cardiovascular disease,
although formal heterogeneity was not shown. Based on these
findings, American and European guidelines recommend use of
SGLT2i for patients with type 2 diabetes and atherosclerotic
cardiovascular disease, independent of glucose control
considerations. However, no single trial has been adequately
powered to test for such heterogeneity because the number of
patients and events in those patients with multiple risk factors
alone have been low. We prospectively planned to meta-analyse
cardiovascular outcome results from the dedicated
cardiovascular outcome trials stratified by presence or absence
of established atherosclerotic cardiovascular disease, once data
from the DECLARE-TIMI 58 trial of dapagliflozin versus placebo
became available. We searched PubMed and Embase using the
Medical Subject Heading terms “diabetes mellitus, type 2”,
“sodium-glucose-co transporter 2 inhibitor”, and “clinical trial”

See Online for appendix

Added value of this study
Incorporating data from the trials EMPA-REG OUTCOME,
the CANVAS Program, and DECLARE-TIMI 58, the present
meta-analysis of SGLT2i cardiovascular outcome trials showed
that the clinical benefit of SGLT2i in reducing the risk of
myocardial infarction, stroke, or cardiovascular death was
present only in patients with established atherosclerotic
cardiovascular disease and not in those with multiple risk
factors. Conversely, the reductions in risk of hospitalisation for
heart failure or progression of renal disease were robust
regardless of the presence of atherosclerotic cardiovascular
disease or heart failure at baseline.
Implications of all the available evidence
These data suggest that SGLT2i should be considered in
patients with type 2 diabetes regardless of presence of
atherosclerotic cardiovascular disease or history of heart
failure, given that SGLT2i safely reduce HbA1c and reduce the
risk of hospitalisation for heart failure and progression of renal
disease across a broad spectrum of patients with type 2
diabetes. Reductions in major adverse cardiovascular events
can also be expected in patients with established
atherosclerotic cardiovascular disease.

low. Results from the DECLARE-TIMI 58 trial,3 which
had the highest number of patients with multiple risk
factors, now allows more rigorous investigation of this
issue. Additionally, these same cardiovascular outcome
trials1,2,7,8 have shown that SGLT2i robustly reduce the
risk of hospitalisation for heart failure and progression
of kidney disease. However, data from one trial9
suggested that SGLT2i might reduce the risk of
cardiovascular death and hospitalisation for heart failure
to a larger extent in patients with a history of heart
failure than in those without. Additionally, the glucosuric
effects of SGLT2i are dependent on renal function,
which raises natural interest in whether the clinical
benefit is also related to renal function.10,11 In terms of
safety, SGLT2i might increase the risk of amputations,2,12
fractures,2,13 and diabetic ketoacidosis,14–16 but these
events are infrequent, making it difficult to draw
meaningful conclusions from individual trials.
The goal of the present meta-analysis was to combine
data from all the large-scale placebo-controlled cardio-
vascular outcome trials of SGLT2i to gain more reliable
estimates of the efficacy and safety of specific outcomes
overall and in relevant subgroups.

Meta-Analysis statement.17–19 This analysis was prespecified
in the statistical analysis plan of the DECLARE-TIMI 58
trial.3 A data search (TAZ, MSS) of all randomised,
placebo-controlled, cardio
vascular outcome trials of
SGLT2i published up to Sept 24, 2018, was done on
PubMed and Embase. The search algorithm is presented
in detail in the appendix. Data extraction was done by two
independent reviewers (TAZ, MSS) for aggregated studylevel data.
Patients were stratified into those with established
atherosclerotic cardiovascular disease versus multiple
risk factors (appendix), history of heart failure or not,
and by estimated glomerular filtration rate (eGFR;
appendix). Efficacy outcomes of interest included: major
adverse cardiovascular events (the composite of myo
cardial infarction, stroke, or cardiovascular death), the
composite of cardiovascular death or hospitalisation
for heart failure, their individual components, and a
standardised composite of renal outcomes including
worsening eGFR, end-stage renal disease, or renal death
(see appendix for details). Safety endpoints of interest
consisted of non-traumatic lower limb amputations,
fractures, and diabetic ketoacidosis.

Methods

Data analysis

For this meta-analysis, we used the methods proposed in
the Preferred Reporting Items for Systematic Reviews and

Data were extracted with the use of a standardised data
form and any discrepancies were resolved by consensus.
We pooled hazard ratios (HRs) with 95% CIs for the effect

Search strategy and selection criteria

2

for trials published up to Sept 24, 2018, to find all randomised
cardiovascular outcome trials for SGLT2i.
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Drug
Doses analysed
Median follow-up time, years
Trial participants
Age, mean

EMPA-REG OUTCOME1

CANVAS Program2

DECLARE-TIMI 583

Empagliflozin

Canagliflozin

Dapagliflozin

10 mg, 25 mg (once daily)

100 mg, 300 mg (once daily)

3·1
7020

2·4
10 142

63·1

63·3

10 mg (once daily)
4·2
17 160
63·9

Women

2004 (28·5%)

3633 (35·8%)

6422 (37·4%)

Patients with established atherosclerotic cardiovascular disease

7020 (100%)

6656 (65·6%)

6974 (40·6%)

706 (10·1%)

1461 (14·4%)

1724 (10·0%)

1819 (25·9%)

2039 (20·1%)

1265 (7·4%)

Patients with a history of heart failure
Patients with eGFR <60 mL/min per 1·73 m²

Data are n (%) unless otherwise specified. The CANVAS Program consisted of two trials, CANVAS and CANVAS-R, but are presented combined. eGFR=estimated glomerular
filtration rate.

Table: Randomised controlled phase 3/4 clinical trials of sodium-glucose cotransporter-2 inhibitors

of randomised treatment allocation on the primary
outcomes across trials overall and within the previously
mentioned subgroup strata using fixed effects models. We
tested for treatment effect modification by subgroup using
random effects models, applying the method of residual
maximum likelihood and Hartung-Knapp adjustment.20
All trials met criteria for being well done and had a low
risk of bias according to the Cochrane tool for assessing
risk of bias in randomised clinical trials (appendix).21
We assessed heterogeneity using Cochrane Q statistic,
and Higgins and Thompsons’ I². Heterogeneity was
considered to be low if I²=25%, moderate if I²=50%, or
high if I²=75%.22 All reported p values are two-sided and we
did no adjustments for multiple testing. We did statistical
analyses using R version 3.5.1 (R Core Team, Vienna,
Austria) and the R package metafor (version 2.0-0).23

Role of the funding source
There was no funding source for this study. All authors
had full access to all the data in the study and the
corresponding author had final responsibility for the
decision to submit for publication.

Results
We identified a total of three trials1–3 and six secondary
analyses7,9–11,24,25 from the same trials that were eligible
for inclusion (appendix). The appendix has an overview
of the search and the selection process. In total, data
from 34 322 patients were included. The mean age was
63·5 years and 35·1% were women (table). A total of
20 650 (60·2%) patients were known to have athero
sclerotic cardiovascular disease and 13 672 (39·8%) had
multiple risk factors but without known atherosclerotic
cardiovascular disease. The proportion of patients with
multiple risk factors differed among the trials, ranging
from 0% in the EMPA-REG OUTCOME trial to 34% in
the CANVAS Program, and to 59% in DECLARE-TIMI
58 trial. A total of 3891 (11·3%) patients had a history of
heart failure, a proportion that was similar across all
three trials. Baseline renal function differed among
the trials, with the proportion of patients with eGFR

<60 ml/min per 1·73 m² ranging from 25·9% in EMPAREG OUTCOME to 20·1% in CANVAS, and to 7·4% in
DECLARE-TIMI 58 (table).
In total, 3342 (9·7%) of 34 322 patients had a major
adverse cardiac event in the trials. Of those events,
2588 (77·4%) occurred in the group with established
atherosclerotic cardiovascular disease. Overall, SGLT2i
reduced the risk of a major adverse cardiac event by 11%
(HR 0·89 [95% CI 0·83–0·96], p=0·0014; appendix).
However, this effect was entirely restricted to a
14% reduction in patients with atherosclerotic cardio
vascular disease (0·86 [0·80 to 0·93]), whereas no
treatment effect was found in patients with multiple risk
factors (1·00 [0·87–1·16], p for interaction=0·0501;
figure 1).
1604 (4·7%) patients had a myocardial infarction
(80·5% of which occurred in patients with atherosclerotic
cardiovascular disease), 1060 (3·1%) had a stroke
(73·1% of which occurred in patients with atherosclerotic
cardiovascular disease), and 1256 (3·7%) had cardio
vascular death (78·6% of which occurred in patients
with the disease). Overall, SGLT2i reduced the risk of
myocardial infarction by 11% (HR 0·89 [95% CI
0·80–0·98], p=0·0177) and cardiovascular death by 16%
(0·84 [0·75–0·94], p=0·0023, but with high heterogeneity
[I²=79·9%]), whereas SGLT2i had no effect on stroke
(0·97 [0·86–1·10], p=0·64; appendix). Analogous to the
pattern seen for major adverse cardiovascular events
overall, SGLT2i reduced myocardial infarction (0·85
[0·76–0·95]) and cardiovascular death (0·80 [0·71–0·91])
in patients with atherosclerotic cardiovascular disease,
whereas no treatment effect was found in patients with
multiple risk factors. SGLT2i had no effect on stroke,
even in patients with atherosclerotic cardiovascular
disease (appendix).
Overall, SGLT2i significantly reduced the risk for the
composite of cardiovascular death or hospitalisation for
heart failure by 23% (HR 0·77 [95% CI 0·71–0·84],
p<0·0001), and hospitalisation for heart failure by
31% (0·69 [0·61–0·79], p<0·0001; appendix). In patients
with atherosclerotic cardiovascular disease, the HR for
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Patients

Events

Events per
1000 patient-years

Weight
(%)

HR

HR (95% CI)

Treatment Placebo

Treatment (n/N) Placebo (n/N)

Patients with atherosclerotic cardiovascular disease
772
37·4
43·9
2333/7020
EMPA-REG OUTCOME 4687/7020
3756/6656
796
34·1
41·3
2900/6656
CANVAS Program
3474/6974
36·8
41·0
3500/6974 1020
DECLARE-TIMI 58
Fixed effects model for atherosclerotic cardiovascular disease (p=0·0002)

29·4
32·4
38·2

0·86 (0·74–0·99)
0·82 (0·72–0·95)
0·90 (0·79–1·02)
0·86 (0·80–0·93)

Patients with multiple risk factors
2039/3486
215
1447/3486
CANVAS Program
5108/10 186
5078/10 186 539
DECLARE-TIMI 58
Fixed effects model for multiple risk factors (p=0·98)

25·9
74·1

0·98 (0·74–1·30)
1·01 (0·86–1·20)
1·00 (0·87–1·16)

15·8
13·4

15·5
13·3

0·35

0·50

1·00

2·50
Favours placebo

Favours treatment

Figure 1: Meta-analysis of SGLT2i trials on the composite of myocardial infarction, stroke, and cardiovascular death (major adverse cardiovascular events)
stratified by the presence of established atherosclerotic cardiovascular disease
No heterogeneity was found in terms of between-study variance in the subgroups (atherosclerotic cardiovascular disease: Q statistic=0·94, p=0·63, I²=0%; multiple risk
factors: Q statistic=0·03, p=0·86, I²=0%). Tests for subgroup differences were based on F tests in a random effect meta-regression estimated using restricted maximum
likelihood and Hartung Knapp adjustment. The p value for subgroup differences was 0·0501. HR=hazard ratio. SGLT2i=sodium-glucose cotransporter-2 inhibitors.

Patients

Events

Treatment (n/N) Placebo (n/N)

Events per 1000
patient-years

Weight
(%)

HR

HR (95% CI)

Treatment Placebo

Patients with atherosclerotic cardiovascular disease
19·7
30·1
2333/7020 463
EMPA-REG OUTCOME 4687/7020
21·0
27·4
3756/6656
2900/6656 524
CANVAS Program
19·9
23·9
3474/6974
3500/6974 597
DECLARE-TIMI 58
Fixed effects model for atherosclerotic cardiovascular disease (p<0·0001)

30·9
32·8
36·4

0·66 (0·55–0·79)
0·77 (0·65–0·92)
0·83 (0·71–0·98
0·76 (0·69–0·84)

Patients with multiple risk factors
2039/3486
1447/3486 128
CANVAS Program
5108/10 186
5078/10 186 316
DECLARE-TIMI 58
Fixed effects model for multiple risk factors (p=0·0634)

30·2
69·8

0·83 (0·58–1·19)
0·84 (0·67–1·04)
0·84 (0·69–1·01)

8·9
7·0

9·8
8·4

0·35

0·50
Favours treatment

1·00

2·50
Favours placebo

Figure 2: Meta-analysis of SGLT2i trials on hospitalisation for heart failure and cardiovascular death stratified by the presence of established atherosclerotic
cardiovascular disease
Atherosclerotic cardiovascular disease: Q statistic=3·49, p=0·17, I²=42·7%; multiple risk factors: Q statistic=0·00, p=0·96, I²=0%. The p value for subgroup differences
was 0·41. Tests for subgroup differences were based on F tests in a random effect meta-regression estimated using restricted maximum likelihood and Hartung
Knapp adjustment. HR=hazard ratio. SGLT2i=sodium-glucose cotransporter-2 inhibitors.

the composite of cardiovascular death or hospitalisation
for heart failure was 0·76 (0·69–0·84) and in patients
with multiple risk factors it was 0·84 (0·69–1·01, p for
interaction=0·41; figure 2). The effect on hospitalisation
for heart failure alone was robust, with an approximately
30% reduction in relative risk in both subgroups
(appendix). The reduction in the composite of cardio
vascular death or hospitalisation for heart failure was
not statistically different in patients with (HR 0·71
[95% CI 0·61–0·84]) or without (0·79 [0·71–0·88]) a
history of heart failure at baseline (p for interaction=0·51;
figure 3), nor were the individual component outcomes
(appendix).
Overall, SGLT2i significantly reduced the risk for allcause death by 15% (HR 0·85 [95% CI 0·78–0·93],
p=0·0002), but with high heterogeneity (I²=75·2%;
appendix). In patients with atherosclerotic cardiovascular
disease the HR was 0·83 (0·75–0·92) and in those
with multiple risk factors it was 0·90 (0·77–1·05, p for
interaction=0·69; appendix). Similarly, in patients with a
4

history of heart failure the HR was 0·80 (0·67–0·95) and
in those without a history of heart failure it was 0·88
(0·80–0·97, p for interaction=0·63; appendix).
Overall, SGLT2i were renoprotective and reduced
the composite of worsening of renal function, end-stage
renal disease, or renal death by 45% (HR 0·55 [95% CI
0·48–0·64], p<0·0001). This effect was similarly robust
both in patients with atherosclerotic cardiovascular
disease (HR 0·56 [95% CI 0·47– 0·67]) and those
with multiple risk factors, (0·54 [0·42–0·71], p for
interaction=0·71; figure 4; appendix). The reduction in the
composite renal endpoint was present across all baseline
eGFR levels but was greatest in those with preserved renal
function at baseline, with a 33% reduction in patients
with an eGFR of less than 60 mL/min per 1·73 m²,
44% reduction in patients with an eGFR between 60 and
90 mL/min per 1·73 m², and 56% reduction in patients
with an eGFR of 90 mL/min per 1·73 m² or higher (p for
interaction=0·0258; figure 5A). Conversely, the reduction
in hospitalisation for heart failure was 40% in the lowest
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Patients

Events

Treatment (n/N) Placebo (n/N)

Events per 1000
patient-years

Weight
(%)

HR

HR (95% CI)

Treatment Placebo

Patients with history of heart failure
244/706
124
EMPA-REG OUTCOME 462/706
803/1461
658/1461
203
CANVAS Program
852/1724
872/1724
314
DECLARE-TIMI 58
Fixed effects model for history of heart failure (p<0·0001)

63·6
35·4
45·1

85·5
56·8
55·5

23·6
34·1
42·4

0·72 (0·50–1·04)
0·61 (0·46–0·80)
0·79 (0·63–0·99)
0·71 (0·61–0·84)

Patients with no history of heart failure
2089/6314 339
15·5
EMPA-REG OUTCOME 4225/6314
4992/8681
3689/8681 449
13·6
CANVAS Program
7730/15 436 7706/15 436 599
8·9
DECLARE-TIMI 58
Fixed effects model for no history of heart failure (p<0·0001)

24·9
15·2
10·5

30·0
32·4
37·6

0·63 (0·51–0·78)
0·87 (0·72–1·06)
0·84 (0·72–0·99)
0·79 (0·71–0·88)
0·35

0·50

1·00

2·50
Favours placebo

Favours treatment

Figure 3: Meta-analysis of SGLT2i trials on hospitalisation for heart failure and cardiovascular death stratified by history of heart failure
History of heart failure: Q statistic=2·02, p=0·37, I²=0·8%; no history of heart failure: Q statistic=5·89, p=0·0527, I²=66%. The p value for subgroup differences
was 0·51. Tests for subgroup differences were based on F tests in a random effect meta-regression estimated using restricted maximum likelihood and Hartung
Knapp adjustment. HR=hazard ratio. SGLT2i=sodium-glucose cotransporter-2 inhibitors.

Patients

Events

Treatment (n/N) Placebo (n/N)

Events per 1000
patient-years

Weight
(%)

HR

HR (95% CI)

Treatment Placebo

Patients with atherosclerotic cardiovascular disease
6·3
11·5
2323/6968 152
EMPA-REG OUTCOME 4645/6968
6·4
10·5
3756/6656
2900/6656 179
CANVAS Program
4·7
8·6
3500/6974 183
3474/6974
DECLARE-TIMI 58
Fixed effects model for atherosclerotic cardiovascular disease (p<0·0001)

31·0
35·6
33·4

0·54 (0·40–0·75)
0·59 (0·44–0·79)
0·55 (0·41–0·75)
0·56 (0·47–0·67)

Patients with multiple risk factors
70
1447/3486
2039/3486
CANVAS Program
5078/10 186 182
5108/10 186
DECLARE-TIMI 58
Fixed effects model for multiple risk factors (p<0·0001)

29·5
70·5

0·63 (0·39–1·02)
0·51 (0·37–0·69)
0·54 (0·42–0·71)

4·1
3·0

6·6
5·9

0·35

0·50

1·00

Favours treatment

2·50
Favours placebo

Figure 4: Meta-analysis of SGLT2i trials on the composite of renal worsening, end-stage renal disease, or renal death stratified by the presence of established
atherosclerotic cardiovascular disease
Atherosclerotic cardiovascular disease: Q statistic=0·19, p=0·91, I²=0%; multiple risk factors: Q statistic=0·52, p=0·47, I²=0% The p value for subgroup differences
was 0·71. Tests for subgroup differences were based on F tests in a random effect meta-regression estimated using restricted maximum likelihood and Hartung
Knapp adjustment. HR=hazard ratio. SGLT2i=sodium-glucose cotransporter-2 inhibitors.

group, 31% in the middle group, and a non-significant
12% in the highest group (p for interaction=0·0073;
figure 5B). A directionally similar but non-significant
trend was found for effect modification for major adverse
cardiovascular events, with an 18% reduction in the lowest
eGFR group, a 9% reduction in the middle group, and a
non-significant 6% reduction in the highest group (p for
interaction=0·23; figure 5C).
For safety outcomes, significant heterogeneity was
seen among the trials for amputations (I²=79·1%) and
fractures (I²=78·2%), with an increased risk being
observed only in one trial (appendix). Diabetic ketoacidosis
showed a consistent increased risk of almost two times
higher in patients given SGLT2i than those given placebo
(2·20 [1·25–3·87], p=0·0060), but the event rates were
low (<one per 1000 patient-years; appendix).

Discussion
The present meta-analysis of SGLT2i cardiovascular
outcome trials substantially expands on previous

meta-analyses,26 and the totality of these data now makes
several patterns clear. First, SGLT2i have their greatest
and most consistent effect on reducing the relative risk of
hospitalisation for heart failure (31%) and of progression
of renal disease (45%). Their effect on the composite
atherosclerotic outcome of myocardial infarction, stroke,
or cardiovascular death (major adverse cardiac events),
originally a safety outcome stemming from regulatory
guidance, was more modest but still significant with
11% reduction in relative risk. Second, for particular
outcomes the clinical effects of SGLT2i depend on the
patient population in which they are used. The reduction
in major adverse cardiac events was apparent only in
patients with established atherosclerotic cardiovascular
disease, whereas no effect was observed in patients
without atherosclerotic cardiovascular disease. Con
versely, the reduction in hospitalisation for heart failure
was robust and of similar magnitude regardless of the
presence of established atherosclerotic cardiovascular
disease or a history of heart failure. The reduction in
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A

Patients

Events

Treatment (n/N) Placebo (n/N)
eGFR <60 mL/min per m2
605/1801
EMPA-REG OUTCOME 1196/1801
NA/2039
NA/2039
CANVAS Program
606/1265
659/1265
DECLARE-TIMI 58
Fixed effects model for eGFR <60 (p=0·0054)

Events per 1000
patient-years

Weight
(%)

HR

HR (95% CI)

Treatment Placebo
NA
83
59

NA
11·4
8·9

NA
15·1
15·2

33·5
39·6
27·0

0·66 (0·41–1·07)
0·74 (0·48–1·15)
0·60 (0·35–1·02)
0·67 (0·51–0·89)

eGFR 60 to <90 mL/min per m2
NA
1232/3638
EMPA-REG OUTCOME 2406/3638
NA/5625
118
NA/5625
CANVAS Program
3838/7732
186
3894/7732
DECLARE-TIMI 58
Fixed effects model for eGFR 60 to <90 (p<0·0001)

NA
4·6
4·2

NA
7·4
7·8

16·8
34·4
48·9

0·61 (0·37–1·03)
0·58 (0·41–0·84)
0·54 (0·40–0·73)
0·56 (0·46–0·70)

eGFR ≥90 mL/min per m2
486/1529
EMPA-REG OUTCOME 1043/1529
NA/2476
NA/2476
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Figure 5: Meta-analysis of SGLT2i trials on the composite of worsening of renal function, end-stage renal disease, or renal death (A), hospitalisation for heart
failure (B), and major adverse cardiovascular events stratified by the eGFR levels (C)
(A) eGFR <60 mL/min per 1·73 m²: Q statistic=0·36, p=0·84, I²=0%; eGFR 60 to <90 mL/min per 1·73 m²: Q statistic=0·19, p=0·91, I²=0%; eGFR ≥90 mL/min per 1·73 m²:
Q statistic=3·24, p=0·20, I²= 38·2%. The p value for risk reduction trend across subgroups was 0·0258. (B) eGFR <60 mL/min per 1·73 m²: Q statistic=0·60, p=0·74,
I²=0%; eGFR 60 to <90 mL/min per 1·73 m²: Q statistic=0·51, p=0·78, I²=0%; eGFR ≥90 mL/min per 1·73 m²: Q statistic=0·86, p=0·65, I²=0%. The p value for risk
reduction trend across subgroups was 0·0073. (C) eGFR <60 mL/min per 1·73 m²: Q statistic=2·76, p=0·25, I²=27·5%; eGFR 60 to <90 mL/min per 1·73 m²:
Q statistic=3·25, p=0·20, I²=38·5%; eGFR ≥90 mL/min per 1·73 m²: Q statistic=1·29, p=0·53, I²=0%. The p value for risk reduction trend across subgroups was 0·23. Tests
for subgroup differences were based on F tests in a random effect meta-regression estimated using restricted maximum likelihood and Hartung Knapp adjustment.
eGFR=estimated glomerular filtration rate. HR=hazard ratio. NA=not available. SGLT2i=sodium-glucose cotransporter-2 inhibitors.
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progression of renal disease was also equally robust in
patients with and without atherosclerotic cardiovascular
disease. However, an interaction between baseline renal
function and the clinical benefit of SGLT2 inhibition
was seen. Specifically, there was a lesser reduction
in progression of renal disease but a greater reduction in
hospitalisation for heart failure with SGLT2 inhibition in
patients with worse baseline renal function.
Despite extensive exploratory analyses, the exact
mechanisms of the salutary effects of SGLT2i remain
unclear.27 The reduction in glycated haemoglobin (HbA1c)
is 0·5–0·6%28,29 and the data to date suggest that glucose
control itself more clearly translates into reduction of
microvascular rather than macrovascular complications.30
Our data suggest that the renoprotective effects of
SGLT2i coupled with the natriuresis they induce might
largely explain the reduction in hospitalisation for heart
failure.31,32 Patients with lower eGFR at baseline are at an
increased risk of hospitalisation for heart failure.
Therefore, reno-protection and natriuresis induced by
SGLT2i could be of particular benefit in this susceptible
population. Reductions in both the progression of kidney
disease and hospitalisation for heart failure and their
attendant interventions and downstream complications
might then reduce the risk of both cardiovascular and allcause death. The beneficial effect on myocardial
infarction remains a topic of active investigation.27
By and large the results were consistent between the
three different trials of SGTL2i when analysed within
similar patient subgroups. However, in patients with
atherosclerotic cardiovascular disease, the effect of
empagliflozin on cardiovascular death was more pro-
nounced than that of canagliflozin or dapagliflozin, and an
increased risk of amputations and fractures was only seen
with canagliflozin. Although it is theoretically possible that
drug-specific differences in effects exist within this class,
other possibilities should be considered. Multiple
differences were found in the patient characteristics in
each trial that might explain the observed variations with
regard to cardiovascular death, and subgroup analyses by
one variable might not fully capture other important
differences. For example, even within the subgroup of
patients with atherosclerotic cardiovascular disease the
rates of cardiovascular death ranged two-fold across the
placebo groups of the three trials. A greater reduction in
cardiovascular death might be seen in higher risk patients.
With only data from one trial for each drug, play of chance
is also possible. Additional trials and head-to-head
comparisons would shed further light on this issue.
Overall, SGLT2i are well tolerated and generally safe
drugs, although patients have an increased risk of
mycotic genital infections,33,34 which are usually easily
managed and uncommonly recur.35 SGLT2i do appear to
increase the risk of diabetic ketoacidosis, but the rates
were very low and risk can be reduced with proper patient
education and vigilance.36,37 Also, initial concerns about
safety signals for stroke38 were not supported in the

present meta-analysis. An increased risk of amputation
and fracture was seen only in one trial.2
These data suggest that SGLT2i should be considered in
patients with type 2 diabetes regardless of presence of
atherosclerotic cardiovascular disease or history of heart
failure, given that they safely reduce HbA1c and reduce the
risk of hospitalisation for heart failure and progression of
renal disease broadly across the spectrum of these
patients. The reductions in risk of hospitalisation for
heart failure and progression of renal disease will differ
in magnitude based on baseline renal function, but
are present throughout the range of renal function.
Reductions in major adverse cardiovascular events and
cardiovascular death can also be expected in patients with
existing atherosclerotic cardiovascular disease. Patients
with diabetes are a particularly susceptible patient cohort
at increased risk of heart failure and renal disease.39,40
Ongoing trials in populations with heart failure or kidney
disease will clarify whether SGLT2i also exhibit beneficial
effects in patients without type 2 diabetes.
We acknowledge several limitations of our study. We
used aggregated study-level data rather than individual
participant data. Additionally, the exact inclusion criteria
and definitions of endpoints varied among the included
trials, but only slightly. Lastly, baseline presence of
established atherosclerotic cardiovascular disease and
heart failure was investigator-reported in all trials and
some patients might have had undiagnosed athero-
sclerotic cardiovascular disease or heart failure at base
line. It is also important to note for external generalisability
that even patients with multiple risk factors in the
included trials represent patients with typically longstanding type 2 diabetes.
In conclusion, SGLT2i have moderate benefits on
atherosclerotic major adverse cardiovascular events that
appear confined to patients with established athero-
sclerotic cardiovascular disease. However, robust re-
ductions in hospitalisation for heart failure and
progression of renal disease are seen regardless of
baseline atherosclerotic risk category or a history of heart
failure.
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