
REVIEW

Sodium–Glucose Co-Transporter2 Inhibitors (SGLT2i)
Exposure and Outcomes in Type2 Diabetes:
A Systematic Review of Population-Based
Observational Studies

Thomas M. Caparrotta . Andrew M. Greenhalgh . Karen Osinski .

Robert M. Gifford . Svenja Moser . Sarah H. Wild . Rebecca M. Reynolds .

David J. Webb . Helen M. Colhoun

Received: November 13, 2020 / Accepted: January 13, 2021 / Published online: March 4, 2021
� The Author(s) 2021

ABSTRACT

Introduction: Sodium–glucose co-transporter 2
inhibitors (SGLT2is) are licensed for the treat-
ment of type 2 diabetes (T2D) and more
recently for heart failure with or without dia-
betes. They have been shown to be safe (from
the cardiovascular (CV) perspective) and

effective (in terms of glycaemia, and in some
cases, in reducing CV events) in extensive ran-
domised controlled trials (RCTs). However,
there remain concerns regarding the generalis-
ability of these findings (to those ineligible for
RCT participation) and about non-CV safety.
For effectiveness, population-based pharma-
coepidemiology studies can confirm and extend
the findings of RCTs to broader populations and
explore safety, for which RCTs are not usually
powered, in more detail.
Methods: A pre-planned and registered ((Inter-
national PROSPEctive Register Of Systematic
Reviews) PROSPERO registration
CRD42019160792) systematic review of popu-
lation-based studies investigating SGLT2i effec-
tiveness and safety, following Meta-analyses Of
Observational Studies in Epidemiology
(MOOSE) guidelines was conducted.
Results: A total of 37 studies were identified
(total n = 1,300,184 adults; total follow-up
910,577 person-years; exposures: SGLT2i class,
canagliflozin, dapagliflozin and empagliflozin)
exploring CV disease (CVD) outcomes, acute
kidney injury (AKI), lower limb amputation
(LLA), diabetic ketoacidosis (DKA), bone frac-
ture, urinary tract infection (UTI), genital
mycotic infection (GMI), hypoglycaemia, pan-
creatitis and venous thromboembolism. For CV
and mortality outcomes, studies confirmed the
associated safety of these drugs and correlated
closely with the findings from RCTs, which may
extend to primary CVD prevention (major
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adverse cardiovascular events point estimate
range (PER) hazard ratio (HR) 0.78–0.94; hospi-
talised heart failure PER HR 0.48–0.79). For
safety outcomes, SGLT2i exposure was not
associated with an increased risk of AKI (PER HR
0.40–0.96), fractures (PER HR 0.87–1.11),
hypoglycaemia (PER HR 0.76–2.49) or UTI (PER
HR 0.72–0.98). There was a signal for increased
association for GMIs (PER HR 2.08–3.15), and
possibly for LLA (PER HR 0.74–2.79) and DKA
(PER HR 0.96–2.14), but with considerable
uncertainty.
Conclusion: In T2D, SGLT2is appear safe from
the CV perspective and may have associated
benefit in primary as well as secondary CVD
prevention. For safety, they may be associated
with an increased risk of GMI, LLA and DKA,
although longer follow-up studies are needed.

Keywords: Comparative effectiveness;
Observational studies; SGLT2 inhibitors;
Systematic review; Type 2 diabetes

Key Summary Points

Background

Sodium–glucose co-transporter 2
inhibitors (SGLT2is) are licensed for the
treatment of type 2 diabetes (T2D) and
more recently for heart failure in those
with and without diabetes.

In T2D, both canagliflozin and
empagliflozin reduce major adverse
cardiovascular events (MACE) but
dapagliflozin does not. All three agents
reduce heart failure in established diabetes
and dapagliflozin reduces heart failure in
those without diabetes. Furthermore,
safety concerns have emerged, either
during trials or through post-marketing
surveillance, such as SGLT2i exposure
possibly being associated with LLA, DKA,
bone fracture and GMI.

For effectiveness, population-based
pharmacoepidemiology studies can
confirm and extend the findings of
randomised controlled trials (RCTs) to
broader populations not eligible for trial
participation and explore safety, for
which RCTs are not usually powered, in
more detail.

Why carry out this study?

We did a pre-planned and registered,
impartial systematic review asking: do the
benefits of SGLT2is in T2D extend to those
ineligible for RCT participation, and are
safety concerns which arose during the
trials (or in post-marketing) detected, in
population-based observational
pharmacoepidemiology studies? We
considered and reported all clinical event-
based outcomes for effectiveness and
safety in studies which met our inclusion/
exclusion criteria.

What was learned from the study?

A total of 37 population-based studies
including adults (n = 1,300,184) with T2D
were identified. These appear to confirm
that SGLT2is in T2D appear safe from the
CVD perspective, and may have associated
benefit in primary as well as secondary
CVD prevention, particularly in HF-
associated events. However, SGLT2i
exposure may be associated with an
increased risk of GMI, LLA and DKA,
although longer follow-up studies are
needed.

DIGITAL FEATURES

This article is published with digital features,
including a summary slide, to facilitate under-
standing of the article. To view digital features
for this article go to https://doi.org/10.6084/
m9.figshare.13567889.
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INTRODUCTION

Sodium–glucose co-transporter 2 inhibitors
(SGLT2is) are licensed for the treatment of
type 2 diabetes mellitus (T2D) when diet and
lifestyle have not improved glycaemic control.
They have also recently been licensed by both
European Medicines Agency (EMA) and US
Food and Drug Administration (FDA) for the
treatment of heart failure (HF) with reduced
ejection fraction in those with or without dia-
betes. In diabetes, they improve glycaemic
control by causing glycosuria, natriuresis and
osmotic diuresis. Their effect is independent of
insulin and they are thought to exert beneficial
effects through pleiotropic mechanisms beyond
improved glycaemia, including favourable
haemodynamic changes [1].

The clinical development programmes for
these agents assessed the efficacy, cardiovascu-
lar (CV) safety and preliminary non-CV safety of
the SGLT2is in T2D. Many have subsequently
been assessed for cardiovascular disease (CVD)
safety in large trials and have been shown to be
non-inferior, and sometimes superior, to usual
care in this respect [2–6]. Both canagliflozin [5]
and empagliflozin [2] reduce major adverse
cardiovascular events (MACE) but dapagliflozin
[3] does not. All three agents reduce HF in those
with T2D [2, 3, 5] and dapagliflozin reduces HF
in those without diabetes [4]. Almost all out-
come trial participants were on background
metformin.

It remains unclear, however, whether the CV
benefits of these medicines extend to people
who were ineligible for the trials. Furthermore,
safety concerns have emerged, either during
trials or through post-marketing surveillance
[2, 3, 5–26]. It is also unclear whether the ben-
eficial effects extend to the SGLT2i class as a
whole or whether this is limited to individual
agents. For non-CV safety, population-based
observational pharmacoepidemiology allows
for rare, but severe, adverse events to be
detected.

Population-based studies present more gen-
eralisable data which can expand upon the
findings from randomised controlled trials
(RCTs) but the lack of randomisation and

blinding increases the risk of bias and con-
founding. However, population-based database
studies, when properly designed and analysed,
are associated with fewer systematic distortions,
such as selection bias, compared to other forms
of observational pharmacoepidemiology [27].

This study describes a pre-planned and
prospectively registered impartial systematic
review of population-based, observational
studies examining effectiveness and safety of
SGLT2is in T2D ((International PROSPEctive
Register of Systematic Reviews) (PROSPERO)
registration CRD42019160792, 03 December
2019). It must be noted that there is a broad
diversity in outcomes, particularly for CVD, as
well as the definitions of pre-existing CVD,
which makes interpretation challenging.

The hypothesis was that the studies included
in this review would show a treatment effec-
tiveness or safety estimate associated with
SGLT2i exposure of a similar direction and order
of magnitude to that reported in RCTs (or, for
safety, pharmacovigilance studies).

METHODS

We followed Meta-analyses Of Observational
Studies in Epidemiology (MOOSE) guidelines
for reporting. In brief, two search methodolo-
gies were employed (maximal and targeted
search) in the following citation databases: Web
of Science, OVID, Excerpta Medica dataBASE
(EMBASE) and PUBMED using the search crite-
ria listed in the supplementary material, which
were agnostic to specific outcomes (Supple-
mentary Table S1). Searches were conducted for
studies published between November 2012
(date of licensing dapagliflozin) and December
2020. Duplicates were eliminated using each
study’s unique identifier. Two (medically qual-
ified) reviewers (AG and TC) independently
applied the inclusion and exclusion criteria
(Table S2) first to the title and subsequently to
the abstracts. We searched European Network of
Centres for Pharmacoepidemiology and Phar-
macovigilance (ENCePP), ClinicalTrials.gov and
the European Union (EU) Post-Authorisation
Studies (PAS) registers to identify further
studies.
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Studies were excluded that only reported
continuous clinical outcomes (e.g. blood pres-
sure) or studies that only reported adherence or
tolerability. We only included English-language
publications because of resource limitations.

Each reviewer checked 10% of the other’s
title and abstract screening with a pre-specified
decision that less than 95% agreement would
mean that the entire list would be re-screened.
Third-party arbitration of disputes was planned
in the event of less than 95% agreement. There
was 100% agreement of included/excluded
studies and arbitration was not necessary.

A standardised data extraction template was
used to collect study data (Table S3).

The studies eligible for inclusion were scored
for quality using the Downs and Black Checklist
for Non-Randomised Studies [28], which has
been shown to have good inter-rater reliability,
but no score cut-off for inclusion/exclusion was
employed (Table S4) [29]. Score discrepancies
were handled in conference with the reviewers,
with third-party arbitration planned if agree-
ment was not achieved but this latter step was
not necessary.

The references of included studies were
searched manually to identify studies which
may not have been included in original sear-
ches. All reported outcomes were included.

Studies were subsequently tabulated by out-
come to compare effect estimates and relevant
subgroup analyses (so studies may appear in
multiple tables). Effect estimates and relevant
subgroup analyses were compared between
studies in separate tables for each outcome.
Forest plots were used to compare safety
outcomes.

We chose to describe studies with fewer than
5000 participants as small, those with
5000–20,000 participants as medium-sized and
those with more than 20,000 as large. Confi-
dence interval (CI) widths are described quali-
tatively. The associated effect estimate is
defined as neutral when no effect can be dis-
cerned, and as an associated increase/decrease
in risk when the bound of the CI does not cross
unity.

Meta-analysis was not performed as a result
of breaching meta-analytic standards (Berlin
et al. [30]). Study design heterogeneity, low

study numbers for individual outcomes and
multiple representation of data sources influ-
enced this decision. A funnel plot was consid-
ered to assess the risk of publication bias but
there were too few studies per outcome to
undertake this (Cochrane Library recommends
more than 10 studies per outcome [31]) Thus,
we present the findings of a narrative systematic
review.

This article is based on previously conducted
studies and does not contain any new studies
with human participants or animals performed
by any of the authors.

RESULTS

The search and application of inclusion/exclu-
sion criteria identified 37 individual studies
within the dates specified (Fig. 1, Preferred
Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) diagram) including
n = 1,300,184 persons; total follow-up
910,577 person-years. Of these, 21 were funded
by academic institutions, public bodies or
charity/non-profit organisations [32–52] and 16
were funded by pharmaceutical companies
[53–68]. We found six studies that had been
prospectively registered with either https://
clinicaltrials.gov/ (five studies [56, 58, 63,
65, 67], with two sharing a registration number
[56, 58]) or EU PAS Register (one study [52]).

Table S4 reports the quality score agreed by
two independent reviewers (TC and AG). The
scores ranged from 10 to 22 (the maximum
achievable score would have been 29/31 as
none of the studies were randomised). None of
the study designs as described appeared to have
been affected by immortal time bias arising
from an inappropriate start date to follow-up.

There was a preponderance of studies of the
earliest SGLT2is to achieve market authorisa-
tion (dapagliflozin, empagliflozin, canagli-
flozin), with SGLT2is licensed later (ipragliflozin
(licensed only in Japan) and ertugliflozin) only
included in SGLT2i class studies.

Table S5 describes the Comparative-Effec-
tiveness of Cardiovascular Outcomes in New
Users of Sodium–Glucose Cotransporter-2 Inhi-
bitors (CVD-REAL) programme.
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Tables 1, 2, 3, 4, 5, 6, 7, 8, 9 and 10 describe
the studies in more detail. Tables S6–S10 and
S14–S22 give the study characteristics and effect
estimates.

Here we compare (and tabulate) the com-
posites/outcomes together, grouped by expo-
sure and comparator, to allow head-to-head
contrasts to be drawn.

Cardiovascular Disease

Non 3-Point MACE Cardiovascular
Composites
All-Cause Mortality (ACM) and Hospitalised
Heart Failure (HHF) Composite Three studies
explored the association of SGLT2i class expo-
sure on the composite of ACM and HHF versus
(vs.) oral anti-hyperglycaemic drugs (OADs) as a
primary [56, 66] and secondary outcome [58].
All three studies were associated with a reduc-
tion in the composite and each component

Articles identi�ied from 

database searches

(n = 1555)

Duplicates removed

(n = 496)

Abstracts after duplicates 

removed

(n = 1059)

Full text articles assessed for 

eligibility

(n = 72)

Articles excluded based 

on title/abstract

(n = 987)

Articles excluded (n = 35)

Letter/opinion/editorial (n = 4)

Proportionality analyses (n = 2)

Non-database study (n = 26)

Case series (n = 1)

Modelling study (n = 2)Studies included in qualitative 

analysis (n = 37*)

CV outcomes (n = 20)

AKI (n = 3)

Amputation (n = 9)

DKA (n = 5)

Fracture (n = 4)

GUI (n = 6)

Hypoglycaemia (n = 4)

Fig. 1 PRISMA diagram
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Table 1 CVD study summary

Exposure/study
number

Study summary

SGLT2i class

1.1 The large 2017 main CVD-REAL cohort study explored the association of SGLT2i class exposure vs.

OADs on HHF (primary outcome and composite component) [58]. SGLT2i exposure was

associated with a reduction in the CVD composite of ACM and HHF (Table S6.3) and with

ACM (Table S14.3) and HHF (Table S10.7) composite components alone with narrow CIs and

authors suggest benefit may extend to primary prevention of HHF (although subgroup analysis on

the basis of pre-existing CVD was not presented)

1.2 A large 2018 CVD-REAL sub-analysis explored the association of SGLT2i class vs. OAD on stroke

and MI events [57]. SGLT2i exposure was associated with a reduction in the risk of stroke in all

analyses (Table S9.6) and a neutral association with the risk of MI (reduced in the on-treatment

cohort but not in the ITT cohort, Table S8.6) and suggests that the benefit may extend to primary

prevention of these outcomes (although this subgroup analysis is not presented). The CIs were

narrow

1.3 A further large 2017 CVD-REAL sub-analysis investigated the effect of SGLT2i class vs. OADs on

CVD [54]. SGLT2i exposure was associated with a reduction in MACE (primary prevention-only,

Table S7.2) and HF (primary and secondary prevention, Table S10.10), and a neutral association

in non-fatal stroke and non-fatal MI (Tables S9.5 and S8.5) with no effect on the negative control,

atrial fibrillation. The MACE benefit appeared greatest in those aged C 65 years (DNS) and CIs

were narrow for all outcomes

1.4 CVD-REAL 2 was a large 2018 cohort study exploring the association of SGLT2i class exposure vs.

OADs on HHF, MI and stroke [56]. SGLT2i exposure was associated with a reduction in HHF

(Table S10.9), MI (Table S8.4), stroke (Table S9.4) and the composite of HHF and death

(Table S6.4) in all analyses. The CIs were narrow. The effect remained consistent in pre-planned

subgroup analysis of those without pre-existing CVD (DNS)

1.5 A small 2017 American cohort study explored the association of SGLT2i class vs. DPP4i exposure

on HHF [55]. SGLT2i exposure was associated with a reduction in HHF in the PS-matched,

IPTW and MSM methods with narrow CIs (Table S10.4). This association was driven mainly by

findings among people aged C 65 years and/or with pre-existing diabetes complications (DNS)

1.6 A large 2018 American cohort study explored the association between SGLT2i class vs. non-SGLT2i

AHDs on MACE, HHF, non-fatal stroke and non-fatal MI [66]. SGLT2i exposure in the ITT

analysis was associated with a reduction the primary composite outcome of ACM and HHF

(Table S6.5), the HHF component alone (Table S10.6) and the secondary outcome of MACE

overall (Table S7.3) but a neutral association with the non-fatal MI (Table S8.7) and non-fatal

stroke (Table S9.7) components when analysed individually. The associated effects reported in the

ITT analysis were amplified in the on-treatment analysis (DNS). All CIs were narrow. The results

remained consistent in all the pre-planned subgroup analyses, including with and without pre-

existing CVD, suggesting an associated benefit in both primary and secondary prevention (DNS)
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Table 1 continued

Exposure/study
number

Study summary

1.7 A large 2018 South Korean cohort study investigated the association of SGLT2i class exposure vs.

DPP4i on HHF [40]. SGLT2i exposure was associated with a reduction in HHF in all time

periods analysed up to 3 years post-initiation in the whole population and in the secondary

prevention population with varying CI width (a duration–response effect) but not in the primary

prevention population with the associated reduction in HHF only apparent in time periods[ 1-

year post-exposure (lagged duration–response effect) (Table S10.5)

1.8 A medium-sized 2018 American cohort study explored the association of SGLT2i class vs. DPP4i on

HHF, stroke, IHD and hospitalised PVD (negative control, schizophrenia) [62]. SGLT2i exposure

was associated with a neutral effect for all outcomes including negative control (Tables S6.2, S10.3,

S9.2, S8.1). The CIs were wide. These findings remained stable irrespective of baseline HbA1c and

prior metformin use and also in the maximally adjusted and time-varying model (DNS)

1.9 A large 2019 American cohort study explored the association of SGLT2i class vs. SUs and DPP4is

[37]. Versus SUs, SGLT2i exposure was associated with a lower risk of MI, HHF and stroke with a

reduction also observed in the composite of MI and stroke. Versus DPP4is, SGLT2i exposure was

associated with a reduction in HHF, MI, stroke with a reduction also observed in the composite of

MI and stroke, all CIs were narrow (all comparisons in Tables S6.1, S10.1, S9.1, S8.3). The

associated effect persisted in sensitivity analyses in those aged\ 65 years but not those aged

C 65 years, but the associated reduction in CVD and HHF remained when the primary/

secondary CVD prevention groups and individual agents were analysed separately (DNS)

1.10 A medium-sized 2019 Scandinavian cohort study explored the association of SGLT2i class vs. DPP4i

on primary/secondary prevention of MACE, HHF, incident MI and stroke [44]. SGLT2i use in

the ITT analysis was associated with a reduction in the risk of HHF (in those with and without a

history of HF but only in those with pre-existing CVD, when analysed separately) and also an

associated neutral effect on MACE and its components (in both primary/secondary CVD

prevention) (Tables S10.2, S9.3, S8.2, S7.1). CIs were narrow. The on-treatment analysis was

associated with a reduction in MACE, but not in AMI and stroke (driven by a reduction in CVD

mortality) while the reduction in HF was amplified (DNS). Individuals aged C 65 years saw an

associated reduction in both MACE and HHF versus those aged\ 65 years (DNS), who did not

1.11 A small 2019 American cohort study explored the association of SGLT2i class vs. OAD in those

with a diagnosis of HF, using loop-diuretic prescriptions as a proxy for HF symptomatic severity

[51]. SGLT2i exposure was associated with a reduction in new loop-diuretic use but no change in

diuretic use in those already exposed (Table S10.8)
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Table 1 continued

Exposure/study
number

Study summary

Empagliflozin

1.12 A medium-sized 2019 American cohort study explored the association of empagliflozin vs. sitagliptin

on HHF [63]. In the population overall there was a reduction in HHF associated with

empagliflozin exposure, greater in the broad definition of HHF (HHF mentioned anywhere on

discharge, DNS) compared to the specific one (HHF in primary position of discharge,

Table S10.15). In subgroup analyses (pre-existing CVD, HF, sex and empagliflozin dose), the

associated reduction for the broad HHF definition remained stable and demonstrated a

dose–response effect but not for the specific definition (CVD subgroups in Table S10.15, other

DNS). The CIs were wide. There was no association with negative control outcome, seasonal flu

vaccination

Canagliflozin

1.13 A large 2018 American study investigated the association of canagliflozin exposure vs. all non-

SGLT2i users and also vs. select non-SGLT2i (DPP4i, GLP-1RA, TZD, SU and insulin) and

head-to-head with other SGLT2is (followed by other all SGLT2is vs. non-SGLT2i) on the

association with HHF [65]. See Table S13 for baseline characteristics in each of the datasets. In

the on-treatment analysis, a reduced association with HHF was observed in canagliflozin vs. all

non-SGLT2i comparison (primary outcome) with narrow CIs, canagliflozin vs. select non-

SGLT2is comparison and SGLT2is vs. non-SGLT2is but not for canagliflozin head-to-head with

other SGLT2is (Table S10.16). This attenuated in the ITT analysis (DNS). In those with

established CVD (75% of the post-index events), there was also an associated reduction with

canagliflozin vs. AHDs but not head-to-head with other SGLT2is, suggesting a class effect (DNS)

1.14 A medium-sized 2018 American cohort study explored the association of canagliflozin vs. DPP4i,

GLP-1RA and SUs (analysed separately) on HHF (primary event-based outcome and diuretic use

as a proxy) and a CVD composite of MI and stroke (secondary outcome) (Tables S11 and S12)

[45]. Canagliflozin was associated with a risk reduction for HHF (Table S10.12) and diuretic use

in all comparisons and a neutral effect for the composite CVD endpoint (Table S6.6) and the

individual components of the composite (MI Table S8.10; stroke Table S9.10, other DNS) in

both primary and secondary CVD prevention. The CIs were narrow. The on-treatment and

baseline HbA1c-adjusted analyses yielded the same results (DNS)

Dapagliflozin

1.15 An unmatched medium-sized 2019 Taiwanese cohort study explored the association of dapagliflozin

head-to-head with empagliflozin on the composite of CV mortality, MI, stroke and HHF

(negative control, incident AF) [47]. Dapagliflozin exposure was associated with a neutral effect on

the composite (Table S6.10), MI and stroke, but was associated with a reduction in HHF

compared with empagliflozin (MI Table S8.11; stroke Table S9.11; HHF Table S10.14). This

associated reduction remained stable in standardised mortality analysis, the low dose group and

also when adjusting for CVD risk, regardless other CVD drug exposure (DNS). Both drugs showed

a neutral effect on the negative control. The composite CI was narrow, but the other outcomes

CIs were of varying width
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alone (Tables 1.1, 1.4, 1.6, S6.3, S6.4 and S6.5).
There was less prevalent ischaemic heart disease
(IHD) compared to the cardiovascular outcome
trials (CVOTs) (ca. 13.0% [58] and ca. 26.7%
[56] established IHD (not reported in [66])

compared to 45–75% [2, 3, 5]) and in two
studies the association remained consistent
when secondary CVD prevention was examined
alone in subgroup analysis [56, 66].

Table 1 continued

Exposure/study
number

Study summary

1.16 A medium-sized 2018 CVD-REAL sub-analysis investigated the association of dapagliflozin vs.

DPP4i on MACE [64]. The on-treatment analysis showed dapagliflozin was associated with a

reduced risk of MACE (Table S7.4), MACE, unstable angina and HHF expanded composite

(DNS) and HHF alone (Table S10.11). For the MACE components there was a neutral effect on

non-fatal MI (Table S8.9) and non-fatal stroke (Table S9.9). The CIs were narrow throughout.

There was also a reduced association with incident AF. The results remained stable in the ITT

analysis but primary/secondary CVD prevention groups were not analysed separately (DNS)

1.17 A medium-sized 2017 Swedish cohort study explored the effect of dapagliflozin vs. insulin’s

association with non-fatal CVD [61]. Dapagliflozin exposure was associated with a reduction of

non-fatal CVD in the PS-matched and the adjusted model (DNS), for both the on-treatment

(PSM Table S6.7) and ITT analyses (DNS). The CIs were narrow. Primary/secondary CVD

prevention was not analysed

1.18 A small 2017 UK cohort study explored the association between dapagliflozin and unexposed

controls on incident CVD (secondary outcome) [49]. A neutral association (Table S6.8) on

incident CVD in the low-risk (of CVD) population was observed (incident CVD in the overall

population not assessed). The CIs were narrow

1.19 A medium-sized 2019 Swedish cohort study examined the association of dapagliflozin vs. OADs on

MACE, HHF, MI, stroke and AF [60]. Dapagliflozin was associated, in the ITT analysis, with a

lower risk of HHF (Table S10.13) but a neutral association on MACE (Table S7.5), MI

(Table S8.8), stroke (Table S9.8) and AF. The CIs were narrow. The associated on-treatment

effect was amplified such that MACE reduction became significant (DNS)

1.20 A medium-sized 2019 Scottish cohort study explored the association of dapagliflozin exposure vs.

non-exposure on CVD (coronary/cerebrovascular disease) [59]. This was a secondary analysis.

Dapagliflozin was associated with a neutral effect with narrow CIs on incident CVD in the

dose–response analysis (Table S6.9)

ACM all-cause mortality, AHDs all hyperglycaemic drugs, AMI acute myocardial infarction, CI confidence interval, CVD
cardiovascular disease, CVD-REAL Comparative-Effectiveness of Cardiovascular Outcomes in New Users of
Sodium–Glucose Cotransporter-2 Inhibitors, DNS data not shown, DPP4i dipeptidyl peptidase 4 inhibitor, GLP-1RA
glucagon-like peptide 1 receptor agonist, HbA1c glycated haemoglobin, HHF hospitalised heart failure, IHD ischaemic heart
disease, IPTW inverse probability of treatment weighting, ITT intention to treat, MACE major adverse cardiovascular
event, MI myocardial infarction, MSM marginal structural model, OAD oral anti-hyperglycaemic drug, PVD peripheral
vascular disease, SGLT2i sodium–glucose co-transporter 2 inhibitor, SU sulfonylurea, TZD thiazolidinedione
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Table 2 Mortality study summary

Exposure/study
number

Study summary

SGLT2i class

2.1 The main large 2017 CVD-REAL cohort study explored the association of SGLT2i class exposure vs.

OADs on ACM [58]. SGLT2i exposure was associated with a reduction in ACM alone with

narrow CIs (Table S14.3) and also in the composite with HHF (Table S6.3), stable geographically

2.2 A large 2017 Scandinavian study (CVD-REAL sub-analysis) explored the association of CVD

mortality and ACM in SGLT2i class-exposed vs. OADs [54]. Authors report an association of

lower CVD mortality in those exposed to SGLT2i (Table S14.4) in those with and without

established CVD, with a greater reduction in those aged[ 65 years (DNS). There was also a

reduced association with ACM (Table S14.4). The CIs were narrow

2.3 A large 2018 American cohort study explored the association between SGLT2i class vs. non-SGLT2i

AHAs on ACM [66]. SGLT2i exposure was associated with a reduction in ACM (and also in the

composite of ACM and HHF, Table S6.5) in the ITT cohort (Table S14.5), stable in the pre-

planned subgroup analysis (DNS). The CIs were narrow

2.4 The large 2018 CVD-REAL 2 cohort study exploring the association of SGLT2i class exposure vs.

OADs on ACM [56]. SGLT2is were associated with a reduction in the ITT (Table S14.6) and

on-treatment analyses, in those with and without established CVD groups (DNS) for ACM alone

(Table S6.4). The CIs were narrow

2.5 A medium-sized 2019 Scandinavian cohort study explored the association of SGLT2i class vs. DPP4i

on CVD mortality [44]. SGLT2is showed a neutral association with CVD mortality in the

population overall in the ITT analysis (Table S14.1) but a reduced association in the on-treatment

analysis (DNS). For ACM, SGLT2i use was associated with a reduction in the risk of ACM in the

ITT (Table S14.1) and on-treatment groups (DNS). The CIs were narrow

2.6 A medium-sized 2019 Israeli case–control explored the association of SGLT2i class exposure vs.

DPP4i on ACM [34]. This study showed an associated reduction in the odds of ACM in both the

crude (DNS) and the adjusted model for SGLT2is (secondary analysis, Table S14.2). The CIs were

wide

Canagliflozin

2.7 A medium-sized 2018 American cohort study comparing canagliflozin exposure pairwise with

DPP4i, GLP-1RAs and SUs showed a neutral effect of CVD mortality in all comparisons

(Table S14.9). These associations remained stable when adjusted for baseline HbA1c level (DNS)

[45]. For ACM, there was a neutral association with canagliflozin (part of CVD composite) overall

(Table S14.9) and in primary/secondary CVD prevention. These associations remained

stable when adjusted for baseline HbA1c level (DNS). The CIs were wide for all comparisons

Dapagliflozin

2.8 A medium-sized 2017 Swedish study explored the effect of dapagliflozin vs. insulin’s association with

ACM [61]. Dapagliflozin exposure was associated with a reduced risk of ACM in both those with,

with narrow CIs, and without pre-existing CVD, with wider CIs than those with CVD

(Table S14.10)
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Myocardial Infarction (MI) and Stroke Com-
posite Two studies investigated the composite
of MI and stroke. For the SGLT2i class pairwise
(head-to-head) vs. sulfonylureas (SUs) and
DPP4is as a primary outcome there was an
associated reduction in the composite for both
comparisons (established CVD ca. 12% com-
pared to 45–75% [2, 3, 5] in the CVOTs,
Tables 1.9, S6.1) [37]. For canagliflozin pairwise
vs. DPP4is, glucagon-like peptide 1 receptor
agonists (GLP-1Ras) and SUs there was a neutral
effect on a CVD composite and for the indi-
vidual components in all three comparisons
(established CVD ca. 11% vs. 73% [5] in the
CVOT, Tables 1.14, S6.6, S11, S12) [45]. There
was also a neutral effect in the expanded

composite and in secondary CVD prevention
subgroup.

Other Composites For SGLT2i class vs. DPP4is,
a study explored the composite of HHF, IHD,
stroke and peripheral arterial disease (PAD) as a
primary outcome (baseline CVD 4.3–5.5%
compared to 45–75% [2, 3, 5] in the CVOTs) and
reported a neutral association in the population
overall, and in primary/secondary CVD pre-
vention (Tables 1.8 and S6.2) [62].

Dapagliflozin exposure was compared in four
studies to OAD [49], non-users [59], insulin [61]
and head-to-head with empagliflozin [47]. Ver-
sus OAD, exposure was associated with a neutral
effect on an incident CVD composite as a

Table 2 continued

Exposure/study
number

Study summary

2.9 A small 2017 UK cohort study explored the association between dapagliflozin and unexposed

controls on ACM [49]. There was an associated reduction in ACM in the both the low-risk (of

CVD) population and the population overall for dapagliflozin with narrow CIs (including those

with prevalent CVD) (Table S14.11)

2.10 A medium-sized 2019 Swedish cohort study examined the association between dapagliflozin vs. non-

SGLT2i OADs on CVD mortality and ACM [60]. Dapagliflozin exposure was associated with a

lower risk of CVD mortality (MACE component) in both the ITT (Table S14.7) and on-

treatment groups (DNS). For ACM, dapagliflozin was associated with a lower risk of ACM in

both analyses (ITT, Table S14.7). The CIs were narrow

2.11 A medium-sized 2018 CVD-REAL sub-analysis investigated the effect of dapagliflozin vs. DPP4i on

CVD mortality (MACE component) and ACM (single outcome) [64]. This study showed a

neutral association on CVD mortality in the on-treatment analysis (Table S14.8). For ACM there

was a reduced association (Table S14.8). The results for both outcomes remained stable in

subgroup/sensitivity analysis (DNS). The CIs were narrow

Dapagliflozin head-to-head with empagliflozin

2.12 A medium-sized 2019 Taiwanese cohort study explored the association of dapagliflozin head-to-head

with empagliflozin for CVD mortality [47]. Dapagliflozin showed a neutral association with CVD

mortality ((Table S14.12) as part of a composite outcome), with wide confidence intervals,

(stable in sensitivity analyses, DNS). The CIs were wide

ACM all-cause mortality, AHA antihyperglycemic agent, CI confidence interval, CVD cardiovascular disease, CVD-REAL
Comparative-Effectiveness of Cardiovascular Outcomes in New Users of Sodium–Glucose Cotransporter-2 Inhibitors,
DNS data not shown, DPP4i dipeptidyl peptidase 4 inhibitor, GLP-1RA glucagon-like peptide 1 receptor agonist, HbA1c
glycated haemoglobin, HHF hospitalised heart failure, ITT intention to treat, MACE major adverse cardiovascular event,
OAD oral anti-hyperglycaemic drug, SGLT2i sodium–glucose co-transporter 2 inhibitor, SU sulfonylurea
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secondary outcome (MI, IHD, stroke/TIA, HHF
and left ventricular dysfunction; baseline IHD
13.2–14.8% compared to 40.5% [3] in the
CVOT; Tables 1.18 and S6.8.) in a low-risk of
CVD population (* primary prevention) [49].
Versus non-users, exposure was associated with
a neutral effect on a composite of IHD, cere-
brovascular disease, HHF, cardiac arrhythmias
or coronary revascularisation, as a secondary
outcome (baseline IHD not reported,
Tables 1.20 and S6.9) [59]. Versus insulin,
exposure was associated with a reduction of the
composite of fatal and non-fatal CVD as a pri-
mary outcome (MI, stroke, UA, HHF and CVD
death; prior MI 9% vs. 40.5% any atheroscle-
rotic history [3] from the CVOT, Tables 1.17 and

S6.7) [61]. Head-to-head with empagliflozin,
exposure was associated with a neutral effect on
the composite (as a primary outcome) of MI,
stroke and HHF (baseline IHD 14.3% vs. 40.5%
[3] in CVOT, Tables 1.15 and S6.10) [47].

MACE

MACE was defined as a composite of mortality
(we allowed the mortality definition to be both
CV mortality and ACM), non-fatal MI and non-
fatal stroke (± other outcomes, reported
separately).

Three studies explored the association with
MACE for the SGLT2i class in patients with
lower baseline CVD (6–25% [44, 54, 66]) than

Table 3 Renal outcomes summary

Exposure/study
number

Study summary

SGLT2i class

3.1 A medium-sized 2018 Scandinavian study using Sweden and Denmark’s population registers,

analysed separately, explored SGLT2i class vs. GLP-1RAs’ (only Sweden for the maximally

adjusted model) association with AKI [50]. Both the unadjusted and maximally adjusted HR

showed a neutral association for AKI in those exposed to SGLT2i but both CIs were wide

(Table S15.1, Fig. 2). The CIs were moderately wide. In subgroups analysis, the effects remained

stable except in those with pre-existing CVD, which was associated with a reduction in AKI

(DNS)

3.2 A medium-sized 2019 Israeli study explored the deterioration of CKD status and hospitalisation for

AKI in those exposed to SGLT2i class vs. DPP4i [34]. SGLT2i exposure was associated with a

reduced odds of the composite of hospitalisation with AKI, initiation of dialysis and sustained

eGFR\ 15 but with no effect on deterioration of CKD category (Table S15.2, Fig. 2). The CIs

were narrow

3.3 A small 2017 American cohort study compared the use of SGLT2i class vs. OAD, in two separate

datasets, analysed separately, on the association with AKI [43]. Two definitions of AKI (KDIGO

and ICD) were used and SGLT2i exposure was associated a reduction AKI in the MS dataset

(adjusted and unadjusted) but not the smaller GHS dataset, where the associated effect attenuated

in the adjusted model (Table S15.3, Fig. 2). The CIs were narrow. These results remained

stable when SGLT2i drugs were analysed individually

AKI acute kidney injury, CKD chronic kidney disease, CI confidence interval, CVD cardiovascular disease, DNS data not
shown, DPP4i dipeptidyl peptidase 4 inhibitor, eGFR estimated glomerular filtration rate, GHS Geisinger Health System,
GLP-1RA glucagon-like peptide 1 receptor agonist, HR hazard ratio, ICD International Classification of Diseases, KDIGO
Kidney Disease: Improving Global Outcomes,MSMount Sinai chronic kidney disease registry, SGLT2i sodium–glucose co-
transporter 2 inhibitor
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Table 4 Amputation study summary

Exposure/study
number

Study summary

SGLT2i class

4.1 A large 2019 American cohort study compared SGLT2i class exposure vs. DPP4is and SUs on the

risk of LLA [37]. This study reported that compared to SUs, SGLT2i use was associated with a

lower risk of LLA but neutral compared to DPP4is (Table S16.1, Fig. 3). The CIs were narrow

4.2 A medium-sized 2018 American cohort study compared the hazard of LLA associated with SGLT2i

class exposure vs. DPP4is and SUs [52]. The study reports an elevated association of LLA

compared to DPP4i and a neutral association compared to SUs in all analyses with wide CIs for

both comparisons. Overall, 83% of the amputations were of the toe and metatarsal (Table S16.2,

Fig. 3). In subgroup analysis, characteristics associated with an increased LLA risk were history of

amputation, baseline insulin use and history of CKD in both analyses (but metformin use and

history of CVD-only in the SU comparison, DNS). Results remained stable in sensitivity analysis,

expect for canagliflozin alone, which had a higher HR (DNS)

4.3 A medium-sized 2018 American cohort study investigated the association of SGLT2i class vs. DPP4i

with LLA [33]. The maximally adjusted HR suggests SGLT2i exposure was associated a neutral

effect on risk of LLA (Table S16.3, Fig. 3). The CIs were wide. Three-quarters of detected

amputations occurred at the level of partial foot. In subgroup analysis, there was a neutral

association for increased risk in those aged C 65 years, with pre-existing PVD or with at C 1

vascular complication of diabetes (‘high-risk group’, DNS). The risk of amputation was higher in

the dapagliflozin or empagliflozin group than the canagliflozin group and the results remained

stable in sensitivity analysis (DNS)

4.4 A medium-sized 2019 Scandinavian study compared association of LLA (as a supplementary

analysis) in SGLT2i class vs. DPP4i [44]. The study reports a neutral association (Table S16.4,

Fig. 3). The CIs were wide

4.5 A medium-sized 2018 American study investigated the association of SGLT2i class vs. GLP-1RAs

and DPP4i with LLA with a neutral association in both comparisons (Table S16.5, Fig. 3) [35].

The CIs were wide. Compared to users of older T2D drugs (metformin, TZDs and SUs), SGLT2i

exposure was associated with an increased risk of vascular ulcers, osteomyelitis and PVD but not

compared to DPP4is/GLP-1RA (DNS). Results remained stable in sensitivity analysis, except that

when those with prior amputation were included SGLT2i exposure was associated with increased

risk (DNS)

4.6 A medium-sized 2018 Scandinavian study explored the association of SGLT2i class vs. GLP-1RA for

LLA [50]. There was an increased associated risk of amputation overall (but not toe and metatarsal

amputation) in both the whole population (Sweden and Denmark) and the maximally adjusted

model (Sweden only) (Table S16.6, Fig. 3). The CIs were wide. In subgroup analysis, the

associations remained stable geographically and for sex, although there was an associated increased

risk in those ages\ 65 years and in those with pre-existing CVD (but not previous amputation,

DNS)
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the CVOTs (45–75% [2, 3, 5]) but with incon-
sistent findings. One study (vs. OAD) showed a
surprising associated reduction in the primary
CVD prevention subgroup but not in the sec-
ondary prevention subgroup or the population
overall, where the largest expected benefit
might be in those with pre-existing CVD
(Tables 1.3, S7.2) [54]. Versus OAD (SGLT2i
non-users) exposure was associated with a
reduction in MACE (secondary outcome) in
both the intention-to-treat (ITT) and on-treat-
ment analysis and also in primary/secondary
CVD prevention subgroups (Tables 1.6, S7.3)
[66]. Versus DPP4is, there was an associated
reduction in MACE in the on-treatment but not
in the ITT analysis (consistent in primary/sec-
ondary CVD prevention) (Tables 1.10, S7.1)
[44].

For dapagliflozin versus dipeptidyl pepti-
dase 4 inhibitor (DPP4i) (CVD-REAL sub-

analysis, 23% pre-existing CVD), a reduced
association for MACE was demonstrated (and
for the expanded composite) in both the ITT
and on-treatment analyses (Tables 1.16, S7.4)
[64]. Versus OAD (a CVOT inclusion/exclusion
emulation for dapagliflozin, but with 10%-less
established CVD), exposure was associated with
a reduction in MACE in the on-treatment, but
not the ITT, analysis, driven by a reduction in
CV mortality (Tables 1.19, S7.5) [60].

Myocardial Infarction

MI was always a composite component.
For the SGLT2i class vs. OAD (CVD-REAL

sub-analysis, 13% established CVD), exposure
was associated with a decrease in MI events (on-
treatment and ITT analyses) with benefit in
primary/secondary CVD prevention (Tables 1.2,

Table 4 continued

Exposure/study
number

Study summary

4.7 A large 2018 American cohort study investigated the association of SGLT2i class vs. non-SGLT2i

with incident BKA [66]. There was an associated increased risk of BKA in the ITT group (DNS)

and a neutral association risk of BKA in the on-treatment group, although the CIs were wide

(Table S16.7, Fig. 3). Subgroup analyses suggest an associated elevated risk of BKA in men, those

on insulin, those not exposed to GLP-1RA, those with C 2 CV risk factors and in those with pre-

existing renal disease (CIs wider still, DNS)

Canagliflozin

4.8 A large 2018 American cohort study investigated the association between canagliflozin vs. OAD

(excluding metformin) on BKA [68]. Authors report a neutral association for risk of amputation

(Table S16.8, Fig. 3). The CIs were wide. The results remained stable in sensitivity analysis (DNS)

Dapagliflozin

4.9 A medium-sized 2019 Scottish study cohort study sought to determine a dose–response effect of

dapagliflozin exposure (vs. non-exposure) on LLA [59]. Dapagliflozin was associated with a neutral

risk of amputation but with wide CIs (Table S16.9, Fig. 3)

BKA below-knee amputation, CI confidence interval, CKD chronic kidney disease, CVD cardiovascular disease, DNS data
not shown, DPP4i dipeptidyl peptidase 4 inhibitor, GLP-1RA glucagon-like peptide 1 receptor agonist, HR hazard ratio,
ITT intention to treat, LLA lower limb amputation, OAD oral anti-hyperglycaemic drug, PVD peripheral vascular disease,
SGLT2i sodium–glucose co-transporter 2 inhibitor, SU sulfonylurea, T2D type 2 diabetes, TZD thiazolidinedione
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S8.6) [57]. This contrasts with another CVD-
REAL sub-analysis (SGLT2i vs. OAD) with a
neutral association on MI (Tables 1.3, S8.5) [54].
There was a reduced association in CVD-REAL 2
(geographically distinct to CVD-REAL, vs. OAD,
27% established CVD at baseline) for MI in the
ITT, on-treatment (OT) and adjusted analyses
(overall and in primary/secondary CVD pre-
vention) (Tables 1.4, S8.4) [56] A further study
revealed a neutral association, vs. OAD, for MI
(secondary outcome) in ITT (but reduced in OT
analysis), and stable in primary/secondary CVD
prevention subgroup (Tables 1.6, S8.7) [66].

Versus DPP4i there was a neutral association in
two studies [44, 62] for MI/IHD; for one study
both in ITT (Tables 1.10, S8.2) and OT analyses
[44]; and for the other study the association
remained stable regardless of baseline glycated
haemoglobin (HbA1c) and metformin use
(Tables 1.8, S8.1) [62]. Whereas versus DPP4i or
SUs, there was a negative association for MI in
both comparisons, persisting in primary/sec-
ondary CVD prevention subgroups but indi-
viduals aged less than 65 years benefitting more
(Tables 1.9, S8.3) [37].

Table 5 DKA study summary

Exposure/study
number

Study summary

SGLT2i class

5.1 A medium-sized 2018 Scandinavian study explored the association of SGLT2i class vs. GLP-1RA on

DKA [50]. SGLT2i exposure was associated with a neutral risk of DKA in both unadjusted

(Sweden and Denmark) and the maximally adjusted population (Sweden only) but with very wide

CIs (Table 11.1, Fig. 4). In subgroup analysis, those aged\ 65 years appeared to be at increased

risk of DKA vs. older users (DNS)

5.2 A large 2019 South Korean study comparing SGLT2i class exposure vs. DPP4i on DKA risk [41].

Authors report neutral association for DKA (with no evidence of a duration–response effect,

Table S17.2, Fig. 4) and narrow CIs. Subgroup analysis in those with microvascular disease and

those exposed to diuretics had a higher associated HR but remained non-significant (DNS)

5.3 A medium-sized 2019 Scandinavian study also explored the association of SGLT2i class vs. DPP4i

on DKA (supplementary analysis) [44]. There was a positive association with DKA (Table S17.3,

Fig. 4). The CIs were wide

5.4 A medium-sized 2017 US study compared SGLT2i class vs. OADs (excluding metformin) on DKA

[67]. There was a neutral association for DKA but with extremely wide CIs (broad definition,

DNS), which attenuated with a more specific definition of T2D (Table S17.4, Fig. 4). The specific

definition attempted to exclude possible T1D; this reduced the analysis population by 10% but

DKA events by[ 50%. In the per-protocol sensitivity analysis, SGLT2i exposure was associated

with a significant risk of DKA under the broad definition but not in the specific definition (DNS)

Dapagliflozin

5.5 A medium-sized 2019 Scottish study explored the association of dapagliflozin vs. non-exposure on

the rates of DKA, seeking a dose–response effect [59]. There was an associated neutral DKA risk

but the CIs were wide (Table S17.5, Fig. 4)

CI confidence interval, DKA diabetic ketoacidosis, DNS data not shown, DPP4i dipeptidyl peptidase 4 inhibitor, GLP-
1RA glucagon-like peptide 1 receptor agonist, HR hazard ratio, OAD oral anti-hyperglycaemic drug, SGLT2i
sodium–glucose co-transporter 2 inhibitor, T2D type 2 diabetes
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For canagliflozin vs. DPP4i, GLP-1RAs and
SUs there was a neutral association for MI in all
pairwise comparisons (Tables 1.14, S8.10, S11,
S12) [45].

For dapagliflozin (vs. DPP4i, CVD-REAL sub-
analysis) there was a neutral association with MI
(Tables 1.16, S8.9) [64], and similar in another
study, vs. OADs, where there was neutral asso-
ciation in all analyses (Tables 1.19, S8.18) [60].
A head-to-head comparison vs. empagliflozin
showed a neutral association with MI
(Tables 1.15, S8.11) [47].

Stroke

Non-fatal stroke was always a composite
component.

For SGLT2i class vs. OADs (CVD-REAL sub-
analysis) there was an associated reduction in
stroke (ITT and OT analysis, Tables 1.2, S9.6)
[57], although another CVD-REAL sub-analysis
suggests a neutral association (Tables 1.3, S9.5)
[54]. For CVD-REAL 2 study, vs. OADs, there
was a reduced association for stroke (all analy-
ses) (Tables 1.4, S9.4) [56]. Versus OADs, there

Table 6 Bone fracture study summary

Exposure/study
number

Study summary

SGLT2i class

6.1 A medium-sized 2018, Scandinavian study investigated the association of SGLT2i class vs. GLP-

1RAs on fracture risk [50]. Both the unadjusted (Sweden and Denmark) and the maximally

adjusted population (Sweden-only) data showed an associated increased fracture risk, with narrow

CIs (Table S18.1, Fig. 5). This association remained stable when hospitalised fractures and

osteoporotic fractures were analysed separately (DNS)

6.2 A medium-sized 2019 German nested, 1:40 matched, case–control study explored the association of

metformin ? SGLT2i class vs. metformin ? any OAD on upper- and lower-limb fracture [46].

There was a neutral association in both the crude (DNS) and adjusted analysis (Table S18.2,

Fig. 5), with narrow CIs. Subgroup analysis by fracture site, SGLT2i dose, falls and CVD remained

stable (DNS)

Canagliflozin

6.3 A large 2019 American cohort study assessed the association between canagliflozin vs. GLP-1RAs on

the risk of fractures in two data sources combined [38]. Canagliflozin was associated with a neutral

risk of fracture, both when the data sources were analysed separately (DNS) and combined

(Table S18.3, Fig. 5) with narrow CIs. There was a neutral association with an elevated risk of

fracture in subgroup/sensitivity analysis (DNS)

Dapagliflozin

6.4 A small 2018, UK study cohort study investigated the association of dapagliflozin exposure vs.

dapagliflozin-unexposed persons on any fracture risk [48]. The study reported a neutral association

of dapagliflozin on fragility fractures (defined by site: vertebral, humerus, proximal femoral, distal

radius; DNS) and all fractures (Table S18.4, Fig. 5). The CIs were narrow. The results remained

stable in sensitivity analysis in those at higher risk of fracture (DNS)

CI confidence interval, CVD cardiovascular disease, DNS data not shown, GLP-1RA glucagon-like peptide 1 receptor
agonist, OAD oral anti-hyperglycaemic drug, SGLT2i sodium–glucose co-transporter 2 inhibitor, T2D type 2 diabetes
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Table 7 Genitourinary infections (UTI/GMI)

Outcome/exposure/study
number

Study summary

Urinary tract infection

7.1 A medium-sized 2018 Scandinavian study explored the association of SGLT2i class vs. GLP-

1RA on UTI [50]. There was a neutral association for UTI in whole population and also in

the maximally adjusted (Sweden only) population with narrow CIs (Table S19.1, Fig. 6),

stable in all subgroup analyses (DNS)

7.2 A large 2019 American cohort study explored the association of SGLT2i class vs. GLP-1RA

and DPP4i on UTI [36]. SGLT2is were associated with lower risk of UTI vs. GLP-1RA but

neutral vs. DPP4is with narrow CIs (Table S19.2, Fig. 6), consistent in subgroup and

sensitivity analysis (DNS)

7.3 A small 2017 Australian cohort study explored the association of SGLT2i class vs. DPP4i

exposure on UTI [39]. There was a neutral association for UTI (Table S19.3, Fig. 6) with

moderately wide CIs

7.4 A medium-sized 2019 Canadian cohort study explored the association for UTI in older

people comparing SGLT2i class exposure vs. DPP4i, seeking a duration–response effect

[42]. There was a reduced association with UTI at 30, 90 and 120 days post-initiation

overall, with narrow CIs (Table S19.4, Fig. 6; 120 days, other DNS) and in both men and

women when analysed separately (DNS)

Canagliflozin

7.5 A medium-sized 2017 American cohort study explored the association of canagliflozin

exposure vs. non-canagliflozin AHAs on the risk of UTI [53]. There was a neutral

association of canagliflozin on UTI with narrow CIs (Table S19.6, Fig. 6), stable in

sensitivity analysis (DNS)

Genital mycotic infection

SGLT2i class

7.6 A small 2017 Australian study investigated the association of SGLT2i class vs. DPP4i exposure

on GMI [39]. There was an increased association for GMI (Table S19.3, Fig. 7) but with

wide CIs

7.7 A medium-sized 2019 Canadian study explored the association of SGLT2i class vs. DPP4i on

GMI, seeking a duration–response effect [42]. There was an elevated associated risk of

GMI, sustained over time, in the overall population with narrow CIs (Table S19.4, Fig. 7;

120 days, other DNS) and in both men and women when analysed separately, stable in

sensitivity analysis (DNS)
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was a neutral association (ITT analysis, mar-
ginally beneficial in the OT) (Tables 1.6, S9.7)
[66].

Versus DPP4i and SUs, for class exposure,
there was a reduced association for stroke for
both comparisons, persisting in subgroup anal-
ysis (Tables 1.9, S9.1) [37]. Versus DPP4i, expo-
sure was associated with a neutral effect for
primary/secondary CVD prevention (Tables 1.8,
S9.2) [62], a finding replicated in another study
with the same comparison (both ITT and OT
analysis) (Tables 1.10, S9.3) [44].

For canagliflozin (versus DPP4i, GLP-1RA
and SUs, pairwise) a neutral association with
stroke was observed (Tables 1.14, S9.10, S11,
S12) [45].

For dapagliflozin head-to-head with empa-
gliflozin there was a neutral association with
stroke (Tables 1.15, S9.11) [47]. Versus DPP4is,
there was a neutral association with stroke risk,
stable in subgroup/sensitivity analysis
(Tables 1.16, S9.9) [64]. Versus DPP4i (CVD-

REAL sub-analysis) a neutral association for
stroke was observed [64], which was similar in
another study (vs. OADs, ITT and OT)
(Tables 1.19, S9.8) [60].

Heart Failure

HF was explored either alone, as part of a
composite or with proxies.

For SGLT2i class, vs. OAD, both CVD-REAL
and CVD-REAL 2 main analyses showed an
associated reduction in HHF, holding in sensi-
tivity/subgroup analysis (Tables 1.3, S10.10;
Tables 1.4, S10.9; Tables 1.1, S10.7) [54, 56, 58].
Versus OADs there was an associated reduction
in HHF (in both those with and without base-
line HF, Tables 1.6, 4.7) [66]. As a proxy for HF,
versus OAD, there was an associated reduction
in incident loop-diuretic prescriptions follow-
ing exposure but not for dose change/prescrip-
tion cessation (Tables 1.11, S10.8) [51].

Table 7 continued

Outcome/exposure/study
number

Study summary

7.8 A medium-sized 2018 American study explored the (within-person) association of SGLT2i

class with GMI using a prescription symmetry analysis (antifungal prescription rates as

proxy for GMI) before and after SGLT2i initiation [32]. There was an associated increased

risk of antifungal prescription at 30, 60, 90, 180 and 365 days post-initiation, suggesting

sustained risk (Table S19.5 for 365 days, other DNS). The association remained in

subgroup analysis for both men and women (but women at higher risk, DNS).

Canagliflozin was associated with a higher risk of an antifungal prescription compared to

dapagliflozin and empagliflozin exposure (individual drug analysis, DNS)

Canagliflozin

7.9 A medium-sized 2017 American cohort study explored the association of canagliflozin vs.

non-canagliflozin controls with GMI [53]. There was an increased association overall for

GMI (Table S19.6, Fig. 7); but when analysed separately, the association remained for

women but not for men (DNS). The CIs were narrow

AHA antihyperglycemic agent, CI confidence interval, DNS data not shown, DPP4i dipeptidyl peptidase 4 inhibitor, GLP-
1RA glucagon-like peptide 1 receptor agonist, GMI genital mycotic infection, SGLT2i sodium–glucose co-transporter 2
inhibitor, UTI urinary tract infection
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Versus DPP4is, SGLT2i class exposure (13.7%
baseline atherosclerosis) was associated with a
reduction in HHF (population overall, individ-
uals aged 65 years or more, and those with pre-
existing diabetes complications; Tables 1.5,
S10.4) [55] and in the same comparison in
another study (ca. 60% baseline HF) for both

primary/secondary HF prevention (after at least
3 years in the former, Tables 1.7, S10.5) [40].
This pattern repeated in another study (vs.
DPP4i, all analyses) with the greatest associated
reduction in individuals aged 65 years or more
(Tables 1.10, S10.2) [44]. Compared to DPP4is
(and SUs) there was a reduced association in

Table 8 Hypoglycaemia study summary

Exposure/study
number

Study summary

SGLT2i class

8.1 A large 2017 Scandinavian CVD-REAL sub-analysis explored the association of SGLT2i class vs.

other OAD [54]. This study showed that compared to OADs, SGLT2i exposure use was

associated with a lower risk of hospitalised severe hypoglycaemia (Table S20.1, Fig. 8). The CIs

were narrow

Dapagliflozin

8.2 A medium-sized 2018 Scandinavian CVD-REAL sub-analysis explored the association of

dapagliflozin vs. DPP4i exposure for hospitalised severe hypoglycaemia (as sub-analysis) [64].

There was a neutral association with hypoglycaemia (Table S20.2, Fig. 8). The CIs were narrow

8.3 A medium-sized 2019 Scandinavian study examined the association between dapagliflozin vs. OADs

for hospitalised severe hypoglycaemia (as sub-analysis) [60]. There was a neutral association for

hypoglycaemia (Table S20.3, Fig. 8), with narrow CIs

8.4 A medium-sized 2017 Swedish study explored the association of dapagliflozin vs. insulin on

hospitalised severe hypoglycaemia (sub-analysis) [61]. There was a neutral association in both the

PSM (Table S20.4, Fig. 8) and the multivariate-adjusted model (DNS). The CIs were wide

ACM all-cause mortality, CI confidence interval, CVD-REAL Comparative-Effectiveness of Cardiovascular Outcomes in
New Users of Sodium–Glucose Cotransporter-2 Inhibitors, DNS data not shown, DPP4i dipeptidyl peptidase 4 inhibitor,
OAD oral anti-hyperglycaemic drug, PSM propensity score-matched, SGLT2i sodium–glucose co-transporter 2 inhibitor

Table 9 Pancreatitis study summary study

Outcome/exposure/study
number

Study summary

Pancreatitis

9.1 One medium-sized 2018 Scandinavian study explored the association of SGLT2i class vs.

GLP-1RA exposure on the pancreatitis [50]. There was a neutral association with

pancreatitis in the whole population (Sweden and Denmark, DNS), the maximally adjusted

population (Sweden only) with wide CIs (Table S21) and in subgroup analysis (DNS)

CI confidence interval, DNS data not shown, GLP-1RA glucagon-like peptide 1 receptor agonist, SGLT2i sodium–glucose
co-transporter 2 inhibitor
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both comparisons for HHF (12.6% baseline IHD,
and for primary/secondary CVD prevention,
Tables 1.9, S10.1) [37]. Versus DPP4is (with
lower baseline CVD, 5.5%), a neutral associa-
tion was observed in both primary/secondary
HF prevention, static in sensitivity analysis
(Tables 1.8, S10.3) [62].

For empagliflozin, vs. sitagliptin (25%
prevalent CVD), an associated reduction was
demonstrated for HHF (primary outcome,
Tables 1.12, S10.12) [63].

For canagliflozin (compared to all hypergly-
caemic drugs (including injectable therapies)
(AHDs), 0.3–1.4% prevalent HF), there was an
associated reduction in HHF vs. non-SGLT2i
drugs but not head-to-head with other SGLT2is
(Tables 1.13, S10.16, S13) [65]. Versus DPP4is,
GLP-1RAs and SUs, pairwise, canagliflozin was
associated with reduced HHF (all analyses)
(Tables 1.14, S10.12, S11, S12) [45].

Head-to-head, dapagliflozin vs. empagli-
flozin was associated with a reduced risk of HHF
in all analyses and adjustments (Tables 1.15,
S10.14) [47]. Versus DPP4is, exposure was asso-
ciated with reduced HHF (CVD-REAL sub-anal-
ysis) (Tables 1.16, S10.11) [64] and also
compared to OADs (Tables 1.19, S10.13) [60], in
all analyses.

Mortality

CVD mortality was always a composite compo-
nent. ACM was reported as part of a composite
and also alone as an outcome.

SGLT2i class exposure, vs. OAD (CVD-REAL
sub-analysis), was associated with a reduction in
CVD mortality (main driver of MACE reduction;
Tables 2.2, S14.4) [54]. Versus DPP4is, SGLT2i
exposure was associated with a neutral effect on
CVD mortality (Tables 2.5, S14.1) [44]. Com-
pared to OAD, there was an associated reduc-
tion in ACM in four studies, in two as a primary
outcome (Tables 2.2, S14.4; Tables 2.1, S14.3)
[54, 58], and for two as a component of a
composite in all analyses (Tables 2.4, S14.6;
Tables 2.3, S14.5) [56, 66]. Compared to DPP4is,
SGLT2i exposure was associated with a reduc-
tion in the risk of ACM in two studies
(Tables 2.6, S14.2; Tables 2.5, S14.1) [34, 44].

For canagliflozin (vs. DPP4i, GLP-1RA and
SUs, compared pairwise), exposure was associ-
ated with a neutral effect on CVD mortality
across all comparisons (Tables 2.7, S14.9, S11,
S12) [45]. Compared to DPP4i, GLP-1RAs and
SUs there was a neutral association with ACM as
a primary outcome in all pairwise comparisons
[45].

Compared to empagliflozin, dapagliflozin
exposure was associated with a neutral effect on
CVD death (Tables 2.12, S14.12) [47] and also
vs. DPP4is (Tables 2.11, S14.8) [64] and OADs
(Tables 2.10, S14.7) [60].

Dapagliflozin was associated with a reduc-
tion in ACM compared to DPP4is in a CVD-
REAL sub-analysis [64] and compared to non-
dapagliflozin controls (in both the high- and
low-risk of CVD populations; Tables 2.9, S14.11)
[49], compared to insulin (in both OT and ITT
analyses; Tables 2.8, S14.10) [61] and compared

Table 10 Venous thromboembolism study summary study

Outcome/exposure/study
number

Study summary

Venous thromboembolism

10.1 One medium-sized 2018 Scandinavian study explored the effect of SGLT2i class vs. GLP-1RA

for VTE [50]. This study showed a neutral association for VTE in the whole population

(Sweden and Denmark, DNS), the maximally adjusted population with narrow CIs

(Sweden-only, Table S22) and subgroup analysis (DNS)

CI confidence interval, DNS data not shown, GLP-1RA glucagon-like peptide 1 receptor agonist, SGLT2i sodium–glucose
co-transporter 2 inhibitor, VTE venous thromboembolism
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to OADs, as part of a composite, in both the ITT
and OT analysis (Tables 2.10, S14.7) [60].

Renal Outcomes (Acute Kidney Injury)

For SGLT2i class vs. OADs exposure was associ-
ated with a reduction of acute kidney injury
(AKI) in the unadjusted models but this effect
attenuated in the adjusted models (stable when
the analysis was repeated for individual agents
and for both AKI definitions, Kidney Disease:
Improving Global Outcomes (KDIGO) and
International Classification of Diseases (ICD);
Tables 3.3, S15.3) [43]. Versus GLP-1RAs, there
was a neutral association of SGLT2i exposure
(ICD definition, adjusted and unadjusted mod-
els) reduced in those with baseline CVD in sub-
analysis (Tables 3.1, S15.1) [50]. SGLT2i expo-
sure vs. DPP4i was associated with a reduction
in the composite renal outcome (hospitalisation
for AKI, starting dialysis or sustained reduction
in estimated glomerular filtration rate
(eGFR)\15 mL/min/1.73 m2) but with no
association in deterioration of chronic kidney
disease (CKD) category (Tables 3.2, S15.2) [34].

The renal benefit of SGLT2i exposure,
demonstrated in RCTs, appears to be replicated
in these studies, with no elevation in associa-
tion with AKI [34, 43, 50], although the CIs
were wide and all crossed unity and follow-up
time was short, suggesting these studies may be
underpowered.

Figure 2 shows the forest plot for these
outcomes.

Amputation

For the SGLT2i class four studies have a point
estimate suggesting an increased association
with amputation but with considerable uncer-
tainty. Compared to OADs subgroup analysis
(ITT) suggests an elevated association in men,
those on insulin, those not exposed to GLP-
1RAs, those with two or more CVD risk factors
and those with pre-existing renal disease
(Tables 4.7, S16.7) [66]. Versus GLP-1RAs, there
was an associated elevated risk with subgroup,
suggesting pre-existing CVD as a risk factor (but
not in other subgroups; Tables 4.6, S16.6) [50].

Compared to DPP4is (but not SUs) exposure was
associated with an increased risk of lower-limb
amputation (LLA) (mainly toe and metatarsal
loss), with baseline amputation, insulin use and
CKD highlighted as particular risk factors
(Tables 4.2, S16.2) [52]. Versus DPP4is and GLP-
1RAs there was a neutral association with LLA
(Tables 4.5, S16.5). Exposure was associated
with an elevated risk of vascular ulcers,
osteomyelitis and peripheral vascular disease
(PVD) (proxies for amputation) vs. metformin,
thiazolidinediones (TZDs) and SUs, but not
DPP4is/GLP-1RAs, data not shown (DNS)) [35].
The remaining three SGLT2i class studies sug-
gest a neutral association with amputation
compared to DPP4i (Tables 4.3, S16.3;
Tables 4.1, S16.1; Tables 4.4, S16.4) [33, 37, 44]
with previous amputation being a risk factor for
future amputation in one study [33].

Canagliflozin was compared to non-SGLT2i
agents, which showed a neutral association,
although follow-up was short (Tables 4.8, S16.8)
[68]. For dapagliflozin compared to non-da-
pagliflozin controls, exposure was associated
with a neutral association for LLA (but the 95%
CIs were wide) (Tables 4.9, S16.9) [59].

For amputation, four comparisons had a
neutral or reduced association [37, 52, 68], but
only one study (vs. SU) did not cross unity [37].
Eight comparisons yielded an effect estimate
suggesting an increased association of SGLT2i
exposure with amputation
[32, 35, 44, 50, 52, 59], with two comparisons
not crossing unity (vs. DPP4i [52] and vs. GLP-
1RA [50]). Many of the CIs were wide, suggest-
ing the studies may have been underpowered.
On balance, there appears to be a signal for
elevated LLA risk following SGLT2i exposure,
but with significant uncertainty, which may be
modulated by baseline characteristics and
comparator drug chosen.

Figure 3 shows the forest plot for these
outcomes.

Diabetic Ketoacidosis

Two studies found an increased association with
SGLT2i exposure on diabetic ketoacidosis (DKA)
(vs. GLP-1RAs Tables 5.1, S17.1 [50] and vs.
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DPP4i, as a supplemental analysis, Tables 5.3,
S17.3 [44]). In the former study, no subgroup
was at elevated risk except individuals aged less
than 65 years [50].

Other studies found a neutral association
with DKA exposure vs. DPP4i (with neutral but
higher hazard ratios (HRs) in those with
microvascular disease and on diuretics;
Tables 5.2, S17.2) [41] and compared to OADs
(Tables 5.4, S17.4) [67].

Finally, for dapagliflozin (vs. non-da-
pagliflozin controls) a neutral association was
observed for DKA but with wide 95% Cis
(Tables 5.5, S17.5) [59].

Only one study (vs. GLP-1RA) showed an
increased association for DKA but with very
wide confidence intervals [50]. Of the other four
studies, three had an effect estimate suggesting
positive association [44, 59, 67] and one sug-
gesting negative association [41]; three
[44, 59, 67] of these had wide CIs suggesting the
studies may be underpowered.

Figure 4 shows the forest plot for these
outcomes.

Fracture

Four studies explored the association of SGLT2i
exposure on fracture risk [38, 46, 48, 50].

For SGLT2i class, vs. OADs, a neutral associ-
ation was observed on fractures overall and in
subgroup analysis (Tables 6.2, S18.2) [46]. Ver-
sus GLP-1RAs, SGLT2i exposure was associated
with a neutral effect on all fractures and also
major osteoporotic fractures (Tables 6.1, S18.1)
[50]. For canagliflozin (vs. GLP-1RA) there was a
neutral association with fracture risk stable in
all analyses, although follow-up was short
(Tables 6.3, S18.3) [38]. For dapagliflozin (vs.
unexposed controls) a neutral association was
observed on all fractures and also fragility frac-
tures (Tables 6.4, S18.4) [48].

All of the confidence intervals crossed unity.
Figure 5 shows the forest plot for these

outcomes.

Genitourinary Infections

Urinary Tract Infections
For SGLT2i class (vs. GLP-1RAs), a neutral asso-
ciation was observed on urinary tract infection
(UTI) risk across all subgroups (Tables 7.1,
S19.1) [50].

A study comparing the association of UTI
risk of SGLT2i exposure to GLP-1RAs and
DPP4is found a neutral association compared to
GLP-1RA but a reduced risk compared to DPP4is
(Tables 7.2, S19.2) [36]. Compared to DPP4is
alone, SGLT2i exposure was also associated with
a neutral risk of UTI (Tables 7.3, S19.3) [39].
However, another analysis comparing SGLT2i
exposure to DPP4i (in older people) found a
reduced association for UTI in both men and
women (Tables 7.4, S19.4) [42]. Finally, for
canagliflozin (vs. non-canagliflozin controls), a
neutral association was observed for UTI and
also in sensitivity analysis (Tables 7.5, S19.6)
[53].

Figure 6 shows the forest plot for these
outcomes.

Genital Mycotic Infections
For the SGLT2i class, vs. DPP4i, exposure was
associated with an increased risk of genital
mycotic infection (GMI) (Tables 7.6, S19.3) [39].
In the same comparison in a different study,
exposure was associated with an increased risk
in both men and women, which persisted over
time (Tables 7.7, S19.4) [42]. In a prescription
symmetry analysis (using antifungal prescrip-
tions as a proxy for GMI), SGLT2i class exposure
was associated with an increased risk of receiv-
ing a prescription for treatment of GMI in both
men and women over time but with women
receiving more treatment prescriptions (with
the strongest association for canagliflozin)
(Tables 7.8, S19.5) [32].

For canagliflozin, vs. non-canagliflozin con-
trols, there was an elevated association of
exposure with GMI overall, but when men and
women were analysed separately only women
had an elevated association (Tables 7.9, S19.6)
[53].

All three studies which explored GMI
showed a significantly elevated association of
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Table 11 Current RCT and other evidence related to outcomes

Outcome RCT evidence summary

Major adverse

cardiovascular events

Both empagliflozin and canagliflozin reduce cardiovascular morbidity and mortality in patients

with T2D at high CVD risk, on the basis of CVOT data

For MACE

Empagliflozin, HR 0.86 (95% CI 0.74, 0.99)

Canagliflozin, HR 0.86 (96% CI 0.75, 0.97)

Dapagliflozin, HR 0.93 (95% CI 0.84, 1.03) does not improve these outcomes [2, 3, 5]

Myocardial infarction For non-fatal MI, none of the CVOTs showed a significant reduction in this component of

the MACE composite

Empagliflozin, HR 0.87 (95% CI 0.70, 1.09)

Canagliflozin, HR 0.85 (95% CI 0.69, 1.05)

Dapagliflozin, HR 0.77 (95% CI 0.77, 1.01)

This was not a primary outcome meaning the trials were not specifically powered to detect this

[2, 3, 5]

Stroke For non-fatal stroke, all of the CVOTs showed a neutral effect on this component of the

MACE composite

Empagliflozin, HR 1.24 (95% CI 0.92, 1.67)

Canagliflozin, HR 0.90 (95% CI 0.71, 1.15)

Dapagliflozin, HR 1.01 (95% CI 0.84, 1.21)

There was a trend towards an increased risk in the case of empagliflozin; this was not a

primary outcome and the trials were not powered to detect this [2, 3, 5]

Heart failure For hospitalised HF all three CVOTs suggest that SGLT2i exposure leads to a reduction in

this outcome

Empagliflozin, HR 0.65 (95% CI 0.50, 0.85)

Dapagliflozin, HR 0.73 (95% CI 0.61, 0.88)

Canagliflozin, HR 0.67 (95% CI 0.52, 0.87) [2, 3, 5]

The DAPA-HF trial, in patients with and without T2D with baseline HF, showed a

reduction for first worsening of HF, CVD mortality and ACM [4]

Mortality The CVOT trials returned the following results for mortality outcomes

Empagliflozin: CVD mortality, HR 0.62 (95% CI 0.49, 0.77); ACM, HR 0.68 (95% CI 0.57,

0.82)

Canagliflozin: CVD mortality, HR 0.87 (95% CI 0.72, 1.06); ACM, HR 0.87 (95% CI 0.74,

1.01)

Dapagliflozin: CVD mortality, HR 0.98 (95% CI 0.82, 1.17); ACM, HR 0.93 (95% CI 0.82,

1.04) [2, 3, 5]
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Table 11 continued

Outcome RCT evidence summary

Renal outcomes Post-marketing reports to the FDA have suggested that both canagliflozin and dapagliflozin

are associated with AKI, particularly after immediate treatment initiation. This is

multifactorial because of volume depletion, hypotension or on concomitant nephrotoxic

drugs [69]. However, both CVOTs and RCTs designed to test the effect on SGLT2is in

diabetic nephropathy suggest that empagliflozin, canagliflozin and dapagliflozin are

associated with a reduced incidence of worsening nephropathy (although the benefit may be

reduced in those with more severe renal disease at baseline, possibly via a direct renovascular

effect) [70]

Empagliflozin showed a reduction in the composite of progression of microalbuminuria,

doubling of serum creatinine, initiation of RRT or death from renal causes, HR 0.61 (95%

CI 0.53, 0.70) [71]

For canagliflozin, there was a reduction of the composite of ESRD, doubling of serum

creatinine or death from cardiovascular and renal causes, HR 0.70 (95% CI 0.59, 0.82) [6]

In the case of dapagliflozin, exposure was associated with a reduction of the composite of

C 40% in eGFR, new ESRD or death from cardiovascular or renal causes, HR 0.76 (95% CI

0.67, 0.87) [3]

Amputation SGLT2is, and particularly canagliflozin, have been associated with increased risk of

amputation. Two RCTs investigating canagliflozin demonstrated a two-fold increase in the

risk of (mainly toe and foot) amputation with those with PVD, neuropathy and prior

amputation at the most elevated risk (IRR per 1000 patient-years, 5.9 vs. 2.8 (CANVAS)

and 7.5 vs. 4.2 (CANVAS-R) [5]). Pharmacovigilance studies have also demonstrated an

increased risk of amputation. Absolute numbers were low and the proportionality reporting

ratio of adverse event descriptions may have been biased by knowledge of concern around

SGLT2i exposure and amputation risk, making such events more likely to be reported in

those taking SGLT2i [15]

Diabetic ketoacidosis DKA, often euglycaemic, has been reported in people taking SGLT2i agents, particularly

canagliflozin. In all three CVOTs the numbers of DKA events were numerically higher in

those exposed to SGLT2is but the absolute numbers were low

Empagliflozin: n = 4 vs. 1

Canagliflozin: IRR 0.6 per 1000 patient-years vs. 0.3

Dapagliflozin: HR 2.18 (95% CI 1.1, 4.3) [2, 3, 5]

Case series have also described associating SGLT2i exposure with an increased risk of DKA

[23]
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Table 11 continued

Outcome RCT evidence summary

Bone fracture SGLT2i exposure, especially canagliflozin, has been associated with an increased fracture risk.

Putative mechanisms include trauma following postural hypotension brought about by the

volume-depleting effect of SGLT2is (increased risk soon after therapy initiation) or a

reduction of BMD (which would lead to a slower increase in risk of fracture as bone mineral

depletion necessarily takes time)

In RCTs involving canagliflozin some, but not all, demonstrated a higher risk of fracture in

those exposed to canagliflozin [6, 25]. For instance, a dose–response effect was demonstrated

in patients taking 100 mg and 300 mg of canagliflozin (IRR 1.4 and 1.5 fracture per

100 patient-years) and was elevated compared to placebo (IRR 1.1 per 100 patient-years)

[25]. In a BMD trial, canagliflozin, when compared to placebo, was associated with a

progressive decline in BMD at the hip, with larger daily doses associated with a greater

decline in BMD [7, 10]

Trials of dapagliflozin on BMD did not show an effect [18] and neither did pooled trial

analysis of fracture risk for empagliflozin [16]

Meta-analysis of safety outcomes did not find an increased fracture risk for empagliflozin and

dapagliflozin, and the elevated OR for canagliflozin was not statistically significant, OR 1.15

(95% CI 0.71, 1.88), although the source studies were not powered to detect fracture as an

outcome [24]

Genitourinary infection RCTs of SGLT2is show a two- to four-fold increase in the incidence of genitourinary

candidiasis, with vulvovaginal candida infection occurring in 10–15% of women exposed,

compared to placebo [8, 22]. Meta-analyses have also found that exposure to SGLT2is is

associated with an increased risk of female genital candida infection [12, 19, 72]

Also, there have been descriptions of SGLT2is being associated with urological sepsis and

pyelonephritis, as well as necrotising fasciitis of the perineal tissues [9, 14, 17]

Hypoglycaemia SGLT2i are insulin-independent agents and are not associated with an elevated risk of

hypoglycaemia when not co-prescribed with treatment that cause hypoglycaemia. They

reduce the risk of hypoglycaemia compared to SUs and insulin, and hence may be indicated

in people at high risk of hypoglycaemia (and weight gain); however, they may increase the

risk of hypoglycaemia when co-prescribed with these other drugs [11, 20, 26]

Pancreatitis SGLT2is have not been reported, in the literature, to cause an increased risk of pancreatitis.

However T2D, in and of itself, is associated with an increased risk of pancreatitis compared

to those without the condition [13, 21]
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SGLT2i exposure with GMI [39, 42, 53]. There
appears to be an increased association for both
men and women, although women may be at
greater risk.

Figure 7 shows the forest plot for these
outcomes.

Hypoglycaemia

For the SGLT2i class, compared to OAD, expo-
sure was associated with a reduced risk of
hypoglycaemia (Tables 8.1, S20.1) [54]. For
dapagliflozin, compared to insulin, the associa-
tion was neutral, although the CIs were wide
(Tables 8.4, S20.4) [61]. However, when com-
pared to DPP4is (Table 8.2, S20.2) [64] and OAD
(Tables 8.3, S20.3) [60] the associations
observed were neutral.

Figure 8 shows the forest plot for these
outcomes.

Pancreatitis

Although T2D itself raises the risk of pancre-
atitis, the one study we identified exploring the
effect of SGLT2i exposure compared to GLP-1RA
(which may be associated with increased risk) a
neutral association was observed in all analyses
(Tables 9.1, S21) [50].

Venous Thromboembolism

As a result of the diuretic effect of SGLT2i
agents, it had been proposed that exposure may
lead to haemoconcentration, and hence to ele-
vated risk of venous thromboembolism (VTE).
The one study we found exploring SGLT2i
exposure (compared to GLP-1RAs) on VTE risk
found a neutral association in the population
overall and in all subgroups (Tables 10.1, S22)
[50].

DISCUSSION

This study adds rich data on the CVD effec-
tiveness of SGLT2i agents for T2D in broad
populations, including people ineligible for
CVOT participation, and examines a wide vari-
ety of safety outcomes. The CVOTs compared
SGLT2i exposure to placebo (usual care). How-
ever, many of the studies we identified enable
exploration of head-to-head comparative effec-
tiveness. There was broad heterogeneity in
outcomes, comparators and study design.

In order to contextualise the discussion
Table 11 contains the evidence generated from
RCTs (or other sources) related to the outcomes
reported.

Quality scores ranged widely (10–22/31). No
studies reported blinding their data analysts and
few had power calculations. It was also often
unclear whether subgroup analysis had been
pre-planned or done post hoc.

Table 11 continued

Outcome RCT evidence summary

Venous thromboembolism SGLT2is have been putatively suggested to increase the risk of VTE, due to the

haemoconcentration occurring through the osmotic diuresis which they bring about. There

is no literature identified from RCTs to suggest an elevated risk of VTE

ACM all-cause mortality, AKI acute kidney injury, BMD bone mineral density, CI confidence interval, CVD cardiovascular
disease, CVOT cardiovascular outcomes trial, DKA diabetic ketoacidosis, eGFR estimated glomerular filtration rate, ESRD
end-stage renal disease, FDA US Food and Drug Administration, HHF hospitalised heart failure, HR hazard ratio, IRR
incidence rate ratio, MACE major adverse cardiovascular event, MI myocardial infarction, OR odds ratio, PVD peripheral
vascular disease, RCT randomised controlled trial, RRT renal replacement therapy, SGLT2i sodium–glucose co-transporter
2 inhibitor, SU sulfonylurea, T2D type 2 diabetes, VTE venous thromboembolism
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Cardiovascular Disease and Mortality

From RCT data, empagliflozin and canagliflozin
reduce MACE, but dapagliflozin does not
[2, 3, 5]. None of the agents reduce non-fatal MI
or stroke [2, 3, 5]. Only empagliflozin reduces
CV mortality and ACM, the other agents reduce

neither [2, 3, 5]. All three agents reduce HHF
[2, 3, 5].

No studies we found were associated with an
increased risk of CVD, suggesting CV safety. The
studies we found were either associated with a
reduction in CVD or a neutral effect. Multiple
(but not all) studies suggest that this benefit
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Fig. 2 Renal outcomes
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might extend to primary as well as secondary
CVD prevention (a key area of uncertainty in
the CVOTs) [54, 57, 58]. The majority of studies
we identified exploring HF/HHF suggest that
SGLT2i exposure is associated with a reduction
in this outcome. These findings confirm and
extend HF reduction as a major benefit of
SGLT2i exposure to populations with broader
baseline HF and CVD risk profiles. It follows
that the effect of SGLT2i on CVD is differential
depending on the outcome being observed,
where almost all studies exploring HF/HHF
reported a negative association with this out-
come whereas only half the studies exploring
MI showed an associated reduction. However,
this is not unexpected, where RCT data shows
that all SGLT2is reduce HHF whereas none
reduce MI.

Whilst it is challenging to infer what pro-
portion of the populations, in the studies we
found, would have been eligible for inclusion in
the CVOTs, examination of the baseline IHD
suggests that the studies identified included a
larger proportion of people at lower CVD risk.

The studies we identified suggest a neutral or
reduced association with mortality (CV and
ACM).

An area of controversy is whether or not the
CVD benefits of SGLT2 inhibition extend to
those with better glycaemic control than the
inclusion criteria in the CVOTs. The DAPA-HF
trial showed CV benefit in those with and
without T2D [4]. However our included studies
which adjusted for baseline HbA1c returned
neutral associations for CVD outcomes
[45, 49, 62], except one [34].

We were unable to assess whether SGLT2i
ought to be introduced earlier in the treatment
of T2D as no studies explored this, likely
because SGLT2is are still recommended as
‘[ 1st-line’ therapy.

Safety Outcomes/Adverse Events

The current regulatory position on SGLT2i
safety is as follows. EMA has issued SGLT2i class-
wide warnings for DKA and amputation
[73, 74]. Medicines and Healthcare products
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Fig. 4 DKA

1018 Diabetes Ther (2021) 12:991–1028



Regulatory Agency (MHRA) and FDA have
issued class-wide warnings for Fournier’s gan-
grene [75, 76]. FDA has recently removed a
warning for amputation from canagliflozin [77]

(the only SGLT2i with this warning) but con-
tinues to warn about AKI for dapagliflozin and
canagliflozin only [69] and for DKA and UTI
class-wide [78]. The British National Formulary
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(BNF) recommends monitoring renal function
before and periodically after SGLT2i treatment
initiation [79].

The studies we found did not suggest an
increased risk of AKI (in any definition of AKI
employed) [34, 43, 50].

On balance, there appears to be a signal for
elevated LLA risk following SGLT2i exposure,
but with considerable uncertainty
[32, 35, 37, 44, 50, 52, 59, 68]. Studies with
longer follow-up are needed to address this
uncertainty and to better identify subgroups at
risk of amputation harm, if at all. Since LLA can
occur at different levels and be a recurrent
event, which in some cases might occur in
quick succession in the same individual,
amputation can be a challenging outcome to
capture. However, most studies we identified
either explored incident events
[35, 37, 59, 66, 68] (and censored on amputa-
tion occurrence) or conducted sensitivity anal-
ysis excluding prevalent amputation (which did
not change the effect estimate) [33, 50, 52].
Only one study included prevalent amputation

and did not adjust for this (but did include prior
amputation in the propensity score) [44]. We
believe that both users and clinicians should
remain vigilant for, and regulators should con-
tinue to warn about, this adverse event.

From the studies identified
[41, 44, 50, 59, 67] there is considerable uncer-
tainty as to the association of SGLT2is with DKA
and clinicians and users ought to have a high
index of suspicion for this outcome particularly
in hospitalised patients (MHRA currently rec-
ommends ‘interrupt treatment with SGLT2i in
patients who are hospitalised for major surgery
or acute serious illnesses’ [80]). The gold stan-
dard for identification of DKA is through bio-
chemical parameters, but the studies we
identified used ICD or Systematized Nomen-
clature of Medicine Clinical Terms (SNOMED)
codes giving rise to the possibility of misclassi-
fication. The role of incomplete DKA case
ascertainment, intercurrent illness and insulin
exposure (especially rapid dose reduction fol-
lowing post-SGLT2i exposure) ought to be
explored further as must the possibility of cases
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being misclassified as type 1 diabetes mellitus
(T1D). We believe regulators should continue to
warn about this adverse effect.

Although an association of SGLT2i with
fractures cannot be ruled out, the evidence we
found is reassuring [38, 46, 48, 50]. However, if
the mechanism of fracture is due to reduced
bone mineral density [10] (rather than falls
caused by hypovolaemia, which would occur
rapidly after exposure) then it remains possible
that insufficient person-years’ exposure have
accumulated to detect fragility fractures.

Although diabetes itself appears to elevate
the risk of UTI [81], the associated risk following
SGLT2i exposure appears minimal from the
studies we found [36, 39, 42, 50, 53].

On the basis of these data, SGLT2i exposure
does appear to be associated with increased risk
of GMI in both men and women, likely due to
the glycosuria caused by SGLT2is [39, 42, 53].
Users should be warned of the risk of this
adverse effect.

Given that SGLT2i agents are insulin-inde-
pendent, it is not surprising that they do not
appear to be associated with hypoglycaemia
[54, 60, 61, 64]. However, it is important to
understand, when SGLT2i agents are added to
therapy that does cause hypoglycaemia (e.g.
insulin and SUs), whether exposure increases or
decreases the risk and this question remains
unanswered by the data we found.

Strengths and Limitations

To our knowledge, this is the first systematic
review of population-based observational stud-
ies looking at effectiveness in terms of
CV/mortality outcomes and safety of SGLT2i
agents in T2D. We identified studies from many
countries and involved informationists to use
appropriate search terms. The quality of the
included studies is reported.

Given the heterogeneity of the studies both
in terms of outcome definition, population,
confounding control and analysis method,
making generalised conclusions about these
data is challenging.

As with all observational data exploring
interventions, the studies included may be

subject to unmeasured confounding and bias,
particularly misclassification bias [27]. Obser-
vational pharmacoepidemiology is also subject
to allocation bias/confounding-by-indication,
although most of the included studies used
modern methods to control for this (e.g.
propensity score-matched, PSM). Nevertheless,
the effectiveness estimates may be biased or
confounded both in terms of direction and
order of magnitude and in some cases may be
entirely explained away by these; cautious
interpretation is required.

For effectiveness studies, when observational
pharmacoepidemiology studies conflict with
RCT data, they should be viewed as hypothesis-
generating and the trial results preferred. RCTs
often do not include a hypothesis for harm, nor
are they powered to detect safety [27]. For
safety, observational pharmacoepidemiology
remains an important tool to enumerate the
risks, especially when RCTs allude to an
increased risk of harm due to numerical imbal-
ances (which could be true or due to chance).

There was over-representation of certain data
sources, e.g. Truven Health Analytics, which
depending on the comparison and analysis
methods chosen sometimes yielded different
results for the same outcome, e.g. [33, 35].

A major challenge was the variety of com-
posite endpoints in the studies identified, par-
ticularly for CVD, making comparisons
challenging. While composite primary end-
points are useful for increasing the power of a
study to detect change (by increasing the events
counted towards the primary endpoint) it
would be helpful if future studies emulated the
composite outcomes reported in the CVOTs
[82]. This would be useful for comparing iden-
tified studies between each other and also to
RCT data.

We identified studies with potentially useful
data in the form of letters to journals, which
was one of our exclusion criteria (as it is unclear
if these studies underwent peer review) [83–85].
In the case of Dave’s letter, this identifies
Fournier’s gangrene as a potential complication
of SGLT2i exposure [84]. This adverse event is
warned about by both MHRA and FDA [75, 76].
We deliberately excluded disproportionality
reporting ratio studies based on interrogating
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adverse event reporting databases because of the
high risk of bias, especially once an adverse
event becomes known. However, skin photo-
sensitivity [86] and Fournier’s gangrene [87]
both emerged as potential harms from dispro-
portionality reporting ratio studies and should
continue to be monitored for. There was a lack
of studies identified exploring bladder and
breast cancer, which are known concerns
regarding SGLT2i exposure [88].

Many of the studies were commercially fun-
ded, which raises the possibility of commercial
bias.

Despite considerable effort on our part to
identify eligible studies systematically (includ-
ing the manual searching of references), it
remains possible that we overlooked potentially
suitable studies and we omitted non-English-
language publications because of resource limi-
tation. Although the search terms we employed
should detect observational studies conforming
to the Strengthening the Reporting of OBser-
vational studies in Epidemiology (STROBE)
items on publication title and abstract, studies
not conforming would be missed (although
non-conforming could be considered a marker
of poor quality).

Meta-analytic methods were not utilised in
this study because of axiomatic breaches of the
assumptions underpinning these, such as
diversity of comparators, studies undertaken in
the same data sources (leading to double
counting of events) and a wide variety of
methodologies rendering the associated treat-
ment effect estimate uncombinable. We were
keen not to give a false illusion of precision.

CONCLUSION

This systematic review provides a comprehen-
sive view of the association of SGLT2is on a
wide variety of CV/mortality effectiveness and
safety outcomes in broad and unselected pop-
ulations, generalisable to day-to-day practice.
The 37 population-based studies included in the
review confirm and contribute to the growing
evidence that SGLT2is appear safe from the
CVD perspective. They demonstrate that there
may be an associated benefit in primary and

secondary prevention of CVD events, particu-
larly those related to HF. However, SGLT2i
exposure may be associated with an increased
risk of GMI, LLA and DKA, although longer
follow-up studies are required to confirm this.
Lastly, they showed no clear relationship
between other safety events associated with
their use (fractures, hypoglycaemia and UTI)
but there may be evidence to support a reduced
risk of AKI. These findings should be of interest
to people living with T2D, their care providers
and healthcare policymakers.
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