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RESEARCH IN CONEXT 

Evidence before this study 

Large-scale randomized cardiovascular outcome trials of sodium glucose cotransporter-2 (SGLT2) 

inhibitors have suggested promising effects on albuminuria and creatinine based kidney outcomes. 

However, these trials included few participants at high risk of clinically important kidney outcomes, 

and as a result, the effect of SGLT2 inhibitors on kidney outcomes of greatest concern to patients – 

namely, the need for long-term dialysis, transplantation or death due to kidney disease – has been 

uncertain. SGLT2 inhibitors are also not currently approved for use in patients with estimated 

glomerular filtration rate (eGFR) <45 or 60 mL/min/1·73m
2
 in most countries, primarily because

their glucose lowering effect is substantially dependent on kidney function.  A recent meta-analysis 

of these trials has reported that the renoprotective effect of SGLT2 attenuates with declining kidney 

function. However, less than a sixth of participants studied had a baseline eGFR less than 60 

mL/min/1·73m
2
, and even fewer had baseline eGFR <45 mL/min/1·73m

2
. The ability to robustly

assess effects in people with reduced kidney function was therefore limited, especially since few 

patient-level kidney outcomes occurred. While collectively these trials have suggested that SGLT2 

inhibitors might protect against acute kidney injury, the safety of these agents in patients at high 

risk of adverse kidney outcomes has remained a concern. More recently the CREDENCE trial 

(Canagliflozin and Renal Endpoints in Diabetes with Established Nephropathy Clinical Evaluation) 

has been published, which was designed specifically to examine the impact of SGLT2 inhibition in 

people at high risk of kidney disease progression. We therefore conducted a systematic review and 

meta-analysis of randomized, controlled, event-driven, cardiovascular and kidney outcome trials 

reporting effects of major kidney outcomes in patients with type 2 diabetes. MEDLINE and 

EMBASE were searched from inception until June 14 2019 to identify potentially relevant studies. 

The protocol for this systematic review and meta-analysis was registered in the International 

Prospective Register of Systematic Reviews before the analyses were completed (PROSPERO 

registration number CRD42019131774). 
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Added value of this study 

This review summarises data from four studies including 38,723 participants across six continents. 

There was clear evidence that SGLT2 inhibitors reduce the risk dialysis, transplantation or death 

due to kidney disease, as well as a range of other major kidney outcomes, and that these agents also 

provide protection against acute kidney injury. Additionally, there were definitive, separate benefits 

at all levels of kidney function, including an approximate 30% proportional risk reduction in the 

composite kidney outcome in participants with baseline eGFR less than 45 mL/min/1·73m
2
 in

whom these drugs are mostly not permitted for use. 

Implications of all the available evidence 

These results provide the strongest evidence yet that SGLT2 inhibitors should be routinely offered 

to individuals with type 2 diabetes at risk of progressive kidney disease. The clear evidence of 

renoprotection across the spectrum of kidney function studied to date call into question current 

restrictions on the use of SGLT2 inhibitors in people with reduced kidney function, and suggest that 

many more individuals with type 2 diabetes at high risk of kidney failure are likely to benefit from 

treatment. 
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SUMMARY 

Background 

The effect of sodium-glucose cotransporter 2 (SGLT2) inhibitors on kidney failure, particularly the 

need for dialysis and transplantation, or death due to kidney disease, has been uncertain. Previous 

studies have also been underpowered to robustly assess heterogeneity of effects on kidney outcomes 

by different levels of estimated glomerular filtration rate (eGFR) and albuminuria. 

Methods 

We conducted a systematic review and meta-analysis of randomized, controlled, cardiovascular or 

kidney outcome trials of SGLT2 inhibitors reporting effects on major kidney outcomes in people 

with type 2 diabetes (PROSPERO registration number CRD42019131774). MEDLINE and 

EMBASE were searched from inception to 14 June 2019 to identify eligible trials. The primary 

outcome was dialysis, transplantation, or death due to kidney disease. We used random effects 

models to obtain summary relative risks (RR) with 95% confidence intervals (CI) and random 

effects meta-regression to explore effect modification by subgroups of baseline eGFR, albuminuria, 

and use of renin-angiotensin system (RAS) blockade. 

Findings 

Data were obtained from four studies including 38,723 participants of whom 252 required dialysis 

or transplantation or died due to kidney disease, 335 developed end-stage kidney disease (ESKD), 

and 943 experienced acute kidney injury (AKI). SGLT2 inhibitors reduced the risk of dialysis, 

transplantation or death due to kidney disease (RR 0·67, 95% CI 0·52-0·86, p=0·0019), ESKD (RR 

0·65, 95% CI 0·53-0·81, p<0·0001), and AKI (RR 0·75, 95% CI 0·66-0·85, p<0·0001), with 

consistent benefits across studies. While there was some evidence that the proportional effect of 

SGLT2 inhibitors might attenuate with declining kidney function (P-trend=0·073), there was clear, 

separate evidence of benefit for all eGFR subgroups, including for participants with starting eGFR 

30-45 mL/min/1·73m
2 

 (RR 0·70, 95% CI 0·54-0·91, p=0·0080). Renoprotection was also
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consistent irrespective of baseline albuminuria and use of RAS blockade (P-trend=0·66 and P-

heterogeneity=0·31, respectively). 

Interpretation 

SGLT2 inhibitors reduce the risk of dialysis, transplant or death due to kidney disease and provide 

protection against acute kidney injury. These data provide substantive evidence supporting the use 

of SGLT2 inhibitors to prevent major kidney outcomes in people with type 2 diabetes. 

Funding 

None.
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INTRODUCTION 

It is estimated that approximately 2·6 million people received dialysis or underwent kidney 

transplantation for kidney failure in 2010, and this number is projected to more than double by 

2030.
1
 In many countries, more than half of all patients entering dialysis programmes have type 2 

diabetes mellitus (T2DM), making it a leading cause of kidney failure worldwide.
2
 Kidney failure 

due to T2DM is a large and growing challenge, not only for patients and their families and 

caregivers, but also for health systems and governments.
3
 

 

Treatment with angiotensin converting enzyme (ACE) inhibitors or angiotensin-receptor blockers 

(ARBs) has been shown to prevent major kidney outcomes in people with diabetes, and these 

agents are currently recommended by clinical practice guidelines for the treatment of people with 

T2DM who have, or are at high risk of, kidney disease.
4-8

 However, the residual risk remains high 

with new treatments urgently needed to reduce the growing burden of kidney failure. 

 

SGLT2 inhibitors are a newer class of glucose-lowering agent that also lower blood pressure, body 

weight and albuminuria, and may have direct haemodynamic effects on the kidney.
9
 Large scale 

randomized trials of SGLT2 inhibitors, which were originally designed to meet regulatory 

requirements and ensure cardiovascular safety, have demonstrated promising effects on a range of 

albuminuria and serum creatinine based kidney outcomes in patients with, or at high risk of, 

atherosclerotic cardiovascular disease.
10-15

 The majority of participants in these trials were at low 

risk of clinically important kidney outcomes, and as a result, event rates for kidney failure were 

low, with few participants requiring dialysis or kidney transplantation, or dying due to kidney 

disease, in each trial. As they were also not explicitly designed to provide definitive information on 

renoprotective effects, kidney endpoints were not always pre-specified, were not always 

adjudicated, and the distinction between acute and chronic reductions in estimated glomerular 

filtration rate (eGFR) was not possible in all studies.  
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A recent meta-analysis of cardiovascular outcome trials suggested that the effect of SGLT2 

inhibitors on kidney outcomes attenuates with declining eGFR.
14

 However, less than a sixth of 

participants in this analysis had baseline eGFR <60 mL/min/1·73m
2
, and thus the ability to robustly 

assess effect modification by kidney function has been limited. Additionally, because very few 

participants with starting eGFR <45 mL/min/1·73m
2
 have been studied, it has also been unclear 

whether these patients derive protection against kidney outcomes, since the glycaemic efficacy of 

these agents is substantially attenuated in this population. Similarly, few participants with higher 

levels of albuminuria have been studied, and therefore the consistency of treatment effect across 

different levels of albuminuria is unclear. While these trials have collectively suggested protection 

against acute kidney injury,
16

 the safety of these agents in patients at higher risk of adverse kidney 

outcomes has not been well established. Most recently, the Canagliflozin and Renal Endpoints in 

Diabetes with Established Nephropathy Clinical Evaluation (CREDENCE) trial has been reported, 

which is the first study designed to specifically evaluate the impact of an SGLT2 inhibitor on a 

primary kidney outcome in people with established diabetic kidney disease.
17

 

 

We therefore undertook a systematic review and meta-analysis to determine the consistency of 

effect size across SGLT2 trials and different levels of kidney function and albuminuria, summarize 

results, and integrate available data on the effects of SGLT2 inhibition on the risk of clinically 

important kidney outcomes in people with T2DM. 

 

METHODS 

This systematic review and meta-analysis was conducted and reported using the Preferred 

Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) statement. The protocol for 

this review was submitted before the analyses were begun (10 April 2019) and was registered in the 

International Prospective Register of Systematic Reviews before the analyses were completed 
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(PROSPERO registration number CRD42019131774) and can be accessed 

at: http://www.crd.york.ac.uk/PROSPERO/display_record.php?ID=CRD42019131774. 

 

Search strategy and selection criteria 

We searched MEDLINE and EMBASE from inception to 14 June 2019 to identify potentially 

eligible studies. Details of the search strategy, including text words and medical subject headings 

are provided in Table S1. We included all randomized, controlled, event-driven, cardiovascular or 

kidney outcome trials of SGLT2 inhibitors versus active or placebo control, in order to capture 

those with meaningful numbers of clinical kidney outcomes. Trials with extension periods and 

those including participants with type 1 diabetes or individuals less than 18 years of age were 

excluded. Two authors (B.L.N and T.Y) independently screened the titles and abstracts of all 

identified articles and, when required, reviewed full-text manuscripts to identify potentially relevant 

studies. Any disagreements related to the identification or eligibility of studies was resolved 

through discussion with a third author (M.J.J). Study sponsor and investigators were contacted to 

obtain additional trial-level data and clarify outcome definitions when required. 

 

Data synthesis and analysis 

Two authors (B.L.N and T.Y) independently extracted all data using a standardized data form and 

assessed risk of bias at the study level using the Cochrane Risk of Bias Tool.
18

 We used image 

extraction software to extract data presented only in figures without corresponding numerical data 

(WebPlotDigitizer version 4·1, Ankit Rohatgi, Austin, TX, https://automeris.io/WebPlotDigitizer/). 

These data were summarized descriptively and not used for quantitative synthesis. Any 

discrepancies in data extraction or risk of bias assessment were resolved in consultation with a third 

author (M.J.J). Due to the small number of eligible trials, publication bias was not assessed. 

 

https://automeris.io/WebPlotDigitizer/
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The primary outcome of interest was chronic dialysis, kidney transplantation, or death due to 

kidney disease. Other kidney outcomes included: (1) ESKD, defined as chronic dialysis, kidney 

transplantation, or sustained eGFR less than 15 mL/min/1·73m
2
, (2) substantial loss of kidney 

function, ESKD, or death due to kidney disease, (3) substantial loss of kidney function, ESKD, or 

death due to cardiovascular or kidney disease, (4) long-term eGFR slope, and (5) acute kidney 

injury (AKI). Substantial loss of kidney function was preferentially defined as a sustained doubling 

of serum creatinine (representing an approximate 57% decline in kidney function). Where sustained 

doubling of serum creatinine was not reported, we included sustained 40% decline in eGFR or 

unsustained doubling of serum creatinine as defined by study authors. We preferentially used data 

on sustained kidney outcomes confirmed with repeat assessment where these were reported to 

exclude acute changes in kidney function and initiation of dialysis for AKI, but accepted 

unsustained outcomes where these were the only ones reported. This was the case for the EMPA-

REG OUTCOME trial, where sustained kidney outcome data were reported in a separate 

correspondence
19

 following the main trial publication.
11

 The definitions of long-term eGFR slope 

(annualized difference in eGFR between treatment and control) and AKI varied across studies and 

we used these outcomes as defined and reported in each study.  

 

We prespecified that results for dichotomous outcomes were to be quantitatively synthesized by 

individual studies using a random effects model with inverse variance weighting to obtain summary 

effect estimates represented as relative risk (RR) with associated 95% confidence intervals (CI). We 

also decided a priori to pool, in order of preference, hazard ratios, incidence rate ratios 

(events/patient-years), and risk ratios (events/number of participants) to maximize the use of trial 

level data from included studies, particularly for canagliflozin, where the integrated analysis and 

reporting of two parallel companion trials with different randomization ratios and different follow-

up durations precluded the use of risk ratios.
20

 When studies did not report the preferred outcome 

definition for substantial loss of kidney function, we performed sensitivity tests excluding those 
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studies to assess the impact of endpoint definition on the results. We prospectively decided to 

summarize the effect of SGLT2 inhibitors on long-term eGFR slope descriptively because of 

variations in the definition of this outcome and because it measured the absolute rather than 

proportional effect of treatment. Any heterogeneity between studies for this outcome therefore 

could not be meaningfully assessed, as differences in absolute effect reflected differences in 

baseline kidney risk. For all other outcomes we assessed heterogeneity between studies using the I
2 

test and P-heterogeneity values obtained from a random effects model. I
2
 values of <25%, 25-75%, 

and >75-100% were considered to reflect low, moderate, and high likelihood of differences between 

studies, respectively.  

 

Because of the kidney-based mechanism of action and albuminuria lowering effect of SGLT2 

inhibitors, we prospectively decided to conduct subgroup analyses for efficacy outcomes to assess 

for effect modification by three kidney-related subgroups. The effect of SGLT2 inhibitors on the 

composite kidney outcome of substantial loss of kidney function, ESKD or death due to kidney 

disease was assessed across different levels of baseline kidney function and urinary albumin 

excretion. Additionally, because ACE inhibitors and ARBs are recommended for the treatment of 

diabetic kidney disease, we also analysed whether the effects of SGLT2 inhibition differed by 

baseline use of renin-angiotensin system (RAS) blockade. Because the results come from relatively 

few individual studies, we performed multiple sensitivity analyses to assess the vulnerability of the 

eGFR subgroup analysis outcomes to definitional and methodological decisions. We assessed the 

impact of SGLT2 inhibitors by eGFR categories (eGFR <45, 45-<60, 60-<90 and ≥90 

mL/min/1·73m
2
) and levels of albuminuria (urinary albumin:creatinine ratio [UACR] <30, 30-300, 

and >300 mg/g) as the main analysis. Where studies reported the eGFR <60mL/min/1·73m
2 

subgroup without more granular categories, as occurred in the DECLARE-TIMI 58 trial, we 

excluded these data from the main analysis. However we performed a sensitivity analysis in which 

the outcomes for the baseline eGFR <60mL/min/1·73m
2 

subgroup were included with the eGFR 45-
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<60 mL/min/1·73m
2
 category, on the assumption that a large majority of these participants were 

likely to have an eGFR 45-60 mL/min/1·73m
2
 based on the trial exclusion criteria. We conducted 

an additional sensitivity analysis to assess the effects of treatment in participants with eGFR <60 

and ≥60 mL/min/1·73m
2
. When required, effect estimates for subgroups within the same study (e.g. 

eGFR 30-<45 and 45-<60 mL/min/1·73m
2
)
 
were merged using a fixed effects model. For the eGFR 

slope outcome, data were stratified by kidney function (eGFR <60 and ≥60 mL/min/1·73m
2
) and 

albuminuria (UACR <30, 30-300, and >300 mg/g) and summarized descriptively.   

 

We decided a priori to use random effects meta-regression to assess trend in treatment effects across 

eGFR and albuminuria subgroups as the primary analysis. In sensitivity analyses we repeated the 

meta-regression analyses treating subgroups as categories without assumptions of linearity. A P-

trend and P-heterogeneity of <0·10 were considered to reflect a high likelihood of differences 

beyond chance.  

 

All analyses were performed using Stata 15·1 (StataCorp 2017. Stata Statistical Software: Release 

15. College Station, TX; StataCorp LLC). 

 

Role of the funding source 

This study was not specifically funded. All authors had full access to the data and agreed on the 

final decision to submit for publication. 

 

RESULTS 

We identified four separate studies comprising five individual trials after applying the search 

strategy and study selection criteria (Table S1 and Figure S1). Data from a number of secondary 

analyses of these studies were used in this meta-analysis.
11-13,15,19,21-24

 One secondary analysis of the 

DECLARE-TIMI 58 trial which was published after the systematic literature search was identified 
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by hand searching.
15

 The CANVAS Program comprised two companion trials (CANVAS and 

CANVAS-R) that were conducted in parallel and analysed and reported as a single program.
25

 All 

studies compared an SGLT2 inhibitor with matching placebo. Three studies were designed as 

cardiovascular outcome trials testing the impact of empagliflozin, canagliflozin, and dapagliflozin 

on a primary composite cardiovascular outcome of nonfatal myocardial infarction, nonfatal stroke, 

or cardiovascular death, with a range of pre-specified exploratory and post-hoc kidney outcomes 

also reported.
25-27

 One study was an event-driven kidney outcome trial for canagliflozin with a 

primary composite outcome of sustained doubling of serum creatinine, ESKD, or death due to 

cardiovascular or kidney disease.
17

 The risk of bias was low for all indicators; all participants and 

investigators were blinded to treatment allocation with complete reporting of outcomes (Figure S2). 

 

In total, this meta-analysis included data on 38,723 randomised participants from six continents. 

The mean age across the studies ranged from 61·3 to 63·9 years, while 35·0% of participants 

overall were female (Table 1). The proportion of participants with eGFR <60 mL/min/1·73m
2 

ranged from 7·4% in DECLARE-TIMI 58 to 58·9% in CREDENCE. The majority of participants 

in the three cardiovascular outcome trials had a UACR <30 mg/g at baseline (range 59·4% to 

69·1%), while UACR >300 mg/g was an entry criterion for the CREDENCE trial (Table 1). An 

eGFR of ≥30 mL/min/1·73m
2
 was an inclusion criterion in all studies with the exception of the 

DECLARE-TIMI 58 trial where Cockroft Gault creatinine clearance of ≥60 mL/min was required. 

Treatment with RAS blockade was required for entry by the CREDENCE trial only. Accordingly, 

virtually all (99·9%) CREDENCE participants were treated with ACE inhibitors or ARBs at 

baseline compared with approximately 80% of participants in the other trials (Table 1).  

 

Overall, there were 252 participants who required dialysis or transplantation or died due to kidney 

disease. There were 335 ESKD events; 967 incidences of substantial loss of kidney function, ESKD 

or death due to kidney disease; 2,323 cases of substantial loss of kidney function, ESKD, or death 
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due to cardiovascular or kidney disease; and 943 episodes of AKI. Pre-specification of outcomes, 

requirements for changes in kidney function to be confirmed on repeated measurement, and 

adjudication procedures differed across the studies (Table S3). Kidney endpoints were also defined 

and reported variably across the studies (Table S4-S5).  

 

SGLT2 inhibitors reduced the risk of dialysis, transplantation or death due to kidney disease by 

33% (RR 0·67, 95% CI 0·52-0·86, p=0·0019). The effect of SGLT2 inhibitors on this outcome was 

consistent across studies (I
2
=0%, P-heterogeneity=0·53; Figure 1).  

 

SGLT2 inhibitors reduced the risk of ESKD by 35% (RR 0·65, 95% CI 0·53-0·81, p<0·0001), with 

no differences in treatment effect across studies (I
2
=0·0%, P-heterogeneity=0·41). SGLT2 

inhibition also reduced the risk of substantial loss of kidney function, ESKD, or death due to kidney 

disease by 42% (0·58, 95% CI 0·51-0·66, p<0·0001; Figure 2) with no evidence of differences 

between studies (I
2
=0%, P-heterogeneity=0·49). The results from sensitivity testing which excluded 

studies that did not report our preferred event definition of substantial loss of kidney function were 

essentially unchanged (Table S6). The overall effect of SGLT2 inhibitors on substantial loss of 

kidney function, ESKD, death due to cardiovascular or kidney disease (RR 0·71, 95% CI 0·0.63-

0·82, p<0·0001; Figure 2) varied across studies, primarily due to the EMPA-REG OUTCOME trial 

(I
2 

=60·3%, P-heterogeneity=0·056).  

 

SGLT2 inhibitors also lowered the risk of AKI by 25% (RR 0·75, 95% CI 0·66-0·85, p<0·0001; 

Figure 4), with no evidence of differences between studies (I
2
=0%, P-heterogeneity=0·68). AKI 

events, both serious and non-serious, were reported variably across individual trials and were not 

adjudicated (Table S5). Overall effects of SGLT2 inhibition on major kidney outcomes are 

summarised in Figure 5. 
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The effect on the outcome of substantial loss of kidney function, ESKD or death due to kidney 

disease was reported according to eGFR and UACR subgroups, and according to baseline use of 

RAS blockade in all four studies. There was some evidence that the magnitude of relative benefit 

might be attenuated across progressively lower eGFR subgroups (P-trend=0·073; Figure 3). 

However, there was still clear, separately significant evidence of benefit for all eGFR subgroups, 

including for participants with a baseline eGFR <45 mL/min/1·73m
2
, where a 30% relative risk 

reduction was observed (RR 0·70, 95% CI 0·54-0·91, p=0·0080). There were also clear and 

consistent benefits in participants with eGFR above and below 60 mL/min/1·73m
2
 (P-

heterogeneity=0·33; Figure S2). Results for tests of heterogeneity altered slightly in the different 

sensitivity analyses (Table S7) but the evidence of clear separate benefit for all eGFR subgroups 

remained constant. There was no evidence of differences in treatment effect for the composite 

outcome across UACR subgroups (P-trend=0·66; Figure 3). The effect of SGLT2 inhibitors was 

also consistent irrespective of the use of renin-angiotensin system blockade at baseline (P-

heterogeneity=0·31; Figure 3). 

 

The absolute effect of SGLT2 inhibitors on annualised long-term eGFR slope is summarised in 

Table S8. The DECLARE-TIMI 58 trial reported mean eGFR over time as a prespecified outcome 

instead of annualised eGFR slope. The rate of eGFR decline in placebo treated participants varied 

between trials from -0·85 mL/min/1·73m
2
/year in the CANVAS Program to -4·59 

mL/min/1·73m
2
/year in the CREDENCE trial. As a result, annual placebo-subtracted differences in 

eGFR also differed, with the greatest absolute benefit in terms of eGFR decline observed in 

CREDENCE trial (2·74 mL/min/1·73m
2
/year, 95% CI 2·37-3·11, p<0·0001). 

 

DISCUSSION 

The development of kidney failure is among the most important consequences of diabetic kidney 

disease, and is of great concern to patients. The evidence from completed trials summarised in this 
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review clearly shows that SGLT2 inhibitors definitively reduce the risk of dialysis, transplantation 

or death due to kidney disease, with compelling evidence of benefits on a broad range of other 

clinically important kidney outcomes. Importantly, renoprotection is achieved across all levels of 

kidney function down to eGFR 30 mL/min/1·73m
2
, with clear benefits even for the subgroup with 

baseline eGFR between 30 to 45 mL/min/1·73m
2
 in whom these drugs are currently not approved 

for use in most countries. The clear protective effect against AKI allays early concerns about the 

risk of adverse effects consequent upon the haemodynamic mechanism of action of this class of 

agent. Furthermore, the inclusion of CREDENCE, a trial that mandated the use of RAS blockade, 

shows that the benefits of SGLT2 inhibitors are cumulative with those of RAS blockade. These 

results provide the strongest evidence yet that SGLT2 inhibition should be routinely offered to 

individuals with T2DM at risk of progressive kidney disease. 

 

The glycaemic efficacy of SGLT2 inhibitors is directly proportional to glomerular filtration rate,
9,28

 

but whether the renoprotective effects are modified by declining kidney function has been less 

clear. A recent meta-analysis of the cardiovascular outcome trials suggested that the renoprotective 

effect of SGLT2 inhibitors attenuates with declining kidney function.
14

 However too few 

participants with baseline eGFR <60 mL/min/1·73m
2
 were studied to adequately assess trend by 

eGFR. Additionally, whether participants with starting eGFR <45 mL/min/1·73m
2
 derive benefits 

with respect to kidney outcomes, despite substantially attenuated glycaemic efficacy, has also been 

unclear. The accumulated trial evidence, including the CREDENCE trial in which approximately 

60% of participants had a baseline eGFR <60 mL/min/1·73m
2
, has made it possible to robustly 

explore possible modifying effects. While our findings raise the possibility that the magnitude of 

relative (but not absolute) benefit might attenuate somewhat across progressively lower eGFR 

subgroups, these results clearly demonstrate that renoprotection is achieved across the entire 

spectrum of eGFR levels studied to date, down to an eGFR of 30 mL/min/1·73m
2
. SGLT2 

inhibitors are currently not indicated in people with eGFR <45 ml/min/1·73m
2
 in most countries, 
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largely due to limited glycaemic efficacy.
29

 As these individuals are at much greater risk of kidney 

failure, the absolute benefits of SGLT2 inhibition are likely to be at least as large as for people with 

higher eGFR.
30

 With evidence of renoprotection now available from the cumulated trials, these 

restrictions are called into question, suggesting that many more individuals at high risk of major 

kidney outcomes are likely to benefit from treatment, and that trials in people with even more 

advanced kidney disease are warranted. The absence of effect modification by baseline albuminuria 

contrasts with the findings from trials of RAS blockade.
31-34

 These data suggest that mechanisms 

other than those associated with albuminuria reduction might also be important. Furthermore, 

renoprotection with SGLT2 inhibitors appears consistent irrespective of baseline use of RAS 

blockade. Taken together, these findings suggest that SGLT2 inhibition should provide benefit for a 

broader patient population.  

 

A plausible mechanistic explanation for the renoprotective effect of SGLT2 inhibitors is correction 

of aberrant glomerular haemodynamics induced by hyperglycaemia, which drive progressive 

nephron loss.
35,36

 Blocking sodium re-uptake in the proximal tubule has been suggested to restore 

delivery of sodium to the macula densa, leading to afferent arteriolar constriction and a reduction in 

intraglomerular pressure.
37

 This haemodynamic effect results in an early fall in eGFR, but is 

followed by marked protection against decline in kidney function, with reversal of the 

haemodynamic effect achieved upon drug cessation.
12,38

 The effect parallels that observed with 

RAS blockade, the only other treatment effective in slowing the progression of diabetic kidney 

disease, and suggests some commonality in a mechanism of action based upon reducing 

intraglomerular pressure – SGLT2 inhibitors by enhancing afferent arteriolar vasoconstriction and 

RAS blockers by increasing efferent arteriolar vasodilatation.
39

 While this may be the most 

plausible mechanistic explanation for the renoprotective effect of these agents, the effect on kidney 

haemodynamics has only been mechanistically studied in patients with type 1 diabetes with whole-

kidney hyperfiltration; whether these effects are also observed in patients with type 2 diabetes is not 
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currently known.
37

 Other pathways by which SGLT2 inhibitors may protect the kidney an area of 

active study and include (but are not limited to): enhancing oxygenation of the kidney (through a 

reduction in tubular energy requirements), metabolic and anti-inflammatory effects, albuminuria 

lowering, and direct effects on glomerular endothelial function
28,40

 

 

Protection against AKI is a welcome finding given early concerns about a potential increase in risk. 

These findings strengthen those of a previous meta-analysis of the cardiovascular outcome trials.
16

 

While serious and non-serious AKI events were investigator reported, collected variably and not 

adjudicated, the large number of events and consistency of effect across the trials is striking and 

gives confidence to the observation that SGLT2 inhibitors provide protection against AKI. The 

mechanism is unknown, but could involve reduced energy expenditure in the proximal tubule, thus 

improving oxygenation and reducing the susceptibility of tubular cells to acute ischemic or volume-

related insults.
28,41,42

 Clearly any reduction in the risk of AKI with SGLT2 inhibition must be 

considered in the context of other adverse effects that might also occur during an acute intercurrent 

illness (such as ketoacidosis), and further work is needed to better understand the mechanism(s) by 

which SGLT2 inhibitors reduce the risk of AKI and how this evidence might be applied in practice. 

 

The validity of these overview results is reinforced by the high quality of the included studies, but 

there are a number of limitations that should be considered when interpreting our findings. We 

included only event-driven cardiovascular or kidney outcome trials with substantial accrued follow-

up time. This was necessary as our main interest was in assessing the need for dialysis, 

transplantation or death due to kidney disease, which was unlikely to be observed or responsive to 

therapy in trials of short duration. A substantial proportion of the data were derived from a single 

study of canagliflozin (CREDENCE trial) that was stopped early, which may increase the risk of 

overestimating treatment effects,
43

 however the consistency with the results from the other trials 

reduces that risk, and is an important finding of this review. While the consistency of effects among 
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other members of the class therefore remains somewhat uncertain, there is currently no evidence of 

substantive heterogeneity The broader generalizability of these results may also be somewhat 

affected by the characteristics of participants in the included studies, and thus future work to assess 

the use of these agents in routine clinical practice will be important. Data on AKI might be less 

robust than for other endpoints, due to variances in the collection and reporting of this outcome. 

The effects of SGLT2 inhibition on kidney (and cardiovascular and safety) outcomes in patients 

with eGFR <30 mL/min/1·73m
2 

also remains an important and unanswered question, as does the 

comparative effectiveness of SGLT2 inhibitors against other glucose lowering agents such as 

glucagon-like peptide-1 (GLP-1) receptor agonists that have also demonstrated promising effects on 

kidney outcomes.
44

  

 

Other kidney outcome trials for dapagliflozin (DAPA-CKD, NCT03036150) and empagliflozin 

(EMPA-KIDNEY, NCT03594110) are underway, and are expected to further enrich our 

understanding of the role of SGLT2 inhibitors for the prevention of kidney failure.
24,45

 Both trials 

are recruiting participants with and without T2DM on the basis of the hypothesized non-glycaemic 

mechanism(s) of renoprotection. Additionally the SCORED trial (NCT03315143) is testing the 

effects of sotagliflozin, a combined SGLT1 and SGLT2 inhibitor, on a primary cardiovascular 

endpoint (with other secondary kidney outcomes prespecified) in participants with T2DM and 

reduced kidney function. These trials will include participants with starting eGFR as low as 20 

mL/min/1·73m
2
 and will thus provide some important information on the effects of SGLT2 

inhibition in patients with more advanced kidney disease. Future studies evaluating the combination 

of SGLT2 inhibitors with other glucose lowering agents that have shown beneficial impacts on 

kidney function, such as GLP-1 receptor agonists, are another potential area of interest, particularly 

in patients with established diabetic kidney disease.
46
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In conclusion, SGLT2 inhibition reduces the risk of dialysis, transplantation or death due to kidney 

disease, in people with T2DM and a broad range of kidney risk. These data provide substantive 

evidence supporting the use of SGLT2 inhibitors to prevent clinically important, patient-level 

kidney outcomes in individuals with T2DM. 
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FIGURE LEGENDS 

Figure 1. Effect of SGLT2 inhibitors on dialysis, transplantation or death due to kidney 

disease. 

SGLT2: sodium-glucose cotransporter 2 inhibitor; RR: relative risk; CI: confidence interval. 

 

Figure 2. Effect of SGLT2 inhibitors on (A) ESKD, (B) substantial loss of kidney function, 

ESKD, or death due to kidney disease and (C) substantial loss of kidney function, ESKD, or 

death due to cardiovascular or kidney disease. 

ESKD: end-stage kidney disease; SGLT2: sodium-glucose cotransporter 2 inhibitor; RR: relative 

risk; CI: confidence interval. 

 

Figure 3. Effect of SGLT2 inhibitors on substantial loss of kidney function, ESKD or death 

due to kidney disease, stratified by baseline (A) eGFR, (B) UACR, and (C) use of renin-

angiotensin system blockade. 

ESKD: end-stage kidney disease; eGFR: estimated glomerular filtration rate; UACR: urinary 

albumin:creatinine ratio; SGLT2: sodium-glucose cotransporter 2 inhibitor; RR: relative risk; CI: 

confidence interval. 

 

Figure 4. Effect of SGLT2 inhibitors on acute kidney injury. 

SGLT2: sodium-glucose cotransporter 2 inhibitor; RR: relative risk; CI: confidence interval. 

 

Figure 5. Summary of the effects of SGLT2 inhibition on major kidney outcomes  

SGLT2: sodium-glucose cotransporter 2 inhibitor; RR: relative risk; CI: confidence interval 
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RESEARCH IN CONEXT 

Evidence before this study 

Large-scale randomized cardiovascular outcome trials of sodium glucose cotransporter-2 (SGLT2) 

inhibitors have suggested promising effects on albuminuria and creatinine based kidney outcomes. 

However, these trials included few participants at high risk of clinically important kidney outcomes, 

and as a result, the effect of SGLT2 inhibitors on kidneythe outcomes of greatest concern to patients 

– namely, the need for long-term dialysis, transplantation or death due to kidney disease – has been 

uncertain. SGLT2 inhibitors are also not currently approved for use in patients with estimated 

glomerular filtration rate (eGFR) <45 or 60 mL/min/1·73m
2
 in most countries, primarily because 

their glucose lowering effect is substantially dependent on kidney function.  A recent meta-analysis 

of these trials has reported that the renoprotective effect of SGLT2 attenuates with declining kidney 

function. However, less than a sixth of participants studied had a baseline eGFR less than 60 

mL/min/1·73m
2
, and even fewer had baseline eGFR <45 mL/min/1·73m

2
. The ability to robustly 

assess effects in people with reduced kidney function was therefore limited, especially since few 

patient-level kidney outcomes occurred. While collectively these trials have suggested that SGLT2 

inhibitors might protect against acute kidney injury, the safety of these agents in patients at high 

risk of adverse kidney outcomes has remained a concern. More recently the CREDENCE trial 

(Canagliflozin and Renal Endpoints in Diabetes with Established Nephropathy Clinical Evaluation) 

has been published, which was designed specifically to examine the impact of SGLT2 inhibition in 

people at high risk of kidney disease progression. These agents are also not currently approved for 

use in patients with estimated glomerular filtration rate (eGFR) less than 45 or 60 mL/min/1·73m
2
 

in most countries, primarily because their glucose lowering effect is dependent on kidney function. 

We therefore conducted a systematic review and meta-analysis of randomized, controlled, event-

driven, cardiovascular and kidney outcome trials reporting effects of major kidney outcomes in 

patients with type 2 diabetes. MEDLINE and EMBASE were searched from inception until March 

1June 14 2019 to identify potentially relevant studies. The protocol for this systematic review and 
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meta-analysis was prospectively registered in the International Prospective Register of Systematic 

Reviews before the analyses were completed (PROSPERO registration number CRD42019131774). 

Added value of this study 

This review summarises data from four studies including 38,723 participants across six continents. 

There was clear evidence that SGLT2 inhibitors reduce the risk dialysis, transplantation or death 

due to kidney disease, as well as a range of other major kidney outcomes, and that these agents also 

provide protection against acute kidney injury. Additionally, there were definitive, separate benefits 

at all levels of kidney function, including an approximate 30% proportional risk reduction in the 

composite kidney outcome in participants with baseline eGFR less than 45 mL/min/1·73m
2
 in 

whom these drugs are mostly not permitted for use. 

Implications of all the available evidence 

These results provide the strongest evidence yet that SGLT2 inhibitors should be routinely offered 

to individuals with type 2 diabetes at risk of progressive kidney disease. The clear evidence of 

renoprotection across the spectrum of kidney function studied to date call into question current 

restrictions on the use of SGLT2 inhibitors in people with reduced kidney function, and suggest that 

many more individuals with type 2 diabetes at high risk of kidney failure are likely to benefit from 

treatment.  
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SUMMARY 

Background 

The impact effect of sodium-glucose cotransporter 2 (SGLT2) inhibitors on kidney failure, 

particularly the need for dialysis and transplantation, or death due to kidney disease, has been 

uncertain. Previous studies have also been underpowered to robustly assess heterogeneity of effects 

on kidney outcomes by different levels of estimated glomerular filtration rate (eGFR) and 

albuminuria. 

Methods 

We conducted a systematic review and meta-analysis of randomized, controlled, cardiovascular or 

kidney outcome trials of SGLT2 inhibitors reporting effects on kidney failure and other major 

kidney outcomes in people with type 2 diabetes (PROSPERO registration number 

CRD42019131774). MEDLINE and EMBASE were searched from inception to 1 March14 June 

2019 to identify eligible trials. The primary outcome was kidney failure, defined as dialysis, 

transplantation,dialysis, transplantation, or death due to kidney disease. We used random effects 

models to obtain summary relative risks (RR) with 95% confidence intervals (CI) and random 

effects meta-regression to explore effect modification by subgroups of baseline estimated 

glomerular filtration rate (eGFR), albuminuria, and use of renin-angiotensin system (RAS) 

blockade. 

Findings 

Data were obtained from four studies including 38,723 participants of whom 25218 reached kidney 

failurerequired dialysis or transplantation or died due to kidney disease, 33510 developed end-stage 

kidney disease (ESKD), and 943 experienced acute kidney injury (AKI). SGLT2 inhibitors reduced 

the risk of kidney failuredialysis, transplantation or death due to kidney disease by 29% (RR 

0·6771, 95% CI 0·524-0·8693, p=0·00194), ESKD by 32% (RR 0·6568, 95% CI 0·535-0·815, 

p<=0·0001), and AKI by 25% (RR 0·75, 95% CI 0·66-0·85, p<0·0001), with consistent benefits 

across studies. While there was some evidence that the proportional effect of SGLT2 inhibitors 
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might attenuate with declining kidney function (P-trend=0·073), tthere was clear, separate evidence 

of benefit for all eGFR subgroups, including for participants with baseline starting eGFR 30-<45 

mL/min/1·73m
2 

 (RR 0·70, 95% CI 0·54-0·91, p=0·0080). Renoprotection was also consistent 

irrespective of baseline albuminuria and use of RAS blockade (P-trend=0·66 and P-

heterogeneity=0·31, respectively). 

Interpretation 

SGLT2 inhibitors reduce the risk of kidney failuredialysis, transplant or death due to kidney disease 

and provide protection against acute kidney injury. These data provide substantive evidence 

supporting the use of SGLT2 inhibitors to prevent major kidney outcomes in people with type 2 

diabetes. 

Funding 

None.
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INTRODUCTION 

It is estimated that approximately 2·6 million people received dialysis or underwent kidney 

transplantation for kidney failure in 2010, and this number is projected to more than double by 

2030.
1
 In many countries, more than half of all patients entering dialysis programmes have type 2 

diabetes mellitus (T2DM), making it a leading cause of kidney failure worldwide.
2
 Kidney failure 

due to T2DM is a large and growing challenge, not only for patients and their families and 

caregivers, but also for health systems and governments.
3
 

 

Treatment with angiotensin converting enzyme (ACE) inhibitors or angiotensin-receptor blockers 

(ARBs) has been shown to prevent major kidney outcomes in people with diabetes, and these 

agents are currently recommended by clinical practice guidelines for the treatment of people with 

T2DM who have, or are at high risk of, kidney disease.
4-8

 However, the residual risk remains high 

with new treatments urgently needed to reduce the growing burden of kidney failure. 

 

SGLT2 inhibitors are a newer class of glucose-lowering agent that also lower blood pressure, body 

weight and albuminuria, and may have direct haemodynamic effects on the kidney.
9
 Large scale 

randomized trials of SGLT2 inhibitors, which were originally designed to meet regulatory 

requirements and ensure cardiovascular safety, have demonstrated promising effects on a range of 

albuminuria and serum creatinine based kidney outcomes in patients with, or at high risk of, 

atherosclerotic cardiovascular disease.
10-15

 These multiple effects have translated into a reduction in 

cardiovascular events in people with T2DM in large cardiovascular outcome trials.
10-12

 The trials 

also demonstrated promising effects on a range of albuminuria and serum creatinine based kidney 

outcomes.
13-16

 The majority of participants in these trials were at low risk of clinically important 

kidney outcomes, and as a result, event rates for kidney failure were low, with few participants 

requiring dialysis or kidney transplantation, or dying due to kidney disease, in each trial. As they 

were also not explicitly designed to provide definitive information on renoprotective effects, kidney 



 7 

endpoints were not always pre-specified, were not always adjudicated, and the distinction between 

acute and chronic reductions in estimated glomerular filtration rate (eGFR) was not possible in all 

studies.  

 

A recent meta-analysis of cardiovascular outcome trials suggested that the effect of SGLT2 

inhibitors on kidney outcomes attenuates with declining eGFR.
14

 However, less than a sixth of 

participants in this analysis had baseline eGFR <60 mL/min/1·73m
2
, and thus the ability to robustly 

assess effect modification by kidney function has been limited. Additionally, because very few 

participants with starting eGFR <45 mL/min/1·73m
2
 have been studied, it has also been unclear 

whether these patients derive protection against kidney outcomes, since the glycaemic efficacy of 

these agents is substantially attenuated in this population. Similarly, few participants with higher 

levels of albuminuria have been studied, and therefore the consistency of treatment effect across 

different levels of albuminuria is unclear. While these trials have collectively suggested protection 

against acute kidney injury,
16

 the safety of these agents in patients at higher risk of adverse kidney 

outcomes has not been well established. Furthermore, since each trial included only modest 

numbers of patients at any given level of kidney function or albuminuria, the ability to robustly 

examine the consistency of treatment effect across different levels of kidney function or 

albuminuria has been limited. Most recently, the Canagliflozin and Renal Endpoints in Diabetes 

with Established Nephropathy Clinical Evaluation (CREDENCE) trial has been reported, which is 

the first study designed to specifically evaluate the impact of an SGLT2 inhibitor on a primary 

kidney outcome in people with established diabetic kidney disease.
17

 

 

We therefore undertook a systematic review and meta-analysis to determine the consistency of 

effect size across SGLT2 trials and different levels of kidney function and albuminuria, summarize 

results, and integrate available data on the effects of SGLT2 inhibition on the risk of clinically 

important kidney outcomes in people with T2DM. 
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METHODS 

This systematic review and meta-analysis was conducted and reported using the Preferred 

Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) statement. The protocol for 

this review was submitted before the analyses were begun (10 April 2019) and was prospectively 

registered in the International Prospective Register of Systematic Reviews before the analyses were 

completed (PROSPERO registration number CRD42019131774) and can be accessed 

at: http://www.crd.york.ac.uk/PROSPERO/display_record.php?ID=CRD42019131774. 

 

Search strategy and selection criteria 

We searched MEDLINE and EMBASE from inception to 1 March14 June 2019 to identify 

potentially eligible studies. Details of the search strategy, including text words and medical subject 

headings are provided in Table S1. We included all randomized, controlled, event-driven, 

cardiovascular or kidney outcome trials of SGLT2 inhibitors versus active or placebo control, in 

order to capture those with meaningful numbers of clinical kidney outcomes. Trials with extension 

periods and those including participants with type 1 diabetes or individuals less than 18 years of age 

were excluded. Two authors (B.L.N and T.Y) independently screened the titles and abstracts of all 

identified articles and, when required, reviewed full-text manuscripts to identify potentially relevant 

studies. Any disagreements related to the identification or eligibility of studies was resolved 

through discussion with a third author (M.J.J). Study sponsor and investigators were contacted to 

obtain additional trial-level data and clarify outcome definitions when required. 

 

Data synthesis and analysis 

Two authors (B.L.N and T.Y) independently extracted all data using a standardized data form and 

assessed risk of bias at the study level using the Cochrane Risk of Bias Tool.
18

 We used image 

extraction software to extract data presented only in figures without corresponding numerical data 
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(WebPlotDigitizer version 4·1, Ankit Rohatgi, Austin, TX, https://automeris.io/WebPlotDigitizer/). 

These data were summarized descriptively and not used for quantitative synthesis. Any 

discrepancies in data extraction or risk of bias assessment were resolved in consultation with a third 

author (M.J.J). Due to the small number of eligible trials, publication bias was not assessed. 

 

The primary outcome of interest was , defined as the need for chronic dialysis, or kidney 

transplantation, or death due to kidney disease. Other kidney outcomes included: (1) ESKD, defined 

as chronic dialysis, kidney transplantation, or sustained eGFR less than 15 mL/min/1·73m
2
, (2) 

substantial loss of kidney function, ESKD, or death due to kidney disease, (3) substantial loss of 

kidney function, ESKD, or death due to cardiovascular or kidney disease, (4) long-term eGFR 

slope, and (5) acute kidney injury (AKI). Substantial loss of kidney function was preferentially 

defined as a sustained doubling of serum creatinine (representing an approximate 57% decline in 

kidney function). Where sustained doubling of serum creatinine was not reported, we included 

sustained 40% decline in eGFR or unsustained doubling of serum creatinine as defined by study 

authors. We preferentially used data on sustained kidney outcomes confirmed with repeat 

assessment where these were reported to exclude acute changes in kidney function and initiation of 

dialysis for AKI, but accepted unsustained outcomes where these were the only ones reported. This 

was the case for the EMPA-REG OUTCOME trial, where sustained kidney outcome data were 

reported in a separate correspondence
19

 following the main trial publication.
11

 The definitions of 

long-term eGFR slope (reported as the annualized difference in eGFR between treatment and 

control) and AKI varied across studies and we used these outcomes as defined and reported in each 

study.  

 

We prespecified that quantitatively synthesized results for dichotomous outcomes were to be 

quantitatively synthesized by individual studies using a random effects model with inverse variance 

weighting to obtain summary effect estimates represented as relative risk (RR) with associated 95% 

https://automeris.io/WebPlotDigitizer/
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confidence intervals (CI). We also decided a priori to pooled, in order of preference, hazard ratios, 

incidence rate ratios (events/patient-years), and risk ratios (events/number of participants) to 

maximize the use of trial level data from included studies, particularly for canagliflozin, where the 

integrated analysis and reporting of two parallel companion trials with different randomization 

ratios and different follow-up durations precluded the use of risk ratios.
20

 When studies did not 

report the preferred outcome definition for substantial loss of kidney function, we performed 

sensitivity tests excluding those studies to assess the impact of endpoint definition on the results. 

We prospectively decided to summarize the effect of SGLT2 inhibitors on long-term eGFR slope 

descriptively bBecause of variations in the definition of this outcome and because the eGFR slope 

outcomeit measuredd the absolute rather than proportional effect of treatment. Any, heterogeneity 

between studies for this outcome therefore could notcould not be meaningfully assessed, as 

differences in absolute effect reflected differences in baseline kidney risk. These data were 

therefore summarized descriptively. For all other outcomes we assessed heterogeneity between 

studies using the I
2 

test and P-heterogeneity values obtained from a random effects model. I
2
 values 

of <25%, 25-75%, and >75-100% were considered to reflect low, moderate, and high likelihood of 

differences between studies, respectively.  

 

Because of the kidney-based mechanism of action and albuminuria lowering effect of SGLT2 

inhibitors, we performed additionaprospectively decided to conductl subgroup analysees for 

efficacy outcomes to assess whether treatment effects varied to assess for effect modification by 

three kidney-related subgroups. The effect of SGLT2 inhibitors on the composite kidney outcome 

of substantial loss of kidney function, ESKD or death due to kidney disease was assessed across 

different levels of baseline kidney function and urinary albumin excretion. Additionally, because 

ACE inhibitors and ARBs are recommended for the treatment of diabetic kidney disease, we also 

analysed whether the effects of SGLT2 inhibition differed by baseline use of renin-angiotensin 

system (RAS) blockade. We prospectively decided to conduct these analyses for efficacy outcomes 
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(i.e. all outcomes except AKI) where subgroup data were reported in two or more studies. Because 

the results come from relatively few individual studies, we performed multiple sensitivity analyses 

to assess the vulnerability of the eGFR subgroup analysis outcomes to definitional and 

methodological decisions. For the outcome substantial loss of kidney function, ESKD or death due 

to kidney disease, wWe assessed the impact of SGLT2 inhibitors by eGFR categories (eGFR <45, 

45-<60, 60-<90 and ≥90 mL/min/1·73m
2
) and levels of albuminuria (urinary albumin:creatinine 

ratio [UACR] <30, 30-300, and >300 mg/g) as the main analysis. Where studies reported the eGFR 

<60mL/min/1·73m
2 

subgroup without more granular categories, as occurred in the DECLARE-

TIMI 58 trial, we excluded these data from the main analysis. However we performed a sensitivity 

analysis in which the outcomes for the baseline eGFR <60mL/min/1·73m
2 

subgroup were included 

with the eGFR 45-<60 mL/min/1·73m
2
 category, on the assumption that a large majority of these 

participants were likely to have an eGFR 45-60 mL/min/1·73m
2
 based on the trial exclusion 

criteria. We conducted an additional sensitivity analysis to assess the effects of treatment in 

participants with eGFR <60 and ≥60 mL/min/1·73m
2
. When required, effect estimates for 

subgroups within the same study (e.g. eGFR 30-<45 and 45-<60 mL/min/1·73m
2
)

 
were merged 

using a fixed effects model. For the eGFR slope outcome, data were stratified by kidney function 

(eGFR <60 and ≥60 mL/min/1·73m
2
) and albuminuria (UACR <30, 30-300, and >300 mg/g) and 

summarized descriptively.   

 

We decided a priori to used random effects meta-regression with restricted maximum likelihood 

and Hartung Knapp adjustment to assess trend in treatment effects across eGFR and albuminuria 

subgroups as the primary analysis. In sensitivity analyses we repeated the meta-regression analyses 

treating subgroups as categories without assumptions of linearity. A P-trend and P-heterogeneity of 

<0·10 were considered to reflect a high likelihood of differences beyond chance.  
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All analyses were performed using Stata 15·1 (StataCorp 2017. Stata Statistical Software: Release 

15. College Station, TX; StataCorp LLC). 

 

Role of the funding source 

This study was not specifically funded. All authors had full access to the data and agreed on the 

final decision to submit for publication. 

 

RESULTS 

We identified four separate studies comprising five individual trials after applying the search 

strategy and study selection criteria (Table S1 and Figure S1). Data from a number of secondary 

analyses of these studies were used in this meta-analysis.
11-13,15,19,21-24

 One secondary analysis of the 

DECLARE-TIMI 58 trial which was published after the systematic literature search was identified 

by hand searching.
15

 The CANVAS Program comprised two companion trials (CANVAS and 

CANVAS-R) that were conducted in parallel and analysed and reported as a single program.
25

 All 

studies compared an SGLT2 inhibitor with matching placebo. Three studies were designed as 

cardiovascular outcome trials testing the impact of empagliflozin, canagliflozin, and dapagliflozin 

on a primary composite cardiovascular outcome of nonfatal myocardial infarction, nonfatal stroke, 

or cardiovascular death, with a range of pre-specified exploratory and post-hoc kidney outcomes 

also reported.
25-27

 One study was an event-driven kidney outcome trial for canagliflozin with a 

primary composite outcome of sustained doubling of serum creatinine, ESKD, or death due to 

cardiovascular or kidney disease.
17

 The risk of bias was low for all indicators; all participants and 

investigators were blinded to treatment allocation with complete reporting of outcomes (Figure S2). 

 

In total, this meta-analysis included data on 38,723 randomised participants from six continents. 

The mean age across the studies ranged from 61·3 to 63·9 years, while 35·0% of participants 

overall were female (Table 1). The proportion of participants with eGFR <60 mL/min/1·73m
2 
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ranged from 7·4% in DECLARE-TIMI 58 to 58·98% in CREDENCE. The majority of participants 

in the three cardiovascular outcome trials had a UACR <30 mg/g at baseline (range 59·4% to 

69·18%), while 88·0% in CREDENCE had a baseline UACR >300 mg/g was an entry criterion for 

the CREDENCE trial (Table 1). An eGFR of ≥30 mL/min/1·73m
2
 was an inclusion criterion in all 

studies with the exception of the DECLARE-TIMI 58 trial where Cockroft Gault creatinine 

clearance of ≥60 mL/min was required. Treatment with RAS blockade was required for entry by the 

CREDENCE trial only. Accordingly, virtually all (99·9%) CREDENCE participants were treated 

with ACE inhibitors or ARBs at baseline compared with approximately 80% of participants in the 

other trials (Table 1).  

 

Overall, there were 218 252 occurrences of kidney failureparticipants who required dialysis or 

transplantation or died due to kidney disease. There were 33510 ESKD events; 967 incidences of 

substantial loss of kidney function, ESKD or death due to kidney disease; 2,323 cases of substantial 

loss of kidney function, ESKD, or death due to cardiovascular or kidney disease; and 943 episodes 

of AKI. Pre-specification of outcomes, requirements for changes in kidney function to be confirmed 

on repeated measurement, and adjudication procedures differed across the studies (Table S3). 

Kidney endpoints were also defined and reported variably across the studies (Table S4-S5).  

 

Primary outcome 

SGLT2 inhibitors reduced the risk of kidney failuredialysis, transplantation or death due to kidney 

disease by 2933% (RR 0·6771, 95% CI 0·524-0·8693, p=0·00194). The effect of SGLT2 inhibitors 

on this outcome was consistent across studies (I
2
=0%, P-heterogeneity=0·7953; Figure 1).  

 

Other kidney outcomes 

SGLT2 inhibitors reduced the risk of ESKD by 352% (RR 0·658, 95% CI 0·535-0·815, 

p<=0·0001), with no differences in treatment effect across studies (I
2
=0·0%, P-
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heterogeneity=0·4195). SGLT2 inhibition also reduced the risk of substantial loss of kidney 

function, ESKD, or death due to kidney disease by 42% (0·58, 95% CI 0·51-0·66, p<0·0001; 

Figure 2) with no evidence of differences between studies (I
2
=0%, P-heterogeneity=0·49). The 

results from sensitivity testing which excluded studies that did not report our preferred event 

definition of substantial loss of kidney function were essentially unchanged (Table S6). The overall 

effect of SGLT2 inhibitors on substantial loss of kidney function, ESKD, death due to 

cardiovascular or kidney disease (RR 0·71, 95% CI 0·0.63-0·82, p<0·0001; Figure 2) varied across 

studies, primarily due to the EMPA-REG OUTCOME trial (I
2 

=60·3%, P-heterogeneity=0·056).  

 

SGLT2 inhibitors also lowered the risk of AKI by 25% (RR 0·75, 95% CI 0·66-0·85, p<0·0001; 

Figure 4), with no evidence of differences between studies (I
2
=0%, P-heterogeneity=0·68). AKI 

events, both serious and non-serious, were reported variably across individual trials and were not 

adjudicated (Table S5). Overall effects of SGLT2 inhibition on major kidney outcomes are 

summarised in Figure 5. 

 

Subgroup analyses 

The effect on the outcome of substantial loss of kidney function, ESKD or death due to kidney 

disease was reported according to eGFR and UACR subgroups, and according to baseline use of 

RAS blockade in all four studies, while effects according to baseline albuminuria were reported in 

two studies.. There was some evidence that the magnitude of relative benefit might be attenuated 

across progressively lower eGFR subgroups (P-trend=0·073; Figure 3). However, there was still 

clear, separately significant evidence of benefit for all eGFR subgroups, including for participants 

with a baseline eGFR <45 mL/min/1·73m
2
, where a 30% relative risk reduction was observed (RR 

0·70, 95% CI 0·54-0·91, p=0·0080). There were also clear and consistent benefits in participants 

with eGFR above and below 60 mL/min/1·73m
2
 (P-heterogeneity=0·2833; Figure S2). Results for 

tests of heterogeneity altered slightly in the different sensitivity analyses (Table S7) but the 
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evidence of clear separate benefit for all eGFR subgroups remained constant. There was no 

evidence of differences in treatment effect for the composite outcome across UACR subgroups (P-

trend=0·6631; Figure 3). The effect of SGLT2 inhibitors was also consistent irrespective of the use 

of renin-angiotensin system blockade at baseline (P-heterogeneity=0·3177; Figure S3). 

 

Absolute effects on eGFR slope 

The absolute effect of SGLT2 inhibitors on annualised long-term eGFR slope was reported in three 

studies (is summarised in Table S8. The DECLARE-TIMI 58 trial reported mean eGFR over time 

as a prespecified outcome instead of annualised eGFR slope. The rate of eGFR decline in placebo 

treated participants varied between trials from -0·85 mL/min/1·73m
2
/year in the CANVAS Program 

to -4·59 mL/min/1·73m
2
/year in the CREDENCE trial. As a result, annual placebo-subtracted 

differences in eGFR also differed, with the greatest absolute benefit in terms of eGFR decline 

observed in CREDENCE trial (2·74 mL/min/1·73m
2
/year, 95% CI 2·37-3·11, p<0·0001). Data by 

eGFR and UACR subgroups were reported in the CANVAS Program and EMPA-REG OUTCOME 

trial, and are displayed in Table S8. 

 

DISCUSSION 

The development of kidney failure is among the most important consequences of diabetic kidney 

disease, and is of great concern to patients. The evidence from completed trials summarised in this 

review clearly shows that SGLT2 inhibitors definitively reduce the risk of kidney failuredialysis, 

transplantation or death due to kidney disease, with compelling evidence of benefits on a broad 

range of other clinically important kidney outcomes. Importantly, renoprotection is achieved across 

all levels of kidney function down to eGFR 30 mL/min/1·73m
2
, with clear benefits even for the 

subgroup with baseline eGFR between 30 to 45 mL/min/1·73m
2
 in whom these drugs are currently 

not approved for use in most countries. The clear protective effect against AKI allays early 

concerns about the risk of adverse effects consequent upon the haemodynamic mechanism of action 
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of this class of agent. Furthermore, the inclusion of CREDENCE, a trial that mandated the use of 

RAS blockade, shows that the benefits of SGLT2 inhibitors are cumulative with those of RAS 

blockade. These results provide the strongest evidence yet that SGLT2 inhibition should be 

routinely offered to individuals with T2DM at risk of progressive kidney disease. 

 

The glycaemic efficacy of SGLT2 inhibitors is directly proportional to glomerular filtration rate,
9,28

 

but whether the renoprotective effects are modified by declining kidney function has been less 

clear. A recent meta-analysis of the cardiovascular outcome trials suggested that the renoprotective 

effect of SGLT2 inhibitors attenuates with declining kidney function.
14

 However too few 

participants with baseline eGFR <60 mL/min/1·73m
2
 were studied to adequately assess trend by 

eGFR. Additionally, whether Most individual trials included few participants with starting eGFR 

<45 mL/min/1·73m
2
 derive benefits with respect to kidney outcomes, despite substantially 

attenuated glycaemic efficacy, has also been at baseline and were inadequately powered to test for 

effect modification by eGFR or albuminuria. Theunclear. The accumulated trial evidence, including 

the CREDENCE trial in which approximately 60% of participants had a baseline eGFR <60 

mL/min/1·73m
2
, has made it possible to robustly explore possible modifying effects. While our 

findings raise the possibility that the magnitude of relative (but not absolute) benefit might attenuate 

somewhat across progressively lower eGFR subgroups, these results clearly demonstrate that 

renoprotection is achieved across the entire spectrum of eGFR levels studied to date, down to an 

eGFR of 30 mL/min/1·73m
2
. SGLT2 inhibitors are currently not indicated in people with eGFR 

<45 ml/min/1·73m
2
 in most countries, largely due to limited glycaemic efficacy.

29
 As these 

individuals are at much greater risk of kidney failure, the absolute benefits of SGLT2 inhibition are 

likely to be at least as large as for people with higher eGFR.
30

 With evidence of renoprotection now 

available from the cumulated trials, these restrictions are called into question, suggesting that many 

more individuals at high risk of major kidney outcomes are likely to benefit from treatment, and 

that trials in people with even more advanced kidney disease are warranted. The absence of effect 
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modification by baseline albuminuria contrasts with the findings from trials of RAS blockade.
31-34

 

These data suggest that mechanisms other than those associated with albuminuria reduction might 

also be important. Furthermore, renoprotection with SGLT2 inhibitors appears consistent 

irrespective of baseline use of RAS blockade. Taken together, these findings suggest that SGLT2 

inhibition should provide benefit for a broader patient population.  

 

A plausible mechanistic explanation for the renoprotective effect of SGLT2 inhibitors is correction 

of aberrant glomerular haemodynamics induced by hyperglycaemia, which drive progressive 

nephron loss.
35,36

 Blocking sodium re-uptake in the proximal tubule has been suggested to restore 

delivery of sodium to the macula densa, leading to afferent arteriolar constriction and a reduction in 

intraglomerular pressure.
37

 This haemodynamic effect results in an early fall in eGFR, but is 

followed by marked protection against decline in kidney function, with reversal of the 

haemodynamic effect achieved upon drug cessation.
12,38

 The effect parallels that observed with 

RAS blockade, the only other treatment effective in slowing the progression of diabetic kidney 

disease, and suggests some commonality in a mechanism of action based upon reducing 

intraglomerular pressure – SGLT2 inhibitors by enhancing afferent arteriolar vasoconstriction and 

RAS blockers by increasing efferent arteriolar vasodilatation.
39

 While this may be the most 

plausible mechanistic explanation for the renoprotective effect of these agents, the effect on kidney 

haemodynamics has only been mechanistically studied in patients with type 1 diabetes with whole-

kidney hyperfiltration; whether these effects are also observed in patients with type 2 diabetes is not 

currently known.
37

 Other pathways by which SGLT2 inhibitors may protect the kidney an area of 

active study and include (but are not limited to): enhancing oxygenation of the kidney (through a 

reduction in tubular energy requirements), metabolic and anti-inflammatory effects, albuminuria 

lowering, and direct effects on glomerular endothelial function, and are an area of active study.
28,40
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Protection against AKI is a welcome finding given early concerns about a potential increase in risk. 

These findings strengthen those of a previous meta-analysis of the cardiovascular outcome trials.
16

 

While serious and non-serious AKI events were investigator reported, collected variably and not 

adjudicated, the large number of events and consistency of effect across the trials is striking and 

gives confidence to the observation that SGLT2 inhibitors provide protection against AKI. The 

mechanism is unknown, but could involve reduced energy expenditure in the proximal tubule, thus 

improving oxygenation and reducing the susceptibility of tubular cells to acute ischemic or volume-

related insults.
28,41,42

 Clearly any reduction in the risk of AKI with SGLT2 inhibition must be 

considered in the context of other adverse effects that might also occur during an acute intercurrent 

illness (such as ketoacidosis), and further work is needed to better understand the mechanism(s) by 

which SGLT2 inhibitors reduce the risk of AKI and how this evidence might be applied in practice. 

 

The validity of these overview results is reinforced by the high quality of the included studies, but 

there are a number of limitations that should be considered when interpreting our findings. We 

included only event-driven cardiovascular or kidney outcome trials with substantial accrued follow-

up time. This was necessary as our main interest was in assessing kidney failure eventsthe need for 

dialysis, transplantation or death due to kidney disease, which wasare unlikely to be observed or 

responsive to therapy in trials of short duration. A substantial  single trial contributed a substantial 

proportion of the data were derived from a single study of canagliflozin (CREDENCE trial) that 

was stopped early, which may increase the risk of overestimating treatment effects,
43

 however the 

consistency with the results from the other trials reduces that risk, and is an important finding of 

this review. While using a single agent,  conducted in the population at highest risk of kidney 

failure. tThe consistency of effects among other members of the class therefore remains somewhat 

uncertain, although there is currently no evidence of substantive heterogeneity.  The broader 

generalizability of these results may also be somewhat affected by the characteristics of participants 

in the included studies, and thus future work to assess the use of these agents in routine clinical 
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practice will be important. Data for several outcomes were not available for all studies and the 

Ddata on AKI might be less robust than for other endpoints, due to variances in the collection and 

reporting of this outcome. The effects of SGLT2 inhibition on kidney (and cardiovascular and 

safety) outcomes in patients with eGFR <30 mL/min/1·73m
2 

also remains an important and 

unanswered question, as does the comparative effectiveness of SGLT2 inhibitors against other 

glucose lowering agents such as glucagon-like peptide-1 (GLP-1) receptor agonists that have also 

demonstrated promising effects on kidney outcomes.
44

  

 

Other kidney outcome trials for dapagliflozin (DAPA-CKD, NCT03036150) and empagliflozin 

(EMPA-KIDNEY, NCT03594110) are underway, and are expected to further enrich our 

understanding of the role of SGLT2 inhibitors for the prevention of kidney failure.
24,45

 Both trials 

are recruiting participants with and without T2DM on the basis of the hypothesized non-glycaemic 

mechanism(s) of renoprotection. Additionally the SCORED trial (NCT03315143) is testing the 

effects of sotagliflozin, a combined SGLT1 and SGLT2 inhibitor, on a primary cardiovascular 

endpoint (with other secondary kidney outcomes prespecified) in participants with T2DM and 

reduced kidney function. These trials will include participants with starting eGFR as low as 20 

mL/min/1·73m
2
 and will thus provide some important information on the effects of SGLT2 

inhibition in patients with more advanced kidney disease. Future studies evaluating the combination 

of SGLT2 inhibitors with other glucose lowering agents that have shown beneficial impacts on 

kidney function, such as GLP-1 receptor agonists, are another potential area of interest, particularly 

in patients with established diabetic kidney disease.
46

  

 

In conclusion, SGLT2 inhibition reduces the risk of dialysis, transplantation or death due to kidney 

disease, in people with T2DM and a broad range of kidney risk. These data provide substantive 

evidence supporting the use of SGLT2 inhibitors to prevent clinically important, patient-level 

kidney outcomes in individuals with T2DM. 
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FIGURE LEGENDS 

Figure 1. Effect of SGLT2 inhibitors on kidney failure (dialysis, transplantation or death due 

to kidney disease).dialysis, transplantation or death due to kidney disease 

SGLT2: sodium-glucose cotransporter 2 inhibitor; RR: relative risk; CI: confidence interval; N/A: 

not available.. 

 

Figure 2. Effect of SGLT2 inhibitors on (A) ESKD, (B) substantial loss of kidney function, 

ESKD, or death due to kidney disease and (C) substantial loss of kidney function, ESKD, or 

death due to cardiovascular or kidney disease. 

ESKD: end-stage kidney disease; SGLT2: sodium-glucose cotransporter 2 inhibitor; RR: relative 

risk; CI: confidence interval; N/A: not available.. 

 

Figure 3. Effect of SGLT2 inhibitors on substantial loss of kidney function, ESKD or death 

due to kidney disease, stratified by baseline (A) baseline eGFR, and (B) UACR subgroups, 

and (C) use of renin-angiotensin system blockade 

ESKD: end-stage kidney disease; eGFR: estimated glomerular filtration rate; UACR: urinary 

albumin:creatinine ratio; SGLT2: sodium-glucose cotransporter 2 inhibitor; RR: relative risk; CI: 

confidence interval; N/A: not available.. 

 

Figure 4. Effect of SGLT2 inhibitors on acute kidney injury. 

SGLT2: sodium-glucose cotransporter 2 inhibitor; RR: relative risk; CI: confidence interval. 

 

Figure 5. Summary of the effects of SGLT2 inhibition on major kidney outcomes  

SGLT2: sodium-glucose cotransporter 2 inhibitor; RR: relative risk; CI: confidence interval 
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*Reply to Reviewers Comments
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EDITORS' SPECIFIC POINTS: 
 

*As noted by Reviewer #3 and others, there are several previous meta-analyses that have been 

done on the topic covered here - specifically there is the meta of the CVOTs from the TIMI 

group published in The Lancet last November 

(https://www.thelancet.com/journals/lancet/article/PIIS0140-6736(18)32590-

X/fulltext) including renal outcomes, another recent meta from the TIMI group in Circulation 

comparing SGLT inhibitors and GLP-1 receptor agonists 

(https://www.ahajournals.org/doi/full/10.1161/CIRCULATIONAHA.118.038868) also 

including renal outcomes, and recent meta on AKI in the CVOTs of SGLT2 inhibitors 

(https://onlinelibrary.wiley.com/doi/full/10.1111/dom.13754). These papers ought to be cited 

and discussed in the revised paper, including emphasising what the present paper adds 

beyond those previous metas (while the main advance is the inclusion of data from 

CREDENCE, any other novel aspects from the present work should also be emphasised). 

 

As suggested, we have cited these works and incorporated them into the research in context, 

introduction and discussion sections. More specifically, we have used these papers to highlight what 

additional contribution this meta-analysis makes to the literature, which most notably includes the 

addition of the first dedicated kidney outcome trial (CREDENCE), but also a range of other 

important issues as described below.  

 

Research in context, evidence before this study: 

“SGLT2 inhibitors are also not currently approved for use in patients with estimated glomerular 

filtration rate (eGFR) less than 45 or 60 mL/min/1·73m
2
 in most countries, primarily because their 

glucose lowering effect is substantially dependent on kidney function. A recent meta-analysis of 

these trials has reported that the renoprotective effect of SGLT2 attenuates with declining kidney 

function. However, less than a sixth of participants studied had a baseline eGFR less than 60 

mL/min/1·73m
2
, and even fewer had baseline eGFR less than 45 mL/min/1·73m

2
. The ability to 

robustly assess effects in people with reduced kidney function was therefore limited, especially 

since few patient-level kidney outcomes occurred. While collectively these trials have suggested 

that SGLT2 inhibitors might protect against acute kidney injury, the safety of these agents in 

patients at high risk of adverse kidney outcomes has remained a concern.” 

 

Introduction: 

“A recent meta-analysis of cardiovascular outcome trials suggested that the effect of SGLT2 

inhibitors on kidney outcomes attenuates with declining eGFR. However, less than a sixth of 

participants in this analysis had baseline eGFR <60 mL/min/1.73m2, and thus the ability to 

robustly assess effect modification by kidney function has been limited. Additionally, because very 

few participants with starting eGFR <45 mL/min/1.73m2 have been studied, it has also been 

unclear whether these patients derive protection against kidney outcomes, since the glycaemic 

efficacy of these agents is substantially attenuated in this population. Similarly, few participants 

with higher levels of albuminuria have been studied, and therefore the consistency of treatment 

effect across different levels of albuminuria is unclear. While these trials have collectively 

suggested protection against acute kidney injury, the safety of these agents in patients at higher 

risk of adverse kidney outcomes has not been well established.” 

 

Discussion: 

“A recent meta-analysis of the cardiovascular outcome trials suggested that the renoprotective 

effect of SGLT2 inhibitors attenuates with declining kidney function. However too few 

participants with baseline eGFR <60 mL/min/1.73m
2
 were studied to adequately assess trend by 

eGFR. Additionally, whether participants with starting eGFR <45 mL/min/1·73m
2
 derive benefits 

https://www.thelancet.com/journals/lancet/article/PIIS0140-6736(18)32590-X/fulltext)
https://www.thelancet.com/journals/lancet/article/PIIS0140-6736(18)32590-X/fulltext)
https://www.ahajournals.org/doi/full/10.1161/CIRCULATIONAHA.118.038868
https://onlinelibrary.wiley.com/doi/full/10.1111/dom.13754


with respect to kidney outcomes, despite substantially attenuated glycaemic efficacy, has also 

been unclear.” 

 

“The effects of SGLT2 inhibition on kidney (and cardiovascular and safety) outcomes in patients 

with eGFR <30 mL/min/1·73m
2 

also remains an important and unanswered question, as does the 

comparative effectiveness of SGLT2 inhibitors against other glucose lowering agents such as 

glucagon-like peptide-1 (GLP-1) receptor agonists that have also demonstrated promising effects 

on kidney outcomes.” 

 

*As Reviewer #3 notes, some data seem to be missing from some of the trials. In order to 

prioritise the present paper, we would need it to be as complete as possible. A renal analysis 

from DECLARE-TIMI 58 was published yesterday 

(https://www.thelancet.com/journals/landia/article/PIIS2213-8587(19)30180-9/fulltext), which 

might help a little, although perhaps not completely as this did not include detailed UACR 

data. Have you approached the authors to request the data needed to make these analyses 

complete? If not, might it be possible to wait until these data are available to ensure these 

analyses are complete? Similarly for the event rate data from EMPA-REG OUTCOME, have 

you approached the authors to request these data? 

 

We contacted study investigators and trial sponsors wherever possible to obtain additional data or 

clarify outcomes.  

 

During the review process, we contacted the DECLARE-TIMI 58 investigators, who provided data 

for the outcome of dialysis, transplantation or death due to kidney disease. As a result, there is now 

complete data across all four studies for the primary outcome in this review. 

 

The cardio-renal composite outcome of substantial loss of kidney function, ESKD, or death due to 

cardiovascular or kidney disease in the EMPA-REG OUTCOME trial has not been previously 

published. The effect on this outcome in the EMPA-REG OUTCOME trial was obtained through 

correspondence with the trial sponsor (Figure 2, panel C). This allows for the complete reporting of 

this outcome across all the included studies. 

 

The renal composite outcome of substantial loss of kidney function, ESKD, or death due to kidney 

disease from the CANVAS Program by baseline UACR subgroups has also not been previously 

published. These data were analysed specifically for this manuscript through the provision of data 

from the CANVAS Program authors. 

 

Additionally, the exact definitions of acute kidney injury used each of the trials (Table S5), and 

adjudication procedures were also clarified with study sponsors.  

 

As suggested, we have incorporated the data from the recent publication of the DECLARE-TIMI 58 

renal outcomes paper into our manuscript. This includes detailed data for subgroups, including by 

baseline eGFR, UACR, and use of renin-angiotensin system blockade.  

 

As a result, there is now complete data across the four studies for every outcome in the manuscript. 

There is also complete outcome data for all the subgroup analysis by baseline eGFR, UACR and 

use of renin-angiotensin system blockade. We have amended the manuscript to clarify how data 

were obtained and acknowledged investigators and trial sponsors. 

 

Methods: 

“Study sponsor and investigators were contacted to obtain additional trial-level data and clarify 

outcome definitions when required.” 

https://www.thelancet.com/journals/landia/article/PIIS2213-8587(19)30180-9/fulltext)


 

Acknowledgements: 

“The authors wish to acknowledge Associate Professor Stephen Wiviott, principle investigator of 

the DECLARE-TIMI 58 trial, as well as the investigators and sponsors of individual studies 

included in this systematic review and meta-analysis (Boehringer Ingelheim, Janssen, and 

AstraZeneca) who provided additional data and clarified outcome definitions when required.” 

 

Unfortunately, event rates per 1000 patient years are variably reported across the primary trial 

reports and secondary analyses and we were not able to obtain event rates for all studies. We are 

currently unaware of any reporting of event rates from the EMPA-REG OUTCOME trial for eGFR 

and UACR subgroups. 

 

In contrast in the CANVAS Program publications, event rates have been reported but the number of 

events in each trial arm has not been for statistical reasons, which are outlined below in our 

response to the reviewer.  

 

To attempt to address this, we have reported the total number of events and participants in each trial 

for every outcome so that the reported data is complete as possible.  

 

*As noted by the statistical reviewer, it seems inappropriate to refer the PROSPERO 

registration as 'prospective' when it was done just days before submission and when the 

analyses were well under way. Perhaps this could be rephrased to avoid the word 

'prospective' - eg, "was registered on PROSPERO before the analyses were completed". 

 

We appreciate that these analyses were well underway by the registration date of this review, as 

listed on the PROSPERO website. This was due to a substantial delay between submission of a 

protocol to PROSPERO and it being approved and publicly listed. 

 

In the case of this systematic review and meta-analysis, the initial protocol submission occurred on 

the 10
th

 of April 2019 (prior to the publication of the CREDENCE trial), but the protocol was not 

processed by PROSPERO until the 22
nd

 of May – more than six weeks later. PROSPERO does not 

acknowledge the date of protocol submission (10
th

 April), only the data that it is approved (22
nd

 

May). 

 

Nevertheless, we have amended the manuscript as suggested to better reflect the conduct of the 

analyses, which occurred whilst the protocol was being processed, as permitted by PROSPERO. 

 

Research in context, evidence before this study: 

“The protocol for this systematic review and meta-analysis was registered in the International 

Prospective Register of Systematic Reviews before the analyses were completed (PROSPERO 

registration number CRD42019131774).” 

 

Methods: 

“The protocol for this review was submitted before the analyses were begun (10 April 2019) and 

was registered by the International Prospective Register of Systematic Reviews before the 

analyses were completed (PROSPERO registration number CRD42019131774) and can be 

accessed at: http://www.crd.york.ac.uk/PROSPERO/display_record.php?ID=CRD42019131774.” 

 

REVIEWERS' COMMENTS:  

 

Reviewer #1: This well-written and very timely manuscript by Brendon Neuen and colleagues 

summarizes renal outcome data from three landmark cardiovascular safety trials and one 



dedicated renal outcome trial of SGLT2i's (collectively including 38,723 randomized 

participants) in patients with type 2 diabetes and high cardio-renal risk. This systematic 

review provides the strongest evidence to date that SGLT2 inhibitors reduce the risk of end-

stage kidney disease, renal death, acute kidney injury and a range of other kidney outcomes 

in T2DM patients; albeit CREDENCE contributed to a substantial proportion of the data. 

Importantly, this meta-analysis provides substantive evidence that SGLT2i's induce 

renoprotection across the spectrum of kidney function levels, including separate evidence of 

benefit for T2DM patients with a baseline eGFR between 30 and 45 mL/min/1.73m2. This 

highly relevant outcome and clinical message may resonate as to date, these drugs are not 

permitted for use in patients with moderate to severe kidney failure in most countries. Finally, 

collective data allays the concerns about the risk of AKI; rather, the analysis shows a clear 

protective effect (keeping in mind the variably collected and not adjudicated data) which 

sparks the search for mechanistic understanding and potential beyond diabetic kidney 

disease. 

 

Although the results are of high interest and are generally well-presented, some critical 

comments and suggestions may help the authors/investigators to improve the manuscript. 

 

Minor comments 

1. General: The primary composite outcome of this systematic review and meta-analysis is 

"kidney failure", defined as chronic dialysis, kidney transplantation or death due to kidney 

disease. The title of this composite seems poorly chosen given that the latter outcome (renal 

death) denotes more than kidney failure alone. Please consider adjusting the wording of the 

primary composite. In general, all outcomes (primary and secondary) seem to be very similar 

in terms of composition and naming, which is at times quite confusing. For instance, the main 

result sentence suggests overlap that does not count up: "there were 218 occurrences of 

kidney failure, 310 ESKD events … 943 episodes of AKI". 

 

We have amended the primary outcome from “kidney failure” to “dialysis, transplantation or death 

due to kidney disease”. We believe this clarifies the confusion about the different outcomes with 

similar terminology and/or components. 

 

Abstract, methods: 

“The primary outcome was dialysis, transplantation, or death due to kidney disease.” 

 

Abstract, findings: 

“Data were obtained from four studies including 38,723 participants of whom 252 required 

dialysis or transplantation or died due to kidney disease, 335 developed end-stage kidney disease 

(ESKD), and 943 experienced acute kidney injury (AKI). SGLT2 inhibitors reduced the risk of 

dialysis, transplantation or death due to kidney disease (RR 0·67, 95% CI 0·52-0·86, p=0·0019)” 

 

Methods, data synthesis and analysis: 

“The primary outcome of interest was chronic dialysis, kidney transplantation, or death due to 

kidney disease.” 

 

Results:  

“Overall, there were 252 participants who required dialysis or transplantation or died due to 

kidney disease.” 

 

Results, primary outcome: 



“SGLT2 inhibitors reduced the risk of dialysis, transplantation or death due to kidney disease by 

33% (RR 0·67, 95% CI 0·52-0·86, p=0·0019). The effect of SGLT2 inhibitors on this outcome was 

consistent across studies (I
2
=0%, P-heterogeneity=0·53; Figure 1). “ 

 

Discussion: 

“The evidence from completed trials summarised in this review clearly shows that SGLT2 

inhibitors definitively reduce the risk of dialysis, transplantation or death due to kidney disease, 

with compelling evidence of benefits on a broad range of other clinically important kidney 

outcomes.” 

 

Methods: 

2. General: As CREDENCE contributed to a substantial proportion of the data, and resulting 

conclusion and clinical message, I believe the authors should discuss this trial in slightly more 

detail, including its potential limitations (e.g. relatively high drug-discontinuation rate and 

impact of early cessation of the trial). 

 

The drug discontinuation rate in CREDENCE was 27.3% over a median 2.6 years and was 

comparable to that seen with other SGLT2 inhibitor trials and other major renal outcome trials 

(further details listed below). Discontinuation rates would be expected to bias the results towards 

the null. The proportion of participants who discontinued randomized treatment along with 

median/mean follow-up in other SGLT2 inhibitor trials and major renal outcome trials are listed 

below: 

 

SGLT2 inhibitor trials 

 CREDENCE: median follow-up 2.6 years, stopped early 

o 29.9% placebo, 24.7% canagliflozin 

 CANVAS Program:  median follow-up 2.4 years 

o 29.9% placebo, 29.2% canagliflozin 

 DECLARE-TIMI 58: median follow up 4.2 years 

o  25.1% placebo, 21.1% dapagliflozin 

 EMPA-REG OUTCOME: median follow up 3.1 years 

o 29.3% placebo, 23.4% empagliflozin 

 

Renal outcome trials 

 SONAR: median follow up 2.2 years, stopped early 

o 19.0% placebo, 19.6% atrasentan 

 ALTITUDE: median follow up 2.7 years, stopped early 

o 29.1% placebo, 34.3% aliskiren 

 NEPHRON-D: median follow-up 2.2 years, stopped early 

o 16.1% monotherapy, 20.7% combination therapy  

 IDNT: mean follow-up 2.6 years 

o 23.7% of participants 

 RENAAL: mean follow-up 3.4 years, stopped early 

o 53.5% placebo, 46.5% losartan 

 

We believe that the rates of discontinuation across these trials reflect the high-risk nature of the 

population that these trials have been conducted in, an issue which is not limited solely to the 

CREDENCE trial. 

 

We have edited the limitations section of the discussion to acknowledge that the CREDENCE trial 

was stopped early and the impact this may have on our findings. 

 



Discussion: 

“A substantial proportion of the data were derived from a single study of canagliflozin 

(CREDENCE trial) that was stopped early, which may increase the risk of overestimating 

treatment effects, however the consistency with the results from the other trials reduces that risk, 

and is an important finding of this review. While the consistency of effects among other members 

of the class therefore remains somewhat uncertain, there is currently no evidence of substantive 

heterogeneity” 

 

3. Abstract (Page 4, Background): The use of the word "impact" is too imprecise; perhaps use 

"magnitude of effect". Furthermore, I would argue that the hitherto undefined heterogeneity 

of effect based on baseline kidney impairment should also be mentioned here. 

 

As suggested, we have amended the statement. We have also discussed heterogeneity of effect 

based on kidney function (and albuminuria) in greater detail in the introduction and discussion 

sections. Additionally, we have also incorporated this point into the research in context section. 

 

Summary, background: 

“The effect of sodium-glucose cotransporter 2 (SGLT2) inhibitors on kidney failure, particularly 

the need for dialysis and transplantation, or death due to kidney disease, has been uncertain. 

Previous studies have also been underpowered to robustly assess heterogeneity of effects on kidney 

outcomes by different levels of estimated glomerular filtration rate (eGFR) and albuminuria”  

 

Research in context, evidence before this study: 

“A recent meta-analysis of these trials has reported that the renoprotective effect of SGLT2 

attenuates with declining kidney function. However, less than a sixth of participants studied had a 

baseline eGFR less than 60 mL/min/1·73m
2
, and even fewer had baseline eGFR <45 

mL/min/1·73m
2
. The ability to robustly assess effects in people with reduced kidney function was 

therefore limited, especially since few patient-level kidney outcomes occurred.” 

 

4. Abstract/Methods (Pages 4 and 7): The authors state that MEDLINE and EMBASE were 

searched from inception to 1 March 2019; however, the CREDENCE trial was presented to 

the public and published in NEJM on 14 April 2019. Please adjust the search criteria. 

 

As suggested, we have updated the search criteria. We have also included renal outcome data from 

the DECLARE-TIMI 58 trial, which was also recently published, and have updated all our analyses 

accordingly. 

 

Research in context, evidence before this study: 

“MEDLINE and EMBASE were searched from inception until June 14 2019 to identify potentially 
relevant studies.” 
 

Methods: 

“We searched MEDLINE and EMBASE from inception to 14 June 2019 to identify potentially 
eligible studies.” 
 

5. Introduction (Page 6): Please be more exact when summarizing the potential mechanisms 

underlying the cardiovascular event benefits of SGLT2i's; it is unlikely that the currently 

mentioned pleiotropic actions solely account for these actions.  

 

Because cardiovascular outcomes are not the primary focus of this manuscript and due to 

constraints in the word limit, we have omitted this statement altogether so that we could address the 

following comment below in greater detail. 



 

6. Introduction (Page 6): I would suggest to add some brief background on the main purpose 

of CVOT's, and in general, be keen on reporting that CV-benefits (as well as potential renal 

benefits) were by design shown in T2DM patients at high CV-risk or established 

atherosclerotic disease. Perhaps cite the following: Lancet 2019;393(10166):31-39).  

 

We have amended the introduction and cited the Lancet manuscript as suggested. As cardiovascular 

outcomes are well summarized and discussed elsewhere (such as in the Lancet meta-analysis), we 

have chosen to focus on kidney outcomes in greater detail.  

 

Introduction: 

“Large scale randomized trials of SGLT2 inhibitors, which were originally designed to meet 

regulatory requirements and ensure cardiovascular safety, have demonstrated promising effects 

on a range of albuminuria and serum creatinine based kidney outcomes in patients with, or at high 

risk of, atherosclerotic cardiovascular disease.” 

 

7. Methods (Page 7): I value the use PROSPERO by the authors to help avoid duplication and 

reduce opportunity for reporting bias. I do note that the initial registration date (22 May 

2019) was only just before (or may even post-date) the manuscript submission-date to The 

Lancet D&E; please explain why registration was performed in this late stage of the review-

process. 

 

As explained to our response to the editors, the initial PROSPERO protocol submission occurred on 

the 10
th

 of April 2019 (prior to the publication of the CREDENCE trial), but the protocol was not 

processed by PROSPERO until the 22
nd

 of May – more than six weeks later. PROSPERO does not 

acknowledge the date of protocol submission (10
th

 April), only the data that it is approved (22
nd

 

May). We appreciate that it is clear that these analyses were clearly well underway by the 22
nd

 of 

May, as listed on the PROSPERO website. 

 

We have therefore edited the manuscript to more appropriately address the timing of the analyses. 

 

Research in conxtext, evidence before this study: 

“The protocol for this systematic review and meta-analysis was registered in the International 

Prospective Register of Systematic Reviews before the analyses were completed (PROSPERO 

registration number CRD42019131774).” 

 

Methods: 

“The protocol for this review was submitted before the analysis were begun (10 April 2019) and 

were registered in the International Prospective Register of Systematic Reviews before the analyses 

were completed (PROSPERO registration number CRD42019131774) and can be accessed 

at: http://www.crd.york.ac.uk/PROSPERO/display_record.php?ID=CRD42019131774.” 

 

8. Methods (Page 8): When detailing the use of sustained versus unsustained kidney outcomes, 

please specify whether the corrected renal outcome data from EMPA-REG OUTCOME were 

used (as presented in a separate Correspondence; i.e. Wanner C, N Engl J Med. 2016 Nov 

3;375(18):1801-2), or data from the main renal publication were taken (Wanner C, N Engl J 

Med. 2016 Jul 28;375(4):323-34) 

 

We have clarified this in the methods section, as requested. 

 

Methods: 



“We preferentially used data on sustained kidney outcomes confirmed with repeat assessment 

where these were reported to exclude acute changes in kidney function and initiation of dialysis for 

AKI, but accepted unsustained outcomes where these were the only ones reported. This was the 

case for the EMPA-REG OUTCOME trial, where sustained kidney outcome data were reported 

in separate correspondence
19

 following the main trial publication.
11
” 

 

9. Results (Page 11): When describing the four separate studies, I suggest adding references, 

as well as the secondary analyses of these trials that were used for this meta-analysis. 

 

We have now stated this and referenced the secondary analyses used in this meta-analysis. 

 

Results: 

“Data from a number of secondary analyses of these studies were used in this meta-analysis.
11-

13,15,19,21-24
” 

 

10. Discussion (Pages 15-16): Although I agree with the authors that the "renal 

hemodynamics theory" is the most plausible mechanistic explanation for the renoprotective 

effect of SGLT2i's, the authors should acknowledge that the renal hemodynamic effects of 

these drugs are only mechanistically studied in type 1 diabetes patients with whole-kidney 

hyperfiltration. It should be stated that the effect of SGLT2i's on renal vascular resistance in 

T2DM patients are currently unknown. Of note, when discussing other pathways of kidney 

protection, please add the potential of SGLT2i's of reducing renal ischemia (e.g. via reduced 

energy requirements and increased hematocrit), as also indicated in the next section on AKI. 

 

We have amended the manuscript as suggested. 

 

Discussion: 

“While this may be the most plausible mechanistic explanation for the renoprotective effect of these 

agents, the effect on kidney haemodynamics has only been mechanistically studied in patients 

with type 1 diabetes with whole-kidney hyperfiltration; whether these effects are also observed in 

patients with type 2 diabetes is not currently known.  

 

“Other pathways by which SGLT2 inhibitors may protect the kidney an area of active study and 

include (but are not limited to): enhancing oxygenation of the kidney (through a reduction in 

tubular energy requirements), metabolic and anti-inflammatory effects, albuminuria lowering, and 

direct effects on glomerular endothelial function.”  

 

11. Discussion (Page 17): Please add that sotagliflozin is an SGLT1 and SGLT2 inhibitor. 

 

Thank you for pointing this out; we have corrected the manuscript. 

 

Discussion: 

“Additionally the SCORED trial (NCT03315143) is testing the effects of sotagliflozin, a combined 

SGLT1 and SGLT2 inhibitor, on a primary cardiovascular endpoint (with other secondary kidney 

outcomes prespecified) in participants with T2DM and reduced kidney function.” 

 

12. Table 1: Please add an asterisk next to the follow-up duration of CREDENCE, to indicate 

that this trial was stopped early after a planned interim analysis on the recommendation of 

the DSMB. 

 

We have amended Table 1 as suggested. 

 



Reviewer #2 [statistical reviewer]: Thank you for the opportunity to review this submission, 

describing a systematic review & meta-analysis of the SGLT2 inhibitors for the prevention of 

kidney failure in patients with T2DM.  The review was carried out in accordance with many 

best practices for evidence synthesis and I am pleased to see a review that focuses on the 

outcomes that matter most to patients.   

 

The SGLT2 inhibitors are one of many treatment options for patients with T2DM.  This 

review compares the SGLT2 inhibitors (lumped together as a group) to placebo.  There is no 

comparison to other existing (ie active) treatments. So, this review presents a small piece of 

the puzzle - leaving clinicians, patients and policy makers with residual uncertainty as to the 

place of SGLT2 inhibitors in the treatment pathway.  What would have made this review 

useful would have been to present the SGLT2 inhibitors in the context of existing treatments 

(a la network meta-analysis). This would provide decision makers (clinicians, patients & 

policy makers) with a powerful resource comparing both the relative comparative benefits 

and relative comparative harm - so that the balance between benefits and harms could be 

weighed up.  Moreover, the paper relies solely on "relative" comparisons (SGLT2 vs 

placebo); it would be informative to also see absolute risk data. The "lumping" together of 

4 trials - each of which involved a different SGLT2 inhibitor - also doesn't provide meaningful 

input for clinicians, patients or policy  makers. [EDITORS' NOTE: we are happy for the 

authors to simply rebut this Comment from the statistical reviewer] 

 

The authors recognise the importance of comparative effectiveness research, particularly in the 

context of glucose lowering agents. We agree that a network meta-analysis would indeed be useful 

to clinicians, patients and policy makers. While a network meta-analysis is beyond the scope of the 

current work, this is certainly something that we would be interested in pursuing in the future. 

Nevertheless, we believe this meta-analysis does address important unanswered questions, focusing 

on the kidney outcomes that are most important to patients. Several previous meta-analysis of 

SGLT2 inhibitors have also quantitatively synthesized different agents within the class, with tests 

for heterogeneity used to investigate the presence or absence of a class effect. The remarkably 

consistent evidence across the agents studied to date strongly suggests that the effect on kidney 

outcomes is indeed a class effect, which is being increasingly recognised in major clinical practice 

guidelines. 

 

There have been no new agents approved for the treatment of diabetic kidney disease in almost two 

decades. Up until now, no glucose-lowering agent has been shown to reduce the risk of end-stage 

kidney disease due to type 2 diabetes. While SGLT2 inhibitors have demonstrated promising effects 

on albuminuria and creatinine based outcomes, their effect on the kidney outcomes that matter most 

to patients – namely, dialysis, transplantation or death due to kidney disease – has been uncertain. 

Additionally these results demonstrate that patients with reduced kidney function (in whom these 

treatments are mostly not permitted for use) stand to gain substantial kidney benefits if treated. For 

these reasons, we believe this meta-analysis has the potential to impact policy and practice. 

 

A quick check of PubMed suggests this review is not the first on this topic; another MA was 

published in early May. Diabetes Obes Metab. 2019 May 3. doi: 10.1111/dom.13754. [Epub 

ahead of print].  Acute kidney injury with sodium-glucose co-transporter-2 inhibitors: A 

meta-analysis of cardiovascular outcome trials.   

 

As outlined in our response to the editors, we have cited this paper along with other work on the 

topic to highlight novel aspects of this meta-analysis, beyond the inclusion of the CREDENCE trial. 

 

Research in context, evidence before this study: 



“A recent meta-analysis of these trials has reported that the renoprotective effect of SGLT2 

attenuates with declining kidney function. However, less than a sixth of participants studied had a 

baseline eGFR less than 60 mL/min/1·73m
2
, and even fewer had baseline eGFR less than 45 

mL/min/1·73m
2
. The ability to robustly assess effects in people with reduced kidney function was 

therefore limited, especially since few patient-level kidney outcomes occurred. While collectively 

these trials have suggested that SGLT2 inhibitors might protect against acute kidney injury, the 

safety of these agents in patients at high risk of adverse kidney outcomes has remained a 

concern.” 

 

Introduction: 

“While these trials have collectively suggested protection against acute kidney injury, the safety of 

these agents in patients at higher risk of adverse kidney outcomes has not been well established.” 

 

Discussion: 

“Protection against AKI is a welcome finding given early concerns about a potential increase in 

risk. These findings strengthen those of a previous meta-analysis of the cardiovascular outcome 

trials.” 

 

Other issues that should be considered/addressed: 

 

-All SGLT2 inhibitors were lumped together; no examination of one treatment vs another. 

 

Through our systematic literature search, no direct head-to-head trials of different SGLT2 inhibitors 

reporting effects on major kidney outcomes were identified. Additionally we did not identify any 

head-to-head cardiovascular or kidney outcome trials of SGLT2 inhibitors versus any other glucose 

lowering agents that reported effects on major kidney outcomes. Our analysis of SGLT2 inhibitors 

by individual trial and overall class is consistent with a number of other meta-analyses of these 

drugs. 

 

-Date of PROSPERO entry is May 22, 2019.  This is the initial registration date, not the 

update date (as there has not been an update to the PROSPERO entry). This is problematic 

as PROSPERO is to be prospective registration….yet if this review was submitted to the 

Lancet in late May (and the literature search went to March 1, 2019), it's clear that the review 

was done prior to PROSPERO registration which is then, disingenuous.  The present 

PROSPERO entry (May 22, 2019) also fails to indicate the current status of the review; all 

steps are noted as started but not completed….but if this paper has been submitted to the 

Lancet, then it's obvious all steps of the review are completed.  Again, this flies in the face of 

the spirit of PROSPERO as others may initiate work on their own review, thinking they may 

be able to complete it before this group completes their review. 

 

We appreciate that the entry date as listed on PROSPERO was clearly very close to the analyses 

being completed. This was due to a substantial delay between submission of a protocol to 

PROSPERO and it being approved and publicly listed. 

 

The initial protocol submission occurred on the 10
th

 of April 2019 (prior to the public reporting of 

the CREDENCE trial), but the protocol was not processed by PROSPERO until the 22
nd

 of May – 

more than six weeks later. PROSPERO does not acknowledge the date of protocol submission (10
th

 

April), only the data that it is approved (22
nd

 May). 

 

Nevertheless, we have amended the manuscript to better reflect the conduct of the analyses, which 

occurred whilst the protocol was being processed, as permitted by PROSPERO. 

 



Research in conxtext, evidence before this study: 

“The protocol for this systematic review and meta-analysis was registered in the International 

Prospective Register of Systematic Reviews before the analyses were completed (PROSPERO 

registration number CRD42019131774).” 

 

Methods: 

“The protocol for this review was submitted before the analyses were begun (10 April 2019) and 

registered in the International Prospective Register of Systematic Reviews before the analyses were 

completed (PROSPERO registration number CRD42019131774) and can be accessed 

at: http://www.crd.york.ac.uk/PROSPERO/display_record.php?ID=CRD42019131774.” 

 

-No details provided as to the decision rule to proceed from systematic review to meta-

analysis. While a systematic review is always possible, a meta-analysis requires an a priori 

decision as to what conditions (related to statistical, clinical & methodological heterogeneity) 

are required. 

 

We appreciate the reviewer’s comment, and agree that the impact of methodological and statistical 

decisions on the conduct of systematic reviews and meta-analyses is perhaps underappreciated. 

 

Because of the small number of eligible trials that were well known to the authors, we planned a 

priori to proceed from systematic review directly to meta-analysis for all dichotomous outcomes, in 

order to quantitatively synthesize the results and examine the consistency of treatment effects across 

the studies.  

 

In contrast, we prospectively decided to summarize the long-term eGFR slope outcome 

descriptively. Because eGFR slope represents the absolute, rather than proportional effects of 

treatment, any heterogeneity in absolute effects simply reflects differences in baseline risk across 

the studies, and thus heterogeneity for this outcome cannot be meaningfully assessed.   

 

After completing our main analyses, we conducted a range of post-hoc sensitivity analyses to assess 

the robustness (or vulnerability) of our results in response to definitional and methodological 

decisions.  

 

We have clarified theses points and provided further details in the methods section: 

 

Methods, data synthesis and analysis: 

“We prespecified that results for dichotomous outcomes were to be quantitatively synthesized by 

individual studies using a random effects model with inverse variance weighting to obtain 

summary effect estimates represented as relative risk (RR) with associated 95% confidence 

intervals (CI).  

 

“We prospectively decided to summarize the effect of SGLT2 inhibitors on long-term eGFR slope 

descriptively because of variations in the definition of this outcome and because it measured the 

absolute rather than proportional effect of treatment. Any heterogeneity between studies for this 

outcome therefore could not be meaningfully assessed, as differences in absolute effect reflected 

differences in baseline kidney risk.” 

 

“Because of the kidney-based mechanism of action and albuminuria lowering effect of SGLT2 

inhibitors, we prospectively decided to conduct subgroup analyses to assess for effect 

modification by three kidney-related subgroups.” 

 



“We decided a priori to use random effects meta-regression to assess trend in treatment effects 

across eGFR and albuminuria subgroups as the primary analysis. In sensitivity analyses we 

repeated the meta-regression analyses treating subgroups as categories without assumptions of 

linearity.” 

 

-Patients included in the 4 trials - very tight age range (61.3 to 63.9), so findings of limited 

generalizability. 

 

The mean age of participants (as quoted above) was similar across the trials; however as there was 

no upper age restriction for entry, these studies included a broad range of ages. One could argue that 

the issue of generalizability/representativeness is not limited to age (or any one particular patient 

characteristic) or trials of SGLT2 inhibitors, but is a general consideration of all randomized 

evidence, and thus we have made a more general statement to acknowledge this. 

 

Discussion: 

“The broader generalizability of these results may also be somewhat affected by the 

characteristics of participants in the included studies, and thus future work to assess the use of 

these agents in routine clinical practice will be important”. 

 

Reviewer #3: Three CVOTs of SGLT2 inhibitors, EMPA-REG, CANVAS and DECLARE 

have been published over the last few years. Each of these also published their findings of a 

reduction in the composite kidney outcome of ESKD, worsening kidney function and death. 

All three showed positive kidney outome results. Not only were these data published 

individually for each trial but they were also then meta-analyzed in the Zelniker et al. paper 

in the Lancet in November last year. Unsurprisingly, given that all 3 studies showed a positive 

result, this was also seen in the meta-analysis and in each eGFR subgroup (>60, 60-90, <60). 

 

In terms of AKI with SGLT2 inhibitors in EMPA-REG, CANVAS and DECLARE, this was 

also recently addressed in a meta-analysis by Gilbert et al., published earlier this year in 

DOM. 

 

Most recently, we have seen the results of CREDENCE that showed a reduction in ESKD, 

worsening kidney function and death in patients with more advanced diabetic kidney disease. 

 

Given the overwhelmingly positive data in each individual trial and in the Zelniker meta-

analysis, it is unclear to this reviewer what additional value there is in adding the data from a 

dedicated DKD trial (CREDENCE) in order to undertake yet another meta-analysis. 

 

The above concerns with regard to both ESKD/CKD progression and AKI should be precisely 

addressed and appropriately referenced in the introduction and in the "Evidence Before This 

Study" paragraph of the Research in Context section. I could not find the Zelniker or Gilbert 

papers referred to. 

 

We understand that the evidence for SGLT2 inhibition in type 2 diabetes is evolving rapidly and 

believe the data presented in this manuscript substantially add to the literature and have direct 

implications for clinical practice. As discussed in our comments to the editors, we have cited these 

works and used them to highlight novel aspects of this meta-analysis, beyond simply the inclusion 

of the CREDENCE trial.  

 

For the first time, the data clearly demonstrate that SGLT2 inhibitors reduce the risk of dialysis, 

transplantation or death due to kidney disease – the most important patient-centred kidney outcome. 



While this is primarily driven by the CREDENCE trial, there is no substantive evidence that the 

effect is not consistent across the class. 

 

This analysis, now with complete data for all outcomes following the publication of the 

DECLARE-TIMI 58 renal outcomes last week, is especially timely since the use of SGLT2 

inhibitors in patients with eGFR <45 is not currently permitted in most countries. Perhaps most 

importantly, the clear evidence of benefit for patients with starting eGFR <45 mL/min/1.73m
2
 

demonstrated for the first time in this analysis suggests that many more individuals are likely to 

benefit from treatment if current restrictions are reconsidered. 

 

Additionally, whether baseline albuminuria modifies the effect of SGLT2 inhibition on kidney 

outcomes has not been clear, and until recently too few participants with higher levels of 

albuminuria have been studied to robustly assess effect modification.   

 

As suggested, we have explicitly outlined in the research in context, introduction and discussion 

sections what questions this meta-analysis addresses that have not been answered in previous 

works.  

 

Research in context, evidence before this study: 

“SGLT2 inhibitors are not currently approved for use in patients with estimated glomerular 

filtration rate (eGFR) less than 45 or 60 mL/min/1·73m
2
 in most countries, primarily because their 

glucose lowering effect is substantially dependent on kidney function. A recent meta-analysis of 

these trials has reported that the renoprotective effect of SGLT2 attenuates with declining kidney 

function. However, less than a sixth of participants studied had a baseline eGFR less than 60 

mL/min/1·73m
2
, and even fewer had baseline eGFR less than 45 mL/min/1·73m

2
. The ability to 

robustly assess effects in people with reduced kidney function was therefore limited, especially 

since few patient-level kidney outcomes occurred. While collectively these trials have suggested 

that SGLT2 inhibitors might protect against acute kidney injury, the safety of these agents in 

patients at high risk of adverse kidney outcomes has remained a concern.” 

 

Introduction: 

“A recent meta-analysis of cardiovascular outcome trials suggested that the effect of SGLT2 

inhibitors on kidney outcomes attenuates with declining eGFR. However, less than a sixth of 

participants in this analysis had baseline eGFR <60 mL/min/1.73m2, and thus the ability to 

robustly assess effect modification by kidney function has been limited. Additionally, because very 

few participants with starting eGFR <45 mL/min/1.73m2 have been studied, it has also been 

unclear whether these patients derive protection against kidney outcomes, since the glycaemic 

efficacy of these agents is substantially attenuated in this population. Similarly, few participants 

with higher levels of albuminuria have been studied, and therefore the consistency of treatment 

effect across different levels of albuminuria is unclear. While these trials have collectively 

suggested protection against acute kidney injury, the safety of these agents in patients at higher 

risk of adverse kidney outcomes has not been well established.” 

 

Discussion: 

“A recent meta-analysis of the cardiovascular outcome trials suggested that the renoprotective 

effect of SGLT2 inhibitors attenuates with declining kidney function. However too few 

participants with baseline eGFR <60 mL/min/1.73m
2
 were studied to adequately assess trend by 

eGFR. Additionally, whether participants with starting eGFR <45 mL/min/1·73m
2
 derive benefits 

with respect to kidney outcomes, despite substantially attenuated glycaemic efficacy, has also 

been unclear.” 

 

Other concerns relate to missing data. 



 

1. DECLARE data are not included due to what is described as lack of granularity. Given 

that DECLARE data are missing from Figure 1, the study's primary analysis, this issue 

should be resolved. 

What efforts were undertaken to remedy this lack of data? Given that DECLARE was only 

published in November 2018, will these data appear in the TIMI group's own sub-analysis? If 

this is the case, then the present meta-analysis might be viewed as too early.  

 

We have updated all the analyses following the recent publication of the DECLARE-TIMI 58 renal 

outcomes manuscript. There is now complete outcome data for all outcomes, including the primary 

outcome, as well as subgroup analyses by baseline eGFR, albuminuria and use of renin-angiotensin 

system blockade.  

 

We have updated our analyses accordingly. 

 

2. Event rates from participants in EMPA-REG Outcome are missing throughout. These data 

should be obtained if at all possible. Have the authors approached the EMPA-REG 

investigators for this? Is it being withheld? Is it available through the FDA? 

 

As outlined in our response to the editors, we received data on the primary outcome from the 

DECLARE-TIMI 58 investigators during the revision of the manuscript. These data have not been 

previously published, including in the recent DECLARE-TIMI 58 renal outcomes paper which was 

published in this Journal last week.  

 

We approached the EMPA-REG OUTCOME investigators and trial sponsors as part of this 

systematic review and meta-analysis. The cardio-renal composite outcome of substantial loss of 

kidney function, ESKD, or death due to cardiovascular or kidney disease in the EMPA-REG 

OUTCOME trial has not been previously published and was obtained through correspondence with 

the trial sponsor (Figure 2, panel C). Additionally the number of events for the primary outcome of 

dialysis, transplantation or death due to kidney disease in the EMPA-REG OUTCOME trial was 

also clarified with the trial sponsor.  

 

Unfortunately event rates per 1000 patient years are variably reported across the primary trial 

reports and secondary analyses and we were not able to obtain event rates for all studies. We are 

currently unaware of any reporting of event rates from the EMPA-REG OUTCOME trial for eGFR 

and UACR subgroups despite an extensive search. 

 

In the CANVAS Program publications, event rates have been reported but the number of events in 

each trial arm has not been for statistical reasons. This is because the CANVAS Program comprised 

two parallel companion trials that were analyzed and reported as one integrated dataset. Because of 

the combined effect of the differences in randomization ratios and differences in follow-up duration 

between the trials, the number of events/number of participants in canagliflozin and placebo arms 

cannot be used to derive risk ratios, as these will give erroneous effect estimates, and thus have 

never been reported. 

 

To address this, we have reported the total number of events and participants in each trial for every 

outcome so that the figures are as complete as possible.  

 

3. DECLARE data are also missing from the analysis according to UACR. Once again, what 

efforts been made to obtain these data or are they pending disclosure at ADA or ASN later 

this year, in which case the submitted meta-analysis is just too early. 

 



With the recent publication of the DECLARE-TIMI 58 renal outcomes paper in this Journal, we 

have updated the subgroup analysis by baseline UACR. This analysis now includes complete data 

from all four studies. We have updated Figure 3 accordingly.  

 

Results, subgroup analysis: 

“The effect on the outcome of substantial loss of kidney function, ESKD or death due to kidney 

disease was reported according to eGFR and UACR subgroups, and according to baseline use of 

RAS blockade in all four studies.” 

 

Reviewer #4: The analysis was well done by this group of experienced trialists and 

epidemiologists. I have 2 comments: 

 

*The definitions of kidney failure (as the need for chronic dialysis or kidney transplantation, 

or death due to kidney disease) and ESKD (as chronic dialysis, kidney transplantation, or 

sustained eGFR less than 15 mL/min/1·73m2) are confusing. The former can be re-

categorized as RRT/renal death. 

 

As suggested, we have renamed our primary outcome as “dialysis, transplantation or death due to 

kidney disease” to distinguish it from end-stage kidney disease. Our full description of changes to 

the manuscript is outlined above in detailed comments a similar query from another reviewer. 

 

*Although it was pointed out that "a single trial contributed a substantial proportion of the 

data using a single agent, conducted in the population at highest risk of kidney failure", it 

would be better to explicitly state this as a limitation in that a substantial proportion of the 

renal outcome data was derived from a single study (CREDENCE) using canagliflozin, thus 

limiting the generalizability of this analysis to other SGLT2is.  

 

We have amended the manuscript as suggested. 

 

Discussion: 

“A substantial proportion of the data were derived from a single study of canagliflozin 

(CREDENCE trial) that was stopped early, which may increase the risk of overestimating treatment 

effects, however the consistency with the results from the other trials reduces that risk, and is an 

important finding of this review. The consistency of effects among other members of the class 

therefore remains somewhat uncertain although there is currently no evidence of substantive 

heterogeneity.” 

 

Reviewer #5: This paper reports results of a systematic review and meta-analysis of 

cardiovascular outcomes trials and a kidney outcome trial for effect of SGLT2 inhibitors on 

kidney failure in patients with type 2 diabetes. Kidney failure was defined as chronic dialysis, 

transplant, or death due to kidney disease. Data from a total of 38,723 clinical trial 

participants were used for these analyses. Overall, risk of kidney failure was reduced by 

almost 30% and AKI was decreased by 25%.  The benefit of SGLT2 inhibitors on kidney 

failure may attenuate with lower eGFR.  Notably, effects of SGLT2 inhibitors on substantial 

loss of kidney function, end-stage kidney disease, or death due to kidney disease was observed 

irrespective of renin angiotensin system blockade. 

 

Knowledge about effects of SGLT2 inhibitors on risk of kidney failure in patients with type 2 

diabetes is essential to optimal care. Since kidney failure clearly influences how people feel, 

function, and survive, such data are central to deploying therapeutic approaches for patient-

driven priorities. Overall, this is an expertly conducted and impactful study. 

 



I offer the following comments for the authors to consider in their revision: 

 

Major 

1. The possibility that benefit of SGLT2 inhibitors may attenuate with lower eGFR has 

been appropriately framed and called-out. However, it may be worthwhile to acknowledge 

that other classes of agents, e.g. GLP-receptor agonists, effectively and safely treat 

hyperglycemia and slow eGFR decline with baseline eGFR as low as 15 mL/min/1.73m2. As 

such, future studies might evaluate drug combinations or compare SGLT2 inhibitors with 

other agents based upon particular clinical profiles like advanced CKD. 

 

We appreciate the reviewers comment and have made note of this in the discussion section. 

 

Discussion: 

“Future studies evaluating the combination of SGLT2 inhibitors with other glucose lowering 

agents that have shown beneficial impacts on kidney function (such as glucagon-like receptor 

agonists) are another potential area of interest, particularly in patients with established diabetic 

kidney disease.” 

 

2. A striking, admittedly exploratory finding, was that renin angiotensin system blockade 

may not have much effect on the composite of substantial loss of kidney function, end-stage 

kidney disease, or death due to kidney disease when SGLT inhibitors are also used. Might 

such data provide rationale for study of SGLT inhibitors without background renin 

angiotensin system blockade for treatment in some groups of patients, e.g. non-albuminuric 

DKD or others? Consider moving this data to the main paper in Figure 3 where potential 

effect modifiers are presented. 

 

With the addition of data from the DECLARE-TIMI 58 trial, we have complete data on the 

composite renal outcome by baseline RAS blockade across all four studies. As suggested, we have 

moved this data to the main paper in Figure 3. The lack of effect modification by UACR and 

consistent benefits in patients irrespective of the use of renin-angiotensin system blockade indicate 

that SGLT2 inhibitors should provide benefit for a broader patient population. We have edited the 

manuscript to highlight this point. 

 

Discussion: 

“The absence of effect modification by baseline albuminuria contrasts with the findings from trials 

of RAS blockade. These data suggest that mechanisms other than those associated with albuminuria 

reduction might also be important. Furthermore, renoprotection with SGLT2 inhibitors was 

consistent irrespective of baseline use of RAS blockade. Taken together, these findings suggest 

that SGLT2 inhibition should provide benefit for a broader patient population.”  

 

Minor 

1. In the Abstract, the distinction between "kidney failure" and "ESKD" would benefit 

from clearer explanation. 

 

As outlined in our response to the editors and other reviewers, we have clarified terminology of the 

different outcomes so that our primary outcome is “dialysis, transplantation or death due to kidney 

disease” which is more clearly distinct from “end-stage kidney disease”. Our full response to this 

suggestion is detailed above. 

 



Table 1. Characteristics of included studies 

eGFR: estimate glomerular filtration rate; MDRD: modification of diet in renal disease equation; 

CrCl: creatinine clearance; CKD-EPI: chronic kidney disease epidemiology collaboration equation;  

UACR: urinary albumin:creatinine ratio; RAS: renin-angiotensin system blockade; N/A: not 

available 

 

Study EMPA-REG 

OUTCOME 

(n=7020) 

CANVAS 

Program 

(n=10142) 

DECLARE-

TIMI 58 

(n=17160) 

CREDENCE 

(n=4401) 

Drug Empagliflozin Canagliflozin Dapagliflozin Canagliflozin 

Dose 
10mg and 

25mg 

100mg and 

300mg 
10mg 100mg 

Number of participants 7020 10142 17160 4401 

Mean age (years) 61·3 63·3 63·9 63·0
 

Female, n (%) 2004 (28·5) 3633 (35·8) 6422 (37·4) 1494 (33·9) 

Median follow-up (years) 3·1 2·4 4·2 2·6
§
 

eGFR inclusion criteria
 

≥30 (MDRD) ≥30 (MDRD) 

CrCl ≥60 

mL/min 

(Cockcroft-

Gault) 

30-<90 (CKD-

EPI) 

eGFR, mL/min/1·73m
2
, n 

(%)
*†

 
    

≥90 1538 (21·9) 2476 (24·4) 8162 (47·6) - 

60-<90 3661 (52·2) 5625 (55·5) 7732 (45·1) 1809 (41·1) 

45-<60 1249 (17·8) 1485 (14·6) 1265
¶
 (7·4) 1279 (29·1) 

<45 570 (8·1) 554 (5·5) N/A 1313 (29·8) 

UACR criteria, mg/g None None None >300 to 5000 

UACR mg/g, n (%)
†
     

<30 4142 (59·0) 7007 (69·1) 11 644 (67·9) - 

30-300 1996 (28·4) 2266 (22·3) 4030 (23·5) - 

>300 764 (10·9) 760 (7·5) 1169 (6·8) 4401 (100·0) 

Baseline use of RAS 

blockade, n (%) 
5666 (80·7) 8116 (80·0) 13950 (81·3) 4395 (99·9) 

 

Table 1



*Based on the MDRD equation in EMPA-REG OUTCOME and the CANVAS Program and the 

CKD-EPI equation in DECLARE-TIMI 58 and CREDENCE. 

¶Includes all DECLARE-TIMI58 participants with eGFR <60 mL/min/1·73m
2 

§Stopped early after a planned interim analysis on the recommendation of the Independent Data 

Monitoring Committee 

†Based on screening eGFR and UACR measurements in the CREDENCE trial 

 



Figure 1. Effect of SGLT2 inhibitors on dialysis, transplantation or death due to kidney disease 

SGLT2: sodium-glucose cotransporter 2 inhibitor; RR: relative risk; CI: confidence interval. 

 

Weights were from random effects meta-analysis; corresponding I
2
=0.0% 

Overall  (p=0·0019) 

CREDENCE 

EMPA-REG OUTCOME 

CANVAS Program 

DECLARE-TIMI 58 

Study 

183 

14 

21 

34 

Events 

4401 

7020 

10142 

17160 

Patients 

0·72 (0·54-0·97) 

0·90 (0·30-2·67) 

0·56 (0·23-1·32) 

0·42 (0·20-0·87) 

RR (95% CI) 

0·67 (0·52-0·86) 

Favours SGLT2 inhibitor  Favours placebo  

1 0·3 0·5 1·5 

P-heterogeneity 

0·53 

Figure 1



Figure 2. Effects of SGLT2 inhibitors on (A) ESKD¶, (B) substantial loss of kidney function§, 

ESKD, or death due to kidney disease and (C) substantial loss on kidney function, ESKD, or 

death due to cardiovascular or kidney disease 

ESKD: end-stage kidney disease; SGLT2: sodium-glucose cotransporter 2 inhibitor; RR: relative 

risk; CI: confidence interval. 

 

Weights were from random effects meta-analysis. I
2
= 0.0% for ESKD, I

2
=0.0% for substantial loss 

of kidney function, ESKD or death due to kidney disease, and I
2
=60.3% for substantial loss of 

kidney function, ESKD or death due to cardiovascular or kidney disease. 

Overall (p<0·0001) 

DECLARE-TIMI 58 

Study 

CANVAS Program 

EMPA-REG OUTCOME 

CREDENCE 

25 

Events 

18 

11 

281 

17160 

Patients 

10142 

7020 

4401 

0·65 (0·53-0·81) 

0·31 (0·13-0·79) 

RR (95% CI) 

0·77 (0·30-1·97) 

0·60 (0·18-1·98) 

0·68 (0·54-0·86) 

Overall  (p<0·0001) 

CREDENCE 

CANVAS Program 

EMPA-REG OUTCOME 

DECLARE-TIMI 58 

377 

73 

152 

365 

4401 

10142 

6968 

17160 

0·58 (0·51-0·66) 

0·66 (0·53-0·81) 

0·53 (0·33-0·84) 

0·54 (0·40-0·75) 

0·53 (0·43-0·66) 

Overall  (p<0·0001) 

DECLARE-TIMI 58 

CANVAS Program 

EMPA-REG OUTCOME 

CREDENCE 

850 

518 

370 

585 

17160 

10142 

6973 

4401 

0·71 (0·63-0·82) 

0·76 (0·67-0·87) 

0·82 (0·68-0·97) 

0·57 (0·46-0·70) 

0·70 (0·59-0·82) 

Favours SGLT2 inhibitor  Favours placebo  

1 0.3 0.5 1 1.5 

P-heterogeneity 

0·41 (A) ESKD 

(B) Substantial loss of kidney function, ESKD, or death due to kidney disease 

(B) Substantial loss of kidney function, ESKD, or death due to cardiovascular 
or kidney disease 

0·49 

0·056 

Figure 2



¶ ESKD was defined as chronic dialysis, transplantation, or sustained eGFR <15 mL/min/1.73m
2
, 

except in the EMPA-REG OUTCOME trial where it was defined as chronic dialysis or 

transplantation.  

§ Substantial loss of kidney function was defined as doubling of serum creatinine, except in the 

DECLARE-TIMI 58 trial, where it was defined as sustained 40% decline in eGFR 



Figure 3. Effect of SGLT2 inhibitors on substantial loss of kidney function
¶
, ESKD, or death due to kidney disease, stratified by baseline (A) eGFR

§
, 

(B) UACR
¶
, and (C) use of RAS blockade

†
 

ESKD: end-stage kidney disease; eGFR: estimated glomerular filtration rate; UACR: urinary albumin:creatinine ratio; RAS: renin-angiotensin system; 

SGLT2: sodium-glucose cotransporter 2 inhibitor; RR: relative risk; CI: confidence interval.  

¶ Substantial loss of kidney function was defined as doubling of serum creatinine, except in the DECLARE-TIMI 58 trial, where it was defined as sustained 

40% decline in eGFR 

§ Results from the CREDENCE trial based on screening eGFR and UACR measurements 

† Use of RAS blockade was mandated as part of entry into the CREDENCE trial 

 

 

Figure 3



(A) eGFR ≥90 mL/min/1.73m
2
: I

2
=41.8%, P-heterogeneity=0.18; eGFR 60-<90 mL/min/1.73m

2
: I

2
=0.0%, P-heterogeneity=0.46; eGFR 45-<60 

mL/min/1.73m
2
: I

2
=0.0%, P-heterogeneity=0.52; eGFR <45 mL/min/1.73m

2
: I

2
=0.0%, P-heterogeneity=0.94    

 

 

eGFR ≥90 mL/min/1·73m2 
DECLARE-TIMI 58 
CANVAS Program 
EMPA-REG OUTCOME 
Subtotal (p<0·0001) 

eGFR 60-<90 mL/min/1·73m2 

CREDENCE 
DECLARE-TIMI 58 
CANVAS Program 
EMPA-REG OUTCOME 
Subtotal (p<0·0001) 

eGFR 45-<60 mL/min/1·73m2 

CREDENCE 
CANVAS Program 
EMPA-REG OUTCOME 
Subtotal (p<0·0001) 

eGFR <45 mL/min/1·73m2 

CREDENCE 
CANVAS Program 
EMPA-REG OUTCOME 
Subtotal (p=0·0080) 

Study 

120 
17 
22 

78 
186 
30 
61 

99 
16 
39 

200 
10 
30 

Events 

8162 
2476 
1529 

1809 
7732 
5625 
3638 

1279 
1485 
1238 

1313 
554 
563 

Patients 

0·50 (0·34-0·73) 
0·32 (0·12-0·88) 
0·21 (0·09-0·53) 
0·37 (0·21-0·63) 

0·81 (0·52-1·26) 
0·54 (0·40-0·73) 
0·48 (0·23-0·98) 
0·61 (0·37-1·02) 
0·60 (0·48-0·74) 

0·47 (0·31-0·72) 
0·74 (0·28-2·01) 
0·68 (0·36-1·28) 
0·55 (0·39-0·76) 

0·71 (0·53-0·94) 
0·79 (0·21-2·94) 
0·63 (0·30-1·29) 
0·70 (0·54-0·91) 

Favours SGLT2 inhibitor  Favours placebo  
1 0·3 0·5 1 1·5 

RR (95% CI) P-trend 

0·073 



 (B) UACR <30 mg/g: I
2
=10.3%, P-heterogeneity=0.33; UACR 30-300 mg/g: I

2
=18.5%, P-heterogeneity=0.29, UACR >300 mg/g: I

2
=51.0%, P-

heterogeneity=0.11 

 

 

UACR <30 mg/g 
DECLARE-TIMI 58 
CANVAS Program 
EMPA-REG OUTCOME 
Subtotal  (p<0·0001) 

UACR 30-300 mg/g 
DECLARE-TIMI 58 
CANVAS Program 
EMPA-REG OUTCOME 
Subtotal  (p=0·051) 

UACR >300 mg/g 
CREDENCE 
DECLARE-TIMI 58 
CANVAS Program 
EMPA-REG OUTCOME 
Subtotal  (p<0·0001) 

Study 

145 
15 
48 

105 
19 
40 

377 
106 
39 
61 

Events 

11644 
7007 
4142 

4030 
2266 
1996 

4401 
1169 
760 
764 

Patients 

0·52 (0·37-0·74) 
0·22 (0·07-0·69) 
0·41 (0·23-0·72) 
0·46 (0·33-0·63) 

0·59 (0·39-0·87) 
1·42 (0·51-3·95) 
0·67 (0·36-1·26) 
0·69 (0·47, 1·00) 

0·66 (0·53-0·81) 
0·38 (0·25-0·58) 
0·45 (0·24-0·86) 
0·51 (0·31-0·85) 
0·52 (0·38-0·69) 

RR (95% CI) 

Favours SGLT2 inhibitor  Favours placebo  

1 0.3 0.5 1 1.5 

P-trend 

0·66 



(C) RAS blockade: I
2
=8.7%, P-heterogeneity=0.35; No RAS blockade: I

2
=0.0%, P-heterogeneity=0.92

 

Weights were from random effects meta-analysis. P-trend values across eGFR and UACR subgroups were calculated against a t-distribution in random 

effects meta-regression using restricted maximum likelihood with Hartung Knapp modification. P-heterogeneity for between subgroup differences in (C) 

was obtained from a random effects model. 

 

RAS blockade 

CREDENCE 

DECLARE-TIMI 58 

CANVAS Program 

EMPA-REG OUTCOME 

Subtotal  (p<0·0001) 

No RAS blockade 

DECLARE-TIMI 58 

CANVAS Program 

EMPA-REG OUTCOME 

Subtotal  (p=0·065) 

Study 

377 

317 

209 

125 

48 

40 

27 

Events 

4401 

13950 

8113 

5627 

3210 

2021 

1341 

Patients 

0·66 (0·53-0·81) 

0·50 (0·39-0·63) 

0·59 (0·45-0·78) 

0·52 (0·37-0·74) 

0·58 (0·50-0·66) 

0·77 (0·44-1·37) 

0·67 (0·36-1·27) 

0·65 (0·30-1·39) 

0·71 (0·49-1·02) 

RR (95% CI) 

Favours SGLT2 inhibitor  Favours placebo  

1 0.3 0.5 1 1.5 

P-heterogeneity 

0·31 



Figure 4. Effect of SGLT2 inhibitors on acute kidney injury 

SGLT2: sodium-glucose cotransporter 2 inhibitor; RR: relative risk; CI: confidence interval. 

 

Weights were from random effects meta-analysis; corresponding I
2
=0.0% 

Overall  (p<0·0001) 
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CANVAS Program 
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CREDENCE 

Study 

401 

58 

300 

184 

Events 

7010 
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17160 

4397 

Patients 

0·75 (0·66-0·85) 

0·76 (0·62-0·93) 

0·66 (0·39-1·11) 

0·69 (0·55-0·87) 

0·85 (0·64-1·13) 

RR (95% CI) 

Favours SGLT2 inhibitor  Favours placebo  

1 0.3 0.5 1 1.5 

P-heterogeneity 

0·68 

Figure 4



Figure 5. Summary of the effects of SGLT2 inhibition on major kidney outcomes  

ESKD: end-stage kidney disease; AKI: acute kidney injury; SGLT2: sodium-glucose cotransporter 2 inhibitor; RR: relative risk; CI: confidence 

interval. 

 

 

Dialysis, transplant or death due to kidney disease 

ESKD 

Substantial loss of kidney function, ESKD or 
death due to kidney disease 

Substantial loss of kidney function, ESKD or 
death due to cardiovascular or kidney disease 

Acute kidney injury 

Outcome 
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38671 

38676 
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0·67 (0·52-0·86) 

0·65 (0·53-0·81) 

0·58 (0·51-0·66) 

0·71 (0·63-0·82) 

0·75 (0·66-0·85) 

RR  (95% CI) 

Favours SGLT2 inhibitor  Favours placebo  

1 0·5 0·75 1 1·5 

Figure 5
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