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Abstract

Background

Sodium-glucose cotransporter-2 inhibitors (SGLT2is) represent a new class of oral hypogly-

cemic agents used in the treatment of type 2 diabetes mellitus. They have a positive effect

on the progression of chronic kidney disease, but there is a concern that they might cause

acute kidney injury (AKI).

Methods and findings

We conducted a systematic review and meta-analysis of the effect of SGLT2is on renal

adverse events (AEs) in randomized controlled trials and controlled observational studies.

PubMed, EMBASE, Cochrane library, and ClinicalTrials.gov were searched without date

restriction until 27 September 2019. Data extraction was performed using a standardized

data form, and any discrepancies were resolved by consensus. One hundred and twelve

randomized trials (n = 96,722) and 4 observational studies with 5 cohorts (n = 83,934) with a

minimum follow-up of 12 weeks that provided information on at least 1 adverse renal out-

come (AKI, combined renal AE, or hypovolemia-related events) were included. In 30 trials,

410 serious AEs due to AKI were reported. SGLT2is reduced the odds of suffering AKI by

36% (odds ratio [OR] 0.64 [95% confidence interval (CI) 0.53–0.78], p < 0.001). A total of

1,089 AKI events of any severity (AEs and serious AEs [SAEs]) were published in 41 trials

(OR 0.75 [95% CI 0.66–0.84], p < 0.001). Empagliflozin, dapagliflozin, and canagliflozin had

a comparable benefit on the SAE and AE rate. AEs related to hypovolemia were more com-

monly reported in SGLT2i-treated patients (OR 1.20 [95% CI 1.10–1.31], p < 0.001). In the

observational studies, 777 AKI events were reported. The odds of suffering AKI were

reduced in patients receiving SGLT2is (OR 0.40 [95% CI 0.33–0.48], p < 0.001). Limitations

of this study are the reliance on nonadjudicated safety endpoints, discrepant inclusion crite-

ria and baseline hypoglycemic therapy between studies, inconsistent definitions of renal

AEs and hypovolemia, varying follow-up times in different studies, and a lack of information

on the severity of AKI (stages I–III).
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Conclusions

SGLT2is reduced the odds of suffering AKI with and without hospitalization in randomized

trials and the real-world setting, despite the fact that more AEs related to hypovolemia are

reported.

Author summary

Why was this study done?

• Sodium-glucose cotransporter-2 inhibitors (SGLT2is) are a class of drugs used to treat

high blood sugar in diabetes. They work by blocking the reuptake of filtered glucose by

the kidney and therefore increase the loss of sugar in the urine, which also leads to

increased water loss.

• SLGT2is have been shown to have beneficial effects on diabetes control and heart and

long-term kidney function.

• However, there is a concern that these drugs can cause acute kidney injury, meaning a

significant decline in kidney function happening over a short period of time that may or

may not be reversible.

What did the authors do and find?

• We conducted a database search to identify studies reporting on adverse effects from

SLGT2i use.

• We found 112 randomized trials. Forty-one of these reported on acute kidney injury in

a total of 68,159 patients. Patients on SGLT2is had 25% lower odds for this adverse

effect. In 5 observational (nonrandomized) cohorts reporting on 83,934 patients, the

odds of acute kidney injury were 60% less in patients taking SGLT2is.

• Ninety-two randomized studies with 81,763 patients reported on hypovolemia (fluid

depletion); this was found to be more likely in patients not taking SGLT2is, with 20%

higher odds.

What do these findings mean?

• We could not detect an increased risk of acute kidney injury in patients taking SGLT2is.

Patients taking SGLT2is had lower odds of suffering an acute kidney injury than those

who did not, despite the fact that these drugs increase fluid loss by the body.

• Our findings indicate that fear of causing acute kidney injury should not stop practition-

ers prescribing SGLT2is.

• However, our analysis had some drawbacks, such as inconsistent definitions being used

in some of the studies, different patient characteristics in the included studies, studies
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being carried out for different lengths of time, and missing details about the severity of

acute kidney injury.

Introduction

Over the last few years, sodium-glucose cotransporter-2 inhibitors (SGLT2is) have been intro-

duced for the treatment of patients with diabetes mellitus. In a recent meta-analysis of the 3

cardiovascular outcome trials, it was shown that SGLT2is reduce major cardiovascular events

and the risk for hospitalization because of heart failure [1,2]. Furthermore, they preserve kid-

ney function and reduce the risk of progression of renal disease [1,3]. As a consequence,

SGLT2is feature prominently in the new 2018 ADA (American Diabetes Association)/EASD

(European Society for the Study of Diabetes) consensus report and are recommended for

patients with kidney disease and heart failure [4]. However, there is concern that SGLT2i may

lead to acute kidney injury (AKI) due to hypovolemia, excessive decline in transglomerular

pressure, and induction of renal medullary hypoxic injury [5]. Based on postmarketing FAERS

(Food and Drug Administration Adverse Events Reporting System) reports, in June 2016, the

US Food and Drug Administration (FDA) issued a warning that SGLT2is (especially canagli-

flozin and dapagliflozin) might cause AKI [6,7]. A meta-analysis performed in 2017 indicated

that dapagliflozin and canagliflozin might indeed increase the risk of adverse renal events,

whereas empagliflozin might be beneficial [8]. Since then, several large, well-conducted ran-

domized studies and observational studies reporting the incidence of AKI/acute renal failure

have been published.

We performed a systematic review and meta-analysis to address the question of whether, in

patients treated with SGLT2is (most, but not all, of whom had type 2 diabetes), there was a dif-

ference in the risk of AKI, volume depletion, and other adverse renal outcomes compared to

patients taking placebo or other oral hypoglycemic agents. We looked at the following 3 pri-

mary renal adverse event (AE) categories with decreasing specificity but increasing incidence:

1) serious AE (SAE) due to AKI, 2) serious and nonserious AEs due to AKI, and 3) composite

renal AEs. Because hypovolemia-induced prerenal AKI is one of the potential pathophysiologi-

cal mechanisms, we also collected data on hypovolemia-related AE. Additionally, we analyzed

the effect of SGLT2is on AKI in real-world observational cohort studies.

Methods

Data sources and searches

A search of PubMed, EMBASE, and the Cochrane library was performed (for search terms, see

S1 Table). Additionally, we checked trial records submitted to ClinicalTrials.gov for additional

reports on serious AKI/acute renal failure in any SGLT2i trial. There was no prospectively reg-

istered protocol; however, search terms, inclusion criteria, and data collection form were pre-

specified in an analysis plan and remained unaltered during the data collection and analysis

(see S2 Text). The initial search was performed on 12 January 2019 and rerun twice, on 4 April

and 27 September 2019. No publication date and language restrictions were applied. Reference

lists of selected articles and reviews on SGLT2 inhibition were hand-searched for additional

studies (Fig 1; see S2 Table and S3 Table for information source and AE definition).
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Study selection

Two investigators (JM, ED) independently reviewed all articles using a set of inclusion and

exclusion criteria. In the case of differing results, a third investigator (BMWS) adjudicated. In

Fig 1. PRISMA diagram. AE, adverse event; AKI, acute kidney injury; NCBI, National Center for Biotechnology

Information; PRISMA, Preferred Reporting Items for Systematic Reviews and Meta-Analyses; SAE, serious AE

https://doi.org/10.1371/journal.pmed.1002983.g001
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the first and second step, the articles were included or excluded based on their title and

abstract. The remaining articles were then reviewed in full text. All articles that fulfilled the

inclusion criteria were selected for data extraction (Fig 1).

We included all randomized controlled trials (RCTs) and cohort studies that reported AKI/

acute renal failure, a composite renal AE of interest, or volume depletion during treatment

with SGLT2is and that had a control group, irrespective of the type of control (placebo or

active control). After reviewing initial search results, a decision was made to exclude studies

with a duration of<12 weeks and studies reporting zero events for all outcomes of interest.

When several publications reported on the same study, we selected the record providing data

for the longest follow-up period or the most complete set of data on outcomes of interest for

further analysis. Observational studies were only included when they reported the incidence of

AKI.

Data extraction and quality assessment

Data were collected in duplicate by 2 investigators (JM, ED) independently using a standard-

ized data extraction form. In the case of discrepancies, results were discussed by all authors,

and consensus was established. The primary endpoint (AKI classified as SAE) was retrieved

from the original published manuscripts and/or from the results published on ClinicalTrials.

gov. In one case [2,3], uncertainty about the SAE event number in the placebo group because

of a different reporting in the publications and the data provided on ClinicalTrials.gov was

resolved by contacting the sponsor of the study. Secondary endpoints were “any AKI AE,”

“combined renal AEs,” and “volume-depletion–related AEs.”

For each study included in our analysis, we retrieved registration number, study type

(RCT/observational), data source for the primary endpoint, drug received by the control

group (placebo, no additional treatment, or alternative oral hypoglycemic agent), background

therapy, blinding (yes/no), study duration, definition of secondary endpoints (any renal event

and volume depletion), SGLT2i used, and dosage (mg) of SGLT2is. For the SGLTi group and

control group in each study, respectively, we collected baseline characteristics (total number of

patients, mean age, sex [% male], mean HbA1c at baseline, mean eGFR [estimated Glomerular

Filtration Rate] at baseline, mean systolic blood pressure at baseline, coronary heart disease

[%], eGFR<60 [%], AKI classified as SAE, AKI classified as AE or SAE) as well as numbers of

events of interest in each category (AKI events reported as SAE or AE, any renal event, events

related to volume depletion) (see S2 Table, S3 Table).

Risk-of-bias assessment

Following the Cochrane risk-of-bias assessment, we classified each RCT contributing to the

AKI endpoints as having low, high, or unclear risk based on the following criteria: random-

sequence generation (selection bias), allocation concealment (selection bias), blinding (perfor-

mance bias and detection bias), incomplete outcome data (attrition bias), and selective report-

ing (reporting bias) (see S1 Fig).

Data synthesis and analysis

As principal summary measure, we calculated odds ratios (ORs) and 95% confidence intervals

(CIs) for each study based on the event rate and patient number in each group. After the initial

data extraction, it became evident that many studies reported separate results for different

dose categories of the same SGLT2i. Metaregression analysis did not show a dose dependency

for the occurrence of our primary endpoint (data not shown). Therefore, we pooled data from

groups using different doses of SGLT2i within each study. A fixed-effects model was used for
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combining results of studies. Studies with an event rate of 0 in both treatment and control

arms (SAE AKI: 3 studies; any AKI AE: 2 studies; combined renal AE: 1 study; and volume-

related AE: 6 studies) were excluded from the respective analysis. Cochrane’s Q and I2 were

used for assessing heterogeneity between studies and a funnel plot to check for publication

bias (S2 Fig). Following review of initial results, we carried out further non-prespecified sub-

group analyses to compare different SGLT2is for the “combined renal AE” endpoint and “vol-

ume depletion” endpoints. For comparison of drugs, mixed-effects analysis was used, i.e.,

using a random-effects model for comparison within drugs and fixed effects for comparison

across different drugs. All analyses were performed using the program Comprehensive Meta-

Analysis (Version 2.2.064, Biostat, Englewood, NJ, USA). See S1 Text for further details.

Results

We included a total of 112 RCTs with 96,777 patients and 5 observational cohorts with 83,934

patients in this meta-analysis. 41 RCTs with a total of 68,159 patients reported at least one AKI

event. The risk of bias for the 41 RCTs with an AKI event is summarized as follows: 32 RCTs

reported adequate random-sequence generation and adequate allocation concealment, and 34

reported adequate outcome data for SAE AKI, but only 14 for any AKI AE. All of the trials

were funded by industry. More information is presented in S1 Fig.

SAEs of AKI in RCTs

In 30 randomized trials with a total of 58,181 patients and a mean follow-up of 140 weeks, 410

SAEs due to AKI (384 with AKI, 25 with acute renal failure, and 1 with acute prerenal failure)

were reported. In 33,234 SGLT2i-treated patients, 185 SAEs were observed, and in 24,947 con-

trol patients, 225 SAEs were observed (Fig 2). 23 trials compared SGLT2is against placebo and

7 trials against another oral hypoglycemic agent. SGLT2is diminished the odds of an SAE AKI

by 36% (OR 0.64 [95% CI 0.53–0.78], p< 0.001). The effect size was comparable between

dapagliflozin (OR 0.62 [95% CI 0.48–0.80], p� 0.001) and empagliflozin (OR 0.65 [95% CI

0.43–0.97], p = 0.037). The reported events were fewer in the canagliflozin studies, and the

treatment effect showed a trend towards a reduction of SAE AKIs (OR 0.72 [95% CI 0.43–

1.20], p = 0.20). For the other SGLT2is, low numbers of events are reported, so larger studies

are required. No heterogeneity was detectable (I2 = 0, Cochrane’s Q p = 0.99). Removal of a

single study did not affect the overall outcome (S3 Fig).

AEs of AKI in RCTs

Seventeen trials with 41,095 patients and a mean follow-up of 173 weeks also reported acute

renal failure events as part of a combined AKI endpoint, which included events classified as

nonserious AEs (Fig 3, S1 Fig). The control patients received placebo in 12 trials, an alternative

oral hypoglycemic agent in 4 trials, and subcutaneous semaglutide in 1 trial. In 23,035

SGLT2i-treated patients, 503 events of acute renal failure occurred, whereas in the control

group, 461 AKI events occurred in 18,060 patients (OR 0.77 [95% CI 0.63–0.84], p< 0.001).

The effect size was comparable between empagliflozin-, dapagliflozin-, and canagliflozin-

treated patients (p = 0.680). No heterogeneity was detectable (I2 = 0, Cochrane’s Q p = 0.85).

Overall, 41 trials reported at least one SAE or a nonserious AKI AE (S4 Fig). In total, 1,089

events were reported in these trials. In the 38,441 SGLT2i-treated patients, there were 550 AKI

events, compared to 539 events in 29,718 patients in the placebo arm. Overall, SGLT2is had a

positive effect, with an odds reduction of 25% (OR 0.75 [95% CI 0.66–0.84], p< 0.001). No

heterogeneity was detectable (I2 = 0, Cochrane’s Q p = 0.98).

Effect of SGLT-2 inhibition on acute kidney injury
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AKI when eGFR< 60 ml/min

Four studies reported the AKI SAE rate in 4,983 patients with a baseline eGFR < 60 ml/min

(S5 Fig). For 3,077 SGLT2i-treated patients, 48 SAEs were observed; there were 36 SAEs in

1,906 control patients. The difference was not significant, but the effect size was comparable to

the effect size in the total cohort (OR 0.76 [95% CI 0.49–1.18], p = 0.22).

Renal composite AEs

A renal composite AE was reported in 48 studies, with a total of 35,146 patients and a mean

follow-up of 92 weeks. Definitions of renal composite AEs varied between the different studies

and included acute renal failure, renal impairment, and renal failure but also increase in creati-

nine or decline of eGFR, without differentiation between chronic and more acute changes in

kidney function (S2 Table). It should be noted that only one of the studies on empagliflozin

used this form of combined AE definition. 1,010 renal composite AEs occurred in 20,719

patients treated with a SGLT2i versus 809 events in 14,427 control patients (S6 Fig), with an

OR of 0.98 [95% CI 0.89–1.09], p = 0.74). Considerable heterogeneity was detectable (I2 = 33.9,

Fig 2. Effect of SGLT2is on serious AKI AEs in RCTs (Ease 2 and 3 are two separate trials). AE, adverse event; AKI, acute kidney injury; CI, confidence

interval; RCT, randomized controlled trial; SAE, serious AE; SGLT2i, sodium-glucose cotransporter-2 inhibitor.

https://doi.org/10.1371/journal.pmed.1002983.g002
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Cochrane’s Q p = 0.013). Subgroup analysis did not show a difference caused by the drug used

(p = 0.722).

Hypovolemia-related AEs

Volume-depletion–related AEs were reported in 92 studies with a total of 81,763 patients and

a mean follow-up of 114 weeks. The outcome was defined inconsistently across different stud-

ies (S2 Table). 1,581 hypovolemia-related AEs occurred in 32,987 patients treated with an

SGLT2i compared to 912 events in 48,776 patients taking in the control group (S7 Fig). The

control group received placebo in 78 studies, an alternative oral hypoglycemic agent in 13

studies, and no additional treatment in 1 study. This AE was significantly more common in

the SGLT2i-treated patients (OR 1.20 [95% CI 1.10–1.31], p< 0.001). Empagliflozin (OR 1.10

[95% CI 0.91–1.33], p = 0.30) and dapagliflozin (OR 1.10 [95% CI 0.96–1.25], p = 0.29) did not

increase the OR, but canagliflozin-treated patients had an OR of 1.39 [95% CI 1.18–1.65],

p< 0.001). However, comparison of effects across the different drugs showed no statistically

significant difference of the estimates (p = 0.41). Accordingly, no heterogeneity was detectable

(I2 = 0, Cochrane’s Q p = 0.546)

Fig 3. Effect of SGLT2is on serious and nonserious AKI AEs in RCTs (Ease 2 and 3 are two separate trials). AE, adverse event; AKI, acute kidney injury;

CI, confidence interval; RCT, randomized controlled trial; SAE, serious AE; SGLT2i, sodium-glucose cotransporter-2 inhibitor.

https://doi.org/10.1371/journal.pmed.1002983.g003

Fig 4. Effect of SGLT2is on AKI in observational cohort studies. AKI, acute kidney injury; CI, confidence interval; SGLT2i, sodium-glucose cotransporter-2

inhibitor.

https://doi.org/10.1371/journal.pmed.1002983.g004
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AKI in observational studies

The outcomes listed above were reported in RCTs. We also analyzed observational cohort

studies if they reported on our main outcome of interest, AKI. This was the case for 5 observa-

tional cohort studies (2 of which were published in a single article). The definitions of AKI var-

ied between the 5 cohorts (see S3 Table). A total of 83,934 patients with a follow-up between

24–65 weeks were analyzed. In 33,792 SGLT2i-treated patients, 148 patients developed an

acute renal failure. In the control group, 631 out of 50,142 patients had an event. Overall,

SGLT2is had a positive effect, with 60% lower odds of an adverse renal event (OR 0.40 [95% CI

0.33–0.48], p< 0.001) (Fig 4). Four of the studies used propensity score matching to adjust for

baseline differences and reported an OR between 0.37 and 0.55. The study by Cahn and col-

leagues did not perform any matching [9]. We therefore repeated the analysis and excluded

this trial. The OR increased slightly to OR 0.43 (95% CI 0.35–0.53), p< 0.001 (S8 Fig). No het-

erogeneity was detectable between the propensity-matched cohort studies (I2 = 0, Cochrane’s

Q p = 0.42).

Discussion

SGLT2is are important new compounds for the treatment of patients with diabetes, and there

is a growing body of evidence supporting their beneficial effect in slowing eGFR decline and

preventing progressive kidney damage. However, there is concern that they might cause AKI

[5,7,10]. In this systematic review,>1,800 AKI events were identified in more than 150,000

patients in 41 RCTs and 5 observational cohorts. In the RCTs, SGLT2is reduced the odds of

AKI requiring hospitalization by 36% and the odds of any form of an acute renal failure by

25%. Importantly, the effect was comparable for the different SGLT2is (canagliflozin, dapagli-

flozin, and empagliflozin). These results are supported by 4 observational propensity-score–

matched cohorts in which the odds of AKI were reduced by 45%–64% when SGLT2is were

prescribed. In one additional, recently published nonmatched cohort, the risk reduction was

as high as 74% [9]. Because this systematic review is based on a high AKI event rate and we

observed no heterogeneity, we conclude that SGLT2is may not only reduce the progression of

chronic kidney disease but also have a preventive effect on AKI.

AKI is defined by an acute worsening of the kidney function and typically staged according

to the increase in serum creatinine or reduction in urine output over 48 h to 7 days. Once

widely believed to represent a benign and transient problem, it is now understood as a risk fac-

tor for an increased short-term and long-term mortality, chronic kidney disease, and end-

stage renal disease. The severity of AKI (stages I–III) correlates with these outcome parame-

ters. The evidence to date is summarized in several reviews [11–13]. In a large meta-analysis,

roughly 20% of in-hospital patients experienced an AKI episode; likewise, a significant number

of outpatients were affected [14]. It is estimated that every year, 13.3 million people will suffer

from AKI. Several prediction models have been developed, and diabetes is the second most

commonly used parameter beside age [15]. Therefore, a drug simultaneously improving glu-

cose control and protecting against AKI would be advantageous.

To date, there is no mechanistic explanation why SGLT2is could prevent AKI despite the

fact that a higher rate of hypovolemia, a well-known risk factor for acute prerenal failure, is

reported. In 2 animal studies, administration of an SGLT2i attenuated ischemia-reperfusion

injury and AKI [16,17]. The authors observed less tubular apoptosis and less peritubular vascu-

lar rarefication due to a higher local VEGF (Vascular Endothelial Growth Factor) production,

with a protective effect against renal fibrosis. Interestingly, this positive effect was seen even

though the animals were not diabetic. Because sodium transport is ATP-dependent, it has

been postulated that a reduction in sodium reabsorption through SGLT2is in the S1 and S2

Effect of SGLT-2 inhibition on acute kidney injury

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1002983 December 9, 2019 9 / 13

https://doi.org/10.1371/journal.pmed.1002983


tubular segments leads to reduced tubular oxygen consumption [18]. Other SGLT2i-induced

changes that could lead to tubular protection include increased erythropoietin production,

suppression of peritubular inflammation and fibrosis, and increased use of ketone bodies as an

alternative fuel source [18]. Biomarker studies in patients treated with dapagliflozin for 6

weeks showed a reduction of several tubular damage markers (kidney injury molecule-1, neu-

trophil gelatinase-associated lipocalin, and liver-type fatty acid binding protein), suggesting

that there may indeed be some tubular alteration that might decrease tubular susceptibility to

AKI [19]. Further experimental studies to explore the underlying mechanisms are required.

In many RCTs, a combined renal AE endpoint was reported, and, in contrast to the effect

on AKI, patients treated with an SGLT2i had no benefit. We believe that this discrepancy is

due to the inconsistent criteria used to define the combined renal adverse outcome. Event defi-

nitions did not differentiate between acute and chronic changes, and often a change in eGFR

or creatinine was reported as an AE. However, SGLT2is lead to a reversible creatinine increase

and decline of the eGFR due to their well-described effects on tubuloglomerular feedback,

with constriction of the afferent arteriole as a result of increased sodium delivery to the macula

densa at the distal tubule [3]. Therefore, such AE events are probably of little clinical relevance.

Of note,>70% of patients in the large outcome trials received inhibitors of the renin–angio-

tensin system (RASis), with similar proportions of patients treated with RASis in the SGLT2i

and comparator groups (see S4 Table). Activation of RAS signaling causes efferent arteriolar

constriction via angiotensin II; thus, RAS inhibition dilates the efferent arteriole and reduces

filtration pressure. A combination of preglomerular constriction through SGLT2is and post-

glomerular dilation under RASis would be expected to cause an increased risk of AKI. A recent

subgroup analysis of data from the EMPA-REG OUTCOME trial by baseline background

medications found a slightly increased risk of acute renal failure in patients on angiotensin

converting enzyme (ACE) inhibitors or angiotensin receptor blockers (ARBs) compared to

patients not taking these drugs [20]. However, empagliflozin was able to improve the risk of

incident or worsening nephropathy regardless of ACE inhibitor/ARB use, and the risk of acute

renal failure with ACE inhibitor/ARB use tended to be lower in patients also taking empagli-

flozin (for patients on ACE inhibitors/ARBs, acute renal failure rates were 5.4% and 5.9% in

empagliflozin-treated patients versus 7% in the placebo group).

AEs related to volume depletion were more commonly observed in SGLT2i-treated

patients. For canagliflozin and sotagliflozin, the difference was significant against the control

group. This was not the case for all other SGLT2is. However, in a mixed-effects analysis, no

significant difference was observed between the compounds.

The study has 6 major limitations. 1) We used safety endpoints as reported in the corre-

sponding publications. These endpoints are not validated by an endpoint committee. How-

ever, the vast majority of randomized SGLT2i studies published so far used MedDRA (Medical

Dictionary for Regulatory Activities) terminology to classify the AEs, leading to some stan-

dardization across the different studies. To further enhance the value of the analysis, we

selected an SAE of AKI as our primary outcome. SAEs are vigorously monitored, and a more

detailed description of the event is collected. 2) Non-SAE AKI events were only reported in 17

studies, including the DECLARE, EMPAREG-OUTCOME, CANVAS, and CREDENCE stud-

ies, and they are only mentioned as part of a broader composite renal AE safety endpoint in

the rest of the studies. The interpretation of these results is difficult. 3) In some studies, there

was probably an under-reporting of AKI events. The best example is the CANVAS study. It is

not plausible that 0.9% of patients had an SAE due to AKI but only 1% had an AKI. This

would suggest that only 0.1% had a nonserious AKI event. This is far below the event rate

reported in the other outcome studies. 4) None of the included studies reported AKI stages.

Because there is a clear link between the severity of AKI and short-term and long-term
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consequences, these data would be very helpful in understanding the effect of SGLT2is on

AKI. 5) While most RCTs compared the effect of SGLT2is against placebo, a number of studies

had an active comparator group receiving an alternative oral hypoglycemic agent. 6) The

length of follow-up varied between studies, from our cutoff of 12 weeks to as long as 208

weeks.

Conclusions

In summary, this analysis suggests that SGLT2is may reduce the occurrence of AKI in patients

with diabetes mellitus. This observation was seen in RCTs and observational cohort studies.

There was no heterogeneity between the different SGLT2is. We suggest that a randomized pla-

cebo-controlled study should be performed in diabetic patients undergoing a medical proce-

dure with a high risk of AKI (e.g., cardiothoracic on-pump surgery) to demonstrate the

beneficial effects of SGLT2 inhibition on mechanisms of AKI.

Supporting information

S1 Text. PRISMA checklist. PRISMA, Preferred Reporting Items for Systematic Reviews and

Meta-Analyses.

(DOC)

S2 Text. Analysis plan.

(DOCX)

S1 Table. Search strategy.

(XLSX)

S2 Table. Basic information about study type and AE definitions in the different RCTs.

AE, adverse event; RCT, randomized controlled trial.

(XLSX)

S3 Table. Basic information about study type and AE definitions in the different observa-

tional cohorts. AE, adverse event.

(XLSX)

S4 Table. Number of patients treated with RASis in trials reporting AKI events. AKI, acute

kidney injury; RASi, renin–angiotensin system inhibitor.

(XLSX)

S1 Fig. Risk-of-bias assessment in 41 studies reporting at least one AKI as SAE or AE. AE,

adverse event; AKI, acute kidney injury; SAE, serious AE.

(TIF)

S2 Fig. Funnel plot.

(TIF)

S3 Fig. Effect of SGLT2is on serious AKI AEs after removal of one of the 28 studies report-

ing an SAE. This analysis suggests that the overall result was not due to a single study. Even

when the results of the largest study (DECLARE) was removed, the result remained highly sig-

nificant (p< 0.001). AE, adverse event; AKI, acute kidney injury; SAE, serious AE; SGLT2i,

sodium-glucose cotransporter-2 inhibitor.

(TIF)
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S4 Fig. Effect of SGLT2is on any AKI in RCTs. AKI, acute kidney injury; RCT, randomized

controlled trial; SGLT2i, sodium-glucose cotransporter-2 inhibitor.

(TIF)

S5 Fig. Effect of SGLT2i on SAE AKI AEs in patients with eGFR <60 ml/min. AE, adverse

event; AKI, acute kidney injury; eGFR, estimated Glomerular Filtration Rate; SAE, serious AE;

SGLT2i, sodium-glucose cotransporter-2 inhibitor.

(TIF)

S6 Fig. Effect of SGLT2is on combined renal AEs in RCTs. AE, adverse event; RCT, random-

ized controlled trial; SGLT2i, sodium-glucose cotransporter-2 inhibitor.

(TIF)

S7 Fig. Effect of SGLT2is on hypovolemia-related AEs in RCTs. (a) Canagliflozin, (b) dapa-

gliflozin, (c) empagliflozin, (d) ertugliflozin, (e) other SGLT2is, and (f) comparison of esti-

mates of all examined drugs. AE, adverse event; RCT, randomized controlled trial; SGLT2i,

sodium-glucose cotransporter-2 inhibitor.

(TIF)

S8 Fig. Effect of SGLT2is on AKI in propensity-score–matched observational cohorts. AKI,

acute kidney injury; SGLT2i, sodium-glucose cotransporter-2 inhibitor.

(TIF)
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