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SGLT-2 inhibitors improve
cardiovascular and renal outcomes
in patients with CKD: a systematic
review and meta-analysis

Thomas A. Mavrakanas®™, Michael A. Tsoukas?, James M. Brophy?, Abhinav Sharma3 &
Karim Gariani*

The effect of sodium-glucose co-transporter-2 (SGLT-2) inhibitors on cardiovascular and renal
outcomes has not been systematically reviewed across baseline kidney function groups. We conducted
a systematic review and meta-analysis of randomized control trials (RCTs) with SGLT-2 inhibitors in
patients with and without CKD. We performed a PubMed/Medline search of randomized, placebo-
controlled, event-driven outcome trials of SGLT-2 inhibitors versus active or placebo control in patients
with and without diabetes from inception to November 2022. CKD was defined as an estimated
glomerular filtration rate (eGFR) < 60 ml/min/1.73m? (PROSPERO registration CRD4202016054).

The primary outcome was cardiovascular death. Secondary outcomes included hospitalization for
heart failure, major adverse cardiovascular events, CKD progression, all-cause mortality, treatment
discontinuation, and acute kidney injury (AKI). The relative risk (RR) was estimated using a random-
effects model. Twelve RCTs were included in this meta-analysis (89,191 patients, including 38,949
with eGFR <60 ml/min/1.73m?). Use of an SGLT-2 inhibitor in patients with CKD was associated with a
lower incidence of cardiovascular death (RR 0.87; 95% Cl 0.79-0.95) and of heart failure (RR 0.67; 95%
Cl1 0.61-0.75), compared with placebo. Heart failure risk reduction with SGLT-2 inhibitors was larger
among patients with CKD compared with patients without CKD (RR for the interaction 0.87, 95% ClI
0.75-1.02, and p-value for interaction 0.08). SGLT-2 inhibitors were associated with a lower incidence
of CKD progression among patients with pre-existing CKD: RR 0.77 (95% Cl 0.68-0.88), compared
with placebo. Among patients with CKD, a lower risk of AKI (RR 0.82; 95% Cl 0.72-0.93) and treatment
discontinuation was seen with SGLT-2 inhibitors compared with placebo. SGLT-2 inhibitors offer
substantial protection against cardiovascular and renal outcomes in patients with CKD. These results
strongly advocate in favor of using them in patients with CKD and keeping them as kidney function
declines.

Sodium-glucose co-transporter-2 (SGLT-2) inhibitors are glucose-lowering drugs that act by reducing renal
reabsorption of glucose at the S1 segment of the proximal tubule in the kidney. They induce glycosuria and
natriuresis and are associated with reduction in glycated hemoglobin (Hb1Ac), blood pressure, albuminuria, and
body weight'2 The cardiovascular and renal benefits of SGLT-2 inhibitors have been demonstrated in several
large randomized clinical trials (RCT) in patients with type 2 diabetes and more recently in patients without
type 2 diabetes®. Assessing the magnitude of the protective effect of SGLT-2 inhibitors on these outcomes based
on the presence or absence of chronic kidney disease (CKD) at baseline remains an important question in order
to confirm whether their therapeutic effect is independent of kidney function®.

The aim of this study is to perform a systematic review and meta-analysis of RCTs assessing the effect of
SGLT-2 inhibitors on cardiovascular and renal outcomes according to baseline CKD status in individuals with
or without type 2 diabetes. This is the most recent meta-analysis on this important question, including the most
recent clinical trials with SGLT-2 inhibitors.
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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 prospectively
registered in the International Prospective Register of Systematic Reviews (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 from inception to November 2022 to identify potentially eligible studies. The following
search terms were used: ((((((myocardial infarction) OR (stroke or cerebrovascular accident)) OR (heart failure
or cardiac failure)) OR (death OR mortality)) OR (“Cardiovascular Diseases’Mesh])) OR (kidney failure)) AND
((empagliflozin or canagliflozin or dapagliflozin or sotagliflozin or ertugliflozin or ipragliflozin or tofogliflozin or
sergliflozin or remogliflozin or luseogliflozin) OR (“Sodium-Glucose Transporter 2 Inhibitors”[Mesh])). Search
was limited to clinical trials or RCTs.

We included all randomized, placebo-controlled, event-driven outcome trials of SGLT-2 inhibitors versus
active or placebo control. Trials including participants with type 1 diabetes or individuals < 18 years of age were
excluded. Inclusion of patients with CKD was required. CKD was defined as an eGFR <60 ml/min/1.73m? RCTs
had to be peer reviewed manuscripts with a minimum follow-up of 6 months. At least one of the following car-
diovascular or renal outcomes had to be reported: cardiovascular death, hospitalization for heart failure, major
adverse cardiovascular events, renal death, or CKD progression.

Two authors (K.G. and M.T.) independently screened the titles and abstracts of all identified articles and,
when required, reviewed full-text manuscripts to identify potentially relevant studies. The reference lists of all
selected studies and available meta-analyses were also reviewed to search for any additional qualifying studies.
Any disagreement related to the identification or eligibility of studies was resolved through discussion with a
third author (T.M.).

Data synthesis and analysis
Two authors (T.M. and K.G.) independently extracted all relevant baseline characteristics and study outcomes
using a standardized digital extraction form, including treatment effects in patient subgroups defined by the pres-
ence or absence CKD. Any discrepancies in data extraction or risk-of-bias assessment were resolved by consensus.
Efficacy outcomes of interest included: major adverse cardiovascular events (MACE), including cardiovascular
death, nonfatal myocardial infarction, or nonfatal stroke; the composite of cardiovascular death or hospitalization
for heart failure or their individual components, CKD progression (a composite outcome of persistent eGFR
decline of at least 40% or renal replacement therapy initiation), and all-cause mortality. The primary outcome
was cardiovascular mortality. We also extracted information on treatment discontinuation and acute kidney
injury. A detailed definition of clinical outcomes in each trial included in this meta-analysis is depicted in Table 1.
CKD was defined as an eGFR <60 ml/min/1.73m? in most studies. In the DAPA-CKD trial, patients with
a urine albumin to creatinine ratio (UACR) of 200-5000 mg/g and an eGFR as high as 75 ml/min/1.73m?
were included’. Similarly, in the EMPEROR-Reduced and EMPEROR-Preserved studies, CKD was defined as
eGFR <60 ml/min/1.73m? or a UACR > 300 mg/g for the outcomes of cardiovascular death, all-cause mortality, or
for the composite renal outcome®”. In EMPA-KIDNEY, CKD was defined as eGFR <45 ml/min/1.73m? regardless
of the level of albuminuria or a UACR > 200 mg/g and an eGFR of 45-89 ml/min/1.73m?.

Statistical analysis

The relative risk (RR) with associated 95% confidence intervals was the principal summary measure. When the
number of events per group was not reported, RR were calculated from the incidence rates, the hazard ratio, and
the total number of events and participants’.

The pooled RR for each outcome was estimated using a random-effects model with the standard DerSimonian
& Laird approach'®. Results were presented in a Forest plot. Prediction intervals were also reported. Prediction
intervals reflect the effect to be expected in future patients and their use in meta-analyses has been strongly
advocated by prominent scholars in the field'’.

Interaction effects were estimated to test for treatment effect modification by CKD status. Only studies report-
ing outcomes in patients with and without CKD were included for interaction terms calculation. The natural
logarithm of the relative risk ratio and the standard error of the natural logarithm of the relative risk were pooled
using the inverse variance method and a random effects model.

For study quality assessment (performed by K.G. and M.T.), the second version of the Cochrane Risk-of-bias
tool for RCTs (RoB2) was used'?.

The I* index was used to quantify heterogeneity and assess inconsistency. A funnel plot was drawn to assess
publication bias. Heterogeneity was considered to be low, moderate, or high if P was less than 25%, 26% to 75%,
or greater than 75%, respectively'.

The GRADE approach was used to rate confidence in effect estimates'®. The initial rating for RCTs was high
and decreased in presence of serious inconsistency, indirectness, imprecision, risk of bias, or when publication
bias was likely.

We used the risk in the placebo group, along with the pooled relative risk for overall patients at long-term
follow-up from the systematic review, to calculate the absolute effect estimates in our evidence summaries.

Statistical analyses were performed in Stata (version 17 SE; College Station, TX). Risk of bias plots were cre-
ated using the robvis tool*>.
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Definition of composite CV
Study Definition of MACE outcome Definition of renal outcome | All-cause mortality | CV death | Heart failure
Death from CV causes, non- Macroalbuminuria, doublin
EMPA-REG outcome fatal myocardial infarction or inine. ESKD. renal d %1 X X X
nonfatal stroke creatinine, ESKD, renal deat]
Death from CV causes, non- . .
CANVAS fatal myocardial infarction or Ccv deagh or hospitalization for | >40% GFR decline, ESKD, X X
heart failure renal death
nonfatal stroke
CV death, myocardial infarc- | CV death or hospitalization for | >40% GFR decline, ESKD,
DECLARE-TIMI 58 tion, or ischemic stroke heart failure renal death X X X
Death from CV causes, non- . . L.
CREDENCE fatal myocardial infarction or Ccv deagh or hospitalization for | Doubling creatinine, ESKD, X X
heart failure renal or CV death
nonfatal stroke
CV death or hospitalization for | >50% GFR decline, ESKD,
DAPA-CKD heart failure renal or CV death X X
CV death or HF hospitaliza- >50% GFR decline, ESKD,
DAPA-HF tion/urgent HF visit renal or CV death X X X
Death from CV causes, non- . . L.
VERTIS-CV fatal myocardial infarction, or Ccv deagh or hospitalization for | Doubling creatinine, ESKD, X X
heart failure renal death
nonfatal stroke
Death from CV causes, non- o1 .
SCORED fatal myocardial infarction, or CV death or HF hqspltahla- 250% GFR decline, ESKD, X X X
N tion/urgent HF visit renal death
nonfatal stroke
EMPEROR-REDUCED gV death or hospitalization for| - 40% GFR decline, ESKD | X X
EMPEROR-PRESERVED cv deth or hospitalization for
heart failure
CV death or HF hospitaliza- >50% GFR decline, ESKD,
DELIVER tion/urgent HF visit renal death
CV death or hospitalization for | >40% GFR decline, ESKD,
EMPA-KIDNEY heart failure renal death X X

Table 1. Outcome definitions. MACE, major adverse cardiovascular event; CV, cardiovascular; ESKD, end-
stage kidney disease; GFR, glomerular filtration rate.

Results

Study characteristics

A total of 405 articles were identified. After title and abstract screening, 41 articles were selected for full-
text review. Twelve RCTs (19 publications) were identified and included in this meta-analysis (Supplemen-
tal Fig. 1)>#16-32, These studies enrolled a total of 89,191 patients, including 38,949 with an eGFR <60 ml/
min/1.73m? Study characteristics for the included trials are shown in Table 2. For this Table, information from
the main publication for each trial was used. For some of the outcomes mentioned below, data from subsequent
publications was used and this explains minor differences in the denominator for these outcomes.

Five SGLT-2 inhibitors, canagliflozin, dapagliflozin, empagliflozin, ertugliflozin, and sotagliflozin were used.
Most trials enrolled patients with a minimum eGFR of 30 ml/min/1.73m? at baseline. The DAPA-CKD, SCORED,
and DELIVER studies allowed for participant enrolment with an eGFR >25 ml/min/1.73m?**”*2, while the
EMPEROR-Preserved, Reduced, and EMPA-KIDNEY trials with an eGFR =20 ml/min/1.73m?2>26,

Five studies had formal discontinuation criteria based on kidney function. The cutoff of 15 and 30 ml/
min/1.73m? was used in the CANVAS and DECLARE TIMI-58 trial, respectively'”*>. In CREDENCE, partici-
pants were allowed to stay on the SGLT-2 inhibitor until dialysis initiation?'. In VERTIS-CV and SCORED, the
SGLT-2 inhibitor was discontinued when eGFR dropped below 15 ml/min/1.73m? or when renal replacement
therapy was required®*".

Overall risk of bias was considered to be low (“not serious”) for all RCTs included in this meta-analysis (Sup-
plemental Fig. 2). There was no major publication bias for any of the outcomes identified at the inspection of the
funnel plots (Supplemental Fig. 3).

Cardiovascular outcomes

Cardiovascular death

Use of an SGLT-2 inhibitor was associated with a lower incidence of cardiovascular death in patients with CKD,
compared with placebo: RR 0.87 (95% CI 0.79-0.95; P =0.003) (Fig. 1 and Table 3). Similarly, use of an SGLT-2
inhibitor was associated with a lower incidence of cardiovascular death in patients without CKD: RR 0.85 (95%
CI 0.73-0.99; P=0.04) (Fig. 1 and Table 3). Significant heterogeneity was detected in the non-CKD group
(I?=62%) but not in the CKD group (I*=0%). There was no interaction between CKD status and the effect of
SGLT-2 inhibitors on cardiovascular death (RR 1.03, 95% CI 0.88-1.20; p for interaction 0.72).

Heart failure
Use of an SGLT-2 inhibitor was associated with a lower incidence of heart failure in patients with CKD, compared
with placebo: RR 0.67 (95% CI 0.61-0.75; P <0.001) (Fig. 2 and Table 3). Moreover, use of an SGLT-2 inhibitor
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Type of Median ACEI- History
SGLT-2 Number of | follow-up, ARB at Diabetes Baseline Established | of heart
Study (dose, mg) | participants | years Age,years | Women (%) | baseline (%) | uACR>30 mg/g | (%) eGFR<60* | CV disease | failure
Empagliflo-
Exi‘z'l}:m zin(10and | 7020 3.1 63(8.7) |285 5666 (80.7%) | 2782 (40.0) 7020 (100) | 1819 (25.9)| 7020 (100) | 706 (10.1)
25)
Canagliflo-
CANVAS | zin (100 and | 10,142 24 633(8.3) |358 8116 (80%) | 3026 (30.0) 10,142 (100) | 2039 (20.1) | 6656 (65.6) | 1461 (14.4)
300)
DECLARE- | Dapagliflo- 13,950
TTMI 58 zin (10) 17,160 42 63.9(6.8) |374 (81.3%) 5199 (30.3) 17,160 (100) | 1265 (7.4) | 6974 (40.6) | 1724 (10.0)
CREDENCE (Claor(l)";ghﬂ‘mn 4401 2.6 63.0(9.2) |33.9 4395 (99.9%) | 4401 (100) 4401 (100)| 2592 (58.9) | 2223 (50.5) | 652 (14.8)
DAPA-CKD lz)iralp(algol)iﬂo‘ 4304 24 61.85(12.1) | 33.1 4224 (98.1%) | 4304 (100) 2906 (67.5)| 3850 (89.5) | 1610 (37.4) | 468 (10.9)
DAPA-HF 231’(31%1;%‘ 4744 15 66.3 (10.9) | 23.4 4460 (94%) | NA 1983 (41.8)| 1926 (40.6) | 4744 (100) | 4744 (100)
VERTIS-CV g;‘ﬂi?g)zm 8246 3.5 64.4 (8.05) |29.9 6686 (81.1%) | 3247 (39.4) 8246 (100)| 1807 (21.9) | 8238 (99.9) | 1958 (23.7)
Sotagliflozin o
SCORED | 5008 a0y | 10:584 1.33 69 (NA) | 44.9 9229 (87.2%) | 6875 (65.0) 10,584 (100) | 10,584 (100) | NA 3283 (31.0)
EMPEROR- | Empagliflo- 0
REDUCED | zin (10) 3730 1.33 66.85(11) | 239 3327 (89.2%) | 1632 (43.8) 1856 (49.8) | 1799 (48.2) | 3730 (100) | 3730 (100)
EMPEROR- | Empagliflo- o
PRESERVED | zin (10) 5988 22 71.9(9.6) | 447 4832 (80.7%) | NA 2938 (49.1)| 2988 (49.9) | 5988 (100) | 5988 (100)
Dapagliflo- o 2806
DELIVER | o8 6263 2.3 71.7(9.6) | 43.9 2272 (36.3%) | NA (44.8%) 3070 (49.0) | 6263 (100) | 6263 (100)
EMPA- Empagliflo- o o 3040 "
KIDNEY | 2in (10) 6609 2.0 63.9(13.9) |332 5628 (85.2%) | 5281 (79.9%) (46.0%) 5210 (78.8)* | 1765 (26.7) | NA
Table 2. Study characteristics. Results are presented as mean (standard deviation) or number (percentage).
ACEI, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; NA, not available;
UACR, urine albumin-creatinine ratio; eGFR, estimated glomerular filtration rate (in ml/min/1.73m?); CV,
cardiovascular. *eGFR <45 ml/min/1.73m?2 for the EMPA-KIDNEY trial.
was associated with a lower incidence of heart failure in patients without CKD: RR 0.78 (95% CI 0.70-0.86;
P <0.001) (Fig. 2 and Table 3). No significant heterogeneity was detected in the non-CKD or the CKD subgroup
(I of 0% and 20%, respectively). A significant interaction was detected between CKD status and the effect of
SGLT-2 inhibitors on heart failure (RR 0.87, 95% CI 0.75-1.02, p for interaction 0.08): risk reduction with SGLT-2
inhibitors was more important among patients with CKD (Table 3).
Cardiovascular death or heart failure
SGLT-2 inhibitors were associated with a lower incidence of cardiovascular death or hospitalization for heart
failure among patients with CKD, compared with placebo: RR 0.79 (95% CI 0.74-0.84; P <0.001) (Supplemental
Fig. 4 and Table 3). Similarly, use of an SGLT-2 inhibitor was associated with a lower incidence of cardiovascular
death or heart failure in patients without CKD: RR 0.84 (95% CI 0.77-0.91; P <0.001) (Supplemental Fig. 4 and
Table 3). Low or no heterogeneity was detected in the non-CKD and the CKD subgroup, respectively (I of 14%
and 0%). There was no interaction between CKD status and the effect of SGLT-2 inhibitors on cardiovascular
death or heart failure (RR 0.97, 95% CI 0.87-1.08, p for interaction 0.54).
MACE
We only included studies using the 3-point MACE definition (CV death, non-fatal myocardial infarction, or
stroke). SGLT-2 inhibitors were associated with a lower incidence of MACE in patients with CKD, compared
with placebo: RR 0.84 (95% CI 0.75-0.94; P=0.003) (Fig. 3 and Table 3). Use of an SGLT-2 inhibitor was also
associated with a lower incidence of MACE in patients without CKD: RR 0.93 (95% CI 0.87-0.99; P=0.03) (Fig. 3
and Table 3). Moderate and no heterogeneity was detected in the CKD and the non-CKD group, respectively (I?
of 46% and 0%). There was no interaction between CKD status and the effect of SGLT-2 inhibitors on MACE
(RR 0.95, 95% CI 0.82-1.09, p for interaction 0.44).
Renal outcomes
Definition of the composite renal outcome was highly variable across different studies. In addition to variable
percentages of eGFR decline and incidence of kidney failure, some of the trials grouped together cardiovascular
death with death from renal cause and with CKD progression (Table 1). SGLT-2 inhibitors were associated with
alower incidence of the composite renal outcome in patients with CKD, compared with placebo: RR 0.77 (95%
CI 0.68-0.88; P<0.001) (Fig. 4 and Table 3). Similarly, use of an SGLT-2 inhibitor was associated with a lower
incidence of the composite renal outcome in patients without CKD: RR 0.65 (95% CI 0.53-0.80; P <0.001) (Fig. 4
and Table 3). Low and moderate heterogeneity were detected in the CKD and the non-CKD group (I of 27%
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Cardiovascular death
Patients with and without CKD

SGLT-2  Placebo

Study Participants events  events RR (95% Cl)

1
eGFR<60 1
EMPAREG 1819 75 48 g : 0.78 (0.55, 1.11)
CANVAS 2039 79 68 —_—— 0.97 (0.71, 1.33)
DECLARE TIMI 1265 32 40 I: 0.87 (0.55, 1.37)
CREDENCE 2592 71 96 —_—— 0.74 (0.55, 0.99)
DAPA-HF 1926 119 134 —_—, 0.89 (0.71, 1.12)
DAPA-CKD 4304 65 80 ————— 0.81 (0.59, 1.12)
VERTIS-CV 1807 111 64 _IQ—— 0.88 (0.66, 1.18)
EMPEROR-Reduced 1978 106 121 —_—— 0.89 (0.70, 1.14)
SCORED 10584 155 170 —;—0—— 0.91 (0.74, 1.13)
EMPA-KIDNEY 6609 59 69 < 0.86 (0.61, 1.21)
Subtotal (I-squared = 0.0%, p = 0.982) <>- 0.87 (0.79, 0.95)
with estimated predictive interval : (0.78, 0.96)
. 1
6GFR>=60 X
EMPAREG 5199 97 89 —_— ' 0.54 (0.41,0.72)
CANVAS 8101 164 142 —_—— 0.84 (0.68, 1.05)
DECLARE TIMI 15894 213 209 -:—0— 1.01(0.84, 1.22)
CREDENCE 1809 39 44 " 0.89 (0.58, 1.35)
DAPA-HF 2816 109 139 _0—:— 0.78 (0.62, 0.99)
VERTIS-CV 6439 230 120 —_—r 0.95 (0.77, 1.18)
EMPEROR-Reduced 1746 81 79 —_— 1.01 (0.75, 1.36)
Subtotal (I-squared = 62.2%, p = 0.014) </JI\ 0.85 (0.73, 0.99)
with estimated predictive interval : (0.54, 1.35)

1
Overall (I-squared = 12.7%, p = 0.305) —O— 0.86 (0.81, 0.93)
with estimated predictive interval : (0.76, 0.99)
NOTE: Weights are from random effects analysis :

.4:)9 1 2.[15
SGLT2 inhibitor Placebo

Figure 1. Forest plot showing the incidence of cardiovascular death with SGLT-2 inhibitors compared with
placebo in patients with and without chronic kidney disease (CKD). Results are stratified by CKD status. Data
are presented as risk ratios (RR) with 95% confidence intervals (95% CI). A lower incidence of cardiovascular
death is identified with SGLT-2 inhibitors compared with placebo in patients with and without CKD (p for
interaction 0.72). A random effects model is used.

and 43%), respectively. There was no interaction between CKD status and the effect of SGLT-2 inhibitors on the
composite renal outcome (RR 1.13, 95% CI 0.90-1.41, p for interaction 0.30).

All-cause mortality

SGLT-2 inhibitors were associated with a lower incidence of death from any cause among patients with CKD,
compared with placebo: RR 0.87 (95% CI 0.80-0.95; P =0.003) (Supplemental Fig. 5 and Table 3). However, the
incidence of all-cause mortality was similar in the SGLT-2 inhibitor and placebo arms in patients without CKD:
RR 0.84 (95% CI0.69-1.01; P=0.06) (Supplemental Fig. 5 and Table 3). Heterogeneity was low in the CKD group
but high in the non-CKD group (I? of 12% and 71%, respectively). There was no interaction between CKD status
and the effect of SGLT-2 inhibitors on all-cause mortality (RR 1.02, 95% CI 0.87-1.20, p for interaction 0.79).

Treatment discontinuation and acute kidney injury
Four studies examined treatment discontinuation by CKD status at baseline®!®*>*>. Among patients with CKD,
treatment discontinuation was less commonly observed in the SGLT-2 inhibitor arm compared with the placebo
arm: RR 0.88 (95% CI 0.82-0.95; P=0.001) (Supplemental Fig. 6 and Table 3). In contrast, the incidence of
treatment discontinuation was similar in both arms among patients without CKD: RR 1.59 (95% CI 0.60-4.19;
P=0.35). However, no interaction was identified between CKD status and the effect of SGLT-2 inhibitors on
treatment discontinuation (RR 0.57, 95% CI 0.20-1.59, p for interaction 0.28). Heterogeneity was low in the
CKD group but very high in the non-CKD group (I* of 0% and 99%, respectively).

Five studies examined acute kidney injury (AKI) by CKD status at baseline**1%2*2>. Among patients with
CKD, AKI was less commonly observed in the SGLT-2 inhibitor arm compared with the placebo arm: RR 0.82
(95% CI 0.72-0.93; P=0.003) (Fig. 5 and Table 3). In contrast, the incidence of AKI was similar in both arms
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Outcome Study group SGLT-2 inhibitor vs. placebo Absolute effect estimate Quality of evidence
7 fewer per 1000
0 —|
oV death CKD RR 0.87 (95% CI 0.79-0.95) (95% CI 3 fewer-11 fewer) HIGH
eat]
7 fewer per 1000 MODERATE*
- 0, —
Non- CKD RR 0.85 (95% CI 0.73-0.99) (95% CI 0 fewer-12 fewer) Serious inconsistency
29 fewer per 1000
0 —
CKD RR 0.67 (95% CI 0.61-0.75) (95% CI 22 fewer—34 fewer) HIGH
Heart Failure oF 1000
R 9 _ ewer per
Non- CKD RR 0.78 (95% CI 0.70-0.86) (95% CI 6 fewer-12 fewer) HIGH
25 fewer per 1000
0 —
CKD RR 0.79 (95% CI 0.74-0.84) (95% CI 19 fewer-31 fewer) HIGH
CV death or heart failure T 1000
. o = ewer per
Non- CKD RR 0.84 (95% CI0.77-0.91) (95% CI 8 fewer20 fewer) HIGH
18 fewer per 1000
CKD RR 0.84 (95% CI 0.75-0.94) (95% CI 7 fewer28 fewer) HIGH
MACE 7 fe 1000
ewer per
Non- CKD RR 0.93 (95% CI 0.87-0.99) (95% CI 1 fewer—12 fewer) HIGH
18 fewer per 1000 MODERATE®
CKD RR 0.77 (95% CI 0.68-0.88) (95% CI 10 fewer-26 fewer) Serious indirectness
Renal outcome 8 fi 1000 MODERATE®
. o ~ ewer per
Non- CKD RR 0.65 (95% CI 0.53-0.80) (95% CI 5 fewer-11 fewer) Serious indirectness
10 fewer per 1000
CKD RR 0.87 (95% CI 0.80-0.95) (95% CI 4 fewer-15 fewer) HIGH
All-cause mortality s 1000 LOWE
. i ewer per N . . )
Non- CKD RR 0.84 (95% CI 0.69-1.01) (95% CI 22 fewer—1 more) fiz?e(zlci]lmpremsmn & incon
23 fewer per 1000
0 —
CKD RR 0.88 (95% CI 0.82-0.95) (95% CI 10 fewer—35 fewer) HIGH
Treatment discontinuation 54 1000 VERY LOW!
) -~ more per s .
Non- CKD RR 1.59 (95% CI 0.60-4.19) (95% CI 37 fewer—294 more) Yery sgr\lous imprecision &
inconsistency
11 fewer per 1000
0 —
CKD RR 0.82 (95% CI 0.72-0.93) (95% CI 17 fewer—4 fewer) HIGH
Acute kidney injury VERY LOW®
Non- CKD RR 1.19 (95% CI 0.71-2.01) ?9@?%??&122223 more) Very serious imprecision &
° serious inconsistency

Table 3. Clinical outcomes by treatment strategy and certainty of evidence. SGLT-2, sodium-glucose
co-transporter-2; CKD, chronic kidney disease; RR, relative risk; CI, confidence interval; CV, cardiovascular;
MACE, major adverse cardiovascular events. *Serious inconsistency: I*=62%. ®Serious indirectness: variable
definition of the composite renal outcome (some of the studies included cardiovascular death in this outcome).
“Serious imprecision: confidence interval includes no difference. Serious inconsistency: I?=71%. ¢Very serious
imprecision: wide confidence interval that includes no difference. Very serious inconsistency: I*=99%. *Very
serious imprecision: wide confidence interval includes no difference. Serious inconsistency: I*=76%.

among patients without CKD: RR 1.19 (95% CI 0.71-2.01; P=0.51). However, no interaction was identified

between CKD status and the effect of SGLT-2 inhibitors on AKI (RR 0.68, 95% CI 0.33-1.39, p for interaction

0.28). Heterogeneity was low in the CKD group but high in the non-CKD group (I of 8% and 76%, respectively).
Episodes of euglycemic ketoacidosis were rare and not reported by CKD status in the included trials.

Discussion

This meta-analysis of RCTs examines cardiovascular and renal outcomes in patients with and without CKD and
includes results from the most recently published clinical trials with SGLT-2 inhibitors in patients with and with-
out diabetes. We show that the protective effect of SGLT-2 inhibitors is maintained as kidney function declines
and that, due to the high baseline risk in patients with CKD, the absolute risk reduction with this treatment is
greater in these patients. In addition, we show that the efficacy of these agents in reducing heart failure events
is greater in patients with CKD, compared with patients with preserved renal function. These findings strongly
support use of SGLT-2 inhibitors in patients with an eGFR <60 ml/min/1.73m?.

When SGLT-2 inhibitors were introduced in clinical practice, they were not recommended in patients with
CKD because of concerns of reduced efficacy in this setting. In this report, we present evidence that the cardio-
vascular and kidney benefits of these agents are maintained, if not reinforced, in patients with an eGFR at least
as low as 30 ml/min/1.73m?. Could these agents be used in patients with lower eGFRs? Five of the trials included
in this analysis had formal discontinuation criteria. Three of them used these agents in patients with an eGFR as
low as 15 ml/min/1.73m?, while in one trial (CREDENCE) canagliflozin was continued until dialysis initiation®'.
Dapagliflozin was initiated with an eGFR as low as 25 ml/min/1.73m? and empagliflozin with an eGFR of 20 ml/
min/1.73m?*»*>?¢, We did not observe any safety signals and the benefit of SGLT-2i on CKD progression was
maintained in these studies. In addition, rates of treatment discontinuation were lower in the SGLT-2 inhibitor
arm compared with the placebo arm among patients with CKD. However, the exact reason for discontinuation
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Heart failure
Patients with and without CKD

SGLT-2 Placebo

Study Participants events  events RR (95% CI)
eGFR<60 X

EMPAREG 1819 51 43 + 0.59 (0.40, 0.88)
CANVAS 2039 40 58 + : 0.58 (0.39, 0.86)
DECLARE TIMI 1265 29 48 * : 0.66 (0.42, 1.03)
CREDENCE 2592 60 101 —_— 0.59 (0.44, 0.81)
DAPA-HF 1926 120 174 —_—— 0.69 (0.56, 0.86)
VERTIS-CV 1807 45 45 * : 0.51 (0.34, 0.76)
SCORED 10584 198 296 —_—— 0.67 (0.56, 0.80)
DELIVER 3070 215 270 :—0— 0.82 (0.69, 0.96)
Subtotal (I-squared = 19.5%, p = 0.276) —<>}>— 0.67 (0.61, 0.75)
with estimated predictive interval 1 (0.55, 0.83)
. !

eGFR>=60 !

EMPAREG 5199 75 52 —QI— 0.72 (0.51, 1.02)
CANVAS 8101 74 71 —:0—— 0.76 (0.55, 1.05)
DECLARE TIMI 15894 183 238 —_—— 0.76 (0.63, 0.92)
CREDENCE 1809 29 40 * 0.72 (0.45, 1.16)
DAPA-HF 2816 17 153 —_—— 0.76 (0.61, 0.96)
VERTIS-CV 6439 94 54 —U—O—— 0.87 (0.62, 1.21)
DELIVER 3192 153 185 —;—0— 0.81 (0.66, 0.99)
Subtotal (I-squared = 0.0%, p = 0.988) -|<>- 0.78 (0.70, 0.86)
with estimated predictive interval 1 (0.68, 0.88)
: I

Overall (l-squared = 0.0%, p = 0.537) <> 0.73 (0.68, 0.78)
with estimated predictive interval : (0.67,0.78)
NOTE: Weights are from random effects analysis :

I I

.339 1 2.95
SGLT2 inhibitor Placebo

Figure 2. Forest plot showing the incidence of heart failure with SGLT-2 inhibitors compared with placebo
in patients with and without chronic kidney disease (CKD). Results are stratified by CKD status. Data are
presented as risk ratios (RR) with 95% confidence intervals (95% CI). A lower incidence of heart failure is
identified with SGLT-2 inhibitors compared with placebo in patients with and without CKD (p for interaction
0.08 suggesting a stronger treatment effect with SGLT-2 inhibitors in the subgroup of patients with CKD). A
random effects model is used.

was unfortunately not reported. Finally, dapagliflozin was found to be associated with lower incidence of abrupt
renal function decline, defined as doubling of serum creatinine from most recent value, suggesting a protective
effect against AKI*. Future studies should examine if these benefits are maintained when CKD progresses to
kidney failure.

Heterogeneity was low for most outcomes, with the notable exception of cardiovascular death, death from any
cause, or treatment discontinuation in the non-CKD subgroup. For these analyses, heterogeneity was driven by
the point estimates from the EMPA-REG OUTCOME trial'®. This study only enrolled patients with established
cardiovascular disease that may not get the same benefit from SGLT-2 inhibitors as patients at risk for cardio-
vascular disease. In addition, this study was performed in an era when the hemodynamic and renal effects of
SGLT-2 inhibitors were not widely known and this might have influenced discontinuation rates with this agent
in patients without CKD who were thought to develop acute kidney injury when exposed to empagliflozin.

Based on these findings, we suggest using SGLT-2 inhibitors for cardiovascular and renal protection in
patients with CKD and maintaining this treatment as kidney function declines until initiation of renal replace-
ment therapy. Use in patients with severely reduced eGFR (stage V CKD) or on dialysis is not recommended
at this time and requires further study. Careful monitoring of kidney function in patients experiencing acute
events, such as infection or dehydration, is of utmost importance and use of a sick day rule is critical for patient
education®. Furthermore, the effect of patient compliance and understanding of these rules on real-world clini-
cal outcomes has not been adequately studied. However, reasonable concerns about rare side-effects should
not preclude using these agents in patients with CKD. It is very important for the nephrology community to
advocate for higher uptake of SGLT-2 inhibitors in our patients who will probably benefit the most from their
use. Low rates of use of renin-angiotensin-aldosterone blockers among patients with CKD, more than 20 years
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Major adverse cardiovascular events
Patients with and without CKD

SGLT-2  Placebo

Study Participants events events RR (95% Cl)
T

eGFR<60 :

EMPAREG 1819 176 99 I¢ 0.89 (0.71,1.12)

CANVAS 2039 19 142 + | 0.70 (0.56, 0.88)
|

DECLARE TIMI 1265 85 104 + 0.89 (0.68, 1.16)
1

CREDENCE 2592 138 175 —ee 0.79 (0.64, 0.97)
1

VERTIS-CV 1805 188 87 T + 1.09 (0.87, 1.38)
|

SCORED 10584 343 442 —_— 0.78 (0.68, 0.89)

—

Subtotal (I-squared = 46.0%, p = 0.099) <~~~ 0.84 (0.75, 0.94)

with estimated predictive interval : (0.61, 1.15)
1
1

eGFR>=60 '

EMPAREG 5199 314 183 _0-:_' 0.85 (0.72, 1.01)

CANVAS 8101 419 331 —:—0—— 0.92 (0.81, 1.06)

DECLARE TIMI 15894 671 699 ——— 0.95 (0.86, 1.05)
1

CREDENCE 1809 79 920 + 0.88 (0.66, 1.17)
[

VERTIS-CV 6433 465 240 —_—r——r— 0.96 (0.83, 1.12)
|

Subtotal (I-squared = 0.0%, p = 0.809) -+ 0.93 (0.87, 0.99)
1

with estimated predictive interval | (0.84, 1.03)
1
1

Overall (I-squared = 37.0%, p = 0.103) —<>—— 0.88 (0.82, 0.94)

with estimated predictive interval : (0.74, 1.05)
1

NOTE: Weights are from random effects analysis :

I I

.559 1 1.79
SGLT2 inhibitor Placebo

Figure 3. Forest plot showing the incidence of major adverse cardiovascular events (MACE) with SGLT-2
inhibitors compared with placebo in patients with and without chronic kidney disease (CKD). Results are
stratified by CKD status. Data are presented as risk ratios (RR) with 95% confidence intervals (95% CI). A lower
incidence of MACE is identified with SGLT-2 inhibitors compared with placebo in patients with and without
CKD (p for interaction 0.44). A random effects model is used. Definition of MACE is detailed in Table 1.

after establishing their benefit in this population, warns against therapeutic inertia that disproportionally affects
patients with CKD*%.

Our study has several limitations. It is treating eGFR using a dichotomous value because we did not have
access to patient level data that would allow using individual creatinine or eGFR values. In addition, all out-
comes were not reported in all studies by CKD status and definition of cardiovascular and renal outcomes was
not uniform across the studies. However, inclusion of 38,949 patients with CKD from 12 trials with different
inclusion criteria, representing a diverse population, absence of significant heterogeneity for most outcomes,
and similar results in various analyses constitute unique strengths of our meta-analysis. A future meta-analysis
using patient-level data will allow for a more granular representation of the effect of renal function on the safety
and efficacy of SGLT-2 inhibitors. In such a study, a standardized definition for the renal outcome, such as the
composite outcome of 40% GFR decline, ESKD, or renal death as primary renal endpoint, could be used to
improve comparability. A patient-level meta-analysis will also allow to report rare side effects, such as euglyce-
mic ketoacidosis, by CKD status at baseline. Another important consideration is inclusion of ethnically diverse
populations and people from underserved areas that needs to be addressed in future studies. Finally, although
there seems to be a class effect from SGLT-2 inhibitors with respect to their cardiovascular and renal benefits,
future studies should proceed with head-to-head comparisons of different SGLT-2 inhibitors.

In conclusion, SGLT-2 inhibitors offer strong protection against cardiovascular and renal outcomes in patients
with CKD, with and without diabetes. These results strongly advocate in favor of using these agents in patients
with CKD and keeping them until dialysis initiation. The challenge for the nephrology community to widely
use this therapeutic option is now ahead.

Scientific Reports |

(2023) 13:15922 | https://doi.org/10.1038/s41598-023-42989-z nature portfolio



www.nature.com/scientificreports/

Composite renal outcome (CKD progression)
Patients with and without underlying CKD

SGLT-2  Placebo

Study Participants events  events RR (95% Cl)

1
eGFR<60 1
CANVAS 2039 40 43 _E-Q—— 0.78 (0.51, 1.19)
DECLARE TIMI 1265 21 38 —_—r 0.60 (0.36, 1.01)
CREDENCE 2592 118 181 —0:— 0.65 (0.52, 0.81)
DAPA-HF 1926 18 19 + 0.95 (0.50, 1.80)
VERTIS-CV 1807 15 10 : ¢ 0.76 (0.34, 1.68)
EMPEROR-Reduced 1978 20 38 + + 0.53 (0.31, 0.91)
EMPEROR-Preserved 3198 75 74 :—0— 0.99 (0.73, 1.36)
DELIVER 3070 44 40 '——0— 1.13(0.74,1.72)
EMPA-KIDNEY 6609 384 504 - 0.76 (0.67, 0.86)
Subtotal (I-squared = 27.2%, p = 0.202) —O—- 0.77 (0.68, 0.88)
with estimated predictive interval | (0.58, 1.03)
- |
eGFR>=60 1
CANVAS 8101 70 96 —0—: 0.53 (0.39, 0.72)
DECLARE TIMI 15894 106 200 —— | 0.53 (0.42, 0.66)
CREDENCE 1809 35 43 _:‘—— 0.81(0.53, 1.26)
DAPA-HF 2816 10 20 + - 0.50 (0.23, 1.06)
VERTIS-CV 6438 28 23 * : 0.61 (0.35, 1.05)
EMPEROR-Reduced 1746 10 20 € + : 0.49 (0.23, 1.05)
EMPEROR-Preserved 2778 33 37 —_——r 0.91(0.57, 1.44)
DELIVER 3192 35 33 ] 1.04 (0.65, 1.66)
Subtotal (I-squared = 42.5%, p = 0.095) —_— 0.65 (0.53, 0.80)
with estimated predictive interval : (0.39, 1.09)
. 1
Overall (I-squared = 44.9%, p = 0.024) —O—- 0.72(0.63, 0.81)
with estimated predictive interval : (0.50, 1.03)
NOTE: Weights are from random effects analysis :

I I
232 1 4.31

SGLT2 inhibitor

Placebo

Figure 4. Forest plot showing the incidence of the composite renal outcome with SGLT-2 inhibitors compared
with placebo in patients with and without chronic kidney disease (CKD). Results are stratified by CKD

status. Data are presented as risk ratios (RR) with 95% confidence intervals (95% CI). A lower incidence of

the composite renal outcome is identified with SGLT-2 inhibitors compared with placebo in patients with

and without CKD (p for interaction 0.30). A random effects model is used. Definition of the composite renal

outcome is detailed in Table 1.
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Acute kidney injury
Patients with and without CKD

SGLT-2 Placebo

Study Participants events events RR (95% CI)
1

<60 |
1

EMPAREG 1819 26 22 _0—:—- 0.59 (0.34, 1.04)

DAPA-HF 1922 97 115 —_—— 0.85 (0.66, 1.09)
1

EMPEROR REDUCED 1976 128 130 _I._ 0.96 (0.76, 1.21)
1

DAPA-CKD 4304 63 91 —_—— 0.69 (0.50, 0.95)
1

EMPA-KIDNEY 6609 107 135 —— 0.79 (0.62, 1.02)
|

Subtotal (I-squared = 7.7%, p = 0.363) —<>—- 0.82(0.72, 0.93)
1

with estimated predictive interval : (0.64,1.05)
1
1
1

>=60 1
1

EMPAREG 5199 19 15 | *> 2.55 (1.30, 5.00)
1

DAPA-HF 2812 56 55 —— 1.02(0.71, 1.46)
1

EMPEROR REDUCED 1744 52 62 —_— 0.83 (0.58, 1.18)
1

Subtotal (I-squared = 76.2%, p = 0.015) € {% 119 (0.71, 2.01)

with estimated predictive interval : (0.00, 521.66)
1
1

Overall (l-squared = 55.3%, p = 0.029) —¢>— 0.8 (0.74, 1.05)

with estimated predictive interval 1 (0.53, 1.44)
1
1

NOTE: Weights are from random effects analysis |
1

I I

SGLT2 inhibitor Placebo

Figure 5. Forest plot showing the incidence of the acute kidney injury with SGLT-2 inhibitors compared with
placebo in patients with and without chronic kidney disease (CKD). Results are stratified by CKD status. Data
are presented as risk ratios (RR) with 95% confidence intervals (95% CI). A lower incidence of the acute kidney
injury is identified with SGLT-2 inhibitors compared with placebo in patients with CKD. A random effects
model is used.

Data availability
All data generated or analysed during this study are included in this published article and its supplementary
information files.

Received: 10 May 2023; Accepted: 17 September 2023
Published online: 23 September 2023

References

1.
2.

3.
. Solomon, J. et al. Sodium-glucose co-transporter 2 inhibitors in patients with chronic kidney disease. Pharmacol. Ther. 10(242),

10.
. IntHout, J., Ioannidis, J. P, Rovers, M. M. & Goeman, J. J. Plea for routinely presenting prediction intervals in meta-analysis. BMJ

12.
13.

Alicic, R. Z., Johnson, E. J. & Tuttle, K. R. SGLT2 inhibition for the prevention and treatment of diabetic kidney disease: A review.
Am. J. Kidney Dis. 72(2), 267-277 (2018).

Cowie, M. R. & Fisher, M. SGLT2 inhibitors: Mechanisms of cardiovascular benefit beyond glycaemic control. Nat. Rev. Cardiol.
17(12), 761-772 (2020).

Heerspink, H. J. L. et al. Dapagliflozin in patients with chronic kidney disease. N. Engl. J. Med. 383(15), 1436-1446 (2020).

108330 (2022).

. Moher, D,, Liberati, A., Tetzlaff, J., Altman, D. G. & Group, P. Preferred reporting items for systematic reviews and meta-analyses:

The PRISMA statement. J. Clin. Epidemiol. 62(10), 1006-1012 (2009).

. Packer, M. et al. Empagliflozin and major renal outcomes in heart failure. N. Engl. J. Med. 385(16), 1531-1533 (2021).
. Zannad, E et al. Cardiac and kidney benefits of empagliflozin in heart failure across the spectrum of kidney function: Insights

from EMPEROR-reduced. Circulation 143(4), 310-321 (2021).

. The EMPA-KIDNEY Collaborative Group et al. Empagliflozin in patients with chronic kidney disease. N. Engl. J. Med. 388(2),

117-127 (2023).

. Shor, E., Roelfs, D. & Vang, Z. M. The “Hispanic mortality paradox” revisited: Meta-analysis and meta-regression of life-course

differentials in Latin American and Caribbean immigrants’ mortality. Soc. Sci. Med. 186, 20-33 (2017).
DerSimonian, R. & Laird, N. Meta-analysis in clinical trials. Control Clin. Trials 7(3), 177-188 (1986).

Open 6(7), €010247 (2016).

Sterne, J. A. C. et al. RoB 2: A revised tool for assessing risk of bias in randomised trials. BMJ 28(366), 14898 (2019).

Guyatt, G., Rennie, D., Meade, M. & Cook, D. Users’ Guides to the Medical Literature. Essentials of Evidence-Based Clinical Practice
(McGraw-Hill Education Medical, 2015).

Scientific Reports |

(2023) 13:15922 |

https://doi.org/10.1038/s41598-023-42989-z nature portfolio



www.nature.com/scientificreports/

14. Guyatt, G. H. et al. GRADE: An emerging consensus on rating quality of evidence and strength of recommendations. BMJ
336(7650), 924-926 (2008).

15. McGuinness, L. A. & Higgins, J. P. T. Risk-of-bias VISualization (robvis): An R package and Shiny web app for visualizing risk-of-
bias assessments. Res. Synth. Methods 12(1), 55-61 (2021).

16. Zinman, B. et al. Empagliflozin, cardiovascular outcomes, and mortality in type 2 diabetes. N. Engl. J. Med. 373(22), 2117-2128
(2015).

17. Neal, B. et al. Canagliflozin and cardiovascular and renal events in type 2 diabetes. N. Engl. J. Med. 377(7), 644-657 (2017).

18. Neuen, B. L. et al. Cardiovascular and renal outcomes with canagliflozin according to baseline kidney function. Circulation 138(15),
1537-1550 (2018).

19. Wanner, C. et al. Empagliflozin and clinical outcomes in patients with type 2 diabetes mellitus, established cardiovascular disease,
and chronic kidney disease. Circulation 137(2), 119-129 (2018).

20. McMurray, J. . V. et al. Dapagliflozin in patients with heart failure and reduced ejection fraction. N. Engl. J. Med. 381(21),
1995-2008 (2019).

21. Perkovic, V. et al. Canagliflozin and renal outcomes in type 2 diabetes and nephropathy. N. Engl. J. Med. 380(24), 2295-2306 (2019).

22. Wiviott, S. D. et al. Dapagliflozin and cardiovascular outcomes in type 2 diabetes. N Engl ] Med. 380(4), 347-357 (2019).

23. Cannon, C. P. et al. Cardiovascular outcomes with ertugliflozin in type 2 diabetes. N. Engl. J. Med. 383(15), 1425-1435 (2020).

24. Jardine, M. ]. et al. Renal, cardiovascular, and safety outcomes of canagliflozin by baseline kidney function: A secondary analysis
of the CREDENCE randomized trial. J. Am. Soc. Nephrol. 31(5), 1128-1139 (2020).

25. Packer, M. et al. Cardiovascular and renal outcomes with empagliflozin in heart failure. N. Engl. J. Med. 383(15), 1413-1424 (2020).

26. Anker, S. D. et al. Empagliflozin in heart failure with a preserved ejection fraction. N. Engl. J. Med. 385(16), 1451-1461 (2021).

27. Bhatt, D. L. et al. Sotagliflozin in patients with diabetes and chronic kidney disease. N. Engl. J. Med. 384(2), 129-139 (2021).

28. Cherney, D. Z. L. et al. Gradient of risk and associations with cardiovascular efficacy of ertugliflozin by measures of kidney func-
tion: Observations from VERTIS CV. Circulation 143(6), 602-605 (2021).

29. Jhund, P. S. et al. efficacy of dapagliflozin on renal function and outcomes in patients with heart failure with reduced ejection
fraction: Results of DAPA-HF. Circulation 143(4), 298-309 (2021).

30. Heerspink, H. J. L. et al. A pre-specified analysis of the dapagliflozin and prevention of adverse outcomes in chronic kidney disease
(DAPA-CKD) randomized controlled trial on the incidence of abrupt declines in kidney function. Kidney Int. 101(1), 174-184
(2022).

31. Mc Causland, E R. et al. Dapagliflozin and kidney outcomes in patients with heart failure with mildly reduced or preserved ejec-
tion fraction: A prespecified analysis of the DELIVER randomized clinical trial. JAMA Cardiol. 8, 56 (2022).

32. Solomon, S. D. et al. Dapagliflozin in heart failure with mildly reduced or preserved ejection fraction. N. Engl. J. Med. 387(12),
1089-1098 (2022).

33. Zoungas, S. & de Boer, I. H. SGLT2 inhibitors in diabetic kidney disease. Clin. . Am. Soc. Nephrol. 16(4), 631-633 (2021).

34. Sonawane, K. B., Qian, J. & Hansen, R. A. Utilization patterns of antihypertensive drugs among the chronic kidney disease popu-
lation in the United States: A cross-sectional analysis of the national health and nutrition examination survey. Clin. Ther. 37(1),
188-196 (2015).

Acknowledgements

Dr. Mavrakanas, Sharma, and Brophy are supported from the Fonds de Recherche Santé Quebec (FRSQ) which
had no influence on the choice of topic, the results, or conclusions. Dr. Sharma is also supported by Alberta
Innovates Health Solution and a European Society of Cardiology young investigator grant. Dr. Mavrakanas is
also supported by an operational grant from the Quebec Society of Nephrology.

Author contributions

T.A.M. and K.G. designed the study. All authors participated in the literature review and data extraction. T.A.M.
conducted the statistical analysis. T.A.M. and K.G. wrote the main manuscript text. All authors reviewed the
manuscript.

Competing interests

Dr. Mavrakanas received speaker honoraria from Daiichi Sankyo, BMS Canada, Janssen, Astra Zeneca, and
Pfizer and has served on advisory boards for Boehringer Ingelheim, Bayer, GSK, and Servier outside the submit-
ted work. He has also received an unrestricted research grant from Astra Zeneca. Dr. Tsoukas received speaker
honoraria from NovoNordisk, Boehringer-Ingelheim, Janssen, Eli Lilly, and AstraZeneca outside the submit-
ted work. Dr. Sharma received research and personal support from Roche Diagnostics, Boehringer-Ingelheim,
Servier, Novartis, AstraZeneca, Janssen, Novo-Nordisk, BMS-Pfizer, and Takeda. The remaining authors have
nothing to disclose.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-42989-z.

Correspondence and requests for materials should be addressed to T.A.M.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2023) 13:15922 | https://doi.org/10.1038/s41598-023-42989-z nature portfolio


https://doi.org/10.1038/s41598-023-42989-z
https://doi.org/10.1038/s41598-023-42989-z
www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |  (2023) 13:15922 | https://doi.org/10.1038/s41598-023-42989-z nature portfolio


http://creativecommons.org/licenses/by/4.0/

	SGLT-2 inhibitors improve cardiovascular and renal outcomes in patients with CKD: a systematic review and meta-analysis
	Methods
	Search strategy and selection criteria
	Data synthesis and analysis
	Statistical analysis

	Results
	Study characteristics
	Cardiovascular outcomes
	Cardiovascular death
	Heart failure
	Cardiovascular death or heart failure
	MACE

	Renal outcomes
	All-cause mortality
	Treatment discontinuation and acute kidney injury

	Discussion
	References
	Acknowledgements


