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ABSTRACT

Introduction: This systematic review aimed to
summarize the existing evidence from published
randomized controlled trials (RCTs) on the impact
of sodium-glucose cotransporter (SGLT) inhibitors
on albuminuria levels and renal function in
patients with type 1 diabetes mellitus (T1D).
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Methods: The literature search was performed
through Medline (via PubMed), Cochrane
Library, and Scopus until November 11, 2023.
Double-independent study selection, data
extraction, and quality assessment were per-
formed. Evidence was pooled with three-level
mixed-effects meta-analysis.

Results: In total, 5221 participants with T1D
among 11 RCTs were analyzed. All RCTs had
low risk of bias according to the Cochrane
Collaboration tool (RoB2). SGLT inhibitors
were associated with a significantly greater
reduction in urine albumin-to-creatinine ratio
(UACR) compared to controls (MD = — 23.13%;
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95% CI = [— 33.69, — 12.57]; P < 0.001; level of
evidence high). On the basis of subgroup anal-
ysis, this effect was consistent across all avail-
able SGLT inhibitors, irrespective of the dosage.
Finally, a neutral class effect was observed on
the estimated glomerular filtration rate (eGFR,
MD = — 1.03 mL/min/1.73 m?

95% CI = [- 2.26, 0.19]; P =0.1; level of evi-
dence moderate). Only empagliflozin was asso-
ciated with a significant reduction in eGFR
compared to placebo (MD = — 2.23 mL/min/
1.73 m? 95% CI = [— 3.62, — 0.84]; P = 0.002).
Conclusion: Our findings suggest that adjunc-
tive therapy with SGLT inhibitors results in a
significant reduction in albuminuria, while
their use is associated with a neutral effect on
creatinine clearance, as a measure of renal
function. Future renal outcome trials are needed
to assess SGLT inhibitors’ role in the pharma-

cological armamentarium against diabetic
nephropathy in T1D.
Keywords: Type 1 diabetes mellitus; SGLT

inhibitors; Albuminuria; Glomerular filtration
rate; Renal function

Key Summary Points

Chronic kidney disease (CKD) affects
30-40% of individuals with type 1
diabetes (T1D).

Regression of albuminuria, indicated by a
reduction in urine albumin-to-creatinine
ratio (UACR), has been shown to mitigate
the risk of diabetic nephropathy and
cardiovascular complications.

The present meta-analysis suggests that
adjunctive therapy with sodium-glucose
cotransporter (SGLT) inhibitors is
associated with a significantly greater
reduction in the UACR and exhibits a
neutral class effect on the estimated
glomerular filtration rate.

Future renal outcome trials are warranted
to assess SGLT inhibitors’ role in the
pharmacological armamentarium against
diabetic nephropathy in T1D.

INTRODUCTION

Chronic kidney disease (CKD) affects 30-40% of
individuals with type 1 diabetes (T1D), repre-
senting an additional cardiovascular risk factor
[1]. According to evidence from the Finnish
Diabetic Nephropathy (FinnDiane) study, CKD
increases the mortality rate by 3.6-fold in
patients with T1D compared to the general
population [2]. Indeed, the presence of
microalbuminuria, macroalbuminuria, and
end-stage kidney disease (ESKD) was associated
with 2.8, 9.2, and 18.3 times higher standard-
ized mortality ratio, respectively [2].

Hyperglycemia, high blood pressure, and
albuminuria are the most important risk factors
for CKD progression among individuals with
T1D [1]. The incidence rate of severe albumin-
uria in subjects diagnosed with T1D from the
1970s to the 1980s decreased almost by 50%,
coinciding with the development of renin-an-
giotensin system blockers [3]. The absence of
subsequent positive development underscores
the urgent need for novel renoprotective ther-
apeutic strategies in T1D [1].

Sodium-glucose cotransporter (SGLT) inhi-
bitors constitute a novel class of glucose-lower-
ing drugs with a unique mechanism of action.
Beyond their antihyperglycemic effects, which
is independent of endogenous insulin secretion,
these inhibitors also mitigate the risk of CKD
progression, irrespective of the presence of
type 2 diabetes mellitus (T2D) [4]. However,
trials confirming those renoprotective proper-
ties of SGLT inhibitors did not include individ-
uals with T1D.

Hitherto, several randomized controlled tri-
als (RCTs) have assessed the safety and efficacy
of SGLT inhibitors as adjunctive therapy in
T1D. Herein, we present the first comprehensive
systematic review and meta-analysis that sum-
marizes the effect of SGLT inhibitors on renal
function indices among individuals with T1D.

METHODS

This study adhered to the principles of the
Cochrane Handbook for systematic reviews [5]
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and the reporting conformed to the PRISMA
(Preferred Reporting Items for Systematic
reviews and Meta-Analyses) 2020 guidelines [6].
The protocol was prospectively registered on
the Open Science Framework (https://doi.org/
10.17605/OSF.IO/KJ5YS) and was adhered to
without deviations. As this is a meta-analysis of
published RCTs, no ethical approval was
required.

Search Strategy

Two independent researchers conducted a
comprehensive literature search on MEDLINE
(via PubMed), Scopus, and the Cochrane Data-
base of Systematic Reviews, spanning from the
inception of the databases to November 11,
2023. During the search process, no language
restrictions were imposed. The search queries
employed basic terms in both free text and
Medical Subject Headings format, including
“sglt  inhibitors,”  “empagliflozin,”  “da-
pagliflozin,”  “sotagliflozin,” “ipragliflozin,”
“type 1 diabetes mellitus,” and “randomized
controlled trial.” Additionally, searches were
expanded by manual exploration of the Episte-
monikos database and Google Scholar search
engine. We also utilized the citationchaser R
package for backward and forward citation
chasing [7]. The detailed search strategy can be
found in Supplemental Tables 1-3.

Eligibility Criteria

Inclusion Criteria

Eligible studies were phase 2 or above RCTs
investigating the effect of SGLT2 inhibitors on
albuminuria levels and estimated glomerular
filtration rate (eGFR), as adjunctive to insulin in
adults (> 18 years) with established T1D, com-
pared to placebo.

Exclusion Criteria
Studies with the following characteristics were
excluded:

o Trials enrolling pediatric population
e Short duration (less than 4 weeks)

¢ Including individuals with T2D or healthy
controls

e (ase reports/case series, narrative reviews

e [Editorials, letters, commentaries, expert
opinions, clinical practice guidelines, con-
ference abstracts, dissertations, protocols

¢ Including animals

e Observational studies

¢ Not retrievable full text

Study Selection

Firstly, the records obtained through the
described search strategy underwent indepen-
dent screening of titles and abstracts by two
authors. To improve the sensitivity of our study
selection process, any disagreements during this
stage did not result in exclusions. Subsequently,
the same authors individually performed in-
depth assessments of the full-text content. Any
disagreements were addressed through discus-
sions or by involving a third author with addi-
tional expertise in the field. The online software
Abstrackr [8] was used for screening in the ini-
tial phase. Mendeley was used for full-text
screening and reference management.

Data Extraction

We initially created a data extraction form,
which was then tested on a subset of three
studies as part of a pilot extraction process. After
discussions, training, and calibration exercises,
we established a final, standardized data
extraction form. This process was carried out
independently and in duplicate, and any
inconsistencies were resolved through discus-
sions or by engaging a third author with more
expertise in the field, if necessary. In case of
missing evidence or discrepant data we con-
tacted the authors of the primary studies. For
each study, we extracted data pertaining to
sample size, key clinical and demographic
characteristics, as well as changes in the out-
comes of interest.
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Risk of Bias (RoB) Assessment

Two authors independently assessed the risk of
bias in the included studies, taking into account
all predetermined domains in the revised ver-
sion of the Cochrane Collaboration tool (RoB 2)
[9]. Any discrepancies were resolved through
discussion or by including a third author with
higher expertise.

Data Analysis

R Statistical Software (v. 4.2) was employed for
all analyses. Categorical variables were repre-
sented as absolute frequencies with percentages
(%), while continuous variables were presented
as mean with standard deviation (SD) if nor-
mally distributed; otherwise, as median with
interquartile range (IQR). To assess differences
between intervention and control groups for
continuous outcomes, mean difference (MD)
was utilized.

Given that each RCT reported multiple effect
sizes corresponding to various doses of SGLT
inhibitors, three-level meta-analytic mixed-ef-
fects models were applied. These models inclu-
ded a random effect for each study and another
random effect for each experiment nested
within a study. This approach facilitated the
appropriate handling of correlated effect sizes
within studies and accounted for potential
dependencies among them.

The difference in albumin-to-creatinine ratio
(UACR) between intervention and control
groups was expressed as a percentage (%), while
the difference in estimated eGFR was expressed
as mL/min/1.73 m?. Subgroup analyses were
conducted on the basis of the different available
SGLT inhibitors and different dosages. For
summary treatment effect estimates, a signifi-
cance threshold of a two-tailed P value less than
0.05 was used. Visual summaries of all results
were presented using forest plots.

The I value, which quantifies inconsistency
across studies, was employed to estimate the
percentage of total variability attributed to
between-study heterogeneity. This was formally
tested using Cochran’s Q test. I” values, ranging
from zero to one, indicate the extent of

heterogeneity between studies, with values clo-
ser to one signifying greater heterogeneity.
Roughly, cutoff values of 25%, 50%, and 75%
denote low, moderate, and high heterogeneity,
respectively. Exploration of small study effects,
including an examination of publication bias,
was visually represented using contour-en-
hanced funnel plots depicting effect size versus
standard error. Formal testing was conducted
using Egger’s test.

Certainty of Evidence

Certainty assessments for each outcome were
performed using the Grading of Recommenda-
tions Assessment, Development, and Evaluation
(GRADE) checklist [10].

RESULTS

Study Selection and Characteristics

The flow diagram of the study selection process
is concisely presented in Supplemental Fig. 1.
Initially, the 5961 identified records underwent
screening based on their title and abstract. Out
of these, 5943 records were excluded and 18
records were chosen for a comprehensive full-
text evaluation. Eight studies, including a total
of 11 RCTs (5221 participants), met the inclu-
sion criteria [11-18]. A list of excluded studies
with reasoning is provided in Supplemental
Table 4.

The main characteristics of included trials
are summarized in Table 1. In total, 3318
patients received adjunctive treatment with
SGLT inhibitors. Among them, 1791 (54%) were
treated with sotagliflozin, 1231 (37.1%) with
empagliflozin, 181 (5.5%) with dapagliflozin,
and 115 (3.5%) with ipragliflozin. The control
group comprised 1903 participants who
received a placebo in addition to standard
insulin therapy. The median diabetes duration
was 21.7 years, whereas the mean participants’
age ranged from 21.7 to 55 years. The partici-
pants had a mean baseline glycated hemoglobin
(HbA1c) above the target range, between 7.4%
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and 9.9% and the median treatment duration

was 24 weeks.

domains, was consistently low across all the

included RCTs (Supplemental Fig. 2).

According to the RoB 2 assessment tool, the
risk of bias, both overall and in specific

(A)
Study

van Raalte 2019 (200mg)
van Raalte 2019 (400mg)

Groop 2020 (5mg)
Groop 2020 (10mg)

Cherney 2021 (10mg)
Cherney 2021 (25mg)

Random effects model
Prediction interval
Heterogeneity: I? = 0%, 1 =

(B)

Study

van Raalte 2019 (200mg)
Groop 2020 (5mg)
Cherney 2021 (10mg)

van Raalte 2019 (400mg)
Groop 2020 (10mg)
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TE se(TE)

-23.70
-18.30

-13.30
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-16.00
-30.00
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13.80

14.50
11.40
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0.0020, p = 0.90
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-
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Favors Placebo
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MD 95%-Cl Weight
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15.2%
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[-45.35; 8.75]

13.8%
22.3%

-13.30 [-41.72; 15.12]
-31.10 [-53.44; -8.76]
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-23.13 [-33.69; -12.57] 100.0%
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[-44.42; 12.42]
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[-53.44; -8.76]
[-55.28; -4.72]

Fig. 1 Forest plots illustrating the effect of SGLT inhibitors on urine albumin-to-creatinine ratio (%) compared to placebo:
subgroup analyses by SGLT type (A) and by dose (B). CI confidence interval, MD mean difference
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Estimated glomerular

Study TE se(TE) filtration rate MD 95%-Cl Weight
Kuhadiya 2016 (10mg) -7.00 5.44 —4——— -7.00 [-17.66; 3.66] 1.2%
Groop 2020 (5mg) 327 212 T 3.27 [-0.89; 7.43] 5.0%
Groop 2020 (10mg) 212 210 SrE— 212 [-2.00; 6.24] 51%
<>
Garg 2017 (400mg) -0.24 0.65 . -0.24 [-1.51; 1.03] 14.2%
van Raalte 2019 (200mg) -2.00 0.80 L. -2.00 [-3.57;-0.43] 9.9%
van Raalte 2019 (400mg) -0.50 0.80 = -0.50 [-2.07; 1.07] 9.9%
Bode 2021 (400mg) -3.30  3.10 —— -3.30 [-9.38; 2.78] 3.3%
<
Kaku 2019 (50mg) 099 1.30 —*— 0.99 [-1.56; 3.54] 9.7%
Cherney 2021 (EASE-3, 2.5mg) -0.10  0.61 = -0.10 [-1.30; 1.10] 9.7%
Cherney 2021 (EASE-3, 10mg) -3.00 1.04 = -3.00 [-5.04;-0.96] 6.9%
Cherney 2021 (EASE-3, 25mg) -4.00 1.21 & -4.00 [-6.37;-1.63] 5.9%
Cherney 2021 (EASE-2, 10mg) -2.00 0.86 ] -2.00 [-3.69;-0.31] 9.8%
Cherney 2021 (EASE-2, 25mg) -3.00 0.97 = -3.00 [-4.90;-1.10] 9.0%
Haidar 2022 (25mg) -2.00 9.85 j -2.00 [-21.31; 17.31]  0.4%
Random effects model <5 -1.03 [-2.26; 0.19] 100.0%
Prediction interval [ -4.64; 2.57]
Heterogeneity: /2 = 58%, % = 2.3388, p < 0.01 ' ' ' '
-20 -10 0 10 20

Favors Placebo Favors SGLTi

Fig. 2 Forest plot illustrating the effect of SGLT inhibitors on estimated glomerular filtration rate compared to placebo. CT

confidence interval, MD mean difference

Urine Albumin-to-Creatinine Ratio

Figure 1 summarizes the results of the main and
subgroup analyses. Overall, the 2420 patients
with T1D and a high baseline UACR (> 30 mg/
g) treated with SGLT inhibitors experienced a
significantly greater reduction in UACR com-
pared to controls (MD = — 23.13%j;
95% CI = [— 33.69, — 12.57]; P <0.001;
I = 0%; P =0.9; Fig. 1A). This effect was con-
sistent across all types of SGLT inhibitors. The
subgroup analysis based on the different dosa-
ges of SGLT inhibitors confirmed that the ben-
efit in terms of UACR reduction was significant
irrespective of the dosage (MD = — 18.15%;
95% CI = [— 33.89, — 2.42]; P < 0.001; I = 0%;

P =0.83, for lower dose and MD = — 27.12%;
95% CI = [— 41.44, - 12.97]; P < 0.001;
I? = 0%; P=0.75, for higher dose; P for sub-
group differences = 0.4; Fig. 1B). No evidence of
small-study effects was identified on the basis of
the symmetrical funnel plot and Egger’s test
(Supplementary Fig. 3).

Estimated Glomerular Filtration Rate

Considering the class effect of SGLT inhibitors
on eGFR, a non-significant change was docu-
mented compared to control group (MD =
— 1.03 mL/min/1.73 m? 95% CI = [— 2.26, 0.19];
P =0.1; P = 58%; P < 0.01; Fig. 2). Empagliflozin
resulted in a significantly greater reduction in
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eGFR compared to placebo (MD = — 2.23 mL/
min/1.73m% 95%Cl=[- 3.62, —0.84]; P=
0.002; 2 = 64%; P = 0.02). No evidence of small-
study effects was observed on the basis of the
symmetrical funnel plot and Egger’s test (Sup-
plementary Fig. 4).

GRADE Assessment

The level of evidence was estimated as high for
the effect of SGLT inhibitors on UACR, while it
was deemed moderate for the effect on eGFR
due to concerns related to inconsistency (Sup-
plemental Table 5).

DISCUSSION

This is the first relevant systematic review and
meta-analysis assessing the effect of SGLT inhi-
bitors on albuminuria levels in individuals with
T1D. Our meta-analysis demonstrated that
adjunctive therapy with SGLT inhibitors resul-
ted in a significant reduction in UACR by
23.13%, irrespective of the dosage, and a neutral
effect on eGFR in subjects with T1D. With the
exception of empagliflozin, which was associ-
ated with a significantly greater reduction in
eGFR, these findings could be regarded as a class
effect. The present results expand existing
knowledge on the pleiotropic beneficial effects
of SGLT inhibitors beyond glycemic control,
highlighting their role in reducing albuminuria
and preserving renal function over the long
term in patients with T1D.

In individuals with T1D, regression of albu-
minuria, indicated by a reduction in UACR, has
been shown to mitigate the risk of diabetic
nephropathy and cardiovascular complications
[2]. The resultant risk levels closely align with
those observed in individuals without albu-
minuria [2]. The renoprotective benefits of
SGLT inhibitors in terms of reduction in UACR
and eGFR stabilization have been previously
documented in individuals with T2D across
different stages of kidney disease [19-21]. Of
note, as our findings indicate that the magni-
tude of UACR reduction in T1D was generally
consistent with what has been reported in the
T2D population [19-21].

A former meta-analysis of RCTs including
5397 individuals with T1D showed that
adjunctive therapy with SGLT inhibitors resul-
ted in a significant decrease in eGFR compared
with placebo (WMD — 1.87; 95% CI = [— 2.58
to — 1.15]) [22]. In the subgroup analysis, SGLT
inhibitors at both high and moderate dosages
showed an equivalent effect on eGFR levels.
Another meta-analysis including 4215 partici-
pants with T1D revealed that SGLT inhibitors
significantly reduced eGFR levels when com-
pared with placebo (WMD - 0.67; 95% CI
[- 0.71 to — 0.63]). On the basis of the sub-
group analysis, both 6-month and 12-month
treatment with SGLT inhibitors led to a signifi-
cant decrease in eGFR. Furthermore, this
adverse effect increased with the longer dura-
tion of SGLT inhibitor treatment, as a signifi-
cant difference was observed between the
6-month and 12-month treatment subgroups
[23].

On the other hand, in a recent robust real-
world study that included 1882 propensity-
matched patients treated with glucagon-like
peptide 1 receptor agonists (GLP-1 RAs) and 992
patients treated with SGLT inhibitors for at least
6 months, SGLT inhibitor therapy led to the
preservation of eGFR over a 5-year period, even
in those with established CKD, while GLP-1 RAs
therapy failed to achieve the same result [24]. At
the same time, individuals treated with SGLT
inhibitors were 51% less likely to develop CKD
compared to those treated with GLP-1 RAs [24].
Finally, in a retrospective, multicenter cohort
study investigating the effects of 24-month
dapagliflozin treatment on renal function
among 295 T1D individuals, dapagliflozin users
experienced a significantly smaller decrease in
eGFR levels than non-users [25]. In addition,
the median change in UACR differed signifi-
cantly between dapagliflozin users and non-
users [25].

Strengths and Limitations

Although the current study was conducted rig-
orously, adhering to pertinent methodological
and reporting guidelines, and following a pre-
registered protocol, it is important to
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acknowledge some limitations. Firstly, the
between-study heterogeneity considering the
eGFR was significant, which could be partially
attributed to the wvariability of sample size,
length of follow-up, and titration algorithms.
Moreover, despite the beneficial, documented
effect on UACR levels in individuals with high
baseline UACR levels, the lack of data prevented
the investigation of patients without baseline
albuminuria. Finally, as a result of the limited
number of primary studies, it was not possible
to address potential effect modification using
meta-regression analysis. Recent meta-analyses
have indeed reported a beneficial effect of SGLT
inhibitors on glycemic control and blood pres-
sure reduction [26, 27]. Hence, further studies
could convincingly answer the ubiquitous
question of whether the observed effect of SGLT
inhibitor on renal markers is a sign of a true
underlying pathophysiological link or a mere
epiphenomenon.

CONCLUSIONS

SGLT inhibitors exert significant benefit in
terms of albuminuria reduction and a non-sig-
nificant effect on eGFR levels in patients with
T1D, when added to standard insulin treat-
ment. Future, large, well-designed, renal out-
come trials are required to shed further light on
their exact place in the treatment of patients
with T1D, with emphasis on the prevention or
delaying of CKD, which still represents a major
complication in clinical practice affecting life
and its quality for patients with T1D [25].
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