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Abstract

Background: Evidence on the short-term renal safety of sodium-glucose cotransporter-2 inhibitors
(SGLT2i) in Asian populations is limited. In this study, we evaluated whether SGLT2i initiation as
metformin-based second-line therapy is associated with a lower 180-day risk of acute kidney injury (AKI)
compared with sulfonylureas (SUs), and whether this association varies by baseline cardiorenal status.

Methods: We used Korean National Health Insurance Service claims data from 2013 to 2022 to conduct
a nationwide retrospective cohort study. Eligible adults with type 2 diabetes mellitus who newly initiated
either an SGLT2i or an SU as add-on therapy to metformin were included. After exact matching on the
diagnosis-to-treatment interval, we performed 1:1 propensity score matching. The primary outcome was
incident AKI within 180 days, identified using validated claims algorithms; biopsy-confirmed acute
interstitial nephritis was a secondary outcome. Stratified Cox proportional hazards models estimated
adjusted hazard ratios (aHRs) and 95% confidence intervals (Cls). Additional analyses examined
variation by heart failure (HF), chronic kidney disease (CKD), cumulative exposure, and individual agents,
with sensitivity analyses to test robustness.

Results: After matching, 125,832 SGLT2i initiators were compared with 125,832 SU initiators. SGLT2i
initiation was associated with a lower 180-day AKI risk than SU initiation (aHR: 0.63, 95% Cl: 0.55-0.72).
This association was observed in patients with and without HF, with no interaction by HF status. In
contrast, CKD modified the association: the lower AKI risk was pronounced in patients without CKD but
attenuated and not statistically significant in those with pre-existing CKD. Ingredient-specific estimates
were directionally consistent, although less precise for infrequently used agents. Biopsy-confirmed AIN
was rare, yielding imprecise estimates. Sensitivity analyses supported the primary findings.

Conclusions: In this large East Asian real-world cohort, SGLT2i initiation as metformin-based second-line
therapy was associated with lower 180-day AKI risk than SU initiation. This association persisted in
patients with HF, but was attenuated primarily among those with pre-existing CKD. These findings
support the comparative short-term renal safety of SGLT2i and underscore the importance of
distinguishing HF from CKD when interpreting early renal risk.
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What is currently known about * SGLT2 inhibitors improve major cardiorenal outcomes in type 2
this topic? diabetes.

* Prior studies suggest neutral or reduced AKI risk, but estimates
vary by comparator.

« Evidence from Asian routine second-line treatment settings
remains limited.

What is the key research * Is SGLT2i initiation associated with lower 180-day AKI risk than
question? SU initiation in metformin-treated T2DM?
What is new? « Compared with SU use, metformin-based second-line SGLT2i use

is associated with lower 180-day AKI risk.

* This lower AKI risk persists in HF but is attenuated in pre-existing

CKD.
- Ingredient-specific and sensitivity analyses support consistent
findings.
How might this study influence  + Baseline cardiorenal status may inform early renal risk
clinical practice? assessment.
Background

Sodium-glucose cotransporter 2 inhibitors (SGLT2i) have emerged as a key class of antihyperglycemic
agents that reduce blood glucose by increasing urinary glucose excretion. Beyond glycemic control, they
have drawn attention for cardiovascular and renal protection, with large randomized controlled trials
(RCTs) demonstrating reductions in major adverse cardiovascular events and slower chronic kidney
disease (CKD) progression [1-3]. Accordingly, current international guidelines recommend SGLT2i for
patients with type 2 diabetes mellitus (T2DM) and established cardiovascular disease, heart failure (HF),
or diabetic kidney disease (DKD), irrespective of glycemic status [4].

With accumulating evidence and guideline support, SGLT2i use has expanded beyond glucose lowering
in T2DM to cardiorenal protection in patients with CKD or HF, including those without diabetes [5—-8]. As
these agents are used in broader patient populations, rare but serious renal adverse events, particularly
acute kidney injury (AKI) and acute interstitial nephritis (AIN), have become increasingly relevant. In East
Asia, real-world SGLT2i use has increased markedly [9], whereas post-marketing renal safety profiles
remain incompletely characterized.

AKl is a clinically significant complication linked to both short- and long-term morbidity. In patients with
T2DM, AKI risk is amplified by comorbid CKD and HF and by exposure to nephrotoxic medications. Even
a single AKI episode may accelerate progression to end-stage kidney disease (ESKD) [10—12]. AIN, also
known as tubulointerstitial nephritis (TIN), is a rare but serious drug-induced form of AKI that requires
histological confirmation and can cause irreversible kidney damage if missed [13]. Given the
consequences of AKI and the diagnostic challenges of AIN, real-world pharmacovigilance is essential.
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Renal benefits of SGLT2i have been consistently reported in landmark cardiovascular and renal outcome
RCTs, including EMPA-REG OUTCOME, CANVAS, DECLARE-TIMI 58, CREDENCE, DAPA-CKD, and EMPA-
KIDNEY [1-3, 5, 6, 14]. However, these trials often enrolled select populations and were not designed
primarily to assess short-term AKI or biopsy-confirmed AIN in routine second-line diabetes care.
Observational studies have generally reported neutral or lower AKI risk with SGLT2i, but estimates vary
by population, comparator, and clinical setting [15, 16]. Meanwhile, pharmacovigilance databases, post-
marketing case reports, and regulatory communications continue to identify AKI and TIN as rare but
clinically relevant renal safety concerns [17-21]. Thus, evidence remains limited on the comparative
short-term AKI risk of SGLT2i versus SUs as metformin-based second-line therapy, particularly in East
Asian patients with heterogeneous baseline cardiorenal status.

To address this evidence gap, we compared 180-day AKI risk between SGLT2i and SU initiators receiving
metformin-based second-line therapy in routine clinical practice. We further examined whether this
association differed by baseline cardiorenal status and assessed biopsy-confirmed AIN, individual
SGLT2i agents, and cumulative SGLT2i exposure.

Methods
Study design and data source

We conducted a retrospective cohort study using Korean National Health Insurance Service (NHIS)
claims data from January 1, 2013, to December 31, 2022. The NHIS is a universal, single-payer system
covering approximately 97% of the Korean population and includes administrative claims on
demographics, ICD-10-coded diagnoses, procedures, and prescriptions. These features support real-
world pharmacoepidemiologic research [22].

This study followed the Strengthening the Reporting of Observational Studies in Epidemiology (STROBE)
guidelines and was approved by the Institutional Review Board of the Korea Institute of Drug Safety and
Risk Management (IRB No. 2023-2). Informed consent was waived because the analysis used de-
identified administrative data, with all personal identifiers removed before analysis.

Study population

We identified adults aged = 18 years with T2DM (ICD-10 codes E11-E14) [23] who newly initiated an
SGLT2i or SU as add-on therapy to metformin between January 2016 and June 2022. Restricting the
cohort to metformin-based second-line therapy was intended to improve comparability across treatment
stages. A 3-year washout period for prior use of either study drug class was applied to identify new
users.

We excluded individuals with prior AKIl, acute pyelonephritis, or TIN, as well as those with advanced CKD,
dialysis dependence, or prior renal replacement therapy or kidney transplantation. Other major exclusion
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criteria are summarized in Fig. 1, and operational definitions and code lists are provided in Additional file
1 (Tables S1 and S2). Given that all eligible individuals in the nationwide database were included, no
formal sample size calculation was performed.

Exposure assessment

Exposure was defined as initiation of an SGLT2i (Anatomical Therapeutic Chemical [ATC] code: A10BK)
or SU (ATC code: A10BB) with metformin; the index date was the first prescription date for the regimen.
SGLT2i exposure was assessed at the class and ingredient levels. In class-level analyses, all SGLT2i
initiators were grouped and compared with SU initiators. In ingredient-specific analyses, patients were
classified by exclusive use of dapagliflozin, empagliflozin, ipragliflozin, or ertugliflozin during follow-up;
those who switched agents or received more than one SGLT2i were excluded.

To examine whether AKI risk varied by cumulative exposure, patients were classified by cumulative
defined daily dose (cDDD) during the 180-day follow-up. The cDDD was calculated by summing the World
Health Organization-defined daily doses (DDD) for all dispensed SGLT2i prescriptions during follow-up
[24, 25].

Outcomes

The primary outcome was incident AKI, identified by ICD-10 code N17, which has acceptable validity in
administrative claims data [26]. To assess short-term renal safety after treatment initiation and improve
temporal specificity, we considered only the first AKI diagnosis within 180 days of the index date. Follow-
up began on the index date and continued until AKI, 180 days after the index date, death, NHIS
disenrollment, or the end of the study, whichever occurred first.

The secondary outcome was AlIN, defined as an AIN-related ICD-10 diagnosis accompanied by a renal
biopsy procedure code within the same clinical episode to improve specificity [27]. As some regulatory
and coding sources refer to the same entity as acute TIN, we applied AIN throughout this article. Detailed
diagnosis and procedure codes are provided in Additional file 1 (Table S1).

Covariates

Baseline covariates included age, sex, income quintile, index year, the Elixhauser Comorbidity Index (ECI)
[28], comorbidities, and concomitant medications assessed during 3 years before the index date.
Comorbidities included CKD, HF, hypertension, dyslipidemia, and other clinically relevant conditions.
Concomitant medications included nonsteroidal anti-inflammatory drugs (NSAIDs), diuretics,
angiotensin-converting enzyme inhibitors (ACEis), angiotensin Il receptor blockers (ARBs), and other
drugs potentially associated with renal outcomes. To reduce misclassification due to transient exposure,
most concomitant medications were defined as prescriptions lasting at least 7 consecutive days during
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the 3-year baseline period. Covariates were prespecified based on clinical relevance and existing
evidence (Table 1) [29-31].
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Table 1
Baseline characteristics of the study population in the final matched cohort

Variable Patients, No (%)

SGLT2i group (N=125832) SU group SMD

(N=125832)

Sex
Male 84031 (66.78) 84205 (66.92) 0.00
Female 41801 (33.22) 41627 (33.08) 0.00
Age at entry
Mean(SD) 51.98 (11.89) 53.03 (11.88) -0.09
18-44 30921 (24.57) 30051 (23.88) 0.02
45-64 76636 (60.9) 77110 (61.28) -0.01
65-79 16946 (13.47) 17343 (13.78) -0.01
>80 1329 (1.06) 1328 (1.06) 0.00
Index year
2016 15324 (12.18) 15234 (12.11) 0.00
2017 19413 (15.43) 19352 (15.38) 0.00
2018 20818 (16.54) 20729 (16.47) 0.00
2019 21882 (17.39) 21990 (17.48) 0.00
2020 20845 (16.57) 21262 (16.9) -0.01
2021 19758 (15.7) 19592 (15.57) 0.00
2022 7792 (6.19) 7673 (6.1) 0.00
Income level
Low 33674 (26.76) 33835 (26.89) 0.00
Moderate 47131 (37.46) 47205 (37.51) 0.00
High 45027 (35.78) 44792 (35.6) 0.00
ECI Score
Mean(SD) 3.69 (2.31) 3.68 (2.36) 0.01
0 7891 (6.27) 7347 (5.84) 0.02
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Variable

Comorbidity
CKD

Unspecified kidney failure

HF

Hypertension
Dyslipidemia
Autoimmune disease
Viral infection
Bacterial infection
Sepsis
Rhabdomyolysis
Cardiac arrhythmias
Glomerular diseases
Gout/Hyperuricemia
Comedication
NSAIDs
Radio-contrast agents
Thiazide diuretics
Loop diuretics

MRA

ACE inhibitors

ARB

CCB

Patients, No (%)

SGLT2i group (N = 125832)

34563 (27.47)
44068 (35.02)
39310 (31.24)

3297 (2.62)
1538 (1.22)
9787 (7.78)
57930 (46.04)
99992 (79.46)
9368 (7.44)
13608 (10.81)
1094 (0.87)
568 (0.45)
1016 (0.81)
6669 (5.3)
7801 (6.2)
22954 (18.24)

112996 (89.8)
33446 (26.58)
12532 (9.96)
4026 (3.2)

39 (0.03)
1989 (1.58)
43761 (34.78)
36555 (29.05)
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SU group
(N=125832)
33900 (26.94)
44554 (35.41)
40031 (31.81)

3301 (2.62)
1293 (1.03)
6041 (4.8)
52286 (41.55)
93350 (74.19)
10101 (8.03)
13045 (10.37)
995 (0.79)
588 (0.47)
776 (0.62)
5329 (4.24)
6818 (5.42)
20752 (16.49)

111567 (88.66)
28842 (22.92)
12478 (9.92)
3337 (2.65)

60 (0.05)

650 (0.52)
36722 (29.18)
33395 (26.54)

SMD

0.01
-0.01
-0.01

0.00
0.02
0.12
0.09
0.13
-0.02
0.01
0.01
0.00
0.02
0.05
0.03
0.05

0.04
0.08
0.00
0.03
0.01
0.03
0.12
0.06




Variable Patients, No (%)

SGLT2i group (N=125832) SU group SMD

(N = 125832)

Beta-blockers 6836 (5.43) 6704 (5.33) 0.00
Other antihypertensives 505 (0.4) 538 (0.43) 0.01
Immunosuppressants 1128 (0.9) 1286 (1.02) -0.01
Antibiotics 102596 (81.53) 102245 (81.26) 0.01
Antivirals 5270 (4.19) 5361 (4.26) 0.00
Antifungal agents 11 (0.00) 34 (0.01) -0.01
Class Il Antiarrhythmics 58 (0.05) 16 (0.01) 0.02
Adrenergic agents 9054 (7.2) 8139 (6.47) 0.03
HMG-CoA reductase inhibitors 67957 (54.01) 58142 (46.21) 0.16
Fibrates 12475 (9.91) 12052 (9.58) 0.01
Xanthine oxidase inhibitors 4348 (3.46) 3474 (2.76) 0.04
Bisphosphonates 2636 (2.09) 3276 (2.60) -0.03
Antiplatelet agents 9665 (7.68) 5310 (4.22) 0.15
H2-receptor antagonists 90944 (72.27) 90942 (72.27) 0.00
PPI 63988 (50.85) 58844 (46.76)  0.08
Antidepressants 48352 (38.43) 49039 (38.97) -0.01
Anticonvulsants 14572 (11.58) 15964 (12.69) -0.03
Benzodiazepines 46878 (37.25) 47549 (37.79) -0.01
Carbonic anhydrase inhibitors 550 (0.44) 571 (0.45) 0.00

Note: Data are presented as n (%) unless otherwise indicated. Continuous variables are presented as
mean (SD).

Abbreviations: ACEi, angiotensin-converting enzyme inhibitor; ARB, angiotensin Il receptor blocker; CCB,
calcium channel blocker; CKD, chronic kidney disease; ECI, Elixhauser Comorbidity Index; HF, heart
failure; HMG-CoA, 3-hydroxy-3-methylglutaryl coenzyme A; MRA, mineralocorticoid receptor antagonist;
NSAIDs, non-steroidal anti-inflammatory drugs; PPI, proton pump inhibitor; SD, standard deviation;
SGLT2i, sodium—-glucose cotransporter 2 inhibitor; SMD, standardized mean difference; SU, sulfonylurea.
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Statistical analysis

To reduce confounding and improve comparability in disease stage, we used two-step matching. First,
patients were matched on the interval from the first T2DM diagnosis to the initiation of second-line
therapy. Second, 1:1 propensity score matching (PSM) was performed using greedy nearest-neighbor
matching with a caliper of 0.2 standard deviations (SDs) of the logit of the propensity score [32-36].
Covariate balance was evaluated using absolute standardized mean differences (SMDs), with values <
0.1 indicating acceptable balance.

The primary analysis compared time to first AKI between SGLT2i and SU initiators in the propensity
score-matched cohort using stratified Cox proportional hazards models, with matched pair as the
stratification variable. This accounted for matching by allowing each pair to have its own baseline
hazard. Given that modest residual imbalance remained for several covariates, adjusted models
additionally included these variables. Adjusted hazard ratios (aHRs) with 95% confidence intervals (Cls)
were estimated. The proportional hazards assumption was assessed using Schoenfeld residuals and
log—log plots. Cumulative incidence was displayed as 1 minus the Kaplan—Meier estimate, and group
differences were evaluated with the log-rank test.

Subgroup analyses were conducted by age, sex, HF, CKD, hypertension, and dyslipidemia. Effect
heterogeneity was assessed using interaction terms and interpreted with caution, given the multiple
subgroup comparisons. Ingredient-specific associations were examined using separate adjusted Cox
models restricted to exclusive users of a single SGLT2i agent during follow-up, with SU initiators as the
reference. As an exploratory supplementary analysis, cumulative SGLT2i exposure was categorized as <
90, 90-179, 180-209, and =210 cDDD. A P for trend was estimated by modeling ordered cDDD
categories as an ordinal term. Analyses were performed using SAS version 9.4 (SAS Institute, Cary, NC,
USA), with a two-sided a of 0.05.

Sensitivity analyses

We conducted prespecified sensitivity analyses to assess robustness. First, inverse probability of
treatment weighting (IPTW) was applied to the exact-matched cohort before PSM to assess consistency
using an alternative approach to confounding adjustment [37, 38]. Second, to reduce potential
protopathic bias and early outcome misclassification, a 7-day lag period was applied after the index
date; person-time accrued from day 8, and events within the first 7 days were not counted [39]. Third,
follow-up was restricted to 3 months after initiation to assess temporal stability. Fourth, prespecified
self-controlled risk interval (SCRI) analyses were conducted separately among SGLT2i and SU initiators
to assess within-person temporal variation in AKl incidence, comparing days 1-30 and 31-90 with days
91-180 as the reference. Day 0 was excluded, and follow-up was censored at the first AKI event. Except
for the SCRI analyses, which used conditional Poisson regression with a log person-time offset, the time-
to-AKI sensitivity analyses used Cox-based models. Finally, E-values quantified the minimum strength of

unmeasured confounding required to explain the observed association [40].
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Results

Baseline characteristics after matching

After applying the eligibility criteria, we identified 403,088 adults with T2DM who initiated an SGLT2i or
SU as add-on therapy to metformin. Exact matching on the diagnosis-to-treatment interval followed by
1:1 propensity score matching yielded a final matched cohort of 251,664 individuals: 125,832 SGLT2i
initiators and 125,832 SU initiators (Fig. 1). Baseline characteristics were generally comparable between
groups, although modest residual imbalances remained for HF, dyslipidemia, selected antihypertensive
and lipid-lowering medications, and antiplatelet agents (Table 1). These variables were retained in the
multivariable models. Propensity score overlap improved between treatment groups after matching
(Additional file 1: Figure S2).

Association between SGLT2i initiation and acute kidney
injury

During follow-up, AKI was less frequent among SGLT2i initiators than SU initiators (365 vs. 552 events),
with incidence rates of 5.90 (95% Cl: 5.30-6.51) and 8.95 (95% CI: 8.21-9.70) per 1,000 person-years,
respectively. In stratified multivariable Cox proportional hazards models, SGLT?2i initiation was
associated with lower AKI risk than SU initiation (aHR: 0.63, 95% Cl: 0.55-0.72; P <0.001; Table 2).
Cumulative incidence curves showed early and sustained separation between treatment groups over 180

days (Fig. 2). Schoenfeld residuals and log-log plots showed no major violation of the proportional
hazards assumption (Additional file 1: Figure S3).

Table 2
Association between SGLT2i use and risk of AKI
Group(N)  Follow-up AKI events Incidence rate Adjusted HR p-
(n) value

Mean (SD), (per 1000 PY, 95% (95% CI)

days Cl)
su 179.23 (9.98) 552 8.95 (8.21-9.70) Reference -
(125,832)
SGLT2i 179.55 (7.56) 365 5.90 (5.30-6.51) 0.63)(0.55— <0.001

0.72

(125,832)

Note: HRs compare SGLT2i initiators with SU initiators as the reference group and were estimated using
Cox proportional hazards models stratified by matched pair and additionally adjusted for covariates with
residual imbalance after matching, including heart failure, dyslipidemia, angiotensin Il receptor blocker
use, HMG-CoA reductase inhibitor use, and antiplatelet agent use.
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Abbreviations: AKI, acute kidney injury; Cl, confidence interval; HR, hazard ratio; PY, person-years; SD,
standard deviation; SGLT2i, sodium—glucose cotransporter 2 inhibitor; SU, sulfonylurea.

Subgroup analyses according to baseline cardiorenal
status

Prespecified subgroup analyses showed generally consistent associations across most strata, with the
clearest heterogeneity by baseline CKD status. SGLT2i initiation was associated with lower AKI risk in
patients with HF (aHR: 0.55, 95% CI: 0.39-0.78; P = 0.002) and without HF (aHR: 0.64, 95% Cl: 0.55-0.74;
P < 0.001), with no evidence of interaction by HF status (P for interaction = 0.609). In contrast, the
association differed by CKD status. Among individuals without CKD, SGLT2i initiation was associated
with substantially lower AKI risk (aHR: 0.50, 95% Cl: 0.42-0.60; P < 0.001), whereas no significant
association was observed in those with pre-existing CKD (aHR: 0.94, 95% Cl: 0.77-1.15; P =0.541; P for
interaction < 0.001).

Associations were otherwise broadly similar across prespecified strata. Lower AKI risk with SGLT2i
initiation was observed among individuals with and without hypertension or dyslipidemia, in both age
groups, and in both sexes, with no statistically significant interactions. Subgroup-specific estimates and
interaction P values are provided in Additional file 1 (Table S3), with subgroup patterns summarized in
Fig. 3. Cumulative incidence curves by baseline HF and CKD status are shown in Fig. 4.

Ingredient-specific analysis

Ingredient-specific analyses showed broadly similar associations across individual SGLT2i agents.
Compared with SU initiators, aHRs for AKI were 0.66 (95% Cl: 0.56—0.77) for dapagliflozin, 0.80 (95% ClI:
0.73-0.88) for empagliflozin, 0.80 (95% CI: 0.68-0.96) for ipragliflozin, and 0.50 (95% Cl: 0.26-0.96) for
ertugliflozin. Associations were directionally consistent, although estimates for less frequently used
agents were less precise (Table 3; Additional file 1: Figure S4).
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Table 3
Ingredient-specific associations with AKI compared with SUs

Group (N) Follow-up AKI events Incidence rate Adjusted HR p-
(n) value
Mean (SD), (per 1000 PY, (95% CI)
days 95% ClI)
SuU 179.23(9.98) 552 8.95 (8.21-9.70) Reference -
(125,832)
SGLT2i
Dapagliflozin 179.54 (7.67) 208 6.18 (5.37-7.08) 0.66 (0.56— <
(68,505) 0.77) 0.001
Empagliflozin 179.54 (7.67) 142 6.07 (5.11-7.16) 0.80 (0.73- <
(47,577) 0.88) 0.001
Ipraglifiozin (4,681)  179.75 (5.64) 13 5.64 (3.00-9.65) 0.80)(0.68— 0.015
0.96
Ertugliflozin 179.96 (1.69) 2 2.27 (0.27-8.20)  0.50 (0.26~ 0.038
(1,788) 0.96)

Note: HRs compare initiators of each SGLT2i ingredient with SU initiators as the reference group.
Analyses were restricted to patients exposed to a single SGLT2i ingredient during follow-up. Models were
adjusted for the same covariates as the primary analysis.

Abbreviations: AKI, acute kidney injury; Cl, confidence interval; HR, hazard ratio; PY, person-years; SD,
standard deviation; SGLT2i, sodium—glucose cotransporter 2 inhibitor; SU, sulfonylurea.

Additional analyses

Biopsy-confirmed AIN was rare during follow-up, yielding imprecise estimates that were directionally
consistent with the primary AKI analysis (Additional file 1: Table S4). Exploratory analyses stratified by
cumulative SGLT2i exposure showed variation across cDDD categories, with lower estimates in the two
highest cDDD categories (Additional file 1: Table S5 and Figure S5). Given the accrued cumulative
exposure during follow-up, these cDDD findings should be interpreted as hypothesis-generating.

Sensitivity analyses

Sensitivity analyses supported the robustness of the primary findings. In the IPTW analysis, SGLT2i
initiation remained associated with a lower risk of AKI. Applying a 7-day lag period yielded an aHR of
0.66 (95% Cl: 0.58-0.76), suggesting that the association was not driven solely by very early events.
Similar estimates were observed when follow-up was restricted to 3 months (Additional file 1: Table S6).

In the prespecified SCRI analyses, within-person incidence rate ratios (IRRs) were higher during the early

post-initiation intervals than during the reference period (days 91-180) in both treatment groups. Among

SGLT2i initiators, IRRs were 2.03 (95% Cl: 1.56—-2.64) for days 1-30 and 1.47 (95% CI: 1.16-1.87) for
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days 31-90. The corresponding IRRs among SU initiators were 2.73 (95% Cl: 2.23-3.34) and 1.36 (95%
Cl: 1.11-1.67), respectively (Additional file 1: Table S7). E-value estimates are presented in Additional file
1 (Table S8).

Discussion

In this nationwide cohort study of adults with T2DM initiating metformin-based second-line therapy,
SGLT2i initiation was associated with a lower 180-day AKI risk than SU initiation. The principal finding
was that this association differed by baseline cardiorenal status. Lower AKI risk persisted in patients
with HF, with no statistical interaction by HF status, but was attenuated and no longer significant in those
with pre-existing CKD. Ingredient-specific estimates were directionally consistent, while biopsy-
confirmed AIN was rare and yielded imprecise supplementary estimates. These results align with prior
evidence suggesting renal benefits or lower risks of renal events with SGLT2i therapy [1-3, 5, 6, 14, 41].

Landmark cardiovascular and renal outcome trials have shown that SGLT2i slow CKD progression and
reduce serious renal outcomes; however, they were not designed primarily to assess short-term AKI or
biopsy-confirmed AIN in routine second-line diabetes care [1, 5, 6, 14]. Observational studies have
reported heterogeneous estimates, from neutral associations to modest AKI risk reductions [15, 16, 42,
43], and a pooled analysis of nine cohorts estimated an HR of 0.61 [44]. Scandinavian and Taiwanese
cohorts also reported substantially lower risks of renal events with SGLT2i than with DPP-4 inhibitors [45,
46]. However, these studies differed in their comparators, treatment stages, and populations. By
anchoring both groups to metformin-based second-line therapy and aligning the diagnosis-to-treatment
interval, our study provides evidence from a clinically comparable treatment decision point.

The active-comparator design is central to interpreting these findings. We selected SUs as they remain a
relevant second-line glucose-lowering option after metformin in routine diabetes care [47], whereas
guidelines increasingly prioritize SGLT2i for patients with cardiorenal comorbidities [48]. Although DPP-4
inhibitors are also relevant comparators and have been used in prior real-world studies of SGLT2i-related
renal outcomes [49], the SU comparator reflects a distinct second-line treatment choice and enables
assessment of short-term renal safety relative to an alternative therapy without established cardiorenal
protective indications. The subgroup findings further clarify early renal safety by baseline cardiorenal
status. Lower AKI risk with SGLT2i initiation was preserved among patients with HF, with no statistical
interaction by HF status. This is clinically relevant because patients with HF may be vulnerable to renal
hypoperfusion due to venous congestion, reduced cardiac output, diuretic use, and acute volume shifts
[50-52]. Despite these concerns, we found no excess early AKI signal in patients with HF, supporting the
comparative short-term renal safety of SGLT2i versus SUs in this subgroup.

In contrast, CKD appeared to be the principal modifier: the inverse association was pronounced in
patients without CKD but attenuated and not significant in those with pre-existing CKD. This attenuation
may reflect reduced nephron reserve, impaired autoregulation, lower filtered glucose load, higher
baseline AKI susceptibility, and residual differences in CKD severity not fully captured in claims data [50,
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53]. Associations were otherwise broadly consistent across hypertension, dyslipidemia, age, and sex
strata, with no significant interactions. These subgroup findings should be interpreted cautiously as
hypothesis-generating. Overall, HF and CKD should not be treated as a single cardiorenal phenotype
when interpreting short-term AKI risk after SGLT2i initiation.

Additional analyses contextualized the primary findings. Biopsy-confirmed AIN was rare, yielding
imprecise estimates despite use of a diagnostic-procedural definition to improve specificity [27]. This
analysis should be considered exploratory and does not exclude a rare AIN risk. Exploratory analyses by
cumulative SGLT2i exposure showed variation across cDDD categories. As cumulative exposure accrued
during follow-up, these findings may reflect treatment persistence, selective survival, or clinical stability
rather than a definitive dose—response relationship.

Multiple complementary sensitivity analyses supported the primary findings. The association persisted
in IPTW, restricted-follow-up, and 7-day-lag analyses, suggesting that results were not sensitive to
analytic approach, follow-up duration, or very early events. The prespecified SCRI analyses showed
higher AKI incidence during the earlier than later post-initiation intervals within both treatment groups.
Because these analyses were conducted separately by treatment group, they characterize within-person
temporal patterns rather than provide a formal between-group comparison. E-value estimates further
suggested that relatively strong unmeasured confounding would be required to fully explain the
association. Together, these analyses support the consistency of the observed short-term renal safety
association, although residual bias cannot be excluded.

Several design features strengthen the study’s internal validity and clinical relevance. First, the
metformin-anchored, active-comparator design restricted comparisons to patients initiating second-line
glucose-lowering therapy, improving treatment-stage comparability and reducing confounding by
indication [4, 54]. Second, exact matching on the interval from diabetes diagnosis to treatment initiation,
followed by 1:1 PSM, reduced temporal and clinical confounding and improved baseline comparability.
Third, nationwide claims data enabled large-scale outcome ascertainment and clinically relevant
subgroup analyses, particularly by baseline cardiorenal status, in an East Asian population. Fourth,
cumulative exposure and ingredient-specific analyses extended the assessment beyond the overall
class-level comparison. Finally, multiple cohort-based sensitivity analyses supported the consistency of
the comparative association, while treatment-specific within-person analyses characterized temporal
patterns of AKI after initiation.

Notwithstanding these strengths, certain limitations should also be considered. First, AKI was identified
using diagnosis codes rather than laboratory-based KDIGO criteria. This likely captured clinically
recognized AKI but may have missed milder, uncoded episodes, and AKI severity, creatinine trajectory,
and recovery could not be assessed. Second, key clinical variables, including estimated glomerular
filtration rate, albuminuria, and glycemic control, were unavailable in claims data. Metformin anchoring,
temporal matching, detailed covariate adjustment, and IPTW were used to reduce residual confounding.
Nevertheless, treatment selection bias related to cardiorenal indications for SGLT2i may persist,
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particularly because HF severity, renal function, albuminuria, glycemic control, and volume status were
unavailable. Third, drug exposure was inferred from dispensing records rather than confirmed intake,
which may have caused exposure misclassification. However, the active-comparator new-user design,
short follow-up, and consistent findings across the cohort-based sensitivity analyses reduce concern
that this limitation fully explains the primary association.

Clinically, these findings may inform the selection between SGLT2i and SUs for appropriate candidates
who require second-line therapy after metformin, particularly when early renal safety is a major
consideration. The observed heterogeneity by HF and CKD status suggests that baseline cardiorenal
status may help contextualize early renal risk after SGLT2i initiation in routine care. Although these
findings should be interpreted alongside the established long-term cardiorenal benefits of SGLT2i, they
support early renal monitoring in patients with established cardiorenal disease, particularly given
ongoing regulatory attention to renal safety outcomes [18—-21]. Taken together, our findings extend
current evidence by showing that the short-term renal safety profile of SGLT2i in routine second-line
diabetes care may differ by baseline cardiorenal status.

Conclusions

In this nationwide real-world cohort of Korean adults with T2DM, SGLT2i initiation as second-line therapy
was associated with lower AKI risk than SU initiation. This association persisted in patients with HF but
was attenuated primarily in those with pre-existing CKD, suggesting that HF and CKD should be
considered separately when interpreting early renal risk after treatment initiation. Ingredient-specific and
sensitivity analyses support the main findings, although estimates vary across cumulative exposure
categories. Biopsy-confirmed AIN was rare but directionally consistent. Overall, these findings clarify the
short-term renal safety of SGLT2i initiation in routine clinical practice and highlight the importance of
baseline cardiorenal status.
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Adults aged 218 years with T2DM who received an SGLT2i or SU as add-on therapy to
metformin between January 1, 2016 and June 30, 2022
N=1,406,532

n= 389,324 Individuals diagnosed with diabetes at least once and
prescribed medication for diabetes = 7 days during 2013

v

During 3 years before the index date
n=425,790 Individuals prescribed SGLT2i or SU

Within the 1 year before the index date
n= 9,077 Individuals diagnosed with AKI, acute pyelonephritis, tubulo-
» interstitial nephritis, advanced CKD/ESKD, dialysis
dependence, renal replacement therapy, or kidney transplant
status

From January 1, 2013, to the end of the follow-up period
n= 77,336 Individuals with 22 insulin prescriptions within the same year
n= 27,246 Individuals diagnosed with related conditionst

\AZ

1, Cancer, AIDS/HIV, primary or secondary immunodeficiency diseases,
pregnancy, type 1 diabetes, complications of transplanted organs and tissue

From the index date to the end of the follow-up period
n= 74,671 Individuals prescribed both SGLT2i and SU

v
Final population
N=403,088

SGLT2i initiators SU initiators
N=168,727 N=234,361
I I
1:1 exact matching on diagnosis-to-index interval
| I
SGLT2i initiators SU initiators
N=168,109 N=168,109
| 1

1:1 propensity score matching

| 1
SGLT2i initiators SU initiators

(Metformin + SGLT2i) (Metformin + SU)
N=125,832 N=125,832
Figure 1

Study cohort selection and matching using exact matching followed by 1:1 PSM

Flow diagram of cohort selection. Exact matching on the interval from first T2DM diagnosis to treatment
initiation was followed by 1:1 propensity score matching.

Abbreviations: NHIS, National Health Insurance Service; PSM, propensity score matching; SGLT?2i,
sodium—glucose cotransporter 2 inhibitor; SU, sulfonylurea; T2DM, type 2 diabetes mellitus.
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Figure 2

Cumulative incidence of AKI by SGLT2i versus SU

Cumulative incidence of acute kidney injury among SGLT2i and SU initiators in the propensity score-
matched cohort over 180 days.

Abbreviations: AKI, acute kidney injury; SGLT2i, sodium—glucose cotransporter 2 inhibitor; SU,
sulfonylurea.
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Figure 3

Subgroup-specific adjusted hazard ratios for AKI by SGLT2i exposure

Adjusted HRs for acute kidney injury comparing SGLT2i initiators with SU initiators across prespecified
subgroups. Points and horizontal bars represent HRs and 95% Cls.

Abbreviations: AKI, acute kidney injury; Cl, confidence interval; CKD, chronic kidney disease; HF, heart
failure; HR, hazard ratio; HTN, hypertension; SGLT2i, sodium—glucose cotransporter 2 inhibitor; SU,
sulfonylurea.
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Figure 4

Cumulative incidence of acute kidney injury according to heart failure and chronic kidney disease
status

Cumulative incidence of acute kidney injury among SGLT2i and SU initiators according to baseline HF
and CKD status over 180 days.
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Abbreviations: AKI, acute kidney injury; CKD, chronic kidney disease; HF, heart failure; SGLT2i, sodium—
glucose cotransporter 2 inhibitor; SU, sulfonylurea.
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