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OBJECTIVE

Randomized controlled trials have shown kidney-protective effects of sodium–

glucose cotransporter 2 (SGLT2) inhibitors, and clinical practice databases have sug-
gested that these effects translate to clinical practice. However, long-term efficacy,
as well as whether the presence or absence of proteinuria and the rate of estimated
glomerular filtration rates (eGFR) decline prior to SGLT2 inhibitor initiation modify
treatment efficacy among type 2 diabetes mellitus (T2DM) and chronic kidney dis-
ease (CKD) patients, is unknown.

RESEARCH DESIGN AND METHODS

Using the Japan Chronic Kidney Disease Database (J-CKD-DB), a nationwide mul-
ticenter CKD registry, we developed propensity scores for SGLT2 inhibitor initia-
tion, with 1:1 matching with patients who were initiated on other glucose-
lowering drugs. The primary outcome included rate of eGFR decline, and the sec-
ondary outcomes included a composite outcome of 50% eGFR decline or end-
stage kidney disease.

RESULTS

At baseline, mean age at initiation of the SGLT2 inhibitor (n5 1,033) or other glu-
cose-lowering drug (n 5 1,033) was 64.4 years, mean eGFR was 68.1 mL/min per
1.73 m2, and proteinuria was apparent in 578 (28.0%) of included patients. Dur-
ing follow-up, SGLT2 inhibitor initiation was associated with reduced eGFR
decline (difference in slope for SGLT2 inhibitors vs. other drugs 0.75 mL/min/1.73
m2 per year [0.51 to 1.00]). During a mean follow-up of 24 months, 103 compos-
ite kidney outcomes occurred: 30 (14 events per 1,000 patient-years) among the
SGLT2 inhibitors group and 73 (36 events per 1,000 patient-years) among the
other drugs group (hazard ratio 0.40, 95% CI 0.26–0.61). The benefit provided by
SGLT2 inhibitors was consistent irrespective of proteinuria and rate of eGFR
decline before initiation of SGLT2 inhibitors (Pheterogeneity ‡ 0.35).

CONCLUSIONS

The benefits of SGLT2 inhibitors on kidney function as observed in clinical trials
translate to patients treated in clinical practice with no evidence that the effects
are modified by the underlying rate of kidney function decline or the presence of
proteinuria.
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Type 2 diabetes mellitus (T2DM) is the
leading cause of kidney failure (1). How-
ever, few effective long-term treatments
to slow nephropathy progression among
T2DM patients are available. ACE inhibi-
tors and angiotensin II receptor blockers
(ARBs) have been shown to slow a
decline in kidney function among T2DM
patients with chronic kidney disease
(CKD) (2,3). However, the efficacy of
ACE inhibitors and ARBs for the kidney
has not been previously characterized
among T2DM and CKD patients without
proteinuria.
Sodium–glucose cotransporter 2

(SGLT2) inhibitors, originally approved
solely as glucose-lowering drugs for the
treatment of T2DM, have increasingly
been shown to have kidney- and cardio-
vascular-protective properties in several
randomized controlled trials (RCTs) (4–7).
However, little is known regarding
whether the results of prior RCTs are
applicable to the broader range of
T2DM patients with CKD encountered
in clinical practice, especially with regard
to the kidney outcomes associated with
SGLT2 inhibitors among T2DM and CKD
patients without sev-ere albuminuria or
proteinuria.
Results of an international, real-world

study of T2DM patients (Comparative
Effectiveness of Cardiovascular Outcomes
in New Users of SGLT-2 Inhibitors [CVD-
REAL] 3) demonstrated that initiation of
SGLT2 inhibitors was associated with a
slower rate of estimated glomerular filtra-
tion rate (eGFR) decline in comparison
with other glucose-lowering drugs (8).
Another large register-based cohort study
using nationwide data from routine clini-
cal practice in Sweden, Denmark, and
Norway showed that SGLT2 inhibitors

lowered the risk of kidney events in
comparisons with dipeptidyl peptidase 4
(DPP-4) inhibitor therapies (9). However,
in both studies, CKD patients comprised
<10% of the populations, and neither
albuminuria nor proteinuria was assessed.
Furthermore, no studies have assessed
whether the effects of SGLT2 inhibitors
on kidney function varied by the rate of
kidney function decline before initiation
of SGLT2 inhibitors. This is clinically rele-
vant, since patients who have rapid
decline in eGFR are at high risk for kidney
failure within a short period (10).

The Japan Chronic Kidney Disease
Database (J-CKD-DB) is a nationwide
multicenter CKD registry (11). Using
data from the J-CKD-DB, we compared
the rate of eGFR decline and kidney
outcomes between T2DM and CKD
patients initiating SGLT2 inhibitors ver-
sus other glucose-lowering drugs, and
the associations differed by the pres-
ence of proteinuria and rapid decline in
eGFR before initiation of SGLT2 inhibi-
tors. We also assessed whether the
association between kidney outcomes
and use of SGLT2 inhibitors differed
among subgroups, defined by eGFR
(<60 vs. $60 mL/min/1.73 m2), age
(<65 vs. $65 years), and the use versus
nonuse of ACE inhibitors or ARBs.

RESEARCH DESIGN AND METHODS

Methods, Data Sources, and Study
Population
J-CKD-DB is a multicenter, real-world elec-
tronic health record–based registry of
patients with CKD from 21 university hos-
pitals in Japan (clinical trial reg. no. UMIN
000026272, www.umin.ac.jp/ctr/). It was
initiated in December 2014, and the data-

base contains information on all inpatient
and outpatient encounters, prescriptions,
diagnostic codes, and laboratory meas-
urements. The facilities participating in
J-CKD-DB were required to have electronic
health record systems that incorporated
Standardized Structured Medical Informa-
tion eXchange 2 (SS-MIX2) (https://www.
ss-mix.org/consE/) storage and a struc-
tured data entry function that could trans-
fer the data to the SS-MIX2 storage
system (12). The SS-MIX2 specifications
adopted the considerable progress made
in health care information standards in
Japan, including code standardization
regarding laboratory data items and pre-
scription data. A data extraction and regis-
tration system, the Multipurpose Clinical
Data Registry System, has been developed
and allows the efficient collection of clini-
cal data, especially via the SS-MIX2 format
(13). Data were abstracted and compiled
between 1 January and 31 December
2014. For avoidance of input error and
burden on physicians, all data elements
were extracted automatically with use of
SS-MIX2 storage and sent to the J-CKD-DB
data center. Fundamental standards were
adopted in SS-MIX2 regarding patient pro-
files (the Health Level Seven [HL7] V2.5
[ISO 27931] data format), prescriptions
(national drug code in Japan, HOT code),
laboratory test results (Japan Laboratory
Code Version 10 [JLAC10] code), diagno-
ses (ICD-10), and incidence of major out-
comes (14–16).

The inclusion criteria for the J-CKD-
DB are as follows: 1) age $18 years, 2)
proteinuria $1 (dipstick test), or eGFR
<60 mL/min/1.73 m2 (11). Therefore,
the data set included individuals with-
out proteinuria who had eGFR <60 mL/
min/1.73 m2. We conducted this study
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under the oversight of the Ethical Com-
mittee of the Kawasaki Medical School
(3173-1) and in accordance with the
principles of the Declaration of Helsinki.
Because of the de-identified nature of
patient records, informed consent was
obtained through an opt-out method
on the website of each participating
university hospital in accordance with
the Ethical Guidelines for Medical and
Health Research Involving Human Sub-
jects in Japan.

Of the 21 university hospitals in J-CKD-
DB, 5 agreed to participate in the ongoing
prospective longitudinal study (referred to
as J-CKD-DB-Ex) between 1 January 2014
and 31 December 2018. The J-CKD-DB-Ex
study was designed to identify risk factors
for eGFR decline over time among CKD
patients in a real-world practice setting.
For the current analyses, we selected
records of T2DM patients who had >1
year of continuous enrollment history in
the database before initiating an SGLT2
inhibitor or other glucose-lowering drugs.
The index date of treatment initiation was
defined as the date a prescription was
made or filled, as either an initial or add-
on therapy, for any SGLT2 inhibitors (cana-
gliflozin, dapagliflozin, empagliflozin, ipra-
gliflozin, luseogliflozin, and tofogliflozin) or
other glucose-lowering drugs, including
fixed-dose combinations, with no prior
prescriptions issued for that medicine
class during the preceding year. Further-
more, consistent with the methodology
used in CVD-REAL 3 (8), we selected
records of T2DM patients who had at
least two eGFR measurements before the
index date, with at least one eGFR mea-
surement within 180 days of the index
date. We additionally specified that at
least 180 days between the first and last
eGFR measurements before the index
date were required to reliably estimate
eGFR change before the index date.
Patients were followed up from the index
date until the end of the index treatment
(on-treatment analysis only), migration or
departure from the practice or database,
death, or the last date of data collection.

Kidney Function and Other
Measurements
Serum creatinine and spot urine speci-
mens were collected for each participant.
Serum creatinine was assayed with an
enzymatic method. eGFR was derived
with the Chronic Kidney Disease Epidemi-
ology Collaboration (CKD-EPI) equation

modified by a Japanese coefficient (17).
Rapid decline of kidney function was
defined as eGFR loss of $3.0 mL/min/
1.73 m2 per year (18). Urinalysis by the
dipstick method was performed on spot
urine specimens. Urine dipstick results
were interpreted by the medical staff in
each hospital and recorded as (�), (±),
(11), (21), and (31). The policy of the
Japanese Committee for Clinical Labora-
tory Standards (https://jccls.org/) is that
all urine dipstick tests should be manufac-
tured so that a urine dipstick result of 11
will correspond to a urinary protein level
of 30 mg/dL. We defined proteinuria as
11 or more.

The primary outcome was the rate of
change in eGFR from the initiation of
SGLT2 inhibitor or other glucose-lowering
drug treatments. The secondary outcome
was a composite end point of a sustained
reduction in eGFR of $50% (confirmed
by a subsequent measurement) or end-
stage kidney disease (ESKD), which was
defined as an eGFR of <15 mL/min/1.73
m2 (confirmed at a subsequent measure-
ment). In the composite end point analy-
ses, if a participant had more than one
event occur, the first event was counted
as the outcome. In end point–specific
analyses (sensitivity analyses), if a partici-
pant had more than one different type of
event occur, all events were counted as
the outcomes. For example, if a partici-
pant experienced an eGFR decline $50%
and then was diagnosed with ESKD a
month later, only an eGFR decline $50%
was counted as the outcome in the com-
posite end point analyses, whereas both
an eGFR decline $50% and an ESKD
event were counted as separate out-
comes in the end point–specific analyses.

Statistical Analysis
Descriptive statistics are presented as
mean ± SD and proportions as appropri-
ate. A nonparsimonious propensity score
using variables that might have affected
treatment assignment or outcomes was
developed to predict the likelihood a
patient would be prescribed SGLT2 inhibi-
tors. Variables used in the development
of the propensity score included age, sex,
hemoglobin A1c, eGFR, the rate of change
in eGFR before the index date, the pres-
ence of proteinuria at the index date, use
of blood pressure–lowering medication
(ACE inhibitors, ARBs, calcium channel
blockers, diuretics [i.e., thiazide and aldo-

sterone antagonist], b-blockers, and a-
blockers), use of glucose-lowering medica-
tion (i.e., metformin, DPP-4 inhibitors, sul-
fonylureas, insulin, glucagon-like peptide 1
receptor agonists, thiazolidinedione, other
drugs including acarbose and epalrestat),
use of statins, and the length of follow-up
(Supplementary Table 1). Patients in the
two treatment groups were matched 1:1
based on propensity scores. An imbalance
was considered nonnegligible if a stan-
dardized difference of >10% was present
between the two groups after propensity
score matching.

Two definitions of follow-up time were
used. The on-treatment follow-up time
frame was defined as the time from the
index date to the 1) end of index treat-
ment, 2) initiation of another new glu-
cose-lowering drug or SGLT2 inhibitor, 3)
patient’s departure from the practice or
database, or 4) date of last data collec-
tion—whichever occurred first. The inten-
tion-to-treat (ITT) follow-up time was
defined as the time from the index date
to the patient’s departure from the prac-
tice or database, date of last data collec-
tion, or death—whichever occurred first.
Similar to the methodology used in CVD-
REAL 3 (8), the on-treatment follow-up
was the primary timescale for the eGFR
change analysis. The ITT follow-up was
used for time-to-event analyses.

For inclusion in the eGFR slope analy-
ses, at least two post–index date assess-
ments were required, where the first
measurement was obtained <120 days
after the index date and the last was
obtained >180 days after the first
post–index date measurement. The
eGFR trajectory from preindex to post-
index date was displayed graphically
over time. Each monthly time point was
represented with the eGFR value closest
to the time point of interest, within a
defined interval. Time zero was indica-
tive of the estimated intercept of the
preindex slopes. The differences betw-
een post–index date eGFR slopes for
patients taking SGLT2 inhibitors and
slopes for those taking other glucose-
lowering drugs was assessed using a
linear mixed regression model, where
treatment group (SGLT2 inhibitors or
other glucose-lowering drugs), time (lin-
ear), and the interaction between treat-
ment group and time were included as
fixed factors. In mixed models, we used
an “exchangeable” (or compound sym-
metry) correlation structure. We used a
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compound symmetry covariance structure
to model the within-subject variance,
since models using other covariance struc-
tures including unstructured and spatial
power structures did not converge. We
tested for heterogeneity in the associa-
tions between the use of SGLT2 inhibitors
and eGFR slope by each subgroup catego-
rized according to proteinuria (yes vs. no),
eGFR (<60 vs. $60 mL/min/1.73 m2),
age (<65 vs. $65 years), use of ACE
inhibitors or ARBs at the index date (yes
vs. no), and rapid eGFR decline before
treatment initiation (yes vs. no). A statisti-
cally significant interaction was defined as
P value <0.05. We also conducted the
subgroup analyses noted above. We con-
ducted three post hoc analyses. First, we
exc-luded participants who were lost to
follow-up within 12 months after initiating
glucose-lowering drugs. Second, some
participants had a quantitative urinary
albumin measurement (i.e., albumin-to-
creatinine ratio (ACR) with a spot urine
sample. Therefore, we assessed whether
the effects on kidney function of SGLT2
inhibitors versus other glucose-lowering
drugs differed by the extent of ACR at the
index date. Third, for propensity matching,
we considered the SGLT2 inhibitors group
and the other glucose-lowering drugs
group as independent, an approach used
in prior propensity score–matching studies
(8,9). However, the estimated CIs for
treatment effects may become wider
because of the difference in distribution
of covariates included in the propensity
score model between the groups (19).
Therefore, we also implemented inverse
probability of treatment weighting using
the propensity score (20,21).
The incidence rate for the outcomes

based on patients developing a $50%
eGFR decline or ESKD was assessed by
treatment group. Only the first occur-
rence of each outcome was used for
analysis, and the crude incidence rate in
each group was calculated as the num-
ber of incident events divided by the
overall number of person-years at risk.
Time-to-first-event for SGLT2 inhibitors
and other glucose-lowering drugs was
compared with use of Cox proportional
hazards models and presented as the
hazard ratio (HR) and 95% CI for each
outcome. We included the ITT popula-
tion for time-to-event analyses, in which
patients were followed up from the ini-
tiation of an index treatment to the
occurrence of the outcome of interest

or censoring date—whichever occurred
first—irrespective of whether the index
treatment was discontinued. In Cox
models, we tested for heterogeneity in
the associations between the use of
SGLT2 inhibitors and outcomes by each
subgroup noted above with the inclu-
sion of multiplicative interaction terms.
A statistically significant interaction was
defined as P value <0.05. Stratified
analyses by each subgroup were also
conducted.

All statistical analyses were performed
with SAS version 9.4 software (SAS Insti-
tute, Cary, NC). Statistical significance
was defined as a P value <0.05 using
two-sided tests.

RESULTS

Prior to matching, 1,246 new initiators of
SGLT2 inhibitors and 2,492 new initiators
of other glucose-lowering drugs met the
study eligibility criteria (Supplementary
Fig. 1). Patients initiated on an SGLT2
inhibitor were younger and had higher
HbA1c and eGFR measurements. The
mean annual rates of eGFR change
before the index date, and the preva-
lence of proteinuria and antihyper-
tensive medication use, were similar
between groups (Supplementary Table 2).
Metformin, diuretics, ACE inhibitors, and
statins were more frequently prescribed
in the SGLT2 inhibitors group, whereas
DPP-4 inhibitors, insulin, and sulfonylureas
were less frequently prescribed.

After one-to-one propensity match-
ing, the cohort included 1,033 new ini-
tiators of SGLT2 inhibitors and 1,033
new initiators of other glucose-lowering
drugs. All baseline characteristics were
well matched (Table 1), with standard-
ized differences for all variables of
#9.6%. Mean age at initiation of the
SGLT2 inhibitor or other glucose-lower-
ing drug was 64.4 years; 777 (37.6%) of
2,066 initiations were in women, mean
HbA1c was 61 mmol/mol (7.8%), mean
eGFR was 68.1 mL/min/1.73 m2, 549 of
2,066 initiations (26.6%) had eGFR of
#60 mL/min/1.73 m2, and proteinuria
was apparent in 578 (28.0%) initiations.
Of the 2,066 treatment initiations, 926
(44.8%) were in patients being treated
with ACE inhibitors or ARBs at the index
date (Table 1). The distributions of spe-
cific SGLT2 inhibitors in the SGLT2 inhibi-
tors group, and the classes of index
medications in the other glucose-lowering

drugs group, are shown in Table 1. DPP-4
inhibitors (69.7%), metformin (54.2%),
and sulfonylureas (24.8%) were the most
frequently initiated other glucose-lower-
ing drugs.

Primary Outcome
Mean ± SD follow-up time in the pri-
mary analysis was 21.0 ± 9.8 months
among the SGLT2 inhibitor group and
19.5 ± 10.4 months among the other
glucose-lowering drugs group. During
follow-up, the median number of eGFR
measurements in the SGLT2 inhibitor
group and the other glucose-lowering
drugs group, respectively, was 11 (inter-
quartile range 7–16) and 10 (7–16). In
the on-treatment analysis, the mean
annual rate of eGFR change before initi-
ation of index treatments was �1.3 ±
4.4 and �1.4 ± 7.2 mL/min/1.73 m2 in
the SGLT2 inhibitor and other glucose-
lowering drugs groups. After initiation
of SGLT2 inhibitors and other glucose-
lowering drugs, the mean annual rate of
eGFR change were �0.47 mL/min/1.73
m2 per year (95% CI �0.63 to �0.31)
and �1.22 (�1.41 to �1.03) (Figs. 1
and 2). The between-group difference in
the rate of eGFR decline was 0.75 mL/
min/1.73 m2 per year (0.51 to 1.00),
favoring SGLT2 inhibitors (P < 0.001).
Changes in eGFR over time before and
after initiation of SGLT2 inhibitors or
other diabetes drugs by proteinuria and
the rate of eGFR decline prior to drug
initiation are shown in Supplementary
Figs. 2 and 3. Annual rate of eGFR
change is shown by prespecified sub-
groups (Fig. 2). There was evidence of
interaction between SGLT2 inhibitor use
and rapid decline in eGFR before treat-
ment initiation and use of ACE inhibi-
tors or ARBs at the index date in
associations with eGFR decline (both P
for interaction <0.05) but no evidence
of interaction between SGLT2 inhibitor
use and proteinuria, eGFR (eGFR <60
vs. $60 mL/min/1.73 m2), and age
(<65 vs. $65 years; all P for interaction
>0.34). Similar results were observed in
the ITT population (Supplementary Figs.
4–7).

Post Hoc Analyses
First, in the on-treatment analysis, we
excluded participants with a follow-up
period shorter than a year (Supplemen-
tary Fig. 8). The between-group difference
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in the rate of eGFR decline was 0.73 mL/
min/1.73 m2 per year (0.48 to 0.98),
favoring SGLT2 inhibitors (P< 0.001). Sec-
ond, in the SGLT2 inhibitors group (n 5
1,033), ACR was measured for 903 partici-
pants. Of the 903 participants, only 15.5%
had ACR > 300 mg/g. In the other gluco-
se-lowering drugs group (n 5 1,033), ACR
was measured for 811 participants. Of the
811 participants, only 16.2% had ACR >
300 mg/g. Therefore, we assessed
whether the effects on kidney function of
SGLT2 inhibitors versus other glucose-low-
ering drugs differed by subgroups, with
categories of above or below median lev-
els of ACR (i.e., 76.3 mg/g) in this popula-
tion. The results were consistent across
the subgroups (Supplementary Figs. 9

and 10), and there was no evidence of
interaction between SGLT2 inhibitor use
and ACR (ACR <76.3 vs. $76.3 mL/min/
1.73 m2; P for interaction 5 0.14). The
between-group difference in the rate of
eGFR decline was 0.75 mL/min/1.73 m2

per year (0.51 to 1.00) after adjustment
for time-varying ACR, favoring SGLT2
inhibitors (P < 0.001). Third, in inverse
probability of treatment weighting analy-
ses (on-treatment analyses), the mean
annual rates of eGFR change were �0.38
mL/min/1.73 m2 per year (95% CI �0.51
to �0.24) for the SGLT2 inhibitors group
(n 5 863) and �1.39 (�1.50 to �1.27)
for the other glucose-lowering drugs
group (n 5 1,454) (Supplementary Fig.
11). The between-group difference in the

rate of eGFR decline was 1.01 mL/min/
1.73 m2 per year (0.83 to 1.19), favoring
SGLT2 inhibitors (P< 0.001).

Secondary Outcome
During follow-up, 30 composite events
of a $50% eGFR decline and ESKD
occurred in the SGLT2 inhibitor group
compared with 73 in the other glucose-
lowering drugs group. The cumulative
incidence of composite events was
higher in the other glucose-lowering
drugs group than in the SGLT2 inhibitor
group (Fig. 3A). The event rates were
higher in the other glucose-lowering
drug group (36/1,000 person-years)
than in the SGLT2 inhibitor group (14/
1,000 person-years). The cumulative

Table 1—Clinical characteristics at index date after propensity score

Characteristics
SGLT-2 inhibitor group

(n 5 1,033)
Other glucose-lowering drugs

group (n 5 1,033)
Standardized mean

difference (%)

Age, years 64.0 ± 11.5 64.9 ± 12.4 6.9

Women 389 (37.7) 388 (37.6) 0.2

Hemoglobin A1c, % 7.8 ± 1.2 7.7 ± 1.5 6.7

Hemoglobin A1c, mmol/mol 62.0 ± 13.1 60.9 ± 16.7 6.7

eGFR, mL/min/1.73 m2 68.2 ± 17.2 68.0 ± 19.1 1.4

eGFR $60 mL/min/1.73 m2 751 (71.7) 766 (74.2) 3.3

eGFR <60 mL/min/1.73 m2 282 (27.3) 267 (25.8) 3.3

eGFR 45–59 mL/min/1.73 m2 179 (17.3) 143 (13.8) 9.6

eGFR <45 mL/min/1.73 m2 103 (10.0) 124 (12.0) 6.5

Rate of eGFR change prior to index,
mL/min/1.73 m2/year �1.3 ± 5.0 �1.1 ± 9.5 2.9

Proteinuria 294 (28.5) 284 (27.5) 2.2

Glucose-lowering medications

Canagliflozin 128 (12.4) 0
Dapagliflozin 201 (19.5) 0
Empagliflozin 210 (20.3) 0
Ipragliflozin 214 (20.7) 0
Luseogliflozin 178 (17.2) 0
Tofogliflozin 102 (9.9) 0
Metformin 559 (54.1) 560 (54.2) 0.2
DPP-4 inhibitor 703 (68.1) 737 (71.3) 7.2
Sulfonylurea 255 (24.7) 258 (25.0) 0.7
Insulin 206 (19.9) 219 (21.2) 3.1
GLP-1 receptor agonist 15 (1.5) 13 (1.3) 1.7
Thiazolidinedione 159 (15.4) 164 (15.9) 1.3
Others 168 (16.3) 190 (18.4) 5.6

Blood pressure–lowering medications 673 (65.2) 642 (62.1) 6.2

ACE inhibitor 76 (7.4) 62 (6.0) 5.4
ARB 396 (38.3) 408 (39.5) 2.4
Calcium channel blocker 415 (40.2) 408 (39.5) 1.4
Diuretics 106 (10.3) 100 (9.7) 1.9
b-Blocker 114 (11.0) 114 (11.0) 0.0
a-Blocker 63 (6.1) 63 (6.1) 0.0
Statins 467 (45.2) 472 (45.7) 1.0

Data are means ± SD or n (%). A standardized difference >10% is considered a nonnegligible difference. Other glucose-lowering medications
include acarbose and epalrestat. Diuretics include thiazide diuretics and aldosterone antagonists. GLP-1, glucagon-like peptide 1.
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incidence of composite events across
groups with and without proteinuria
and rapid eGFR decline is shown in
Supplementary Figs. 12 and 13. Initia-
tion of SGLT2 inhibitors versus other
glucose-lowering drugs was associated
with lower risk for composite events
(HR 0.40, 95% CI 0.26–0.61; P < 0.001).
There was no evidence of interaction
between SGLT2 inhibitor use and pro-
teinuria, eGFR (eGFR <60 vs. $60 mL/
min/1.73 m2), age (<65 vs. $65 years),
and use of ACE inhibitors or ARBs at the
index date or between SGLT2 inhibitor
use and rapid decline in eGFR before
treatment initiation in associations
with composite events (all P for interac-
tion $0.35) (Fig. 4).
During follow-up, 25 events for a

$50% eGFR decline and 7 ESKD events
occurred in the SGLT2 inhibitor group
and 69 and 26 events occurred in the
other glucose-lowering drugs group. The
cumulative incidence of an $50% eGFR
decline and ESKD was higher in the
other glucose-lowering drugs group
compared with the SGLT2 inhibitor
group (Figs. 3B and C). Initiation of
SGLT2 inhibitors versus other glucose-
lowering drugs was associated with a
lower relative risk for a $50% eGFR
decline (HR 0.35, 95% CI 0.22–0.56; P <
0.001) and for ESKD (HR 0.26, 95% CI
0.11–0.61; P 5 0.002) (Supplementary
Figs. 14 and 15). There was no evidence
of interaction between SGLT2 inhibitor
use and proteinuria, eGFR (eGFR <60

vs. $60 mL/min/1.73 m2), age (<65 vs.
$65 years), or use of ACE inhibitors or
ARBs at the index date or between
SGLT2 inhibitor use and rapid decline in
eGFR before treatment initiation in
associations with an $50% eGFR
decline or ESKD events (all P for interac-
tion $0.35).

CONCLUSIONS

In the current analyses, using a multi-
center, real-world electronic health
record–based registry of T2DM patients
with CKD, we found evidence that initia-
tion of SGLT2 inhibitors versus other glu-
cose-lowering drugs was associated with
a significantly lower rate of eGFR decline.
The benefit of SGLT2 inhibitors over
other glucose-lowering drugs on change
in eGFR was greater among patients
who did not have rapid eGFR decline
before initiating treatment and those
who were using ACE inhibitors or ARBs
at the index date. Initiation of SGLT2
inhibitors versus other glucose-lowering
drugs was also associated with a signifi-
cantly lower risk of a clinically important
composite end point of a 50% eGFR
decline or ESKD. The benefits of SGLT2
inhibitors over other glucose-lower-
ing drugs for reducing composite kid-
ney events were consistent among
subgroups, with categories of pro-
teinuria (yes vs. no), eGFR (<60
vs. $60 mL/min/1.73 m2), age (<65
vs. $65 years), use of ACE inhibitors

or ARBs at the index date (yes vs.
no), and rapid decline before initia-
tion of treatments (yes vs. no).

In the Canagliflozin and Renal Events
in Diabetes with Established Nephropa-
thy Clinical Evaluation (CREDENCE) trial,
investigators assessed the effects of the
SGLT2 inhibitor canagliflozin on the kid-
ney in T2DM patients with eGFR of 30
to <90 mL/min/1.73 m2 (mean eGFR
56.2 mL/min/1.73 m2) and severe albu-
minuria (median urinary ACR 927).
Composite kidney outcomes, including
ESKD, a doubling of the creatinine level,
or death from renal causes, were signifi-
cantly lower with canagliflozin com-
pared with placebo (HR 0.66, 95% CI
0.53–0.81; P < 0.001) (6). The Dapagli-
flozin And Prevention of Adverse out-
comes in Chronic Kidney Disease (DAPA-
CKD) study included participants with
severe albuminuria (median urinary ACR
949) and eGFR of 25 to <75 mL/min/
1.73 m2 (mean eGFR 43.1 mL/min/1.73
m2) with or without T2DM. Composite
kidney outcomes, including an $50%
eGFR decline, ESKD, or death from renal
causes, were significantly lower with
dapagliflozin compared with placebo (HR
0.56, 95% CI 0.45–0.68) (7). Both trials
excluded patients with normoalbuminu-
ria. However, 20–50% of T2DM and CKD
patients have normoalbuminuria (22,23),
and the prevalence has been increasing
over the last decade (1,24). The risk for
adverse kidney events among T2DM
patients without proteinuria is interme-
diate between those with albuminuria
and those without CKD (i.e., normal
eGFR and normoalbuminuria) (25,26). In
the current study, the proportion of
patients taking ACE inhibitors or ARBs
appears to be one-half the percentage
reported in the CREDENCE trial and the
DAPA-CKD study (�40% vs. �99%),
which may be attributable to the fact
that only 30% of our patients had pro-
teinuria. The rate of eGFR decline among
T2DM patients with proteinuria not tak-
ing SGLT2 inhibitors appears to be lower
in the current study than in the CRE-
DENCE trial and the DAPA-CKD study.
These differences suggest that the cur-
rent study population was at low risk.
Since conducting an RCT in such a low-
risk population may not be feasible, the
current study may provide the only avail-
able evidence of the beneficial effects
on kidney function of SGLT2 inhibitors
over other glucose-lowering drugs among

Figure 1—Change in eGFR over time before and after initiation of SGLT2 inhibitors or other dia-
betes drugs (on-treatment analyses). Error bars show mean ± SE. Numbers below the graph
refer to the number of patients at each time point. Analyses for eGFR slope were conducted
from the index date and thereafter, accounting for the acute dip in eGFR in the SGLT2 inhibitor
group. P values were calculated using a linear mixed regression model.
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T2DM and CKD patients without protein-
uria or those not taking ACE inhibitors or
ARBs.

In kidney biopsy studies, only a subset
of patients with T2DM have purely dia-
betic glomerulopathy (30–50%), whereas

others have tubulointestinal or vascular
disease with or without diabetic glomer-
ulopathy (27). It remains to be deter-
mined whether T2DM patients with
different structural lesions may respond
differently to SGLT2 inhibitors. T2DM and

CKD patients without proteinuria have
less typical diabetic glomerulopathy but
disproportionally damaged intestinal and
vascular damage (28,29). Nodular lesions
and mesangiolysis have been reported
among T2DM patients who have rapid
decline in eGFR (30). In the current analy-
ses, initiation of SGLT2 inhibitors versus
other glucose-lowering drugs was associ-
ated with a significantly lower risk of
composite kidney outcomes irrespective
of the rate of eGFR decline before treat-
ment initiation. Conversely, the benefit of
SGLT2 inhibitors over other glucose-low-
ering drugs in slowing eGFR decline was
greater among patients who did not have
rapid eGFR decline before treatment initi-
ation. The difference may be related to a
regression to the mean effect; i.e., pat-
ients with versus without rapid eGFR
decline before treatment initiation appear
to have slower decline after treatment
irrespective of the treatment group.

The cumulative incidence of composite
kidney events was similar among T2DM
patients with proteinuria taking SGLT2
inhibitors versus those without protein-
uria not taking SGLT2 inhibitors. The
mechanisms underlying the potential dis-
ease-modifying effects of SGLT2 inhibitors
among T2DM and CKD patients are
largely unknown, but in recent post hoc
analyses from the BI 10773 (Empagliflo-
zin) Cardiovascular Outcome Event Trial
in Type 2 Diabetes Mellitus Patients
(EMPA-REG OUTCOME) trial it was sug-
gested that short-term reduction in albu-
minuria had a statistically significant
association with a decreased risk of
long-term renal function decline (31).
Thus, it is possible that eGFR decline
is alleviated by correction of glomeru-
lar hyperfiltration and subsequent reduc-
tion in proteinuria (32,33). In the current
study, we did not adjust for values of
ACR obtained during follow-up because
statistical power was affected by limited
availability of ACR measures. Therefore,
it remains uncertain whether the kidney
function benefits of SGLT2 inhibitors
compared with other glucose-lowering
drugs are independent of differences in
changes in proteinuria after treatment
initiation.

Strengths of this study include the con-
sistency of several subgroup analyses, and
the availability of multiple eGFR measure-
ments before and after treatment initia-
tion, which enabled us to match patients
based on their rate of kidney function

Figure 2—Annual rate of eGFR change in various subgroups (on-treatment analyses): with vs.
without proteinuria at the index date (A), with vs. without rapid decline in eGFR before initiat-
ing treatment (B), eGFR <60 vs. $60 mL/min/1.73 m2 at the index date (C), age <65 vs. $65
years at the index date (D), and with vs. without use of ACE inhibitors or ARBs at the index date
(E). eGFR change was calculated from the postindex eGFR measurements using a linear mixed
regression model. ARB, angiotensin II receptor blocker.
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decline before initiation of an SGLT2 inhib-
itor or other glucose-lowering drug. SGLT2
inhibitors were being used in a broad and
low-risk population, which more closely
mirrors the use of SGLT2 inhibitors in clini-
cal practice. In Japan, universal health
coverage is achieved, and therefore, eco-
nomic factors unlikely had a large effect
on the selection of patients for initiation
of SGLT2 inhibitors versus other glucose-
lowering drugs.

Limitations
Due to the observational nature of the
study, and despite robust statistical tech-
niques, including propensity-matching
and multiple sensitivity analyses, a possi-
bility of residual, unmeasured confound-
ing cannot be excluded. For example,
some patients might discontinue SGLT2
inhibitors during the initial weeks of
treatment, which could lead to an inc-

rease in eGFR among the SGLT2 inhibitor
group. Furthermore, measurements of
blood pressure levels and adiposity
parameters (e.g., BMI) at and after initia-
tion of glucose-lowering drugs were not
available in the current study, although
both might affect kidney function during
follow-up. However, reductions in blood
pressure and weight have been shown
to insufficiently account for all of the
observed benefits of SGLT2 inhibitors for
kidney function (34,35). Indeed, prior
studies suggested that the benefits of
SGLT2 inhibitors for kidney function were
evident regardless of patients’ blood pres-
sure levels and BMI (7,36). Serum creati-
nine was assayed with an enzymatic
method, which was not calibrated (trace-
able) to isotope dilution-liquid chroma-
tography–mass spectrometry (IDLCMS). In
the current study, serum creatinine was
assayed with an enzymatic method,

which was not calibrated (traceable) to
IDLCMS. Although enzymatic methods
have been shown to comply with the
National Kidney Disease Education Pro-
gram (NKDEP) working group–recom-
mended limits of bias (37,38), the
accuracy of serum creatinine with use of
an enzymatic method may be limited.
Bias might result from creatinine meas-
urements being made in clinical practice
because of incident ill health as well as
regular, more routine follow-up. How-
ever, this situation reflects real-world
clinical practice and presents the only
way to assess eGFR change over time.
Ascertainment bias because of the retro-
spective nature of data is also a possibil-
ity. However, frequency of creatinine
measurements between users and non-
users was similar. As conducted in
EMPA-REG OUTCOME and CVD-REAL 3
(8,31), we calculated eGFR slope using a
linear model. However, a linear model
might not be optimal to capture the
eGFR trajectory after initiation of SGLT2
inhibitors. Furthermore, bias in mixed-
model inferences for fixed effects might
also occur if the compound symmetry
assumption was not verified or the
method for determining whether missing
data were ignorable was not appropri-
ate. We did not impute missing values
because the number of missing meas-
urements was substantial—4,962 of
8,700 individuals (57%) had missing val-
ues for eGFR, hemoglobin A1c, or pro-
teinuria, and the number of eGFR
measurements during follow-up substan-
tially differed by individuals. It is possible
that the pattern of missingness depends
on the severity of the disease and that
missing values more frequently occur
among patients with a faster eGFR
decline. This could bias our estimates
and should be considered in interpreting
these results. We did not have comor-
bidity information (e.g., history of cardio-
vascular disease and blood pressure
levels) and were thus unable to include
this in propensity score matching. Selec-
tion bias in matching or excluding
patients also cannot be ruled out. Addi-
tionally, bias might result from eGFR
assessment, which requires a certain
number of observations before and after
treatment initiation. Our approach was
consistent with the methodology used in
CVD-REAL 3 (8). We focused on kidney
outcomes only and did not examine
safety. Information regarding other

Figure 3—Cumulative incidence of kidney events among the SGLT2 inhibitors group and other glu-
cose-lowering drugs group (ITT analyses) The cumulative probability of composite kidney events (A),
an$50% eGFR decline (B), and ESKD (C) among the SGLT2 inhibitors group and the other glucose-
lowering drugs group was calculated with the Kaplan-Meier method. Composite kidney events
included a sustained reduction in eGFR of $50% and ESKD (i.e., eGFR <15 mL/min/1.73 m2). The
log-rank test was used to calculate the P value, and the value was<0.001. The median length of fol-
low-up for each group was as follows: for the SGLT2 inhibitors group 25 months (interquartile range
15–32 and the other glucose-lowering drugs group 23 months (14–32) in composite kidney events
analyses and in the eGFR reduction $50% analyses and for the SGLT2 inhibitors group 25 months
(16–32) and the other glucose-lowering drugs 23 months (14–32) months in the ESKD analyses.
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microvascular complications of diabe-
tes, including retinopathy and neu-
ropathy, was not available in the
current study. Therefore, it remains
uncertain whether the kidney func-
tion benefits of SGLT2 inhibitors dif-
fer by the presence of retinopathy
and neuropathy. The proportion of
individuals with eGFR <45 mL/min/
1.73 m2 was only 10.0% in the SGLT2
inhibitor group and only 12.0% in the
other glucose-lowering drugs group. The-
refore, we did not test whether the ben-
efits of SGLT2 inhibitor treatment over
other glucose-lowering drugs are consis-
tent across subgroups categorized as
eGFR <45 vs. $45 mL/min/1.73 m2.
Lastly, longer follow-up data from obser-
vational studies are required to assess
whether the effects of SGLT2 inhibitors
are sustained over time.

Conclusion
In routine clinical practice, T2DM patients
with CKD who received SGLT2 inhibitors
had significantly better kidney outcomes
than those who received other glucose-
lowering drugs, irrespective of the pres-
ence or absence of proteinuria and the

rate of eGFR decline before treatment ini-
tiation. These data complement findings
from randomized trials and suggest that
the benefits of SGLT2 inhibitors on kidney
function as observed in clinical trials may
be applicable to a broader patient popu-
lation in routine clinical practice.
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