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Comparative Effectiveness of Sodium-Glucose Cotransporter 2 Inhibitors
vs Sulfonylureas in Patients With Type 2 Diabetes
Yan Xie, MPH; Benjamin Bowe, MPH; Andrew K. Gibson, MPH; Janet B. McGill, MD;
Geetha Maddukuri, MD; Ziyad Al-Aly, MD

IMPORTANCE In the treatment of type 2 diabetes, evidence of the comparative effectiveness
of sodium-glucose cotransporter 2 (SGLT2) inhibitors vs sulfonylureas—the second most
widely used antihyperglycemic class after metformin—is lacking.

OBJECTIVE To evaluate the comparative effectiveness of SGLT2 inhibitors and sulfonylureas
associated with the risk of all-cause mortality among patients with type 2 diabetes using
metformin.

DESIGN, SETTING, AND PARTICIPANTS A cohort study used data from the US Department
of Veterans Affairs compared the use of SGLT2 inhibitors vs sulfonylureas in individuals
receiving metformin for treatment of type 2 diabetes. A total of 23 870 individuals with new
use of SGLT2 inhibitors and 104 423 individuals with new use of sulfonylureas were enrolled
between October 1, 2016, and February 29, 2020, and followed up until January 31, 2021.

EXPOSURES New use of SGLT2 inhibitors or sulfonylureas.

MAIN OUTCOMES AND MEASURES This study examined the outcome of all-cause mortality.
Predefined variables and covariates identified by a high-dimensional variable selection
algorithm were used to build propensity scores. The overlap weighting method based on the
propensity scores was used to estimate the intention-to-treat effect sizes of SGLT2 inhibitor
compared with sulfonylurea therapy. The inverse probability of the treatment adherence
weighting method was used to estimate the per-protocol effect sizes.

RESULTS Among the 128 293 participants (mean [SD] age, 64.60 [9.84] years; 122 096
[95.17%] men), 23 870 received an SGLT2 inhibitor and 104 423 received a sulfonylurea.
Compared with sulfonylureas, SGLT2 inhibitors were associated with reduced risk of all-cause
mortality (hazard ratio [HR], 0.81; 95% CI, 0.75-0.87), yielding an event rate difference of
−5.15 (95% CI, −7.16 to −3.02) deaths per 1000 person-years. Compared with sulfonylureas,
SGLT2 inhibitors were associated with a reduced risk of death, regardless of cardiovascular
disease status, in several categories of estimated glomerular filtration rate (including rates
from >90 to �30 mL/min/1.73 m2) and in participants with no albuminuria (albumin to
creatinine ratio [ACR] �30 mg/g), microalbuminuria (ACR >30 to �300 mg/g), and
macroalbuminuria (ACR >300 mg/g). In per-protocol analyses, continued use of SGLT2
inhibitors was associated with a reduced risk of death compared with continued use of
sulfonylureas (HR, 0.66; 95% CI, 0.60-0.74; event rate difference, −10.10; 95% CI, −12.97 to
−7.24 deaths per 1000 person-years). In additional per-protocol analyses, continued use of
SGLT2 inhibitors with metformin was associated with a reduced risk of death compared with
SGLT2 inhibitor treatment without metformin (HR, 0.70; 95% CI, 0.50-0.97; event rate
difference, −7.62; 95% CI, −17.12 to −0.48 deaths per 1000 person-years).

CONCLUSIONS AND RELEVANCE In this comparative effectiveness study analyzing data from
the US Department of Veterans Affairs, among patients with type 2 diabetes receiving
metformin therapy, SGLT2 inhibitor treatment was associated with a reduced risk of all-cause
mortality compared with sulfonylureas. The results provide data from a real-world setting
that might help guide the choice of antihyperglycemic therapy.

JAMA Intern Med. 2021;181(8):1043-1053. doi:10.1001/jamainternmed.2021.2488
Published online June 28, 2021. Corrected on September 13, 2021.

Editor's Note page 1054

Supplemental content

CME Quiz at
jamacmelookup.com

Author Affiliations: Clinical
Epidemiology Center, Research and
Development Service, VA St Louis
Health Care System, St Louis,
Missouri (Xie, Bowe, Gibson, Al-Aly);
Department of Epidemiology and
Biostatistics, College for Public Health
and Social Justice, St Louis University,
St Louis, Missouri (Xie, Bowe);
Veterans Research and Education
Foundation of St Louis, St Louis,
Missouri (Xie, Bowe, Gibson, Al-Aly);
Department of Medicine, Washington
University School of Medicine in
St Louis, St Louis, Missouri (McGill,
Al-Aly); Nephrology Section,
Medicine Service, VA St Louis Health
Care System, St Louis, Missouri
(Maddukuri, Al-Aly); Institute for
Public Health, Washington University
in St Louis, St Louis, Missouri (Al-Aly).

Corresponding Author: Ziyad Al-Aly,
MD, Clinical Epidemiology Center,
Research and Development Service,
VA St Louis Health Care System,
915 N Grand Blvd, 151-JC, St Louis, MO
63106 (zalaly@gmail.com).

Research

JAMA Internal Medicine | Original Investigation

(Reprinted) 1043

Downloaded from jamanetwork.com by Washington University - St Louis user on 01/04/2024

https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamainternmed.2021.2488?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamainternmed.2021.2488
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamainternmed.2021.2487?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamainternmed.2021.2488
https://jamanetwork.com/journals/imd/fullarticle/10.1001/jamainternmed.2021.2488?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamainternmed.2021.2488
https://jama.jamanetwork.com/learning/article-quiz?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamainternmed.2021.2488
mailto:zalaly@gmail.com


T he introduction of sodium-glucose cotransporter 2
(SGLT2) inhibitors as a new class of antihyperglyce-
mics that reduces the risk of adverse cardiovascular and

kidney events has been a welcome addition to the armamen-
tarium of therapeutics in diabetes.1-7 Evidence also suggests
that the beneficial effects of SGLT2 inhibitors extend to people
without diabetes.8-10 However, randomized clinical trials of
SGLT2 inhibitors examined the effect of SGLT2 inhibitors vs
placebo; the trials did not provide head-to-head comparison
with other second-line antihyperglycemic agents.1-3 Several
large, real-world studies provided evidence on the use of SGLT2
inhibitors vs dipeptidyl peptidase-4 inhibitors and SGLT2 in-
hibitors vs other antihyperglycemics on cardiovascular and
kidney outcomes.11-22 However, comparative data from real-
world settings on SGLT2 inhibitors vs sulfonylureas—the sec-
ond most widely used antihyperglycemic class after metfor-
min—are lacking. A better understanding of the comparative
effectiveness of SGLT2 inhibitors vs sulfonylureas associated
with all-cause mortality (a terminal outcome that encom-
passes the breadth of potential SGLT2 inhibitor benefits) might
guide a more informed choice of antihyperglycemic therapy
in people with type 2 diabetes.

Sulfonylureas and SGLT2 inhibitors are often used after
metformin as second-line antihyperglycemic agents. Given the
knowledge gained from randomized clinical trials and the
totality of real-world evidence, we hypothesized that, among
individuals using metformin and compared with sulfonyl-
ureas, SGLT2 inhibitors may be associated with reduced risk
of all-cause mortality. In this work, we used the US Depart-
ment of Veterans Affairs electronic health care databases to
evaluate the comparative effectiveness of SGLT2 inhibitors vs
sulfonylureas associated the risk of all-cause mortality in per-
sons receiving metformin therapy.

Methods
Study Design
Individuals were eligible for the study if they were using met-
formin therapy between October 1, 2016, and February 29,
2020 (N = 1 025 731). Among these, 397 365 individuals re-
ceived SGLT2 inhibitors or sulfonylureas within 90 days after
use of metformin, with the date of the first SGLT2 inhibitor or
sulfonylurea prescription defined as the date of treatment ini-
tiation. Persons with a prescription record of SGLT2 inhibi-
tors or sulfonylureas within the past year before treatment
initiation did not meet the eligibility criteria (n = 197 470:
SGLT2 inhibitors, 34 498; sulfonylureas, 162 972). Individu-
als would not be further selected if they had been enrolled in
the Veterans Affairs Health Care System for less than a year at
treatment initiation (n = 156 466: SGLT2 inhibitors, 29 585; sul-
fonylureas, 126 881) or had a history of type 1 diabetes, esti-
mated glomerular filtration rate (eGFR) less than 30 mL/min/
1.73 m2, dialysis, or kidney transplant in the year before
treatment initiation (n = 143 821: SGLT2 inhibitors, 26 863; sul-
fonylureas, 116 958). Individuals were then selected on the
basis of having measured hemoglobin A1c levels, height, weight,
blood pressure, eGFR, and low-density lipoprotein choles-

terol levels within the year before treatment initiation, yield-
ing an analytic cohort of 128 293 individuals (SGLT2 inhibi-
tors, 23 870; sulfonylureas, 104 423) (eFigure 1 in the
Supplement). Participants were followed up until the occur-
rence of death or administrative end of follow-up (January 31,
2021). The study was approved by the institutional review
board of the Department of Veterans Affairs St Louis Health
Care System, St Louis, Missouri, with a waiver of informed con-
sent because of the retrospective nature of the study. This study
followed the International Society for Pharmacoeconomics
and Outcomes Research (ISPOR) reporting guideline for
comparative effectiveness studies.

We used Department of Veterans Affairs Corporate Data
Warehouse (CDW) as the data source of this study.23-27 The
CDW outpatient and inpatient encounters domains were used
to collect International Statistical Classification of Diseases and
Related Health Problems, Tenth Revision (ICD-10) diagnosis
codes, Current Procedural Terminology codes, and ICD-10
procedure codes.27-33 Pharmacy data were obtained from the
CDW outpatient pharmacy domain and laboratory data were
obtained from the CDW laboratory results domain.34 The CDW
vital signs domain, the CDW patient domain, and VA vital
status databases were used to collect demographic informa-
tion and vital status data.26,33,35

Treatment and Outcome
Use of SGLT2 inhibitors and sulfonylureas was the treatment
of the study and was defined based on prescription records.
Distribution of medications within the SGLT2 inhibitor and sul-
fonylurea classes is presented in eTable 1 in the Supplement.

The intention-to-treat effect size, which is the outcome
associated with use of an SGLT2 inhibitor or sulfonylurea at
treatment initiation, was examined. We also examined the per-
protocol effect size, which is the treatment effect size when

Key Points
Question What is the comparative effectiveness of
sodium-glucose cotransporter 2 inhibitors vs sulfonylureas
associated with the risk of all-cause mortality among individuals
using metformin for treatment of type 2 diabetes?

Findings In this comparative effectiveness study analyzing
data from the US Department of Veterans Affairs and including
128 293 individuals with type 2 diabetes receiving metformin, use
of sodium-glucose cotransporter 2 inhibitors was associated with
reduced risk of all-cause mortality compared with sulfonylureas,
regardless of cardiovascular disease status, estimated glomerular
filtration rate category, and albuminuria status. Use of
sodium-glucose cotransporter 2 inhibitors with metformin therapy
was associated with a reduced risk of all-cause mortality compared
with sodium-glucose cotransporter 2 inhibitors without
metformin therapy.

Meaning The results of this cohort study provide real-world data
on the risk of all-cause mortality associated with sodium-glucose
cotransporter 2 inhibitors vs sulfonylureas, which may help
guide the choice of antihyperglycemic therapy in people with
type 2 diabetes.
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participants followed a specified treatment protocol for medi-
cation use. Two treatment protocols with different clinical
implications were specified for per-protocol analyses: contin-
ued use of SGLT2 inhibitors or sulfonylureas throughout
follow-up and concurrent use of SGLT2 inhibitors and metfor-
min or continued use of SGLT2 inhibitors without metformin
throughout follow-up. Discontinued use of a medication was
defined based on no record of a prescription refill within
90 days after the end of the supply. Time until all-cause mor-
tality was the outcome of the study.

Covariates
Covariates that may be different across the 2 arms in ob-
served data were ascertained in the year before treatment ini-
tiation. Variables with known associations with treatment
selection were used as predefined covariates.11,12 Predefined
covariates included age, race (White, Black, and other), sex,
hemoglobin A1c level, eGFR, systolic blood pressure, diastolic
blood pressure, low-density lipoprotein cholesterol level, and
body mass index (BMI) (calculated as weight in kilograms
divided by height in meters squared). Diseases that may have
influenced the choice of treatment, such as congestive heart
failure, cardiovascular diseases, cancer, alcoholism, hypogly-
cemia, diabetic ketoacidosis, acute kidney injury, bladder and
urinary tract infections, venous thromboembolism, pancre-
atitis, bone fracture, and albuminuria (no albuminuria: albu-
min to creatinine ratio [ACR] ≤30 mg/g, microalbuminuria: ACR
>30 to ≤300 mg/g, and macroalbuminuria: ACR >300 mg/g)
were also included as predefined covariates.36 Prescription of
glucagonlike peptide-1 receptor agonists, dipeptidyl pepti-
dase-4 inhibitors, thiazolidinediones, insulin, α-glucosidase
inhibitors, meglitinides, amylin analogues, statins, angiotensin-
converting enzyme inhibitors, angiotensin receptor blockers,
β-blockers, diuretics, and calcium channel blockers were also
included as predefined covariates.36 Smoking status (never,
former, current), type of health care system in which the an-
tihyperglycemic was prescribed at treatment initiation (hos-
pital system or outpatient clinic), and the calendar year of treat-
ment initiation were also included as predefined covariates.
To account for potential nonlinear associations between con-
tinuous variables and treatment assignment, all continuous
variables were transformed into restricted cubic splines un-
less otherwise specified.

High-dimensional covariate data from 7 data domains,
including outpatient ICD-10 diagnostic codes, outpatient
Current Procedural Terminology codes, inpatient ICD-10 diag-
nostic codes, inpatient Current Procedural Terminology codes,
and inpatient ICD-10 procedure codes for surgeries, phar-
macy records, and laboratory results, were additionally used
to further reduce potential biases.37,38 Participants’ health rec-
ords within 1 year before treatment initiation were used to con-
struct the high-dimensional propensity score. First, the top 300
frequently occurring items (eg, diagnosis, procedure, labora-
tory test result) among participants from each of the 7 data do-
mains were individually categorized into 3 binary variables:
ever occurred (occurred more than once in the participant),
sometimes occurred (occurred more than in 50% of other par-
ticipants), and frequently occurred (occurred more than in 75%

of other participants). Univariate associations between each
variable with treatment assignment were evaluated based on
relative risk, and the 300 variables with the largest relative risks
were selected for constructing the high-dimensional propen-
sity score. Selections were conducted independently in the
overall cohort and within each subgroup.

To estimate the per-protocol effect size, both predefined
and high-dimensional covariates were time updated. High-
dimensional variables for per-protocol analyses were se-
lected based on their association with adherence to the treat-
ment protocol.39

Statistical Analysis
Characteristics of the SGLT2 inhibitor and sulfonylurea arms
are described as mean (SD) or number (percentage). The over-
all analytic approach flowchart is presented in eFigure 2 in the
Supplement. We used overlap weighting based on high-
dimensional propensity score (using predefined and algorith-
mically selected high-dimensional covariates) to balance
the exposure groups (SGLT2 inhibitors and sulfonylureas).40,41

The high-dimensional propensity score was estimated from
logistic regression, with both predefined covariates and
algorithmically selected high-dimensional variables used to
predict treatment assignment. We then applied overlap weight-
ing to the cohort to account for the different baseline charac-
teristics between patients in the real-world setting using SGLT2
inhibitors and sulfonylureas. The weighting was constructed
as the probability of receiving the opposite treatment (1 mi-
nus the probability of receiving the assigned treatment). The
overlap weight for each participant with possible minimal value
of 0 and maximum value of 1, without stabilization or trim-
ming, was used.40 To assess the success of balancing, we evalu-
ated the propensity score distributions and covariate stan-
dardized mean differences before and after adjustment
(eFigure 3 and eFigure 4 in the Supplement).

To estimate the risk between initiation of SGLT2 inhibi-
tors and sulfonylureas on all-cause mortality, a Cox propor-
tional hazards model with the overlap weighting was ap-
plied. The mortality rate per 1000 person-years in individuals
initiating SGLT2 inhibitors and those initiating sulfonylureas
and the event rate difference between the 2 groups were com-
puted from the survival probability based on all data col-
lected during the follow-up, with survival probability esti-
mated based on the hazard ratio (HR) and underlying risk
generated from Breslow estimator.42 Multiple subgroup analy-
ses were conducted in predefined subgroups based on those
younger and older than 65 years, baseline cardiovascular dis-
ease status, eGFR status (≥90, <90 to ≥60, <60 to ≥45, and
<45 mL/min/1.73 m2), albuminuria status, BMI categories
(≤25, 25-≤30, and >30), and use of medications, including
insulin, angiotensin-converting enzyme inhibitors, angioten-
sin receptor blockers, and diuretics. High-dimensional pro-
pensity scores and weights for each subgroup were con-
structed independently.

In addition to the intention-to-treat effect size, we exam-
ined the per-protocol effect sizes of SGLT2 inhibitors and sul-
fonylureas, based on participants’ adherence to the defined
treatment protocol.43-45 The per-protocol effect sizes were
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estimated by inverse weighing the probability of nonadher-
ence to the protocol at every time point.45-47 We first esti-
mated the probability of adherence at each time point k within
participants who were adherent to the treatment protocol at
the previous time point (k-1). The probability was estimated
based on time updated covariates. The inverse probability of
adherence weighting at time t was then constructed as

SWt
Z =

t

k = 1

Probability of adherence at k by time
independent covariates

Probability of adherence at k

where Z is an indicator of adherence and the stabilized factor
in the numerator was the probability of adherence based on
time-independent covariates, including age, race, sex, type of
health care system, and year of treatment initiation. The sta-
bilized adherence weights were multiplied with treatment
weights to balance baseline covariates (done using overlap
weighting) and generate summarized weights. The summa-
rized weights were further truncated at both tails to reduce the
bias and variance. Weights were applied to pooled logistic re-
gression to estimate the per-protocol effect size, with fol-
low-up time treated as a restricted cubic spline and knots placed
at 180, 360, 540, 720, and 900 days.

The robustness of our result was examined through mul-
tiple sensitivity analyses. We (1) censored follow-up at Febru-
ary 29, 2020, to remove the influence of COVID-19 on the out-
come through altered care of patients with diabetes, risk of
death due to COVID-19, and other factors related to COVID-
19; (2) applied the inverse probability of treatment weighting
to balance characteristics between SGLT2 inhibitors and sul-
fonylureas as an alternative to the overlap weighting; (3) in
consideration of the potential correlation between high-
dimensional selected variables, applied least absolute shrink-
age and selection operator regression to estimate the propen-
sity score; (4) examined the association in 2 enrollment periods
(2016, 2017) and separately (2018, 2019, 2020) because anti-
hyperglycemic prescribing preferences may have changed over
time; and (5) removed mortality happening in the first 180 days
of follow up, and separately, removed mortality happening in
the first 90 days of follow-up, because these events were most
likely not related to the treatments.

To detect the presence of spurious biases, we followed the
approach outlined by Lipsitch and colleagues48 to examine
the association between SGLT2 inhibitors and chronic lower
respiratory disease as a negative outcome control. To our
knowledge, there is no evidence suggesting a causal associa-
tion exists; therefore, we would expect a priori that a success-
ful application of this negative outcome control test would yield
a null association. Similarly, we examined the association
between SGLT2 inhibitors and BMI decrease by greater than
10%, and separately, BMI increase by greater than 10% as
positive outcome controls. We would expect to observe that
SGLT2 inhibitors was associated with an increased risk of a BMI
decrease and a reduced risk of a BMI increase, based on es-
tablished knowledge from randomized clinical trials and real-
world evidence.

Based on 500 times bootstrapping, 95% CIs were gener-
ated for rate and rate difference. A 95% CI of a ratio that does

not cross 1 or of a rate that does not cross 0 was considered
statistically significant. All analyses were done using SAS
Enterprise Guide, version 7.1 (SAS Institute Inc).

Results
The cohort included 128 293 participants: 23 870 individuals
with new use of SGLT2 inhibitors and 104 423 individuals with
new use of sulfonylureas. Mean (SD) age was 64.60 (9.84) years;
122 096 men (95.17%) and 6197 women (4.83%) were in-
cluded. The demographic and health characteristics in the
overall cohort and by treatment arm before adjustment are
provided in eTable 2 in the Supplement; characteristics after
adjustment are reported in Table 1.

Adjusted survival probability for all-cause mortality and
number of participants at risk during the follow-up period
are provided in Figure 1. Compared with new use of sulfonyl-
ureas, new use of SGLT2 inhibitors was associated with
a reduced risk of all-cause mortality (HR, 0.81; 95% CI,
0.75-0.87). Adjusted event rate differences suggested that,
compared with sulfonylureas, use of SGLT2 inhibitors was
associated with −5.15 (95% CI, −7.16 to −3.02) deaths per 1000
person-years. In prespecified subgroup analyses, SGLT2 in-
hibitor use was associated with a reduced risk of all-cause mor-
tality, regardless of age, cardiovascular disease status, eGFR
category, albuminuria status, BMI category, and baseline use
of insulin, angiotensin-converting enzyme inhibitors, angio-
tensin receptor blockers, and diuretics (Figure 2; eTable 3 in
the Supplement). Estimates of absolute rate differences showed
that event rate reduction was higher in participants with car-
diovascular disease, lower eGFR category, and albuminuria
(microalbuminuria or macroalbuminuria) (Figure 2; eTable 3
in the Supplement).

In a prespecified protocol that required continued use of
SGLT2 inhibitors or sulfonylureas throughout the study
duration, SGLT2 inhibitor use was associated with a reduced
risk of all-cause mortality compared with sulfonylureas (HR,
0.66; 95% CI, 0.60-0.74; event rate difference, −10.10; 95% CI,
−12.97 to −7.24 deaths per 1000 person-years) (Figure 3;
eTable 4 in the Supplement).

In another prespecified protocol (applied to the SGLT2
inhibitor arm), which required continued use of SGLT2 inhibi-
tors with metformin or SGLT2 inhibitors without metformin
throughout the study duration, compared with SGLT2 inhibi-
tor use without metformin, SGLT2 inhibitor use with metfor-
min was associated with a reduced risk of all-cause mortality
(HR, 0.70; 95% CI, 0.50-0.97; event rate difference, −7.62; 95%
CI, −17.12 to −0.48 deaths per 1000 person-years) (Figure 3,
eTable 5 in the Supplement).

We conducted several sensitivity analyses to test the ro-
bustness of study results (Table 2). First, because the COVID-19
pandemic may have altered care of patients with diabetes
and these patients may have a higher risk of death due to
COVID-19, and to eliminate bias that may be introduced by
these and other factors related to COVID-19, we censored par-
ticipants on February 29, 2020 (before the onset of the pan-
demic in the US); the results show that the SGLT2 inhibitor
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Table 1. Demographic and Health Characteristics After Adjustment

Baseline characteristics

No. (%) Absolute
standardized
differenceaOverall cohort SGLT2 inhibitor Sulfonylurea

No. 128 293 23 870 (18.61) 104 423 (81.39)

Age, mean (SD), y 64.60 (9.84) 64.60 (9.81) 64.60 (9.87) <0.01

Race

White 97 772 (76.21) 18 191 (76.21) 79 581 (76.21) <0.01

Black 23 927 (18.65) 4452 (18.65) 19 475 (18.65) <0.01

Other 6594 (5.14) 1227 (5.14) 5367 (5.14) <0.01

Sex

Male 122 096 (95.17) 22 717 (95.17) 99 379 (95.17)
<0.01

Female 6197 (4.83) 1153 (4.83) 5044 (4.83)

eGFR, mean (SD), mL/min/1.73 m2 79.07 (18.91) 79.07 (18.84) 79.07 (18.99) <0.01

eGFR status, mL/min/1.73 m2

≥90 37 806 (29.47) 7168 (30.03) 30 638 (29.34) 0.02

≥60 to <90 68 771 (53.60) 12 403 (51.96) 56 368 (53.98) 0.04

≥45 to >60 17 383 (13.55) 3745 (15.69) 13 638 (13.06) 0.08

30 to >45 4334 (3.38) 554 (2.32) 3780 (3.62) 0.08

HbA1c, mean (SD), % 8.60 (1.59) 8.60 (1.60) 8.60 (1.59) <0.01

BMI, mean (SD) 33.79 (6.62) 33.79 (6.67) 33.79 (6.56) <0.01

Low-density lipoprotein cholesterol,
mean (SD), mg/dL

83.13 (38.22) 83.13 (36.83) 83.13 (39.56) <0.01

Blood pressure, mean (SD), mm Hg

Systolic 132.20 (16.60) 132.20 (16.61) 132.20 (16.60) <0.01

Diastolic 75.87 (10.13) 75.87 (10.10) 75.87 (10.15) <0.01

Congestive heart failure 11 226 (8.75) 2089 (8.75) 9137 (8.75) <0.01

Alcoholism 6928 (5.4) 1289 (5.4) 5639 (5.4) <0.01

Bone fracture 1424 (1.11) 265 (1.11) 1159 (1.11) <0.01

Cancer 25 248 (19.68) 4698 (19.68) 20 550 (19.68) <0.01

Cardiovascular disease 44 197 (34.45) 8223 (34.45) 35 974 (34.45) <0.01

Diabetic ketoacidosis 436 (0.34) 81 (0.34) 355 (0.34) <0.01

Hypoglycemia 2899 (2.26) 539 (2.26) 2360 (2.26) <0.01

Pancreatitis 1578 (1.23) 294 (1.23) 1284 (1.23) <0.01

Bladder and urinary tract infection 2758 (2.15) 513 (2.15) 2245 (2.15) <0.01

Venous thromboembolism 808 (0.63) 150 (0.63) 658 (0.63) <0.01

Acute kidney injury 10 854 (8.46) 2019 (8.46) 8834 (8.46) <0.01

Albuminuriab

No albuminuria 74 808 (58.31) 13 919 (58.31) 60 889 (58.31) <0.01

Microalbuminuria 44 633 (34.79) 8304 (34.79) 36 329 (34.79) <0.01

Macroalbuminuria 8865 (6.91) 1649 (6.91) 7216 (6.91) <0.01

Insulin 61 465 (47.91) 11 436 (47.91) 50 029 (47.91) <0.01

DPP4 19 116 (14.9) 3557 (14.9) 15 559 (14.9) <0.01

GLP1 7929 (6.18) 1475 (6.18) 6453 (6.18) <0.01

Thiazolidinedione 4760 (3.71) 886 (3.71) 3874 (3.71) <0.01

ACE inhibitor/ARB 82 954 (64.66) 15 434 (64.66) 67 520 (64.66) <0.01

Calcium channel blocker 36 615 (28.54) 6812 (28.54) 29 802 (28.54) <0.01

β-Blocker 59 720 (46.55) 11 111 (46.55) 48 609 (46.55) <0.01

Diuretic 52 562 (40.97) 9780 (40.97) 42 782 (40.97) <0.01

Statin 102 750 (80.09) 19 117 (80.09) 83 632 (80.09) <0.01

Type of health care system

Outpatient clinic 73 653 (57.41) 13 704 (57.41) 59 949 (57.41)
<0.01

Hospital system 54 640 (42.59) 10 166 (42.59) 44 474 (42.59)

(continued)
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arm exhibited less risk of all-cause mortality compared with
the sulfonylurea arm. Second, as an alternative to the
overlap-weighting method used in our primary approach, we
used the inverse probability treatment-weighting method to
balance characteristics of the 2 exposure groups; the result
was consistent in that the magnitude and direction of point
estimates were consistent with those in the primary analyses.
Third, least absolute shrinkage and selection operator regres-
sion was used to account for potential increased correlation
between high-dimensional variables; the result was consis-
tent with the primary analysis. Fourth, to examine whether
the observed association of SGLT2 inhibitors and all-cause
mortality varied depending on temporal differences in the
availability of the antihyperglycemic medication and pre-
scription criteria, we examined the association of SGLT2

inhibitors and the outcome in 2016 and 2017 when SGLT2
inhibitor agents were less accessible and in 2018 and 2019
when SGLT2 inhibitor use became relatively more popular.
Compared with the sulfonylurea arm, SGLT2 inhibitor use
was associated with a reduced risk of all-cause mortality in
the 2 periods examined (HR, 0.88; 95% CI, 0.77-0.99 in 2016
and 2017; HR, 0.77; 95% CI, 0.70-0.85 in 2018, 2019, and
2020). Fifth, we conducted analyses in which we removed
individuals with an event occurring in the first 180 days of
follow-up, because it is unlikely that these events are related
to exposure to the antihyperglycemic agent; results showed
that, compared with sulfonylureas, SGLT2 inhibitor use
was associated with a reduced risk of all-cause mortality
(HR, 0.82; 95% CI, 0.76-0.88). These results were also consis-
tent in analyses that removed individuals with an event

Table 1. Demographic and Health Characteristics After Adjustment (continued)

Baseline characteristics

No. (%) Absolute
standardized
differenceaOverall cohort SGLT2 inhibitor Sulfonylurea

Year of treatment initiation

2016 2989 (2.33) 556 (2.33) 2433 (2.33) <0.01

2017 24 222 (18.88) 4507 (18.88) 19 715 (18.88) <0.01

2018 36 717 (28.62) 6832 (28.62) 29 886 (28.62) <0.01

2019 56 051 (43.69) 10 429 (43.69) 45 622 (43.69) <0.01

2020 8313 (6.48) 1547 (6.48) 6767 (6.48) <0.01

Smoking status

Never 70 189 (54.71) 13 059 (54.71) 57 130 (54.71) <0.01

Former 32 214 (25.11) 5994 (25.11) 26 221 (25.11) <0.01

Current 25 800 (20.11) 4800 (20.11) 20 999 (20.11) <0.01

Follow-up, mean (SD), y 2.20 (0.91) 2.17 (0.90) 2.22 (0.91) 0.05

Abbreviations: ACE inhibitor/ARB, angiotensin-converting enzyme
inhibitor/angiotensin-receptor blocker; BMI, body mass index (calculated as
weight in kilograms divided by height in meters squared); DPP4, dipeptidyl
peptidase-4 inhibitor; eGFR, estimated glomerular filtration rate;
GLP1, glucagonlike peptide-1; HbA1c, glycated hemoglobin;
SGLT2, sodium-glucose cotransporter 2.

SI conversion factor: To convert low-density lipoprotein cholesterol to

millimoles per liter, multiply by 0.0259.
a Standardized difference less than 0.1 indicates good balance between

2 groups.
b Albuminuria status categorized as no albuminuria (defined as albumin to

creatinine ratio [ACR]<30 mg/g), microalbuminuria (ACR 30 to <300 mg/g),
and macroalbuminuria (ACR�300 mg/g).

Figure 1. Adjusted Intention-to-Treat Survival Probability for All-Cause Mortality
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occurring in the first 90 days of follow-up (HR, 0.84; 95% CI,
0.78-0.91).

To test for possible spurious biases, we examined the as-
sociation between SGLT2 inhibitors and the risk of chronic
lower respiratory disease as a negative outcome control, with
no prior knowledge suggesting a causal association. Our analy-
ses suggested there was no significant association between

SGLT2 inhibitors and chronic lower respiratory disease (HR,
1.04; 95% CI, 0.97-1.13) (eFigure 5a in the Supplement).

To test whether our approach would reproduce a priori
knowledge, we examined the association between SGLT2
inhibitors and sulfonylureas and the risk of more than a 10%
increase and, separately, more than a 10% decrease in BMI
as positive outcome controls. Established knowledge from

Figure 2. Intention-to-Treat Hazard Ratios (HRs) and Event Rate Reduction for All-Cause Mortality
in the Overall Cohort and Prespecified Subgroups
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Figure 3. Per-Protocol Hazard Ratios (HRs) and Event Rate Reduction for All-Cause Mortality
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randomized clinical trials and real-world evidence suggests that
SGLT2 inhibitor use is associated with a reduction in BMI,
whereas use of sulfonylureas is associated with an increase in
BMI. Our results suggest that, compared with sulfonylureas,
SGLT2 inhibitor use was associated with an increased risk of
a more than 10% decrease in BMI (HR, 1.44; 95% CI, 1.38-
1.50) and decreased risk of a more than 10% increase in BMI
(HR, 0.52; 0.48-0.56) (eFigure 5b and 5c in the Supplement).

Discussion
In this work, we leveraged the breadth and depth of the elec-
tronic health care databases of the US Department of Veterans
Affairs and methodologic advances to evaluate the compara-
tive effectiveness of SGLT2 inhibitors vs sulfonylureas associ-
ated with the risk of all-cause mortality among individuals using
metformin for treatment of type 2 diabetes. The results sug-
gest that, compared with sulfonylureas, SGLT2 inhibitors use
was associated with a reduced risk of all-cause mortality. The
association was evident in individuals with and without car-
diovascular disease, regardless of eGFR category and albumin-
uria status, and in several other prespecified subgroups. Per-
protocol analyses showed that combined use of SGLT2 inhibitors
and metformin was associated with a reduced risk for all-
cause mortality compared with SGLT2 inhibitors alone. The
results were robust to challenge in multiple sensitivity analy-
ses. The testing of negative and positive outcome controls
yielded results consistent with a priori expectations.

Sulfonylureas are the most commonly used second-line
antihyperglycemic medications—accounting for 37% of the
global market share of antihyperglycemics.49,50 Despite this,
evidence on the comparative effectiveness of sulfonylureas vs
SGLT2 inhibitors, the newest class of second-line antihyper-
glycemics, is lacking. Our results provide data suggesting that,
among metformin users, compared with new use of sulfonyl-
ureas, new use of SGLT2 inhibitors was associated with a re-
duced risk of all-cause mortality in the overall cohort and in
several prespecified subgroups. Use of SGLT2 inhibitors was

associated with a reduced risk of all-cause mortality in indi-
viduals with and without cardiovascular disease, regardless
of eGFR category and albuminuria status. Juxtaposed against
the background that nearly all randomized clinical trials of
SGLT2 inhibitors enrolled high-risk groups (patients with or
at high risk for cardiovascular disease and those with kidney
disease or albuminuria), our results complement evidence from
randomized clinical trials and suggest that the salutary asso-
ciation between SGLT2 inhibitors and the risk of mortality likely
extends to lower risk groups, including those without cardio-
vascular disease, with eGFR greater than 60 mL/min/1.73 m2,
and with no albuminuria or microalbuminuria. Our findings
also suggest that, although estimates of relative risk (HRs) were
consistently reduced across all subgroups, estimates of the
absolute rate reduction suggested that those in the lower eGFR
categories, and microalbuminuria and macroalbuminuria
categories may derive the highest absolute risk reduction
owing to a higher baseline risk in these subgroups.

A consensus report by the American Diabetes Association
and the European Association for the Study of Diabetes recom-
mends metformin as the preferred initial antihyperglycemic for
most people with type 2 diabetes and suggests that stepwise
addition of medication to decrease glucose levels is preferred
to initial combination therapy.51,52 However, increasingly, some
clinical practice guidelines are relaxing these recommenda-
tions. Guidelines from the European Society of Cardiology sug-
gest initiation of SGLT2 inhibitors in patients with type 2 dia-
betes who are at high or very high cardiovascular risk irrespective
of whether they are treatment naive or already receiving
metformin.53 The newly released KDIGO guidelines suggest that
metformin and SGLT2 inhibitors should be considered as first-
line treatment in patients with type 2 diabetes and kidney
disease.54 Increasingly, second-line antihyperglycemics are
often initiated without first-line metformin therapy.55 In the
SGLT2 inhibitors trials involving patients with type 2 diabetes,
baseline metformin use ranged from 58% to 82%.56 In this study,
we designed a per-protocol analysis to gain a better understand-
ing whether continued metformin use with the addition of
SGLT2 inhibitors was contributing to risk reduction. The re-

Table 2. Sensitivity Analyses for Comparison of SGLT2 Inhibitors and Sulfonylureas as Reference Group on Risk of All-Cause Mortality

Sensitivity analyses Hazard ratio

Death rate per 1000 person-years (adjusted 95% CI)
Event reduction per
1000 person-years (95% CI)SGLT2 inhibitors Sulfonylureas

Censored on February 29, 2020 0.82 (0.74 to 0.91) 20.84 (18.85 to 22.72) 25.11 (23.85 to 26.77) −4.47 (−6.63 to −2.42)

Inverse probability treatment weight 0.87 (0.77 to 0.99) 22.19 (19.65 to 24.89) 25.49 (24.82 to 26.23) −3.32 (−5.97 to −0.32)

Propensity score–based
on LASSO regression

0.79 (0.74 to 0.85) 22.86 (21.32 to 24.60) 28.69 (27.49 to 29.77) −5.78 (−7.89 to −3.56)

Within patients enrolled in 2016
and 2017

0.88 (0.77 to 0.99) 25.20 (22.22 to 28.22) 28.33 (26.40 to 30.37) −3.12 (−3.08 to −0.21)

Within patients enrolled in 2018,
2019, and 2020

0.77 (0.70 to 0.85) 21.44 (19.46 to 23.13) 27.36 (25.91 to 29.07) −5.82 (−8.07 to −3.96)

Excluded patients with events within
180 d from treatment initiationa

0.82 (0.76 to 0.88) 20.80 (19.43 to 22.25) 24.68 (23.74 to 25.86) −3.94 (−5.49 to −2.31)

Excluded patients with events within
90 d from treatment initiationb

0.84 (0.78 to 0.91) 22.05 (20.60 to 23.49) 26.69 (25.67 to 27.81) −4.71 (−6.40 to −2.73)

Abbreviations: LASSO, least absolute shrinkage and selection operator;
SGLT2, sodium-glucose cotransporter 2.
a A total of 181 (18.81%) of the events from the SGLT2 inhibitor group and

1098 (14.04%) of the events from the sulfonylurea group were excluded.
b A total of 85 (9.96%) of the events from the SGLT2 inhibitor group and

502 (6.42%) of the events from the sulfonylurea group were excluded.
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sults suggest that combined use of SGLT2 inhibitors with met-
formin was associated with a reduced risk of mortality com-
pared with SGLT2 inhibitors alone. Our results suggest that
metformin contributes to risk reduction and inform the discus-
sion around the role of metformin in this new era of antihyper-
glycemics. Owing to substantial cost difference vs SGLT2 in-
hibitors, long-standing safety record, tolerability, and beneficial
metabolic profile, metformin may still be the preferred choice
as a first-line antihyperglycemic agent in type 2 diabetes. A head-
to-head evaluation of SGLT2 inhibitor vs metformin therapy will
be needed before fully endorsing status of SGLT2 inhibitors as
a first-line antihyperglycemic agent.

In considering initiation of second-line antihyperglyce-
mics, cost is often a major factor that influences choice of an
agent. A recent analysis estimated that, among Medicare Part
D plans in 2019, the total annual and out-of-pocket cost for sul-
fonylureas was $31, the total annual cost for SGLT2 inhibitors
ranged from $5967 to $6118, and annual out-of-pocket-cost
for SGLT2 inhibitors ranged from $1298 to $1615.57 However,
despite higher treatment cost and owing to their salutary prop-
erties in reducing complication costs and gains in quality-
adjusted life-years, SGLT2 inhibitors are now considered to
be cost-saving or cost-effective.58 Nevertheless, the substan-
tially higher out-of-pocket cost of SGLT2 inhibitors limits ac-
cess to many patients who may benefit from these newer agents
and might contribute to inequities. Policy measures aimed at
reducing out-of-pocket costs and facilitating access will be im-
portant to mitigate to the extent possible potential financial
contributors to health inequities.

The mechanisms underpinning the association between
SGLT2 inhibitors and risk of death are not entirely clear. Ex-
perimental and clinical evidence suggest several putative
mechanisms that might explain the beneficial properties of
SGLT2 inhibitors on the risk of death, including hemody-
namic (eg, natriuresis and osmotic diuresis, blood pressure re-
duction), metabolic (eg, weight loss), reduced inflammation
and oxidative stress, and improved vascular endothelial
function.59,60 It is plausible that several of these putative
mechanistic pathways are contributing to the observed asso-
ciation of SGLT2 inhibitors with risk of all-cause mortality.

Strengths and Limitations
The study has several strengths. We developed our research
aim, study design, and execution to specifically address a
knowledge gap of the comparative effectiveness of incident use
of SGLT2 inhibitors vs sulfonylureas on the risk of all-cause
mortality among people receiving metformin. To our knowl-
edge, this issue has not been and is unlikely to be addressed
in randomized clinical trials; at this time, there are no regis-
tered clinical trials (finished or ongoing) addressing the com-
parative effectiveness of SGLT2 inhibitors vs sulfonylureas. We
used large-scale real-world data from the US Department of
Veterans Affairs, which operates the largest integrated health
care system in the US; Veterans Affairs data are captured dur-
ing routine clinical care, which might more closely recapitu-
late real-world experiences. Although there is a substantial cost
differential between SGLT2 inhibitors and sulfonylureas, ini-
tiation or discontinuation of these agents is less likely to be

influenced by financial considerations in the Veterans Affairs
system (a US government–funded health care system that
provides comprehensive health care benefits, including pre-
scription drug coverage, to discharged veterans of the US armed
forces). We used a design to examine individuals initiating
therapy, applied advanced statistical methodologies, includ-
ing overlap weighting and high-dimensional variable selec-
tion algorithms, and reported both an intention-to-treat ef-
fect size, which estimates effectiveness of SGLT2 inhibitors
at the level of observed adherence in our cohort, and per-
protocol analysis, which accounts for nonadherence and
offers estimates of effectiveness that may be more generaliz-
able across different settings.45 In addition, we specified
our per-protocol analyses to address questions relevant to the
clinical community, in particular, evaluation of the compara-
tive effectiveness of SGLT2 inhibitors with and without met-
formin. We examined the comparative effectiveness in pre-
specified subgroups of interest to the clinical community. In
addition to reporting relative risk, we reported absolute rate
differences in the overall cohort and in prespecified sub-
groups with different baseline risks that may be clinically mean-
ingful in informing the choice of antihyperglycemic medica-
tions. We tested the robustness of the results in multiple
sensitivity analyses, applied a negative control to detect spu-
rious associations,48 and applied positive controls to test
whether our approach would reproduce established a priori
knowledge.

This study has several limitations. We relied on observa-
tional real-world data from the US Department of Veterans
Affairs to build a cohort that mostly comprised older, White,
and male participants, which may limit the generalizability
of study findings. We note the substantial difference in base-
line characteristics between the SGLT2 inhibitor and sulfo-
nylurea groups (individuals using SGLT2 inhibitors were
older and had a higher burden of several comorbidities,
including cardiovascular and kidney disease). Although
our analytic approach evaluated SGLT2 inhibitors vs sulfo-
nylureas (an active comparator), considered known con-
founders, and applied a high-dimensional variable selection
algorithm to more comprehensively capture potential con-
founding, we cannot rule out the possibility of residual
confounding. We estimated the intention-to-treat effect
sizes, which may be limited by variable nonadherence
among study participants; however, we also evaluated the
study question in prespecified per-protocol analyses that
accounted for nonadherence. We did not examine differ-
ences within the SGLT2 inhibitors and sulfonylureas and did
not examine the risk of adverse events.

Conclusions
The results of this study suggest that, compared with sulfo-
nylureas, SGLT2 inhibitor use was associated with reduced
risk of all-cause mortality among individuals using metfor-
min for treatment of type 2 diabetes. The association was
evident in those with and without cardiovascular disease,
regardless of eGFR category and albuminuria status, and in
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several other prespecified subgroups. Per-protocol analyses
suggested that combined use of SGLT2 inhibitors and met-
formin was associated with reduced risk of all-cause mortal-
ity compared with SGLT2 inhibitors alone. The results

provide real-world evidence on the association of SGLT2
inhibitor use with the risk of all-cause death; the results may
help guide the choice of antihyperglycemic therapy in
people with type 2 diabetes.

ARTICLE INFORMATION

Accepted for Publication: April 14, 2021.

Published Online: June 28, 2021.
doi:10.1001/jamainternmed.2021.2488

Correction: This article was corrected on
September 13, 2021, to fix errors in Figure 2 and the
Supplement.

Open Access: This is an open access article
distributed under the terms of the CC-BY License.
© 2021 Xie Y et al. JAMA Internal Medicine.

Author Contributions: Dr Al-Aly had full access to
all of the data in the study and takes responsibility
for the integrity of the data and the accuracy of the
data analysis.
Concept and design: Xie, Bowe, Maddukuri, McGill,
Al-Aly.
Acquisition, analysis, or interpretation of data: Xie,
Bowe, Gibson, Al-Aly.
Drafting of the manuscript: Xie, Al-Aly.
Critical revision of the manuscript for important
intellectual content: All authors.
Statistical analysis: Xie, Bowe, Al-Aly.
Obtained funding: Al-Aly.
Administrative, technical, or material support:
Al-Aly.
Supervision: Al-Aly.

Conflict of Interest Disclosures: Dr McGill
reported receiving grants from Dexcom, Medtronic,
and Novo Nordisk, and personal fees from Bayer,
Boehringer Ingelheim, Lilly, Metavant, and Salix
outside the submitted work. No other disclosures
were reported.

Funding/Support: Support for Veterans Affairs/
Centers for Medicare & Medicaid Services data was
provided by the US Department of Veterans Affairs,
Veterans Health Administration, Office of Research
and Development, Health Services Research and
Development, VA Information Resource Center
(project number/data use agreement ID
Al-Aly-01-A-1). This research was funded by the
United States Department of Veterans Affairs and
the Institute for Public Health at Washington
University, St Louis, Missouri (Dr Al-Aly), an
American Society of Nephrology and KidneyCure
predoctoral fellowship award (Mr Xie), and an
American Society of Nephrology and KidneyCure
predoctoral fellowship award (Mr Bowe).

Role of the Funder/Sponsor: The funders had
no role in the design and conduct of the study;
collection, management, analysis, and
interpretation of the data; preparation, review, or
approval of the manuscript; and decision to submit
the manuscript for publication.

Disclaimer: The contents do not represent the
views of the US Department of Veterans Affairs
or the US government.

Additional Contributions: Miguel Hernan, MD,
PhD (Harvard T. H. Chan School of Public Health),
provided input on this manuscript without financial
compensation.

REFERENCES

1. Neal B, Perkovic V, Mahaffey KW, et al;
CANVAS Program Collaborative Group.
Canagliflozin and cardiovascular and renal events
in type 2 diabetes. N Engl J Med. 2017;377(7):
644-657. doi:10.1056/NEJMoa1611925

2. Wiviott SD, Raz I, Bonaca MP, et al;
DECLARE–TIMI 58 Investigators. Dapagliflozin and
cardiovascular outcomes in type 2 diabetes. N Engl
J Med. 2019;380(4):347-357. doi:10.1056/
NEJMoa1812389

3. Zinman B, Wanner C, Lachin JM, et al;
EMPA-REG OUTCOME Investigators. Empagliflozin,
cardiovascular outcomes, and mortality in type 2
diabetes. N Engl J Med. 2015;373(22):2117-2128.
doi:10.1056/NEJMoa1504720

4. Perkovic V, Jardine MJ, Neal B, et al;
CREDENCE Trial Investigators. Canagliflozin
and renal outcomes in type 2 diabetes and
nephropathy. N Engl J Med. 2019;380(24):2295-
2306. doi:10.1056/NEJMoa1811744

5. Mosenzon O, Wiviott SD, Cahn A, et al. Effects of
dapagliflozin on development and progression of
kidney disease in patients with type 2 diabetes:
an analysis from the DECLARE-TIMI 58 randomised
trial. Lancet Diabetes Endocrinol. 2019;7(8):606-617.
doi:10.1016/S2213-8587(19)30180-9

6. Wanner C, Inzucchi SE, Lachin JM, et al;
EMPA-REG OUTCOME Investigators. Empagliflozin
and progression of kidney disease in type 2
diabetes. N Engl J Med. 2016;375(4):323-334.
doi:10.1056/NEJMoa1515920

7. Heerspink HJ, Desai M, Jardine M, Balis D,
Meininger G, Perkovic V. Canagliflozin slows
progression of renal function decline independently
of glycemic effects. J Am Soc Nephrol. 2017;28(1):
368-375. doi:10.1681/ASN.2016030278

8. McMurray JJV, Solomon SD, Inzucchi SE, et al;
DAPA-HF Trial Committees and Investigators.
Dapagliflozin in patients with heart failure and
reduced ejection fraction. N Engl J Med. 2019;381
(21):1995-2008. doi:10.1056/NEJMoa1911303

9. Packer M, Anker SD, Butler J, et al;
EMPEROR-Reduced Trial Investigators.
Cardiovascular and renal outcomes with
empagliflozin in heart failure. N Engl J Med. 2020;
383(15):1413-1424. doi:10.1056/NEJMoa2022190

10. Petrie MC, Verma S, Docherty KF, et al. Effect of
dapagliflozin on worsening heart failure and
cardiovascular death in patients with heart failure
with and without diabetes. JAMA. 2020;323(14):
1353-1368. doi:10.1001/jama.2020.1906

11. Xie Y, Bowe B, Gibson AK, et al. Comparative
effectiveness of SGLT2 inhibitors, GLP-1 receptor
agonists, DPP-4 inhibitors, and sulfonylureas on risk
of kidney outcomes: emulation of a target trial
using health care databases. Diabetes Care. 2020;
43(11):2859-2869. doi:10.2337/dc20-1890

12. Xie Y, Bowe B, Gibson AK, et al.
Comparative effectiveness of the sodium-glucose
cotransporter 2 inhibitor empagliflozin versus other
antihyperglycemics on risk of major adverse kidney
events. Diabetes Care. 2020;43(11):2785-2795.
doi:10.2337/dc20-1231

13. Heerspink HJL, Karasik A, Thuresson M, et al.
Kidney outcomes associated with use of SGLT2
inhibitors in real-world clinical practice (CVD-REAL
3): a multinational observational cohort study.
Lancet Diabetes Endocrinol. 2020;8(1):27-35.
doi:10.1016/S2213-8587(19)30384-5

14. Kohsaka S, Lam CSP, Kim DJ, et al;
CVD-REAL 2 Investigators and Study Group. Risk of
cardiovascular events and death associated with
initiation of SGLT2 inhibitors compared with DPP-4
inhibitors: an analysis from the CVD-REAL 2
multinational cohort study. Lancet Diabetes
Endocrinol. 2020;8(7):606-615. doi:10.1016/S2213-
8587(20)30130-3

15. Pasternak B, Wintzell V, Melbye M, et al. Use of
sodium-glucose co-transporter 2 inhibitors and risk
of serious renal events: Scandinavian cohort study.
BMJ. 2020;369:m1186. doi:10.1136/bmj.m1186

16. Pasternak B, Ueda P, Eliasson B, et al. Use of
sodium glucose cotransporter 2 inhibitors and risk
of major cardiovascular events and heart failure:
Scandinavian register based cohort study. BMJ.
2019;366:l4772. doi:10.1136/bmj.l4772

17. Filion KB, Lix LM, Yu OH, et al; Canadian
Network for Observational Drug Effect Studies
(CNODES) Investigators. Sodium glucose
cotransporter 2 inhibitors and risk of major adverse
cardiovascular events: multi-database retrospective
cohort study. BMJ. 2020;370:m3342. doi:10.1136/
bmj.m3342

18. Kosiborod M, Lam CSP, Kohsaka S, et al;
CVD-REAL Investigators and Study Group.
Cardiovascular events associated with SGLT-2
inhibitors versus other glucose-lowering drugs:
the CVD-REAL 2 Study. J Am Coll Cardiol. 2018;71
(23):2628-2639. doi:10.1016/j.jacc.2018.03.009

19. Cavender MA, Norhammar A, Birkeland KI,
et al; CVD-REAL Investigators and Study Group.
SGLT-2 inhibitors and cardiovascular risk: an
analysis of CVD-REAL. J Am Coll Cardiol. 2018;71
(22):2497-2506. doi:10.1016/j.jacc.2018.01.085

20. Birkeland KI, Jørgensen ME, Carstensen B,
et al. Cardiovascular mortality and morbidity in
patients with type 2 diabetes following initiation of
sodium-glucose co-transporter-2 inhibitors versus
other glucose-lowering drugs (CVD-REAL Nordic):
a multinational observational analysis. Lancet
Diabetes Endocrinol. 2017;5(9):709-717.
doi:10.1016/S2213-8587(17)30258-9

21. Persson F, Nyström T, Jørgensen ME, et al.
Dapagliflozin is associated with lower risk of
cardiovascular events and all-cause mortality in
people with type 2 diabetes (CVD-REAL Nordic)
when compared with dipeptidyl peptidase-4
inhibitor therapy: a multinational observational
study. Diabetes Obes Metab. 2018;20(2):344-351.
doi:10.1111/dom.13077

22. Xie Y, Bowe B, Gibson AK, McGill JB,
Maddukuri G, Al-Aly Z. Clinical implications of
estimated glomerular filtration rate dip following
sodium-glucose cotransporter-2 inhibitor initiation
on cardiovascular and kidney outcomes. J Am Heart
Assoc. Published online May 20, 2021 doi:10.1161/
JAHA.120.020237

Research Original Investigation Comparative Effectiveness of Sodium-Glucose Cotransporter 2 Inhibitors vs Sulfonylureas

1052 JAMA Internal Medicine August 2021 Volume 181, Number 8 (Reprinted) jamainternalmedicine.com

Downloaded from jamanetwork.com by Washington University - St Louis user on 01/04/2024

https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamainternmed.2021.2488?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamainternmed.2021.2488
https://jamanetwork.com/pages/cc-by-license-permissions?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamainternmed.2021.2488
https://dx.doi.org/10.1056/NEJMoa1611925
https://dx.doi.org/10.1056/NEJMoa1812389
https://dx.doi.org/10.1056/NEJMoa1812389
https://dx.doi.org/10.1056/NEJMoa1504720
https://dx.doi.org/10.1056/NEJMoa1811744
https://dx.doi.org/10.1016/S2213-8587(19)30180-9
https://dx.doi.org/10.1056/NEJMoa1515920
https://dx.doi.org/10.1681/ASN.2016030278
https://dx.doi.org/10.1056/NEJMoa1911303
https://dx.doi.org/10.1056/NEJMoa2022190
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jama.2020.1906?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamainternmed.2021.2488
https://dx.doi.org/10.2337/dc20-1890
https://dx.doi.org/10.2337/dc20-1231
https://dx.doi.org/10.1016/S2213-8587(19)30384-5
https://dx.doi.org/10.1016/S2213-8587(20)30130-3
https://dx.doi.org/10.1016/S2213-8587(20)30130-3
https://dx.doi.org/10.1136/bmj.m1186
https://dx.doi.org/10.1136/bmj.l4772
https://dx.doi.org/10.1136/bmj.m3342
https://dx.doi.org/10.1136/bmj.m3342
https://dx.doi.org/10.1016/j.jacc.2018.03.009
https://dx.doi.org/10.1016/j.jacc.2018.01.085
https://dx.doi.org/10.1016/S2213-8587(17)30258-9
https://dx.doi.org/10.1111/dom.13077
https://dx.doi.org/10.1161/JAHA.120.020237
https://dx.doi.org/10.1161/JAHA.120.020237
http://www.jamainternalmedicine.com?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamainternmed.2021.2488


23. Xie Y, Bowe B, Li T, Xian H, Balasubramanian S,
Al-Aly Z. Proton pump inhibitors and risk of incident
CKD and progression to ESRD. J Am Soc Nephrol.
2016;27(10):3153-3163. doi:10.1681/ASN.2015121377

24. Xie Y, Bowe B, Li T, Xian H, Yan Y, Al-Aly Z.
Risk of death among users of proton pump
inhibitors: a longitudinal observational cohort study
of United States veterans. BMJ Open. 2017;7(6):
e015735. doi:10.1136/bmjopen-2016-015735

25. Xie Y, Bowe B, Li T, Xian H, Yan Y, Al-Aly Z.
Long-term kidney outcomes among users of proton
pump inhibitors without intervening acute kidney
injury. Kidney Int. 2017;91(6):1482-1494.
doi:10.1016/j.kint.2016.12.021

26. Xie Y, Bowe B, Li T, Xian H, Yan Y, Al-Aly Z.
Higher blood urea nitrogen is associated with
increased risk of incident diabetes mellitus. Kidney
Int. 2018;93(3):741-752. doi:10.1016/j.kint.2017.
08.033

27. Bowe B, Cai M, Xie Y, Gibson AK, Maddukuri G,
Al-Aly Z. Acute kidney injury in a national cohort of
hospitalized US veterans with COVID-19. Clin J Am
Soc Nephrol. 2020;16(1):14-25. doi:10.2215/CJN.
09610620

28. Vincent BM, Wiitala, W. L., Burns, J. A.,
Iwashyna, T. J., Prescott, H. C. Using Veterans
Affairs corporate data warehouse to identify
30-day hospital readmissions. Health Servs
Outcomes Res Methodology. 2018;18(3):143-154.
doi:10.1007/s10742-018-0178-3

29. Bowe B, Artimovich E, Xie Y, Yan Y, Cai M,
Al-Aly Z. The global and national burden of chronic
kidney disease attributable to ambient fine
particulate matter air pollution: a modelling study.
BMJ Glob Health. 2020;5(3):e002063. doi:10.1136/
bmjgh-2019-002063

30. Bowe B, Xie Y, Li T, et al. Changes in the
US burden of chronic kidney disease from 2002 to
2016: an analysis of the global burden of disease
study. JAMA Netw Open. 2018;1(7):e184412.
doi:10.1001/jamanetworkopen.2018.4412

31. Bowe B, Xie Y, Li T, Yan Y, Xian H, Al-Aly Z.
Associations of ambient coarse particulate matter,
nitrogen dioxide, and carbon monoxide with the
risk of kidney disease: a cohort study. Lancet Planet
Health. 2017;1(7):e267-e276. doi:10.1016/S2542-
5196(17)30117-1

32. Bowe B, Xie Y, Li T, Yan Y, Xian H, Al-Aly Z.
Estimates of the 2016 global burden of kidney
disease attributable to ambient fine particulate
matter air pollution. BMJ Open. 2019;9(5):e022450.
doi:10.1136/bmjopen-2018-022450

33. Bowe B, Xie Y, Yan Y, Al-Aly Z. Burden of
cause-specific mortality associated with PM2.5 air
pollution in the United States. JAMA Netw Open.
2019;2(11):e1915834. doi:10.1001/jamanetworkopen.
2019.15834

34. VIReC Research. Veterans Health
Administration Decision Support System Clinical
National Data Extracts H, IL. US Department of
Veterans Affairs. VA Information Resource Center;
2009.

35. Maynard C. Ascertaining Veterans' Vital Status:
VA Data Sources for Mortality Ascertainment and

Cause of Death. Database & Methods Cyberseminar
Series; 2017.

36. Hernán M. Antihyperglycemic Therapy and
Cardiovascular Risk: Design and Emulation of
a Target Trial Using Healthcare Databases. Patient-
Centered Outcomes Research Institute; 2019.

37. Schneeweiss S, Rassen JA, Glynn RJ, Avorn J,
Mogun H, Brookhart MA. High-dimensional
propensity score adjustment in studies of
treatment effects using health care claims data.
Epidemiology. 2009;20(4):512-522. doi:10.1097/EDE.
0b013e3181a663cc

38. Xie Y, Bowe B, Yan Y, Xian H, Li T, Al-Aly Z.
Estimates of all cause mortality and cause specific
mortality associated with proton pump inhibitors
among US veterans: cohort study. BMJ. 2019;365:
l1580. doi:10.1136/bmj.l1580

39. Neugebauer R, Schmittdiel JA, Zhu Z,
Rassen JA, Seeger JD, Schneeweiss S.
High-dimensional propensity score algorithm
in comparative effectiveness research with
time-varying interventions. Stat Med. 2015;34(5):
753-781. doi:10.1002/sim.6377

40. Li F, Thomas LE, Li F. Addressing extreme
propensity scores via the overlap weights. Am J
Epidemiol. 2019;188(1):250-257.

41. Thomas LE, Li F, Pencina MJ. Overlap
weighting: a propensity score method that
mimics attributes of a randomized clinical trial.
JAMA. 2020;323(23):2417-2418. doi:10.1001/jama.
2020.7819

42. Lin DY. On the Breslow estimator. Lifetime Data
Anal. 2007;13(4):471-480. doi:10.1007/s10985-
007-9048-y

43. Hernán MA, Hernández-Díaz S. Beyond the
intention-to-treat in comparative effectiveness
research. Clin Trials. 2012;9(1):48-55. doi:10.1177/
1740774511420743

44. Murray EJ, Hernán MA. Improved adherence
adjustment in the Coronary Drug Project. Trials.
2018;19(1):158. doi:10.1186/s13063-018-2519-5

45. Hernán MARJ, Robins JM. Per-protocol
analyses of pragmatic trials. N Engl J Med. 2017;377
(14):1391-1398. doi:10.1056/NEJMsm1605385

46. Hernán MA, Robins JM. Causal Inference:
What If. Chapman & Hall/CRC; 2020.

47. Estruch R, Ros E, Salas-Salvadó J, et al;
PREDIMED Study Investigators. Primary prevention
of cardiovascular disease with a Mediterranean diet
supplemented with extra-virgin olive oil or nuts.
N Engl J Med. 2018;378(25):e34. doi:10.1056/
NEJMoa1800389

48. Lipsitch M, Tchetgen Tchetgen E, Cohen T.
Negative controls: a tool for detecting confounding
and bias in observational studies. Epidemiology.
2010;21(3):383-388. doi:10.1097/EDE.
0b013e3181d61eeb

49. Hampp C, Borders-Hemphill V, Moeny DG,
Wysowski DK. Use of antidiabetic drugs in the U.S.,
2003-2012. Diabetes Care. 2014;37(5):1367-1374.
doi:10.2337/dc13-2289

50. Zion Market Research. Oral Antidiabetic Drugs
Market by Drugs Class Category for Type 2 Diabetes

Mellitus: Global Industry Perspective,
Comprehensive Analysis and Forecast, 2016-2022.
Zion Market Research; 2017.

51. Davies MJ, D’Alessio DA, Fradkin J, et al.
Management of hyperglycemia in type 2 diabetes,
2018: a consensus report by the American Diabetes
Association (ADA) and the European Association for
the Study of Diabetes (EASD). Diabetes Care. 2018;
41(12):2669-2701. doi:10.2337/dci18-0033

52. Buse JB, Wexler DJ, Tsapas A, et al. 2019
Update to: management of hyperglycemia in type 2
diabetes, 2018: a consensus report by the American
Diabetes Association (ADA) and the European
Association for the Study of Diabetes (EASD).
Diabetes Care. 2020;43(2):487-493. doi:10.2337/
dci19-0066

53. Cosentino F, Grant PJ, Aboyans V, et al;
ESC Scientific Document Group. 2019 ESC
guidelines on diabetes, pre-diabetes, and
cardiovascular diseases developed in collaboration
with the EASD. Eur Heart J. 2020;41(2):255-323.
doi:10.1093/eurheartj/ehz486

54. de Boer IH, Caramori ML, Chan JCN, et al.
Executive summary of the 2020 KDIGO Diabetes
Management in CKD Guideline: evidence-based
advances in monitoring and treatment. Kidney Int.
2020;98(4):839-848. doi:10.1016/j.kint.2020.
06.024

55. Tseng YJ, Steinberg G, Fox KP, Armstrong J,
Mandl KD. Antihyperglycemic medications:
a claims-based estimate of first-line therapy use
prior to initialization of second-line medications.
Diabetes Care. 2017;40(11):1500-1505. doi:10.2337/
dc17-0213

56. Neuen BL, Arnott C, Perkovic V, et al.
Sodium-glucose co-transporter-2 inhibitors with
and without metformin: a meta-analysis of
cardiovascular, kidney and mortality outcomes.
Diabetes Obes Metab. 2021;23(2):382-390.
doi:10.1111/dom.14226

57. DeJong C, Masuda C, Chen R, Kazi DS,
Dudley RA, Tseng C-W. Out-of-pocket costs for
novel guideline-directed diabetes therapies under
Medicare Part D. JAMA Intern Med. 2020;180(12):
1696-1699. doi:10.1001/jamainternmed.2020.2922

58. McEwan P, Bennett H, Khunti K, et al.
Assessing the cost-effectiveness of sodium-glucose
cotransporter-2 inhibitors in type 2 diabetes
mellitus: a comprehensive economic evaluation
using clinical trial and real-world evidence. Diabetes
Obes Metab. 2020;22(12):2364-2374. doi:10.1111/
dom.14162

59. Lopaschuk GD, Verma S. Mechanisms of
cardiovascular benefits of sodium glucose
Co-transporter 2 (SGLT2) inhibitors:
a state-of-the-art review. JACC Basic Transl Sci.
2020;5(6):632-644. doi:10.1016/j.jacbts.2020.
02.004

60. Verma S. Potential mechanisms of
sodium-glucose co-transporter 2 inhibitor–related
cardiovascular benefits. Am J Cardiol. 2019;124
(suppl 1):S36-S44. doi:10.1016/j.amjcard.2019.
10.028

Comparative Effectiveness of Sodium-Glucose Cotransporter 2 Inhibitors vs Sulfonylureas Original Investigation Research

jamainternalmedicine.com (Reprinted) JAMA Internal Medicine August 2021 Volume 181, Number 8 1053

Downloaded from jamanetwork.com by Washington University - St Louis user on 01/04/2024

https://dx.doi.org/10.1681/ASN.2015121377
https://dx.doi.org/10.1136/bmjopen-2016-015735
https://dx.doi.org/10.1016/j.kint.2016.12.021
https://dx.doi.org/10.1016/j.kint.2017.08.033
https://dx.doi.org/10.1016/j.kint.2017.08.033
https://dx.doi.org/10.2215/CJN.09610620
https://dx.doi.org/10.2215/CJN.09610620
https://dx.doi.org/10.1007/s10742-018-0178-3
https://dx.doi.org/10.1136/bmjgh-2019-002063
https://dx.doi.org/10.1136/bmjgh-2019-002063
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamanetworkopen.2018.4412?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamainternmed.2021.2488
https://dx.doi.org/10.1016/S2542-5196(17)30117-1
https://dx.doi.org/10.1016/S2542-5196(17)30117-1
https://dx.doi.org/10.1136/bmjopen-2018-022450
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamanetworkopen.2019.15834?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamainternmed.2021.2488
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamanetworkopen.2019.15834?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamainternmed.2021.2488
https://dx.doi.org/10.1097/EDE.0b013e3181a663cc
https://dx.doi.org/10.1097/EDE.0b013e3181a663cc
https://dx.doi.org/10.1136/bmj.l1580
https://dx.doi.org/10.1002/sim.6377
https://www.ncbi.nlm.nih.gov/pubmed/30189042
https://www.ncbi.nlm.nih.gov/pubmed/30189042
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jama.2020.7819?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamainternmed.2021.2488
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jama.2020.7819?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamainternmed.2021.2488
https://dx.doi.org/10.1007/s10985-007-9048-y
https://dx.doi.org/10.1007/s10985-007-9048-y
https://dx.doi.org/10.1177/1740774511420743
https://dx.doi.org/10.1177/1740774511420743
https://dx.doi.org/10.1186/s13063-018-2519-5
https://dx.doi.org/10.1056/NEJMsm1605385
https://dx.doi.org/10.1056/NEJMoa1800389
https://dx.doi.org/10.1056/NEJMoa1800389
https://dx.doi.org/10.1097/EDE.0b013e3181d61eeb
https://dx.doi.org/10.1097/EDE.0b013e3181d61eeb
https://dx.doi.org/10.2337/dc13-2289
https://dx.doi.org/10.2337/dci18-0033
https://dx.doi.org/10.2337/dci19-0066
https://dx.doi.org/10.2337/dci19-0066
https://dx.doi.org/10.1093/eurheartj/ehz486
https://dx.doi.org/10.1016/j.kint.2020.06.024
https://dx.doi.org/10.1016/j.kint.2020.06.024
https://dx.doi.org/10.2337/dc17-0213
https://dx.doi.org/10.2337/dc17-0213
https://dx.doi.org/10.1111/dom.14226
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamainternmed.2020.2922?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamainternmed.2021.2488
https://dx.doi.org/10.1111/dom.14162
https://dx.doi.org/10.1111/dom.14162
https://dx.doi.org/10.1016/j.jacbts.2020.02.004
https://dx.doi.org/10.1016/j.jacbts.2020.02.004
https://dx.doi.org/10.1016/j.amjcard.2019.10.028
https://dx.doi.org/10.1016/j.amjcard.2019.10.028
http://www.jamainternalmedicine.com?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamainternmed.2021.2488

	Comparative effectiveness of sodium-glucose cotransporter 2 inhibitors vs sulfonylureas in patients with type 2 diabetes
	Please let us know how this document benefits you.
	Recommended Citation
	Authors

	tmp.1704393652.pdf.SeEJa

