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OBJECTIVE

Previous studies have revealed an intraclass difference in major adverse cardio-
vascular events (MACE) among sulfonylureas. In vitro and ex vivo studies
reported several sulfonylureas to exhibit high-affinity blockage of cardiac mito-
chondrial ATP-sensitive potassium (mitoKATP) channels and could interfere with
ischemic preconditioning, the most important mechanism of self-cardiac protec-
tion. However, no studies have examined whether these varying binding affinities
of sulfonylureas could account for their intraclass difference in MACE. We com-
pared mitoKATP channel high-affinity versus low-affinity sulfonylureas regarding
the MACE risk in real-world settings.

RESEARCH DESIGN AND METHODS

Using the Taiwan nationwide health care claims database, patients with type 2
diabetes initiating sulfonylurea monotherapy between 2007 and 2016 were
included in the cohort study. A total of 33,727 new mitoKATP channel high-affinity
(glyburide and glipizide) and low-affinity (gliclazide and glimepiride) sulfonylurea
users, respectively, were identified after 1:1 propensity score matching. Cox pro-
portional hazard models were used to estimate adjusted hazard ratios (aHRs)
and 95% CI.

RESULTS

MitoKATP channel high-affinity sulfonylureas were associated with a significantly
increased risk of three-point MACE (aHR 1.21 [95% CI 1.03–1.44]), ischemic stroke
(aHR 1.23 [95% CI 1.02–1.50]), and cardiovascular death (aHR 2.61 [95% CI
1.31–5.20]), but not with that of myocardial infarction (aHR 1.04 [95% CI
0.75–1.46]). The duration-response analyses revealed the highest MACE risk to
be within 90 days of therapy (aHR 4.67 [95% CI 3.61–6.06]).

CONCLUSIONS

Cardiac mitoKATP channel high-affinity sulfonylureas were associated with an
increased MACE risk compared with low-affinity sulfonylureas in a nationwide
population with diabetes.
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Diabetes continuously poses a significant
burden to health worldwide (1). Despite
several novel antidiabetic agents, sulfony-
lureas remain one of the most prescribed
medications in the world due to their
established glucose-lowering efficacy, low
costs, and longtime clinical use (2,3).
Notably, sulfonylurea is the second
most common monotherapy treat-
ment among patients with type 2 dia-
betes in current clinical settings across
many countries, including Taiwan (4).
However, since the past 50 years, con-
cerns were raised regarding the first-
generation sulfonylurea tolbutamide-
related adverse cardiovascular events
(5,6). Studies, including meta-analyses
of randomized controlled trials, have
shown an increased adverse cardio-
vascular event risk related to sulfony-
lureas (7,8) and have documented a
differential cardiovascular risk among
individual sulfonylureas (9,10). Poten-
tial mechanisms, such as pancreas
selectivity, which underlies sulfonyl-
urea intraclass differences in cardio-
vascular risk, have been assessed, but
none of them were confirmed (11,12).
Ischemic preconditioning (IPC) is an

endogenous cardioprotective mechanism
that involves multiple brief ischemic epi-
sodes, allowing the heart to adapt itself
to become tolerant to a cardiac ischemic
injury when a subsequent sustained ische-
mic event strikes (13). Accumulative evi-
dence showed that IPC could also limit
myocardial infarct size and reduce both
necrosis and apoptosis of the heart during
an acute ischemic event (14). Cardiac
mitochondrial ATP-sensitive potassium
channels (mitoKATP channels) are com-
posed of a channel-forming subunit
(MITOK) and a regulatory subunit car-
rying the ATP-binding domain (MITOKSUR),
locating across the inner mitochondrial
membrane (15). The composition and loca-
tion of cardiac mitoKATP channels are dif-
ferent from that of the sarcolemmal KATP
channels. Notably, it is the opening of car-
diac mitoKATP channels that plays a pivotal
role in activating multiple cardioprotective
kinase pathways in IPC (16). Sulfonylureas
have different blockage of mitoKATP chan-
nels in the cardiac muscle (17–20), poten-
tially contributing to differential effects on
the heart. Animal models have shown that
certain sulfonylureas, such as glyburide
and glipizide, exhibit high-affinity blockage
of cardiac mitoKATP channels and could fur-
ther damage the heart by interfering with

IPC (18–20), while others, including glicla-
zide and glimepiride, have minimal effects
on IPC owing to their low affinities to
the mitoKATP channels (17,19). To date, it
remains unclear whether sulfonylurea spe-
cificity to cardiac mitoKATP channels is a
major contributor to the intraclass adverse
cardiovascular risk differences in real-world
settings.

We aimed to examine whether cardiac
mitoKATP channel high-affinity sulfonylur-
eas are associated with a higher risk of
major cardiovascular events (MACE) than
cardiac mitoKATP channel low-affinity sul-
fonylureas in a population with diabetes.

RESEARCH DESIGN AND METHODS

Study Design and Data Source
This new user, active comparator, and
propensity score (PS)-matched cohort
study was conducted using data from the
Taiwan Diabetes Mellitus Health Database
(DMHD) between 1 January 2006 and 31
December 2017. The DMHD contains the
Taiwan National Health Insurance (NHI)
claim records for all newly diagnosed
patients with diabetes, including details
regarding their diagnoses, medical proce-
dures, and prescription refill records.
Patients with diabetes were defined as
those with at least three diabetes-related
outpatient visits, with intervals of >4
weeks, in a given year. Additionally, death
records were obtained by linking the
DMHD with the National Death Registry
Database. This study was approved by
the Institutional Review Board of Tri-Ser-
vice General Hospital, National Defense
Medical Center (1-107-05-196), and the
requirement for written informed consent
was waived. This study was completed
before the lead author became affiliated
with the National Yang Ming Chiao Tung
University.

Study Population
The study cohort included newly diag-
nosed patients with type 2 diabetes who
initiated sulfonylureas, including glicla-
zide, glimepiride, glyburide, and glipizide,
from 1 January 2007 to 31 December
2016. These sulfonylureas were consid-
ered because of the available information
on their specificity to cardiac mitoKATP
channels and sufficient number of users;
furthermore, they comprised >99% of
the prescribed sulfonylureas through the
study period. Initiators of each individual
sulfonylurea were defined as patients at

least 20 years of age at cohort entry with
the date of the first sulfonylurea prescrip-
tion marked as the cohort entry date.
New sulfonylurea users were not allowed
to have any sulfonylurea prescription
refill records in the previous year, and
they cannot be new users of other anti-
diabetic drugs in addition to sulfonylur-
eas on cohort entry. Eligible patients
were excluded if they experienced the
following events in the year preceding
cohort entry: 1) an inpatient visit with a
diagnosis of myocardial infarction (MI) or
ischemic stroke; 2) lack of 1-year continu-
ous NHI enrollment; or 3) pregnancy.
The exclusion criteria are detailed in
Supplementary eTable 1.

Patients were classified into two
groups based on the sulfonylurea specif-
icity to cardiac mitoKATP channels: cardiac
mitoKATP channel-high affinity (glyburide
and glipizide) and channel-low affinity
(gliclazide and glimepiride) sulfonylurea
users. The two groups were followed
from the cohort entry date until primary
major cardiovascular outcome occurrence
(defined below), NHI enrollment discon-
tinuation, sulfonylurea treatment discon-
tinuation or switch, add-on of other
antidiabetic drugs, pregnancy, or the end
of the study period (31 December 2017),
whichever came first. Continuous sulfo-
nylurea use was determined based on
prescription refill records with a 30-day
grace period. For patients who discontin-
ued sulfonylurea therapy, an additional
30-day period was added to the follow-
up period in order to observe a MACE
that might shortly occur after sulfonyl-
urea treatment cessation.

The PS, the probability of initiating
mitoKATP channel high-affinity sulfonyl-
urea monotherapy, was estimated using
multivariable logistic regression models,
conditional on all factors listed in Table 1.
Each new cardiac mitoKATP channel high-
affinity sulfonylurea monotherapy user
was matched with a new cardiac mito-
KATP channel low-affinity sulfonylurea
monotherapy user based on the cohort
entry date (±90 days), duration from the
first diabetes diagnosis to cohort entry in
deciles, adapted Diabetes Complications
Severity Index (aDCSI; 0, 1, 2, and $3),
and closest PS corresponding to the near-
est neighboring PS-matching scheme
without a replacement and with a caliper
width of 0.02 of the estimated PS (21).
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Outcome Definition
The primary outcome was MACE, defined
as MI- or ischemic stroke–related hospital-
ization or cardiovascular mortality (Supp-
lementary eTable 1). The employed algo-
rithms for identifying MI and ischemic
stroke events were found to be highly
accurate in the analyzed database, with a
reported positive predictive value of 88%
and 88.4% for MI and ischemic stroke,
respectively (22,23). Secondary outcomes
included individual components of the
three-point MACE, arrhythmias, hypogly-
cemia, and all-cause mortality.

Potential Confounders
Multiple characteristic dimensions were
considered, including patient demographic
and clinical features, such as age, sex,
proxy indicators of diabetes severity (e.g.,
aDCSI), comorbidities (e.g., cardiovascular
or pulmonary disease), and comedications
(e.g., different types of antidiabetic agents
and agents that may activate or inhibit car-
diac mitoKATP channels). All factors were
evaluated in the year preceding cohort
entry, except for comedications evaluated
in the previous 6 months. All confounders
are detailed in Supplementary eTable 1.

Additional Analyses
Multiple predefined sensitivity analyses
were performed. First, to avoid bias from
sulfonylurea therapy discontinuation due
to the occurrence of the examined out-
comes, we adopted a 1-year intent-to-
treat analysis. Second, a 14-day and a 60-
day grace period was used to redefine
continuous sulfonylurea use, respectively.

Third, to minimize medication adherence–
related confounding, both sulfonylurea
groups were restricted to patients with
high medication adherence, defined as
medication possession ratios $0.8 (24).
Fourth, we used inverse probability of
censoring weights that considered covari-
ates measured at monthly intervals during
follow-up in order to address differential
censoring owing to differential switching
between the two groups, as detailed in
the Supplementary eApproach. Fifth, to
avoid depletion-of-susceptible bias (25),
the two groups were followed for a maxi-
mum period of 30 days. Sixth, all-cause
mortality was considered as a competing
event to the examined outcomes (exclud-
ing the death outcome). Seventh, a
PS-based inverse probability of treatment
weighting approach was adopted to avoid
sample size reductions (26). Eighth, we
broadened the definition for cardiovascu-
lar death, which included all cardiovascu-
lar mortality events. Ninth, unmeasured
confounding was addressed with the
implementation of the rule-out approach
(27) and high-dimensional PS-matched
analyses (28). To further address the lack
of information regarding hemoglobin A1c
levels in the DMHD, PS calibration was
performed with additional information
from electronic health care records of
the Tri-Service General Hospital, a tertiary
medical center (29). The approaches
to addressing unmeasured confound-
ing Supplementary eApproach. Finally,
we also conducted subgroup analyses
that restricted the two comparison
groups to pancreas high-affinity sulfo-

nylurea (i.e., glipizide vs. gliclazide)
and pancreas low-affinity sulfonylurea
(i.e., glyburide vs. glimepiride) users,
as well as compared glyburide only
with gliclazide/glimepiride. Further-
more, to assess whether the observed
MACE risk was mediated through
hypoglycemia, hypoglycemic events
during follow-up were additionally
adjusted for.

Statistical Analysis
A standardized difference with a magni-
tude >0.1 was used to determine imbal-
ances in the examined characteristics
(30). The Kaplan-Meier method was used
to estimate the cumulative incidence of
MACE, arrhythmias, hypoglycemia, and
all-cause mortality. Cox proportional haz-
ard models were used to estimate hazard
ratios (HRs) for each outcome between
the two groups. The proportionality
assumption for performing Cox regression
analysis was examined through Schoen-
feld residuals, in which all of the analyses
met the assumption. We further assessed
different daily dosage and duration of
mitoKATP channels high-affinity sulfonyl-
urea monotherapy. To further mitigate
residual confounding, all analyses were
adjusted for PS deciles after the matching
procedure. Data cleaning and statistical
analyses were performed using SAS soft-
ware version 9.4 (College Station, TX).

RESULTS

A total of 164,665 patients with diabe-
tes aged $20 years who received

Table 2—Comparison of risk of cardiovascular adverse events between mitoKATP channel high-affinity and low-affinity
sulfonylurea monotherapy

MitoKATP channel high-affinity
sulfonylureas (n = 33,727)

MitoKATP channel low-affinity
sulfonylureas (n = 33,727)

HR (95% CI) aHR (95% CI)c
No. of
events

Total no. of
person-years

Incidence rate/
100 person-

years
No. of
events

Total no. of
person-years

Incidence
rate/100

person-years

Primary outcomes
3-point MACEa 274 18,959 1.45 (1.28–1.63) 269 24,498 1.10 (0.97–1.24) 1.22 (1.03–1.44) 1.21 (1.03–1.44)

Secondary outcomes

MI 63 19,023 0.33 (0.26–0.42) 73 24,607 0.30 (0.24–0.37) 1.05 (0.75–1.47) 1.04 (0.75–1.46)
Ischemic stroke 196 18,969 1.03 (0.90–1.19) 189 24,511 0.77 (0.67–0.89) 1.23 (1.01–1.50) 1.23 (1.02–1.50)
Cardiovascular deathb 25 19,033 0.13 (0.09–0.19) 12 24,618 0.05 (0.03–0.09) 2.62 (1.31–5.22) 2.61 (1.31–5.20)
Arrhythmia 65 19,002 0.34 (0.27–0.44) 65 24,571 0.27 (0.21–0.34) 1.26 (0.90–1.78) 1.26 (0.89–1.78)
All-cause mortality 208 19,029 1.09 (0.95–1.25) 206 24,613 0.84 (0.73–0.96) 1.22 (1.01–1.48) 1.21 (1.00–1.47)
Severe hypoglycemia 293 18,953 1.55 (1.38–1.73) 236 24,538 0.96 (0.85–1.09) 1.45 (1.22–1.72) 1.44 (1.22–1.72)

aThree-point MACE include MI, ischemic stroke, and cardiovascular death. bCardiovascular death was defined as death due to MI or ischemic
stroke. cAdjusted for the deciles of PS.
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sulfonylurea monotherapy were identified
as the eligible study cohort (mean age
59.2 years; 52.4% male) after the exclu-
sion criteria were applied (Supplementary
eFig. 1). Among these patients, 34,138
and 130,257 were initiators of mitoKATP
channel high-affinity and channel low-
affinity sulfonylurea monotherapy, respec-
tively. The number of glipizide and gly
buride users among the mitoKATP chan-
nel-high affinity group was 12,714
(37.7%) and 21,013 (62.3%), respectively,
while gliclazide and glimepiride accounted
for 11,443 (33.9%) and 22,284 (66.1%)
of the mitoKATP channel low-affinity sulfo-
nylureas users, respectively. After 1:1
matching, 33,727 patients were included
in each group. The mean treatment dura-
tion ranged from 6.8 to 8.9 months, with
both groups truncated to a similar extent
for various reasons (Supplementary
eTable 2). The cumulative incidence rates
of the primary and secondary outcomes
are displayed in Supplementary eFigs. 2
and 3.
Before matching, most examined char-

acteristics were similar between the two
groups (Table 1). However, the mitoKATP
channel high-affinity sulfonylurea group
had larger proportions of patients diag-
nosed with hypertension and dyslipidemia
and receiving biguanide and angiotensin
receptor blockers than the mitoKATP chan-
nel low-affinity sulfonylurea group. After
matching, all factors were well balanced
between the two groups.

The MACE incidence rate/100 person-
years was 1.45 (95% CI 1.28–1.63) in
mitoKATP channel high-affinity sulfonylurea
initiators and 1.10 (95% CI 0.97–1.24) in
mitoKATP channel low-affinity sulfonylurea
initiators (Table 2). MitoKATP channel
high-affinity sulfonylurea use was associ-
ated with a 1.21-fold (95% CI 1.03–1.44)
increased MACE risk compared with mito-
KATP channel low-affinity sulfonylurea use.
In the analyses of individual components
of MACE, mitoKATP channel high-affinity
sulfonylureas versus mitoKATP channel
low-affinity sulfonylureas were associated
with a 2.61-fold (95% CI 1.31–5.20)
increased cardiovascular death risk and
1.23-fold (95% CI 1.02–1.50) increased
ischemic stroke risk, while the estimate
for MI was not statistically significant. The
adjusted HR (aHR) was 1.21 (95% CI
1.00–1.47) for all-cause mortality and
1.44 (95% CI 1.22–1.72) for severe hypo-
glycemia. Table 3 indicates that the mito-
KATP channel high-affinity sulfonylurea
monotherapy duration was inversely
related to an increased risk of three-point
MACE, with the highest risk observed
within 90 days of therapy (aHR 4.67 [95%
CI 3.61–6.06]), and mitoKATP channel
high-affinity sulfonylureas used at a higher
daily dose (more than one defined daily
dose) were associated with a 1.65-fold
(95% CI 1.09–2.49) increased MACE risk.

The calculated number needed to
harm revealed that a total of 286
patients would need to receive cardiac

mitoKATP channel high-affinity sulfony-
lureas instead of mitoKATP channel low-
affinity sulfonylureas in order to cause
an additional MACE (Supplementary
eTable 3).

The main findings were robust to
most of the sensitivity analyses, such as
adoption of high-dimensional PS-matched
analysis (Fig. 1). Employment of the inten-
tion-to-treatment analysis, however, led
to attenuated risk. The rule-out analysis
indicated that an unmeasured confounder
was unlikely to fully explain our main
findings (Supplementary Fig. 4). Subgroup
analyses revealed that sulfonylurea pan-
creas high-affinity did not act as an effect
modifier of our examined associations,
despite the limited sample sizes.

CONCLUSIONS

In this nationwide cohort study of patients
with diabetes, cardiac mitoKATP channel
high-affinity sulfonylurea initiation was
associated with a 21% increased risk in
the three-point MACE compared with
cardiac mitoKATP channel low-affinity sulfo-
nylurea initiation. The association was pri-
marily driven by nonfatal ischemic stroke
and cardiovascular death, with a down-
ward trend over time in the cumulative
duration analysis of mitoKATP channel
high-affinity sulfonylurea monotherapy.
The increased MACE outcome risk per-
sisted in most of the sensitivity analy-
ses. Overall, the data suggest that the
specificity of sulfonylureas to cardiac

Table 3—Comparison of MACEa risk with different mitoKATP channel high-affinity sulfonylurea doses and durations compared
with any use of mitoKATP channel low-affinity sulfonylureas

No. of
events

Total no. of
person-years

Incidence rate/100
person-years HR (95% CI) aHR (95% CI)b

MitoKATP channel-low affinity sulfonylureas 269 24,498 1.10 (0.97–1.24) Reference Reference

Cumulative duration of mitoKATP channel
high-affinity sulfonylurea monotherapy

MitoKATP channel high-affinity
sulfonylureas (days)
1–90 days 153 1,906 8.03 (6.85–9.41) 4.72 (3.64–6.11) 4.67 (3.61–6.06)
91–180 days 26 1,780 1.46 (0.99–2.14) 1.19 (0.78–1.81) 1.17 (0.77–1.79)
181–365 days 42 2,671 1.57 (1.16–2.13) 1.29 (0.92–1.82) 1.27 (0.91–1.79)
>365 days 53 12,602 0.42 (0.32–0.55) 0.41 (0.31–0.56) 0.41 (0.31–0.56)

Average daily dose of mitoKATP channel
high-affinity sulfonylurea

MitoKATP channel high-affinity
sulfonylurea monotherapy
<0.5 DDD 158 11,464 1.38 (1.18–1.61) 1.15 (0.94–1.40) 1.16 (0.96–1.42)
0.5–1 DDD 91 6,339 1.44 (1.17–1.76) 1.23 (0.97–1.56) 1.21 (0.95–1.53)
>1 DDD 25 1,157 2.16 (1.46–3.20) 1.76 (1.17–2.65) 1.65 (1.09–2.49)

DDD, defined daily dose. aThree-point MACEs include MI, ischemic stroke, and cardiovascular death. bAdjusted for the deciles of PS.
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mitochondrial potassium channels is a
major determinant of the sulfonylurea
intraclass difference in the cardiovascular
risk among patients with diabetes.

Our findings on the different risks of
MACE between sulfonylureas due to
their specificity to cardiac mitochondrial
potassium channels are supported by
previous preclinical data. IPC plays the
most pivotal role in myocardial protec-
tion (16) and is triggered by ischemia
and reperfusion of the heart; subse-
quently, it activates downstream intracel-
lular signaling pathways and opens inner
membrane mitoKATP channels that pro-
duce mediators of cardioprotection (31).
These processes in turn could reduce
infarction size, restore cardiac function,
and prevent myocardial injuries (14). In
vitro and animal studies revealed an
infarct size increase with glyburide or gli-
pizide use through blocking the cardiac
mitoKATP channels, as opposed to reveal-
ing no effect on infarct size with the use
of gliclazide, glimepiride, or tolbutamide,
which have low affinities to mitoKATP
channels (17–20). This study translates
the preclinical data of sulfonylureas’ low
and high affinity to cardiac mitoKATP

channels into a major factor accounting
for an intraclass difference in cardiovas-
cular risk among patients with diabetes.

MitoKATP channel low-affinity sulfony-
lureas gliclazide and glimepiride compared
with standard glucose control therapy and
dipeptidyl peptidase-4 (DPP-4) inhibitors,
respectively, caused no excess in the risk
of adverse cardiovascular events in two
large randomized controlled trials (32,33).
The Action in Diabetes and Vascular Dis-
ease Preterax and Diamicron Modified
Release Controlled-Evaluation (ADVANCE)
trial indicated that glucose control intensi-
fication using gliclazide modified release
had no significant effect on major macro-
vascular events compared with standard
glucose control involving other antidia-
betic medications (33). The Cardiovascular
Outcome Study of Linagliptin vs. Glimepir-
ide in Type 2 Diabetes (CAROLINA) also
revealed no difference in time to occur-
rence of three-point MACE between the
use of linagliptin, a DPP-4 inhibitor, and
glimepiride in patients with diabetes at
high cardiovascular risk (HR 0.98 [95.47%
CI 0.84–1.14]) (32).

Our duration-response analysis revealed
that the risk of MACE varied by duration

of mitoKATP channel high-affinity sulfonyl-
urea, with a higher risk within the first 90
days of treatment initiation. Animal stud-
ies have found that IPC causes reduced
infarct size (34) and augments postische-
mic cardiac function within a day (35),
indicating the impact of IPC on heart
should not be latent. Additionally, IPC has
been reported to cause two phases of
protection, the “first window” and the
“second window of protection,” protect-
ing the heart for about 2 h and 1–3 days,
respectively, after initiation (36). Although
the findings from animal studies cannot
be directly extrapolated to humans, the
existing experimental evidence can still be
derived indirectly as the time course
observed from these studies collaborate
with the duration findings.

Pancreas selectivity of sulfonylureas
has also been speculated to be a deter-
minant of associated adverse cardiovas-
cular events (37). Several sulfonylureas,
such as glyburide and glimepiride, with
no specificity to b-cells in the pancreas
were hypothesized to lead to a higher
adverse cardiovascular disease incidence
than pancreas-specific sulfonylureas due
to their suspected binding to receptors

Figure 1—Sensitivity analysis of associated MACE between mitoKATP channel high-affinity sulfonylureas and mitoKATP channel low-affinity sulfony-
lureas. CV, cardiovascular; hdPS, high-dimension PS. aP< 0.05. bAdjusting for the estimated PSs in deciles.
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on cardiomyocytes and smooth muscle
cells (37). However, a well-designed
cohort study found that pancreas-non-
specific sulfonylureas (glyburide and gli-
mepiride) were not associated with an
increased adverse cardiovascular event
risk when compared with pancreas-spe-
cific sulfonylureas (gliclazide, glipizide,
and tolbutamide) (12). Another cohort
study in patients initiating metformin
monotherapy observed that adding or
switching to pancreas-nonspecific sulfo-
nylureas resulted in a similar adverse car-
diovascular event risk to that in patients
who stayed on metformin monotherapy
(11). Additionally, our subgroup analyses
revealed that pancreas specificity of sul-
fonylureas was not an effect modifier of
the examined associations, despite the
limited sample sizes. Collectively, these
data do not support the view that sulfo-
nylurea pancreas selectivity is the main
factor responsible for the associated
MACE.
Our observed incidence rates of car-

diovascular death are much lower than
the three abovementioned relevant stud-
ies, including the CAROLINA trial. For
example, the incidence rate/100 person-
years of cardiovascular death were 0.13
and 0.05 for mitoKATP channel high-affin-
ity and low-affinity sulfonylureas, respec-
tively, both of which were much lower
than the incidence rates in the other
studies, ranging from 0.9 to 2.2/100 per-
son-years. This discrepancy in cardiovas-
cular mortality rates may be due to the
fact that the sulfonylurea users in our
study were younger, had shorter duration
of diabetes, and possessed fewer comor-
bidities compared with the patients in
other studies. For instance, the mean
duration of diabetes among our patients
was <1 year as opposed to the mean
duration of 6 years in the CAROLINA
study. Additionally, only �11% of our
study cohort had a history of coronary
artery disease, which is two to three
times less than that of the patients
included in the aforementioned studies.
These attributes of our study subjects’
characteristics may indicate that the sul-
fonylurea users were at a lower risk of
MACE, among whom the impact of inhi-
bition of cardiac mitoKATP channels on
the cardiovascular outcomes may be less
profound.
The observed risk in the current study

was driven by ischemic stroke and cardio-
vascular mortality rather than MI. IPC has

been found not only to exert its cardio-
protection function before an extended
ischemia insult, but also to function early
in perfusion following a sustained severe
or potentially lethal ischemia, which
reduces reperfusion injury (38). Accord-
ingly, inhibition of IPC may be expected
to increase the incidence of MI and/or
cause worse outcomes after MI. Yet,
owing to the aforementioned characteris-
tics of our included patients and not all
fatal MI requiring prior hospitalization,
inhibition of IPC would not cause much
difference in the incidence rate of MI, but
instead would have a profound impact on
ischemia reperfusion following a sus-
tained severe or potential lethal MI, lead-
ing to worsened outcomes. This may
explain the observed twofold increase in
cardiovascular mortality. Similarly, the
inhibition of IPC was proposed to underlie
an excess increase in cardiovascular mor-
tality from the use of tolbutamide, a KATP
channel inhibitor, compared with diet
treatment in the University Group Diabe-
tes Program, an early randomized trial
(39). Furthermore, IPC has also been
found to have a neuroprotective effect
involving the activation of mitoKATP chan-
nels. Based on past studies, mitoKATP
channel activation is reported to play an
important role in the development of tol-
erance to forebrain and cerebral ischemia,
with evidence showing the neuroprotec-
tive effect abolished by mitoKATP channel
blockers. Given these findings, it may also
explain the observed increased risk in
ischemic stroke.

Although hypoglycemic episodes have
been reported to substantially increase
the cardiovascular disease risk (40), our
observed associations are probably not
mediated by hypoglycemia, as this factor
was balanced at baseline between the
two groups, and only nine patients expe-
rienced hypoglycemia before the occur-
rence of a MACE outcome during follow-
up. Further adjustment of hypoglycemic
events during follow-up led to results
similar to the main findings.

Furthermore, the observed risk was
attenuated with the adoption of the
intention-to-treat analysis. After checking
the percentage of patients who switched
between the two types of sulfonylureas
in the main analysis, we found a higher
percentage of patients switching from
mitoKATP channel high-affinity sulfonyl-
urea to mitoKATP channel low-affinity sul-
fonylureas (15.5%) compared with vice

versa (4.2%). This higher percentage of
switching from the former may explain
why the risk observed was attenuated
and nonsignificant when performing the
intention-to-treat analysis.

Our overall findings support the notion
that sulfonylurea specificity to cardiac
mitoKATP channels is associated with an
increased MACE risk, which in turn
explains the intraclass difference in the
MACE risk among different sulfonylureas.
Considering our findings on cardiovascular
outcomes (especially cardiovascular death)
and hypoglycemic events, we strongly rec-
ommend using sulfonylureas with low
affinities to cardiac mitoKATP channels,
such as gliclazide and glimepiride, for dia-
betes management where sulfonylurea
therapy is preferred. Conversely, health
care professionals need to be vigilant in
monitoring patients being treated with
mitoKATP channel high-affinity sulfonylur-
eas for any signs of adverse cardiovascular
events.

Our study has several strengths. First,
to our knowledge, this is the first obser-
vational study to evaluate the important
pharmacological properties of sulfonylur-
eas with regard to their different specific-
ities to cardiac mitochondrial channels
and their association with the risk of
MACE. Second, we implemented few
exclusion criteria to analyze a nationwide
health care claim database of patients
with diabetes, thereby assuring high gen-
eralizability of our findings. Third, we per-
formed multiple strategies to minimize
confounding and bias, such as adopting a
new user design with an active compara-
tor analysis, performing PS matching and
inverse weighting analyses, and measur-
ing incident cardiovascular outcomes.
Fourth, misclassification in the identified
MI and ischemic stroke events is
expected to be low because the accuracy
of the algorithms used for cardiovascular
event identification was reported to be
high (22,23).

The current study has several limita-
tions. First, although all of the measured
factors were balanced after PS matching,
unmeasured confounders, such as body
weight and smoking, could still be poten-
tial threats to our reported findings.
While the rule-out analyses based on the
primary results (aHR 1.21) suggest that
an unmeasured confounder could not
fully contribute to our primary finding,
the room for potential unmeasured con-
founding is still possible, especially taking
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into account on its possible effect on the
lower bound of the 95% CI of the aHR of
our results. Second, in order to increase
the comparability between the two
groups, we analyzed patients newly diag-
nosed with diabetes who were receiving
sulfonylurea monotherapy. Consequently,
we may have included patients who did
not have a long-standing history of diabe-
tes and, therefore, had a lower tendency
to develop MACE. In these patients, IPC
was suspected to be less likely to func-
tion, and the risk of MACE resulting from
the use of sulfonylureas that inhibit car-
diac mitoKATP channels could thus be less
profound. Future studies are warranted
to evaluate the cardiovascular safety of
using mitoKATP channel high-affinity sulfo-
nylureas in dual or triple therapy. Third,
random errors could have occurred in
the secondary and subgroup analyses
due to the small number of cardiovascular
events. Fourth, while we measured obe-
sity from the analyzed database, it seems
that a substantial portion of patients with
obesity could not be identified using the
disease code, indicating the presence of
misclassification for obesity status. Fifth,
although similar results were obtained
after restricting patients with a medication
possession ratio $0.8, we were unable to
directly measure patient treatment com-
pliance to sulfonylurea monotherapy.
However, it is believed that there was no
difference between the two groups in
terms of treatment compliance, poten-
tially moving the estimated HRs toward
the null value. Finally, our study was
aimed at examining the comparative car-
diovascular event-related safety between
mitoKATP channel high-affinity and low-
affinity sulfonylureas, but this does not
mean that the corresponding results can
be interpreted to imply that mitoKATP
channel low-affinity sulfonylureas carry no
cardiovascular risk. Further researches are
urgently required to compare mitoKATP
channel low-affinity sulfonylureas with
other types of antidiabetic agents, such as
DPP-4 inhibitors, regarding the risk of
adverse cardiovascular events in order to
determine the comparative safety profile
of this type of sulfonylureas.

In conclusion, our study revealed an
increased risk of MACE associated with
the use of mitoKATP channel high-affinity
sulfonylureas compared with that of
mitoKATP channel low-affinity sulfonylur-
eas. The observed risk was driven by
ischemic stroke and cardiovascular death

and was particularly elevated within 90
days of initiating mitoKATP channel high-
affinity sulfonylureas. These data support
cardiac mitoKATP channel inhibition acting
as a major contributor to the intraclass
difference in the adverse cardiovascular
risk among sulfonylureas.
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