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ABSTRACT

Aims/Introduction: Recent clinical trials on sodium—glucose cotransporter 2 inhibitors
showed improved outcomes in patients with type 2 diabetes at a high risk of cardiovas-
cular events. However, the underlying effects on endothelial function remain unclear.
Materials and Methods: The effect of empaglifiozin on endothelial function in cardio-
vascular high risk diabetes mellitus: Multi-center placebo-controlled double-blind random-
ized (EMBLEM) trial in patients with type 2 diabetes and cardiovascular disease showed
empagliflozin treatment for 24 weeks had no effect on peripheral endothelial function
measured by reactive hyperemia peripheral arterial tonometry. This post-hoc analysis of
the EMBLEM trial included a detailed evaluation of the effects of empagliflozin on periph-
eral endothelial function in order to elucidate the clinical characteristics of responders or
non-responders to treatment.

Results: Of the 47 patients randomized into the empagliflozin group, 21 (44.7%)
showed an increase in the reactive hyperemia index (RHI) after 24 weeks of intervention,
with no apparent difference in the clinical characteristics between patients whose RHI
either increased (at least >0) or did not increase. There was also no obvious difference
between the treatment groups in the proportion of patients who had a clinically
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meaningful change (>15%) in log-transformed RHI. No correlation was found between
changes in RHI and clinical variables, such as vital signs and laboratory parameters.
Conclusions: Treatment with empagliflozin for 24 weeks in patients with type 2 dia-
betes and cardiovascular disease did not affect peripheral endothelial function, and was
not related to changes in clinical variables, including glycemic parameters. These findings
suggest that the actions of sodium—glucose cotransporter 2 inhibitors other than direct
improvement in peripheral endothelial function were responsible, at least in the early
phase, for the clinical benefits found in recent cardiovascular outcome trials.

INTRODUCTION

Sodium-glucose  cotransporter 2 (SGLT2) inhibitors are
expected to have favorable effects on multifaceted cardiovascu-
lar pathways through hemodynamic and metabolic modulations
beyond the known glucose-lowering action of these agents' .
For example, in the Empagliflozin Cardiovascular Outcome
Event Trial in Type 2 Diabetes Mellitus Patients—Removing
Excess Glucose (EMPA-REG OUTCOME), empagliflozin
markedly reduced the risk of composite cardiovascular out-
comes, heart failure hospitalization and mortality in patients
with type 2 diabetes at a high risk of developing cardiovascular
disease (CVD)*. Subsequent cardiovascular outcome trials also
showed that SGLT?2 inhibitors consistently improved cardiovas-
cular outcomes, especially heart failure- and kidney-related out-
comes” . These results suggested that the hemodynamic
actions of SGLT2 inhibitors are the predominant factor reduc-
ing the risk of these two outcomes, compared with the meta-
bolic and anti-atherogenic actions of the agent. However, the
precise and definitive mechanisms by which SGLT2 inhibitors
improved those outcomes, and their clinical effects on vascular
function have yet to be fully elucidated.

The recent effect of empagliflozin on endothelial function in
cardiovascular high risk diabetes mellitus: Multi-center placebo-
controlled double-blind randomized (EMBLEM) trial investi-
gated whether empagliflozin added to standard therapy
improved peripheral endothelial function in patients with
type 2 diabetes and established CVDs, and showed that
24 weeks of treatment did not affect endothelial function com-
pared with placebo®. However, the study did not include a
detailed evaluation of responders and non-responders to empa-
gliflozin therapy. To better understand the profound effects of
empagliflozin on endothelial function, we carried out a sec-
ondary and exploratory analysis using data obtained from the
EMBLEM trial. The present also reports the effects of empagli-
flozin on other clinical parameters and safety information
obtained from the EMBLEM trial.

METHODS

Trial design and patients

The EMBLEM trial (UMIN000024502) was an investigator-ini-
tiated, prospective, multicenter, placebo-controlled, double-
blinded, randomized trial undertaken in 16 centers in Japan.

The current secondary study was an exploratory post-hoc anal-
ysis of data obtained from that trial®. The original rationale and
protocol of the trial have been reported previously’, and the full
list of inclusion criteria and exclusion criteria is described in
Data S1. In brief, eligible participants included those with
type 2 diabetes, glycated hemoglobin (HbAlc) between 6.0 and
10.0%, taking stable glucose-lowering medications for at least
1 month before providing consent, and a history of established
CVD, including heart failure with the exception of New York
Heart Association functional classification IV, coronary artery
disease, stroke, peripheral artery disease or the presence of
coronary artery stenosis (=50%), as detected by imaging modal-
ities.

The trial was approved by the institutional review boards of
the individual sites, in compliance with the Declaration of Hel-
sinki and the current legal regulations in Japan. The partici-
pants received an adequate explanation of the trial before they
provided written informed consent.

Randomization and masking

All participants who met the criteria for enrollment were
assigned randomly (1:1) in a double-blind manner to treatment
with either empagliflozin or placebo, using the Web-based min-
imization dynamic allocation method stratified according to
HbAlc (<7.0 or >7.0%), age (<65 years or >65 years), systolic
blood pressure (<140 mmHg or >140 mmHg) and current
smoking habit (smoker or non-smoker) at the time of screen-
ing'®. After randomization, all researchers involved with various
aspects of the trial remained masked to the group assignments
until after database lock.

Outcome measures

The original primary outcome in the EMBLEM trial was the
change from baseline to 24 weeks in the reactive hyperemia
index (RHI), measured by reactive hyperemia-peripheral arterial
tonometry (RH-PAT)®. The secondary efficacy end-points were
changes from baseline to 24 weeks in the following parameters:
augmentation index, standard deviation of the normal-to-nor-
mal intervals, ratio of low to high frequency evaluated simulta-
neously and automatically by RH-PAT, and standard
laboratory data including glycemic, lipid and renal parameters.
In the present post-hoc analyses, we compared the baseline
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clinical characteristics of patients whose RHI increased (>0) or
did not increase (<0) during the 24 weeks of treatment. In
addition, post-hoc responder analyses were carried out to inves-
tigate the proportion of patients who had a clinically meaning-
ful change in log-transformed RHI (>15%) from baseline to
24 weeks'""2. To assess the change in plasma volume associ-
ated with empagliflozin treatment, estimated plasma volume
(ePV) was calculated by the Strauss formula'>. No other clinical
parameters were added to the secondary analyses.

RH-PAT analyses

Peripheral endothelial function was measured by RH-PAT
using the Endo-PAT2000 device (Itamar Medical, Caesarea,
Israel). The detailed principles and measurement procedures of
RH-PAT have been described previously™*'"”. In brief, the RH-
PAT measurements were carried out in the morning at baseline
and at 24 weeks, according to the manufacturer’s instructions.
The measurements were carried out while the participant was
in a fasted state and before them taking their medications for
the test day. After at least 15 min of rest on a bed in the
supine position, the baseline pulse amplitude was recorded
from each fingertip for 6 min. The cuff was then inflated to
60 mmHg above systolic blood pressure or 200 mmHg for
5 min. After cuff deflation, the pulse amplitude was recorded
for 5 min.

Safety

Throughout the trial, safety information was collected for the
intention-to-treat population by recording serious adverse
events (AEs) regardless of the causal relationship to the trial
drugs and protocol. Predefined AEs of special interest, such as
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hepatic injury, decreased kidney function, metabolic acidosis,
ketoacidosis, diabetic ketoacidosis and events involving lower
limb amputation, were also collected (Data S2)°.

Statistical analysis

The planned statistical analyses have been described previously’.
All the analyses were carried out on the full analysis set, which
included all participants who had received at least one dose of
treatment after randomization and who did not have any seri-
ous violation of the protocol (e.g., not providing informed con-
sent). In the original primary analysis, the means and 95%
confidence intervals (CIs) were estimated by analysis of covari-
ance adjusted for the allocation factors at randomization. The
summary statistics were expressed as the mean + standard
deviation for continuous variables, or number (%) for categori-
cal variables. Intergroup differences were compared using ¢-tests
for continuous variables, or Fisher’s exact test for categorical
variables. The proportion of patients who had clinically mean-
ingful changes was compared between the treatment groups
using the Wilcoxon rank-sum test. The correlation between the
changes in RHI and each measurement was evaluated using
Pearson’s correlation coefficient. All P-values were two-tailed,
with values <0.05 considered to be statistically significant. No
adjustment for multiplicity was carried out for the efficacy end-
points. All statistical analyses were carried out using SAS soft-
ware version 9.4 (SAS Institute, Cary, NC, USA).

RESULTS

Baseline characteristics of patients

A total of 119 patients were screened, of whom 117 were ran-
domized (Figure 1). Six patients in the empagliflozin group and

Registered tot the EMBLEM trial

Full analysis set
n=52(89.7%)

Figure 1 | Flow chart of the study.

n=119
Excluded (n=2)
* Double registration (n = 1)
* Withdraw consent (n = 1)
Randomized
n=117
Allocated to empagliflozin Allocated to placebo
n =58 (100%) n=>59 (100%) —
Excluded (n = 6) Exclgded (n=4)
* Withdraw consent (n = 4) * Withdraw consent (n =1)
* Meeting discontinuance ° Mget!ng discontinuance
criteria (n = 2) criteria (n = 2)
Analyzed for safety Analyzed for safety * Double registration (n = 1)
n=52(89.7%) n=55(93.2%)
Excluded (n=2)
* Serious protocal deviation

Full analysis set
n=53(89.8%)
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four patients in the placebo group dropped out before receiving
the study drug, whereas two patients in the placebo group were
excluded due to a serious protocol violation. Finally, 105
patients were included in the full analysis set (52 in the empa-
gliflozin group and 53 in the placebo group).

The baseline demographics and clinical characteristics were
comparable between the two treatment groups (Table 1). The
mean age of the participants was 64.9 = 10.4 years, and the
mean type 2 diabetes duration was 13.2  10.9 years. The
mean body mass index (BMI) at baseline was 26.4 * 5.3 kg/
m?% whereas the blood pressure of the patients was relatively

Table 1 | Baseline characteristics of the patients

http://wileyonlinelibrary.com/journal/jdi

well controlled (systolic 1332 £ 15.0 mmHg, diastolic
75.7 £ 10.5 mmHg). The mean HbAlc at baseline was 7.2%
(55 mmol/mol), with a large proportion of the patients having
taken a dipeptidyl peptidase-4 inhibitor and metformin. All
patients had at least one established cardiovascular or cere-
brovascular disease, and almost all had been receiving medica-
tions for hypertension and dyslipidemia.

Detailed effect of empagliflozin on endothelial function
As reported previously®, the absolute change in RHI from base-
line to 24 weeks was —0.006 £ 0.478 (empagliflozin) and —

Variables Empagliflozin (n = 52) Placebo (n = 53)
Age (years) 654+ 11.1 64.1 £ 99
Women 16 (30.8) 17 32.1)
Systolic blood pressure (mmHg) 1328 £ 152 1330 £ 145
Diastolic blood pressure (mmHg) 764 £ 115 749 £ 95
Heart rate (b.om.) 738 £ 133 719+ 98
Body mass index (kg/m?) 262 + 5.1 269 %55
HbA1c, % (mmol/mol) 72+08 (55%9) 72+ 09 (55 £ 10)
Diabetes duration (years) 136+ 132 130 + 83
eGFR (mL/min/1.73 mz) 670125 692 £ 139
eGFR <60 mL/min/1.73 m? 15 (288) 14 (264)
Current smoking 9(17.3) 13 (24.5)
History
Hypertension 41 (788) 36 (679
Dyslipidemia 39 (75.0) 38 (71.7)
Cerebrovascular disease 6 (11.5) 15 (283)
Cardiovascular disease 50 (96.2) 44 (83.0)
Heart failure 23 (44.2) 19 (35.8)
Myocardial infarction 12 (23.1) 13 (245)
Angina 21 (404) 11 (208)
Arteriosclerosis obliterans 6 (11.5) 1(1.9)
Treatment
Non-diabetic
ACE inhibitor or ARB 31 (596) 38 (71.7)
Beta-blocker 19 (36.5) 19 (35.8)
Calcium channel blocker 26 (500) 25 (47.2)
MRA 9(17.3) 5 (94)
Diuretic 8 (154) 10 (189)
Statin 43 (82.7) 36 (67.9)
Antiplatelet or anticoagulant 30 (57.7) 34 (642
Diabetes
Insulin 5 (96) 5(94)
Metformin 25 (48.1) 28 (52.8)
Sulfonylurea 8 (154) 12 (226)
Alpha-glucosidase inhibitor 8 (154) 8 (15.1)
Thiazolidinedione 12 (23.1) 13 (24.5)
DPP-4 inhibitor 37 (71.2) 36 (67.9)
GLP-1RA 3 (58 2 (38

Data are expressed as mean + standard deviation or n (%). ACE, angiotensin-converting enzyme; ARB, angiotensin receptor blocker; CABG, coronary
artery bypass grafting; DPP-4, dipeptidyl peptidase-4; eGFR, estimated glomerular filtration rate; GLP-1RA, glucagon-like peptide-1 receptor agonist;
MRA, mineralocorticoid receptor antagonist.
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Table 2 | Subgroup analyses of the primary endpoint, grouped according to baseline reactive hyperemia peripheral arterial tonometry index

categories

Subgroup Empagliflozin Placebo Group 95% Cl P-value  P-value for
stratified by ) ) difference interaction
baseline RHI " Mean change 95% Cl n Mean change 95% Cl

values in RHI in RHI

<167 19 0117 —0057t0 0292 19 0075 —0064 to 0214 0.042 —0.173 t0 0258 06% 0916
>167,<210 15 0.109 -0070t0 0287 20 0111 -0.121 to 0342 -0.002 —0.300 to 0297 0990

>2.10 13 -0319 —0.706 t0 0068 12 —0411 —0668 to — 0154 0092 —0356 t0 0539 0676

RHI, reactive hyperemia peripheral arterial tonometry index.

0.025 + 0.454 (placebo), with no significant intergroup differ-
ence observed (—0.020, 95% CI —0.199 to 0.158, P = 0.821).
Endothelial function assessed by dividing the patients into sub-
groups according to their baseline RHI values (1.67 or 2.10) to
discriminate normal or abnormal endothelial function'® showed
no significant difference in changes in RHI caused by treatment
in the two subgroups (Table 2).

In patients with RHI data at both baseline and 24 weeks
(empagliflozin-arm #n = 47, placebo-arm n = 51), 21 patients
(44.7%) receiving empagliflozin and 24 patients (47.1%) receiv-
ing placebo showed increases in RHI after 24 weeks of inter-
vention, whereas the RHI in the remaining patients either
remained unchanged or decreased. When the participants were
divided into subgroups based on an increase (>0) in RHI or
not (<0) after 24 weeks of intervention, no significant difference
in baseline clinical manifestations was observed between the
two subgroups for either treatment (Table 3). Furthermore, a
>15% increase in log-transformed RHI was seen in 16 patients
(34.0%) in the empagliflozin group and 16 patients (31.4%) in
the placebo group, with no obvious difference in the proportion
of responders or non-responders between the two treatment
groups (Figure 2).

Effects on other parameters

The detailed changes in the clinical and laboratory parameters
from baseline to 24 weeks and intergroup comparisons are
shown in Table 4. The 24 weeks of empagliflozin treatment
reduced both systolic and diastolic blood pressure, with a bor-
derline difference between the treatment groups. However, we
observed no significant difference in heart rate or double pro-
duct between the two groups. Reductions in BMI, fasting
plasma glucose, HbAlc and glycoalbumin in the empagliflozin
group were significantly greater than those in the placebo
group. Empagliflozin also increased serum total ketone bodies,
hemoglobin and hematocrit levels, and decreased the serum
levels of triglyceride and uric acid. In addition, 24 weeks of
empagliflozin treatment significantly reduced ePV to a greater
extent than that observed with placebo (Figure 3). No apparent
differences in renal biomarkers were observed between the two
treatment groups. Empagliflozin treatment also did not impact

augmentation index, standard deviation of the normal-to-nor-
mal intervals or ratio of low to high frequency measured con-
currently by RH-PAT (Table S1). Finally, we found no
significant correlation between changes in RHI and the clinical
and laboratory parameters measured over a period of 24 weeks
(Table S2).

Safety

The AEs documented during the trial period are summarized
in Table S3. Empagliflozin was well tolerated, and no prede-
fined AEs of special interest (lower limb amputation, decreased
kidney function, hepatic injury or metabolic acidosis) were doc-
umented in the empagliflozin group. There were seven serious
AEs in three patients in the empagliflozin group, and a serious
AE in one patient in the placebo group. In the empagliflozin
group, one patient permanently discontinued the study drug as
a result of the development of hyperglycemia, hypoglycemia
and ventricular tachycardia, whereas another patient temporar-
ily discontinued treatment due to neurally mediated syncope
and a urinary tract infection. In the placebo group, one patient
permanently discontinued treatment as a result of predefined
AEs of special interest (hepatic injury). Although development
of a non-fatal stroke was reported in one patient in the empa-
gliflozin group, it proved to be asymptomatic and an old-type
infarction accidentally shown by imaging modality 110 days
after initiation of the study drug.

DISCUSSION
The current detailed secondary analyses used data from the
EMBLEM trial in Japanese patients with type 2 diabetes and
established CVD, and showed no obvious effects of empagliflo-
zin on endothelial function and no apparent differences in the
clinical characteristics between participants with or without an
improvement in peripheral endothelial function. These results
support the findings of recent cardiovascular outcome trials that
the reduction in the risk of cardiovascular events observed with
SGLT2 inhibitors might, in the short-term at least, be mediated
to a lesser extent by amelioration of endothelial function.
Endothelial function maintains vascular homeostasis and is
degraded by metabolic disturbances, such as diabetes, as a result

© 2020 The Authors. Journal of Diabetes Investigation published by AASD and John Wiley & Sons Australia, Ltd
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Table 3 | Clinical characteristics of the patients, stratified according to the change in reactive hyperemia peripheral arterial tonometry index from

baseline to 24 weeks

Variables Empadgliflozin Placebo
RHI increase (n = 21) No increase (n = 26) P-value RHI increase (n = 24) No increase (n = 27) P-value
Age (years) 654+ 113 653+ 113 0992 627 74 650% 119 0413
Sex
Female 4 (190) 11 (423) 0.121 8 (33.3) 8 (296) 1.000
Male 17 (81.0) 15 (57.7) 16 (66.7) 19 (704)
Systolic blood pressure (mmHg) 1350 + 148 1318 £ 161 0498 1339+ 128 1303 £+ 144 0350
Diastolic blood pressure (mmHg) 778 £ 10.1 763 £ 121 0670 788 + 66 713+ 107 0.005
Heart rate (b.om.) 756 £ 127 725+ 143 0433 716 £ 113 716+ 88 0999
Body mass index (kg/m?) 266 + 37 262+ 62 0.770 283+ 66 259+ 42 0.128
HbA1c, % (mmol/mol) 69+ 08 (52%9) 73+£07 (56 £8) 0088 74111 (57%12) 711207 (5498 0212
Diabetes duration (years) 125+ 113 149 £ 153 0579 M7x£77 146 £ 90 0.280
eGFR (mL/min/1.73 m?) 673+ 11.1 657 £ 137 0669 701+ 96 682+ 173 0629
eGFR <60 mL/min/173 m?
Yes 5(238) 9 (346) 0535 4 (16.7) 10 (37.0) 0127
No 15 (714 17 (654) 20 (833) 17 (63.0)
Current smoking
Yes 3(143) 4 (154) 1.000 5(208) 8 (296) 0534
No 18 (85.7) 22 (846) 19 (79.2) 19 (704)
History
Hypertension
Yes 18 (85.7) 20 (76.9) 0711 19 (79.2) 15 (55.6) 0.136
No 3(143) 6 (23.1) 5 (208) 12 (444)
Dyslipidemia
Yes 17 81.0) 17 (654) 0330 18 (75.0) 18 (66.7) 0554
No 4 (190) 9 (346) 6 (25.0) 9 (333)
Cerebrovascular disease
Yes 2 (95) 3(115) 1.000 8 (333) 6 (22.2) 0.531
No 19 (90.5) 23 (885) 16 (66.7) 21 (778)
Cardiovascular disease
Yes 20 (95.2) 25 (96.2) 1.000 7 (292) 2 (74) 0.066
No 1 48) 138 17 (708) 25 (926)
Heart failure
Yes 7 (333) 14 (53.8) 0.239 14 (583) 18 (66.7) 0575
No 14 (66.7) 12 (46.2) 10 (41.7) 9 (333)
Myocardial infarction
Yes 3(143) 7 (269) 0475 4 (16.7) 8 (296) 0335
No 18 (85.7) 19 (73.1) 20 (833) 19 (704)
Angina
Yes 9 (429) 9 (346) 0.763 5 (208) 4 (148 0.718
No 12 (57.1) 17 (654) 19 (79.2) 23 (852
Arteriosclerosis obliterans
Yes 2 (95) 2(77) 1.000 24 (1000) 26 (96.3) 1.000
No 19 (90.5) 24 (923) 0 137)
Treatment
Non-diabetic
ACE inhibitor or ARB
Yes 14 (66.7) 14 (53.8) 0551 16 (66.7) 20 (74.1) 0.759
No 7 (333) 12 (46.2) 8 (33.3) 7 (259)
Beta-blocker
Yes 8 (38.1) 8 (30.8) 0.758 10 (41.7) 8 (296) 039
No 13 (619) 18 (69.2) 14 (583) 19 (704)
1556 J Diabetes Investig Vol. 11 No. 6 November 2020 © 2020 The Authors. Journal of Diabetes Investigation published by AASD and John Wiley & Sons Australia, Ltd
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Variables Empadgliflozin Placebo
RHI increase (n = 21) No increase (n = 26) P-value RHI increase (n = 24) No increase (n = 27) P-value

Calcium channel blocker
Yes 11 (524) 15 (57.7) 0.774 11 (45.8) 17 (63.0) 0.267
No 10 (476) 11 (423) 13 (54.2) 10 (37.0)

MRA
Yes 2 (95) 6 (23.1) 0.269 22 (91.7) 24 (889) 1.000
No 19 (90.5) 20 (769) 2 (83) 3(11.0)

Diuretic
Yes 3(143) 4 (154) 1.000 20 (833) 21 (77.8) 0.731
No 18 (85.7) 22 (846) 4 (16.7) 6 (22.2)

Statin
Yes 18 (85.7) 21 (8038) 0.715 17 (708) 17 (63.0) 0.767
No 3(143) 5(19.2) 7 (292) 10 (37.0)

Antiplatelet or anticoagulant
Yes 12 (57.1) 14 (53.8) 1.000 14 (583) 18 (66.7) 0575
No 9 (429) 12 (46.2) 10 (41.7) 9 (333)

Diabetic

Insulin
Yes 2 (95) 2(77) 1.000 3(125) 2 (74) 0.656
No 19 (90.5) 24 (923) 21 (875) 25 (926)

Metformin
Yes 10 (476) 14 (53.8) 0.772 13 (54.2) 14 (519) 1.000
No 11 (524) 12 (46.2) 11 (45.8) 13 (48.1)

Sulfonylurea
Yes 4 (190) 3(115) 0684 6 (25.0) 6 (22.2) 1.000
No 17 81.0) 23 (885) 18 (75.0) 21 (778)

Alpha-glucosidase inhibitor
Yes 2 (95) 6 (23.1) 0.269 4 (16.7) 4 (148) 1.000
No 19 (90.5) 20 (76.9) 20 (833) 23 (85.2)

Thiazolidinedione
Yes 6 (286) 5(19.2) 0.505 6 (25.0) 6 (22.2) 1.000
No 15 (714) 21 (80.8) 18 (75.0) 21 (77.8)

DPP-4 inhibitor
Yes 14 (66.7) 19 (73.1) 0.752 15 (62.5) 19 (704) 0569
No 7 (333) 7 (269) 9 (375) 8 (296)

GLP-1RA
Yes 2 (95) 138 0579 2 (83) 0 0216
No 19 (90.5) 25 (96.2) 22 (91.7) 27 (100.0)

Data are mean + standard deviation or n (%). ACE, angiotensin-converting enzyme; ARB, angiotensin receptor blocker; DPP-4, dipeptidyl peptidase-
4; eGFR, estimated glomerular filtration rate; GLP-1RA, glucagon-like peptide-1 receptor agonist; HbA1c, glycated hemoglobin; MRA, mineralocorti-
coid receptor antagonist; RHI, reactive hyperemia peripheral arterial tonometry index.

. . . . 17,1
of increased oxidative stress and inflammatory responses'””'®,

Impaired endothelial function (i.e., endothelial dysfunction) is
involved in the pathophysiology of diabetes-related cardiovascu-
lar complications, including heart failure'. There is evidence
that endothelial dysfunction is the primary step in the develop-
ment of vascular atherosclerosis, and that it also plays a major
role in the progression of vascular injuries®?'. In addition,
endothelial dysfunction is closely related to cardiovascular
events and poor prognosis® >*, with persistent dysfunction
known to be associated with an increased risk of mortality™.
Therefore, when considering the possible modes of action of

SGLT2 inhibitors on cardiovascular systems and the mecha-
nisms underlying their clinical benefits, it is necessary to evalu-
ate the effects on endothelial function as a surrogate marker.
SGLT2 inhibitors have proven multidisciplinary benefits on
systemic metabolism, and cardiovascular and renal systems over
and above their glucose-lowering action'”. Before the initiation
of our trial, it was reasonable to assume that SGLT2 inhibitors
possessed these multifaceted effects that could improve
endothelial function in patients with type 2 diabetes, even those
at high risk of CVD. However, in our trial, empagliflozin did
not affect endothelial function® and other physiological
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Figure 2 | Proportion of patients who had a deterioration (decrease >15%), remained unchanged or an improvement (increase >15%) in log-
transformed RHI (LnRHI). The numbers on the bars indicate the proportion (%) of patients in each category.

parameters, including heart rate variability (HRV). To date, just
a few studies have investigated the effect of SGLT2 inhibitors
on HRV. In 2014, Cherney et al*® reported that 8 weeks of
empagliflozin treatment did not affect HRV in patients with
type 1 diabetes, being consistent with the present finding. To
better understand that effect, a placebo-controlled double-blind
trial (the EMBODY trial) that will evaluate the effect of empa-
gliflozin on HRYV, including time and frequency domain analy-
ses, in patients with type 2 diabetes and acute myocardial
infarction is now ongoing”’. In addition, in the current study,
we found no clear difference in clinical parameters between
patients whose endothelial functional index increased and in
those in whom the index did not, with no correlation between
changes in the index and clinical parameters. Furthermore, the
present study observed no association between changes in
peripheral endothelial function and other laboratory parameters
that could potentially be beneficially affected by empagliflozin
treatment, such as a decrease in bodyweight and blood pres-
sure, and an increase in hemoglobin and hematocrit levels.
These findings suggest that empagliflozin treatment for
24 weeks had fewer direct effects on vascular function, at least
in patients with type 2 diabetes and established CVD.

Impaired endothelial function and increased arterial stiffness
are central physiological drivers of vascular failure'®*, and
studies of these vascular parameters as surrogate markers can
be used to evaluate the vascular effects of new therapies.
Although various interventions, including medications, have
been assessed to determine whether or not they improve vascu-
lar function®, this possibility with SGLT2 inhibitors is poorly
understood. To date, some clinical trials have shown that
SGLT2 inhibitors improve vascular function in patients with

diabetes. Shigiyama et al.* reported that 16 weeks of treatment
with the SGLT2 inhibitor, dapagliflozin, in patients with a
short-duration of type 2 diabetes and no history of atheroscle-
rotic CVD improved endothelial function measured by flow-
mediated vasodilation compared with that associated with an
increased dose of metformin. This effect was only seen in a
subgroup with uncontrolled type 2 diabetes, despite no appar-
ent difference between the treatment groups. Solini et al*' also
reported that 2 days of treatment with dapagliflozin acutely
improved endothelial function and reduced aortic stiffness in
type 2 diabetes patients at low risk of cardiovascular events.
Importantly, the settings and design of that study differed from
our trial, and therefore might have contributed to the interstudy
differences in the results observed.

Several clinical studies have also shown that empagliflozin
treatment has beneficial impacts on some markers of vascular
function in patients with type 2 diabetes at a relatively low car-
diovascular risk and also younger patients with type 1 dia-
betes”** %, Those studies suggested that improved vascular
function was likely to be associated with empagliflozin-medi-
ated glycemic and non-glycemic actions, such as weight loss
and volume contraction. This empagliflozin-induced reduction
in ePV was comparable to that reported by previous studies of
SGLT?2 inhibitors'>*. However, a direct effect of the agent on
vascular function remains to be fully elucidated. Our trial of
24-week treatment with empagliflozin showed that endothelial
function was not affected during this time period, despite the
presence of several glycemic and non-glycemic benefits. Given
the differences in design between the present study and other
studies, it is likely that population bias might have, in part,
influenced the findings of the present study. In addition, the
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Table 4 | Changes in glycemic and non-glycemic data from baseline to 24 weeks
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Variables Empagliflozin Placebo Group difference (95% Cl) P-value
n mean £ SD n mean + SD

Systolic blood pressure (mmHg)

Baseline 52 13281 £ 1520 53 13302 £ 1452 —021 (=597 to 5.54) 0942

24 weeks 50 12492 + 1439 52 13060 + 1352 —568 (-11.16 to — 0.19) 0043

Change from baseline to 24 weeks 50 —756 + 1653 52 213+ 121 —543 (=11.14 to 0.29) 0063
Diastolic blood pressure (mmHg)

Baseline 52 7638 £ 1152 53 7494 + 953 144 (=266 to 554) 0487

24 weeks 50 7264 £ 9.16 52 7471 £ 1126 —207 (-6.10 to 195) 0310

Change from baseline to 24 weeks 50 —370 £ 866 52 -0.17 £ 992 —353 (=718 t0 0.13) 0058
Heart rate (b.p.m)

Baseline 52 7385 £ 1330 53 7190 £ 984 194 (=259 to 647) 0397

24 weeks 50 7418 £ 1612 51 7092 + 1020 326 (2,05 to 857) 0.227

Change from baseline to 24 weeks 50 052 + 1540 51 —065 *+ 838 1.17 (=3.72 to 6.06) 0637
Double product (systolic blood pressure x heart rate)

Baseline 52 9820 £ 2117 53 9601 + 1,854 219 (=552 to 990) 0574

24 weeks 50 9221 £ 1975 51 9,286 + 1,778 —64 (=807 to 678) 0.864

Change from baseline to 24 weeks 50 —549 + 2,331 51 —245 + 1,223 —304 (1,044 to 437) 0416
Body mass index (kg/m?)

Baseline 51 26.17 £ 510 52 2694 + 547 —0.76 (=283 to 1.30) 0465

24 weeks 50 2568 £ 494 52 26.71 £ 545 —1.03 (=307 to 1.01) 0320

Change from baseline to 24 weeks 49 -075+£ 097 51 -0.17 £ 080 —058 (<093 to — 023) 0002
Fasting plasma glucose (mg/dL)

Baseline 50 14144 £+ 2495 52 14644 + 34.79 —500 (-16.87 to 6.87) 0405

24 weeks 47 12779 £ 2526 51 14553 + 4266 —17.74 (=31.70 to — 3.78) 0013

Change from baseline to 24 weeks 46 —1793 + 2196 51 —080 + 3763 —17.13 (—2943 to — 4.83) 0.007
HbA1c, % (mmol/mol)

Baseline 52 72+08 (5519 52 72 £09 (55 £ 10) —004 (<037 to 029 0819

24 weeks 48 69+06(52%7) 52 7309 (56 £ 10) —0.35 (<065 to — 0.05) 0023

Change from baseline to 24 weeks 48 —025 £ 049 52 007 £ 071 —032 (<056 to — 007) 0011
Glycoalbumin (%)

Baseline 51 1814 £ 307 50 1848 £ 335 —034 (<161 to0 092) 0591

24 weeks 48 16.79 £ 284 51 1838 + 341 —159 (=284 to — 035) 0013

Change from baseline to 24 weeks 47 -137+£ 178 49 014 £ 214 —151 (=231 to - 0.72) <0.001
Total ketone bodies (umol/L)

Baseline 46 6536 + 5826 51 86.16 £ 119.27 —20.80 (5822 to 16.63) 0272

24 weeks 45 9960 + 99.83 50 83.10 £ 11967 1650 (2826 to 61.25) 0466

Change from baseline to 24 weeks 43 3393 £ 8548 50 —440 £ 6843 3834 (6.03 to 70.65) 0.021
Hemoglobin (g/dL)

Baseline 51 1396 £ 159 53 1373 £ 146 023 (=036 to 082) 0443

24 weeks 49 1454 + 160 52 1383+ 134 0.71 (012 to 1.29) 0018

Change from baseline to 24 weeks 48 058 + 098 52 012+ 071 046 (0.12 to 0.80) 0.009
Hematocrit (%)

Baseline 51 4158 + 456 53 4133 £ 415 0.25 (145 to 195) 0.774

24 weeks 49 4358 + 480 52 4172 £ 375 1.86 (0.15 to 3.57) 0033

Change from baseline to 24 weeks 48 205 + 359 52 038 £ 245 168 (044 10 297) 0.008
Non-high-density lipoprotein cholesterol (mg/dL)

Baseline 48 113.79 £ 3299 52 11140 + 2449 239 (=923 to 14.01) 0684

24 weeks 47 114,55 £ 2942 52 11491 £ 3030 —036 (-12.28 to 11.56) 0953

Change from baseline to 24 weeks 45 —3.20 + 1999 52 351 +£1828 —6.71 (1448 to 1.06) 0.090
Triglyceride (mg/dL)

Baseline 51 14100 £ 10749 52 10762 £ 5638 33.38 (=040 to 67.17) 0053

24 weeks 48 11665 + 6598 52 11162 + 4881 503 (1820 to 28.26) 0668
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Table 4 (Continued)
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Variables Empagliflozin Placebo Group difference (95% Cl) P-value
n mean £ SD n mean + SD
Change from baseline to 24 weeks 47 —2757 £ 93.14 52 400 £ 3954 —31.57 (6087 to — 2.28) 0035
Uric acid (mg/dL)
Baseline 50 572 £ 136 52 532 +£108 040 (009 to 0.89) 0.105
24 weeks 48 503 £ 131 52 548 £ 140 —046 (-0.99 to 0.08) 0.096
Change from baseline to 24 weeks 46 —061 + 084 52 0.16 £ 1.09 —0.77 (<116 to — 039) <0001
eGFR (mL/min/1.73 m?)
Baseline 51 6702 £ 1250 53 6923 + 1394 —222 (=736 t0 293) 0395
24 weeks 49 65.34 £ 1400 52 6871 £ 1526 —3.37 (-9.15 to 241) 0.250
Change from baseline to 24 weeks 48 -175+£672 52 -031+692 —145 (-4.15 10 1.26) 0292
Urinary albumin-creatinine ratio (mg/g Cre)
Baseline 47 65.16 £ 11667 48 46.70 £ 7997 1846 (—2245 to 5937) 0372
24 weeks 44 7922 £ 23497 48 3157 £ 3737 4765 (=2451 to 119.82) 0.190
Change from baseline to 24 weeks 4 —2463 £ 8852 46 -1661 £ 5980 —802 (-40.73 to 24.69) 0626
Urinary L-FABP (ng/g Cre)
Baseline 41 9.20 £ 1868 43 724 £ 2098 1.96 (-666 to 1057) 0653
24 weeks 40 607 = 655 43 437 £ 486 1.70 (-0.84 to 4.24) 0.186
Baseline 38 —329 + 1492 41 —323 +19.12 —0.06 (~7.72 to 7.60) 0988

eGFR, estimated glomerular filtration ratio; L-FABP, liver-type fatty acid-binding protein.

Y Empagliflozin
- Placebo

|
wul
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-5.53% (95% CI -9.84 to -1.22)

Group difference

P=0.012

Change in esimated plasma volume

|
N
o

=25

(Mean +SD)

Figure 3 | Changes in estimated plasma volume. Percentage changes in estimated plasma volume between baseline and 24 weeks, calculated by

the Strauss formula. Cl, confidence interval; SD, standard deviation.

intervention period in the present study might have been too
short to cause favorable effects on endothelial function in the
study population who possibly had advanced vascular injuries
due partly to a long duration of type 2 diabetes and the pres-
ence of established CVD.

In the EMPA-REG OUTCOME trial, empagliflozin markedly
reduced the risk of hospitalization for HF, although it did not

affect the occurrence of atherosclerotic cardiovascular events*.
In particular, we noted that the risk reduction in hospitalization
for HF was observed within 6 months of starting empagliflozin
therapy. Given such a rapid effect of HF prevention, we con-
sider that hemodynamic actions and subsequent reduction in
cardiac pre- and after-load derived from the natriuretic effect of
SGLT?2 inhibitors are more dominant during the early phase of
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treatment compared with the effect on vascular function and
atherosclerosis">>°. In addition, unfortunately we did not inves-
tigate the effect of empagliflozin on mechanistic factors, such as
oxidative stress and inflammation, major factors that are known
to contribute to the development of endothelial dysfunction
and subsequent atherosclerosis®. Because our trial showed no
obvious effect of empagliflozin on peripheral endothelial func-
tion assessed by RH-PAT, it is likely that empagliflozin also
had no direct effect on those mechanistic factors, at least in the
present study. Meanwhile, empagliflozin appeared to affect sev-
eral hemodynamic parameters, such as BMI, ePV and hemo-
concentration, compared with that observed with placebo.
These findings might explain our finding that 24 weeks of
treatment with empagliflozin failed to improve endothelial
function. Nevertheless, a recent meta-analysis of cardiovascular
outcome trials with SGLT2 inhibitors clearly showed that these
agents significantly reduced the risk of major cardiac events,
including cardiovascular death and hospitalization for heart fail-
ure’. Therefore, the use of SGLT2 inhibitors is now recom-
mended in several relevant guidelines to reduce cardiovascular
risk®® *°, In this regard, whether a longer period of SGLT2
inhibitor treatment has clinically apparent benefits on vascular
function and atherosclerosis needs to be examined in greater
detail.

The present study had several limitations in addition to those
reported for the EMBLEM trial®. First, this secondary analysis
might have been influenced by the post-randomization nature
of the post-hoc analyses and the smaller number of partici-
pants. Second, although we sought to test our hypothesis in
type 2 diabetes patients at high risk of cardiovascular events,
similar to the EMPA-REG OUTCOME trial, the demographic
and clinical characteristics of our study group differed in several
aspects from that trial. In comparison, our population had
lower levels of BMI and HbAlc at baseline, and a lower preva-
lence of background atherosclerotic CVDs. Importantly, we
only enrolled Japanese patients, and therefore, the findings of
the present study might only be applicable to this population.
Third, because the RH-PAT test was measured only after
24 weeks of treatment, the shorter-term effect that reflects
SGLT2 inhibitor-specific early hemodynamic consequences
remains unclear. In addition, the long-term effect of empagliflo-
zin on peripheral endothelial function was not investigated.
Finally, although the RH-PAT test was non-invasive and has
no operator-dependent influences, the measurements can be
partly affected by individual conditions, intravascular volume
and surroundings of the test room. Although we used a stan-
dardized operation manual for RH-PAT to minimize these
influences and standardize testing accuracy at each local site’,
further improvement in the control of accuracy might be
required to carry out multicenter clinical trials using this proce-
dure.

In conclusion, the detailed evaluations carried out in the pre-
sent study confirmed that 24 weeks of empagliflozin treatment
in patients with type 2 diabetes and established CVD did not

ORIGINAL ARTICLE
Empagliflozin and endothelial function

affect peripheral endothelial function. The present results might,
therefore, confirm and emphasize the main result of the
EMBLEM trial®.
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