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Recent studies have shown that sodium—glucose cotransporter 2 inhibitors decrease the
risk of heart failure in patients with type 2 diabetes. However, the precise mechanisms of
action of these drugs are not well understood. In the present study, we evaluated the

effect of treatment with tofogliflozin for 6 months on cardiac and vascular endothelial
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function in 26 patients with type 2 diabetes and heart diseases. Tofogliflozin treatment
significantly decreased left ventricular end-diastolic dimensions and significantly increased
flow-mediated vasodilation. Although £/’ did not significantly change after treatment, the
decrease observed in the E/¢ ratio was significantly correlated with the increase in ace-
toacetic acid and 3-hydroxybutyrate levels. These results suggest that sodium—glucose

cotransporter 2 inhibitor might improve left ventricular dilatation and vascular endothelial
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function in patients with type 2 diabetes. Furthermore, it is suggested that the elevation

of ketone bodies induced by sodium—glucose cotransporter 2 inhibitors might contribute

doi: 10.1111/jdi.13122

to a protective effect in left ventricular diastolic dysfunction.

Clinical Trial Registry

University Hospital Medical Information
Network

UMINO00018344

INTRODUCTION

Heart failure (HF) is a common and serious comorbidity in
patients with type 2 diabetes, and its prevention is crucial'.
Recent findings from the large clinical trials showed a signifi-
cant reduction in hospitalization for HF in patients receiving a
sodium—glucose cotransporter 2 (SGLT2) inhibitor compared
with those receiving a placebo™. However, the mechanisms
involved in the prevention of cardiovascular disease by SGLT2
inhibitors remain unclear, and the effects of SGLT2 inhibitors
on cardiac function are not well understood. Furthermore, pre-
vious studies showed that diabetes is an independent risk factor
for HF with preserved ejection fraction (HFpEF) due to left
ventricular diastolic dysfunction4. Therefore, we aimed to evalu-
ate the effects of tofogliflozin, an SGLT2 inhibitor, on cardiac
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function including left ventricular diastolic dysfunction and vas-
cular endothelial function in patients with type 2 diabetes and
heart disease.

METHODS

Study design

This was a single-center, single-arm, intervention exploratory
clinical study. A total of 30 outpatients with type 2 diabetes
and a history of heart disease (ischemic heart disease, arrhyth-
mia, valvular heart disease, cardiomyopathy and congenital
heart disease) were enrolled. Key exclusion criteria were severe
renal disease (estimated glomerular filtration rate <45 mL/min/
1.73 m?), low body mass index (<18), past history of cerebral
infarction, implantation of a cardiac pacemaker and dose of
diuretics changed within the last 3 months. All participants
provided written informed consent, and the study was
approved by the local ethics committee and carried out in
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accordance with the Declaration of Helsinki. Eligible partici-
pants received 20 mg of tofogliflozin daily for 6 months. The
primary outcome of the study was change in cardiac echo
parameters and B-type natriuretic peptide (BNP) after
6 months. The major secondary outcome was change in flow-
mediated vasodilatation (FMD).

Laboratory analysis

Blood samples were collected after 12-h fasting. We measured
the levels of A-type natriuretic peptide (ANP), BNP, ketone
bodies (acetoacetic acid [AcAc] and 3 hydroxybutyrate [3-
OHBAY]), leptin, adiponectin and lipid profiles, before and after
6 months of treatment.

Cardiac echography and FMD of brachial artery
Echocardiography was carried out at baseline and after
6 months of treatment. We measured left ventricular end-di-
astolic dimension, left ventricular diameter at end-systole, ejec-
tion fraction, deceleration time, left atrial dimension and
mitral E/¢ average ratio. Peak early diastolic tissue velocity
(E') was measured from the septal and lateral aspects of the
mitral annulus. FMD was carried out using UNEXEF 38G
(UNEX, Nagoya, Japan)®. All studies were carried out in the
morning, after overnight fasting, in a quiet, dark, air-condi-
tioned room (constant temperature of 22-25°C). After resting
for 15 min, the pressure cuff was placed on the forearm to
capture baseline images of brachial artery using high-resolu-
tion ultrasound. Then, the cuff was inflated and kept at
50 mmHg above the systolic blood pressure to occlude the
brachial artery. The cuff was released 5 min later, and the
image of brachial artery was captured continuously. The
diameters of the brachial artery on the rest and the maximum
diameter at post-hyperemia were used to calculate percentage
FMD (%FMD).

Statistical analysis

Changes in each of the measured parameters before and after
6 months of treatment were evaluated using the paired t-test or
Wilcoxon signed-rank test. To evaluate the association among
ketones, glycated hemoglobin (HbAlc) and change in hemat-
ocrit (Ht) and changes in cardiac parameters, a correlation
analysis was carried out. All analyses were carried out using
JMP software, version 10.0.0 (SAS Institute, Cary, NC, USA).
All P-values were two-tailed, and P < 0.05 was considered to
show statistical significance. All confidence intervals were calcu-
lated at the 95% level. Data were expressed as the mean * stan-
dard deviation.

RESULTS

After withdrawal of consent from one patient and administra-
tive problems with three patients, a total of 26 patients partici-
pated in the study and received tofogliflozin for 6 months. The

baseline characteristics for the 26 patients are shown in
Table 1.
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Table 1 | Baseline characteristics

Age (years) 62+ 8
Male (%) 96.5
Current smoker 285
Bodyweight (kg) 763 £ 161
BMI (kg/m?) 278 + 4.1
Systolic blood pressure (mmHg) 138 £ 26
Diastolic blood pressure (mmHg) 83+ 15
Past history
Diabetes duration (years) 127 £ 86
Hypertension (%) 89.6
Retinopathy (%) 302
Medical history
Insulin (%) 310
ACE/ARB (%) 789
B-Blockers (%) 759
Diuretics (%) 380
Statins (%) 828
History of heart disease
Ischemic heart disease (%) 80.8
PCl (%) 500
CABG (%) 230
Atrial fibration (%) 154
Cardiomyopathy (%) 115
Valvular heart disease (%) 38
Congenital heart disease (%) 38

ACE, angiotensin-converting enzyme; ARB, angiotensin-receptor blocker;
BMI, body mass index; CABG, coronary artery bypass grafting; PCl, per-
cutaneous coronary intervention.

In the current study, left ventricular end-diastolic dimension
significantly decreased from 52.3 £ 7.2 mm to 50.5 = 7.7 mm
(P = 0.011). BNP level, ANP level and left ventricular diameter
at end-systole also decreased; however, the decrease was not
statistically significant. Ejection fraction and E/e’ were not sig-
nificantly changed by tofoglifrozin treatment. After 6 months,
%FMD significantly increased (Table 2).

There was a positive correlation between the rate of change
of E/¢, a marker of diastolic function®, and the rate of change
of acetoacetic acid and 3-OHBA (Figure 1). Furthermore, in
patients with elevated 3-OHBA, E/¢ significantly decreased
after 6 months (baseline 10.51 + 2.24 vs after 6 months
9.00 £ 3.00, P = 0.006, n = 13), whereas E/¢’ did not change in
patients without elevated 3-OHBA (baseline 9.54 + 3.35 vs after
6 months 10.75 £ 2.97, n = 13). Rate of change of deceleration
time, which is also a marker of diastolic function, was also
associated with the rate of change of 3-OHBA. Conversely, the
rate of change of HbAlc and Ht were not associated with any
cardiac echo parameters (Table 3). There was no significant
association between the rate change of %FMD and E/¢ (r = —
0.043, P = 0.8391).

None of the patients withdrew as a result of to serious
adverse effects, such as urinary tract or genital infection,
ketoacidosis, ischemic stroke, or hypovolemia, and none had a
severe hypoglycemic attack.
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Table 2 | Changes in laboratory and cardiac ultrasound parameters
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Baseline After 6 months P-value

Bodyweight (kg) 763 £ 161 729+ 136 0.0005*
BMI 278 £ 4.1 266 *+ 35 0.0003*
SBP (mmHg) 138 £ 26 137 £ 24 09317
DBP (mmHg) 83+ 15 78 £ 12 00957
FPG (mg/dL) 158 + 53 136 £ 26 0055
HbA1c (%) 8111 72108 <0.0001*
IRl (IU/mL) 148 £ 131 108 £ 90 0.090
Hemoglobin (g/dL) 14.7 £ 09 155+ 16 0.004*
Hematocrit (%) 443 + 27 472 + 44 0.001*
AST (UL 265+ 108 24+76 0.046*
ALT (U/L) 289+ 153 219+ 94 0.005*
yGTP (U/L) 520 + 294 402 + 294 0013*
eGFR (mL/min/173 m?) 679+ 177 669 £ 178 0574
Na (mEg/L) 1400+ 19 1395+ 22 0.065
K (mEg/L) 43+ 04 44+ 05 0.360
Ca (mg/dL) 94 + 04 94+ 03 0474
P (mg/dL) 33+ 04 34+ 05 0519
UA (mg/dL) 5808 5210 0.003*
Triglyceride (mg/dL) 222 + 153 176 £ 127 0.062
HDL-C (mg/dL) 41 +8 47 £ 10 0.0003*
LDL-C (mg/dL) 94 + 31 92 £ 25 0650
MDA-LDL (mg/dL) 1371 £ 614 1322 £ 528 0622
AcAc (mmol/L) 453 + 295 582 + 560 0215
3-OHBA (mmol/L) 87.1 £ 871 1073 £ 813 0.365
Adiponectin (mg/mL) 76+ 88 82+ 63 0.740
Leptin (mg/dL) 1M4+72 108 + 45 0671
Leptin/adiponectin ratio 248 £ 187 192 + 144 0047
ANP (pg/mL) 589 + 50.7 457 + 416 0324
BNP (pg/mL) 569 + 654 504 + 544 0.384
Urinary albumin excretion (mg/gCr) 1688 £ 2796 322.7 = 7604 0.139
Urinary B2 microglobulin excretion (mg/gCr) 33+62 73+ 106 0.081
Flow-mediated vasodilatation (%) 51+18 68+ 20 0019*
Ultrasound cardiography

LVDd (mm) 523+72 506+ 77 0015*

LVDs (mm) 378 £ 89 364 £+ 95 0.183

LAD (mm) 406 £ 53 403 + 46 0.706

Ejection fraction (%) 516+ 132 522 +£129 0519

E/e 100 £+ 28 99 £ 31 0601

DcT (s) 211 + 46 206 *+ 56 0.5%

*Statistically significant. 3-OHBA, 3 hydroxybutyrate; yGTP, gamma glutamy! transpeptitase; ACAC, acetoacetic acid; ALT, alanine aminotransferase;
ANP, A-type natriuretic peptide; AST, aspartate aminotransferase; BMI, body mass index; BNP, B-type natriuretic peptide; Ca, calcium; DBP, diastolic
blood pressure; DcT, deceleration time; eGFR, estimated glomerular filtration rate; FPG, fasting plasma glucose; HbA1¢, glycated hemoglobin; HDL-C,
high-density lipoprotein cholesterol; IRI, immunoreactive insulin; LAD, left atrial dimension; LDL-C, low-density lipoprotein cholesterol; LVDd, left ven-
tricular end-diastolic dimension; LVDs, left ventricular diameter at end-systole; MDA-LDL, malondialdehyde-modified low-density lipoprotein; SBP, sys-

tolic blood pressure; UA, uric acid.

DISCUSSION

In the current study, we showed that treatment for 6 months
with tofogliflozin significantly decreased left ventricular end-di-
astolic dimension, suggesting that SGLT2 inhibitors might ame-
liorate cardiac load, particularly volume load. SGLT2 inhibitors
reduce the systemic volume load, as they stimulate osmotic
diuresis and sodium excretion.

A recent report showed that patients with E/¢ of diabetes
and HF were improved by SGLT2 inhibitor’. However, the
mechanism is still unclear. In the present study, decrease in E/
¢ was associated with an increase in ketone bodies. To the best
of our knowledge, this is the first report showing an association
between ketone body increase by SGLT?2 inhibitor and left ven-
tricular diastolic function improvement. A previous report
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Figure 1 | Correlation between change in £/ (AE/) and (a) change
in acetoacetic acid (AAcAC) and (b) change in 3-hydroxybutyrate (A3-
OHBA).

suggested that in hyperketonemia induced by SGLT2 inhibitors,
the use of B-hydroxybutyrate as an energy source by the myo-
cardium might be associated with a reduction in cardiovascular
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events®. Indeed, it was reported using a mouse model that the
failing heart shifts to use ketone bodies as a significant fuel
source’. Another experimental study showed that a lack of
ketone body metabolism in cardiomyocytes promoted cardiac
pathological remodeling'®. Taken together, it is suggested that
tofogliflozin could have preventive effects on HFpEF through
elevation of ketone body levels. Therefore, a future clinical
study in which the primary outcome is the incidence of HFpEF
is required to confirm these findings.

Endothelial dysfunction was recently shown to play a key
role in the pathogenesis of HFpEF. Indeed, a clinical observa-
tional study showed that decreased %FMD is associated with
the incidence of HFpEF'". In the present study, %FMD was
significantly improved by tofogliflozin treatment in patients
with average HbAlc levels of >8.0%. Kumashiro et al. also
reported that other SGLT2 inhibitors restored endothelial dys-
function, particularly in patients with diabetes who had high
HbAIc levels®. Therefore, at least in patients with diabetes with
poor glycemic control, SGLT2 inhibitors could improve
endothelial function, which might be one of mechanisms used
to prevent HE. However, change of %FMD was not associated
with change of E/¢ in the present study. It is possible that for
the evaluation of endothelial function of small vessels, for
example, the peripheral arterial tonometry ratio'> might be
more suitable, as coronary microcirculation impairment partici-
pates in left ventricular diastolic dysfunction'.

Analysis of the Empagliflozin, Cardiovascular Outcomes and
Mortality in Type2 diabetes trial showed that elevation of
hemoglobin and Ht strongly contributed to reduced cardiovas-
cular death'. A recent study showed that improved left ventric-
ular diastolic function by canagliflozin is associated with
elevation of Ht in patients with diabetes without cardiovascular
diseases'”. However, in the present study, a change in E/¢ was
not associated with a change of Ht in patients with diabetes
and cardiovascular diseases. The present study had a small
sample size; therefore, it might not be possible to find an

Table 3 | Correlation between change in glycated hemoglobin, ketone bodies and hematocrit, and change in cardiac parameters

AHbATC AAcAc A30HBA AHt

r P-value r P-value r P-value r P-value
ALVDd 0.285 0.158 0014 09445 0.051 08023 -0.041 08441
ALVDs 0.234 0.2493 0.177 03866 0.291 0.1488 -0338 00913
AEF 0.164 04222 0375 0.059 0224 02704 -0325 0.1048
AEE 0031 08828 —0455 00196 -0399 00434 0022 09159
ALAD -0412 00397 0114 0.5885 0364 0074 —02724 0.1877
ADCT -0060 07751 0352 00848 0617 0.001 -0221 02888
AANP 0057 0.7878 0.148 04792 0.193 03545 -0235 0.2588
ABNP =02 03373 0.125 05514 0.298 0.1482 —0.266 0.1996
A%FMD 0237 02523 0124 04982 -0026 09013 -0207 03215

AACAC, acetoacetic acid; AANP, change in A-type natriuretic peptide; ABNP, change in B-type natriuretic peptide; ADcT, change in deceleration
time; AE/€/, change in E/€; AEF, change in ejection fraction; A%FMD, change in percentage of flow-mediated vasodilatation; ALAD, change in left
atrial dimension; ALVDd, change in left ventricular end-diastolic dimension; ALVDs, change in left ventricular diameter at end-systole.
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association between Ht and left ventricular dysfunction. It is
also possible that the mechanisms involved in the preventive
effects of SGLT2 inhibitors on left ventricular diastolic function
might differ according to the stage of cardiac injury.

This study had several limitations. This was a small, single-
center, single-arm study carried out over a relatively short per-
iod of time. Therefore, it was unable to show the precise mech-
anisms involved in the cardiac protective effects of SGLT2
inhibitors.

In conclusion, the present study showed that tofogliflozin
treatment decreased left ventricular volume and restored vascu-
lar endothelial function. Furthermore, elevation of 3-OHBG
and acetoacetic acid was associated with a decrease in E/¢/, sug-
gesting that elevation of ketone bodies by tofogliflozin might
contribute to improved left ventricular diastolic function.
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