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Abstract
Purpose Recent studies have shown that sodium glucose cotransporter 2 (SGLT2) inhibitors have a favorable effect on cardio-
vascular events in diabetic patients. However, the underlying mechanism associated with a favorable outcome has not been
clearly identified. The purpose of this study was to investigate the effect of tofogliflozin, SGLT2 inhibitor, on systolic and
diastolic cardiac function in patients with type 2 diabetes mellitus (T2DM).
Methods We enrolled 26 consecutive T2DM out-patients on glucose-lowering drugs who initiated tofogliflozin and underwent
echocardiography before and ≥ 6 months after tofogliflozin administration. During this period, we also enrolled 162 T2DM out-
patients taking other glucose-lowering drugs as a control group. Propensity score analysis was performed to match the patient
characteristics. As a result, 42 patients (tofogliflozin group 21 patients and control group 21 patients) were finally used for
analysis. Left ventricular systolic function was assessed by measuring 2D-echocardiographic left ventricular ejection fraction
(LVEF) and diastolic cardiac function by pulsed wave Doppler-derived early diastolic velocity (E/e′).
Results There were no significant differences in patient characteristics and echocardiographic parameters at baseline. The change
in LVEF from baseline to follow-up was 5.0 ± 6.9% in the tofogliflozin group and − 0.6 ± 5.5% in the control group; difference
significant, p = 0.006. The change in E/e′ was − 1.7 ± 3.4 in the tofogliflozin group and 0.7 ± 4.1 in the control group; difference
significant, p = 0.024.
Conclusions In addition to conventional oral glucose-lowering drugs, additional tofogliflozin administration had a favorable
effect on left ventricular systolic and diastolic function in patients with T2DM.
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Introduction

Increased risk of cardiovascular disease including heart failure
is observed in type 2 diabetes mellitus (T2DM) [1, 2].
Diabetes mellitus (DM) induces left ventricular (LV) dysfunc-
tion which is independent of glycemic control, hypertension,
and coronary artery disease, and DM-related LV dysfunction
is associated with increased risk of cardiovascular disease [3,

4]. Underlying pathogenic mechanisms associated with DM-
related LV dysfunction is considered to be myocardial fibro-
sis, necrosis, apoptosis due to hyperglycemia, oxidative stress,
and chronic inflammation [5, 6]. Unfortunately, conventional
glucose-lowering therapies have shown insufficient results in
improving LV dysfunction and preventing cardiovascular dis-
ease, because development of cardiovascular disease is related
not only to glycemic control but also to combined effects of
T2DM [7–10].

Sodium glucose cotransporter 2 (SGLT2) inhibitors
emerged as a glucose-lowering drug via urinary glucose ex-
cretion. SGLT2 inhibitors have multifactorial effects on ath-
erosclerotic risk factors such as reducing blood pressure and
body weight, and improving dyslipidemia [11–13]. In addi-
tion, T2DM patients taking SGLT2 inhibitors showed less
incidence of cardiovascular disease and heart failure in
EMPA-REG and CANVAS trials [14, 15]. However, the
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underlying mechanism associated with a favorable effect of
SGLT2 inhibitors on cardiac function is not well known.
Accordingly, we investigated the effect of tofogliflozin,
SGLT2 inhibitor, on systolic and diastolic cardiac function
in patients with T2DM.

Methods

Patient Selection

We studied 26 consecutive T2DM out-patients taking
glucose-lowering drugs and initiated tofogliflozin (20 mg/
day) between February 2015 and December 2017. All patients
fulfilled the following inclusion criteria; age ≥ 20 years, no
previous SGLT2 inhibitor administration, and performed
echocardiography before initiation of tofogliflozin (baseline)
and ≥ 6 months after administration of tofogliflozin (follow-
up). During this period, 162 out-patients with T2DM taking
other glucose-lowering drugs and fullfilling the inclusion
criteria were used as a control group. During the study periods,
patients having cardiovascular events including myocardial
infarction or heart failure hospitalization were not included
in this study. Propensity score analysis was performed to
match the patient characteristics. As a result, 42 patients
(tofogliflozin group 21 patients and control group 21 patients)
were finally used for analysis.

Evaluated Variables

Clinical characteristics including demographic characteristics,
comorbidity, prescribed medicine, laboratory parameters, and
echocardiographic findings were obtained at baseline and at
follow-up. Baseline medications were obtained from the med-
ical record. Echocardiography was performed with commer-
cially available ultrasound system using Vivid 7 or Vivid E9
GE Medical System. Standard transthoracic and Doppler
echocardiographic parameters were examined according to
the current guideline of the American Society of
Echocardiography/European Association of Cardiovascular
Imaging [16]. Systolic cardiac functionwas evaluated bymea-
suring left ventricular ejection fraction (LVEF) using
Modified Simpson method. Early diastolic (E) and atrial wave
(A) flow velocities of the mitral valve and Ewave deceleration
time were measured by pulsed wave Doppler echocardiogra-
phy from the apical four-chamber view. Spectral pulsed wave
Doppler-derived early diastolic velocity (e′) was calculated by
averaging the septal and lateral mitral annulus. E/e′ was used
as a diastolic cardiac function [17, 18]. All classic views were
analyzed by a physician who was board certified in echocar-
diography. Follow-up information was obtained from the
medical record. Informed consent was obtained through an
opt-out procedure from all participants. The study protocol

was approved by the ethics committees of Kansai Medical
University Medical Center.

Statistical Analyses

Continuous variables are presented as medians with interquar-
tile ranges or as means ± standard deviations. Categorical
variables are presented as numbers and percentages.
Differences between the two groups were analyzed using the
unpaired t test or Mann-Whitney U test for continuous vari-
ables and the chi-square test for categorical variables.
Differences between baseline and follow-up data were con-
ducted using the paired t test. A p value < 0.05 was considered
significant. To minimize various biases between the two
groups, propensity score matching method was conducted.
Propensity score was calculated by multivariate logistic re-
gression analysis using seven variables: age, sex, serum cre-
atinine level, HbA1c at baseline, hypertension, body mass
index, and number of glucose-lowering drugs. All seven var-
iables are reported as influencing factors for systolic and dia-
stolic cardiac function and to avoid possible differences in the
severity of diabetic status between the two groups, the number
of glucose-lowering drugs was included in the propensity
matching analysis [19]. JMP 13.0.0 software (SAS Institute
Inc., Cary, NC, USA) was used for all statistical analyses.

Results

Median follow-up periods were 8.0 (6.5–10.9) months in the
tofogliflozin group and 9.1 (6.1–10.3) months in the control
group (p = 0.414). Patient characteristics are shown in Table 1.
There were no significant differences in comorbidities and
oral medications between the two groups. Baseline and
follow-up laboratory and echocardiographic parameters are
shown in Tables 2 and 3. There was no significant difference
in blood pressure between the two groups during the study
period. Blood pressure-lowering drugs including angiotensin-
converting enzyme inhibitor, angiotensin II receptor blocker,
and beta blocker were prescribed continuously with no change
in the dose, whereas glucose-lowering drugs were adjusted in
each patient except tofogliflozin. There were no significant
differences in baseline laboratory and echocardiographic pa-
rameters between the two groups but the hemoglobin level at
follow-up was significantly higher in the tofogliflozin group
than the control group (tofogliflozin 15.5 (14.2–16.6) g/dL vs.
control 13.8 (12.2–14.6) g/dL, p = 0.002). The majority of the
patients in this study had preserved LVEFwhich is common in
out-patient DM clinic. At follow-up, there were no significant
differences in echocardiographic parameters between the two
groups, except E/e′ at follow-up (tofogliflozin 10.6 (8.1–14.8)
vs. control 13.2 (11.7–17.7), p = 0.021). LVEF improved sig-
nificantly in tofogliflozin group (baseline 55 ± 14% to follow-
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up 60 ± 12%, p = 0.003, Fig. 1a), whereas LVEF did not
change significantly in the control group (baseline 57 ± 18%
to follow-up 56 ± 18%, p = 0.641, Fig. 1b). The change in
LVEF from baseline to follow-up was significantly greater
in the tofogliflozin group compared to the control group
(5.0 ± 6.9% vs. − 0.6 ± 5.5%, p = 0.006, Fig. 1c). E/e′ im-
proved significantly in the tofogliflozin group (baseline 13.0
± 4.8 to follow-up 11.4 ± 3.6, p = 0.037, Fig. 2a), whereas E/e′
did not change significantly in the control group (baseline
13.9 ± 4.6 to follow-up 14.6 ± 5.3, p = 0.530, Fig. 2b). The
change in E/e′ from baseline to follow-up was significantly
larger in the tofogliflozin group compared to the control group
(− 1.7 ± 3.4 vs. 0.7 ± 4.1, p = 0.024, Fig. 2c).

Discussion

Several clinical studies have reported the effect of SGLT2
inhibitors on cardiac function in T2DM. A retrospective small
study (n = 10) showed that empagliflozin reduced LV mass
index and improved lateral e′ in patients with T2DM [20]. A
prospective single-arm study (n = 37) showed that
canagliflozin reduced LV mass index and improved diastolic
function in T2DM patients [21]. Another prospective single-

arm study (n = 58) showed that dapagliflozin improved E/e′ as
well as LV mass index in T2DM patients with chronic heart
failure [22]. These three single-arm and small in number stud-
ies showed a favorable effect of SGLT2 inhibitors on diastolic
function in T2DM patients. However, none of these studies
looked into the effect of SGLT2 inhibitor on systolic function.
This is the first study to demonstrate that tofogliflozin signif-
icantly improved systolic and diastolic cardiac function after
≥ 6-month period compared to the propensity matched control
group.

Urine glucose and sodium excretion are two major factors
contributing to osmotic diuresis induced by SGLT2 inhibitors.
Osmotic diuresis results in reduction of intravascular fluid and
decrease in cardiac preload [23, 24]. Furthermore, reduction of
intravascular fluid has a blood pressure-lowering effect which
leads to decrease in cardiac afterload [25, 26]. Considering the
fact that blood pressure did not change after tofogliflozin ad-
ministration in our study, reduction of LV filling pressure was
the major factor associated with a decrease in cardiac work-
load and hence, improvement of LVEF and reduction of E/e′
[27]. Reduction of intravascular fluid and fall in blood pres-
sure may lead to augmentation of the renin-angiotensin-
aldosterone system and sympathetic nervous system activities.
However, Cherney et al. reported that SGLT2 inhibitors

Table 1 Baseline patient
characteristics Tofogliflozin (n = 21) Control (n = 21) p value

Age (years) 70 (54–72) 72 (61–74) 0.307

Male 15 (71) 14 (67) 0.739

Weight (kg) 73.0 (63.0–80.0) 68.1 (59.8–80.5) 0.497

BMI (kg/m2) 26.6 (23.5–30.3) 25.7 (23.1–31.0) 0.606

Comorbidities

Hypertension 14 (67) 13 (62) 0.747

Hyperlipidemia 16 (76) 13 (62) 0.317

Previous smoking 14 (67) 11 (53) 0.346

Previous MI 6 (29) 6 (29) 1.000

Previous heart failure 6 (29) 2 (10) 0.116

Previous CAD 10 (48) 8 (38) 0.533

Previous stroke 4 (19) 1 (5) 0.153

Oral medications

DPP-4i 14 (67) 17 (81) 0.292

Metformin 8 (38) 7 (33) 0.747

Alpha-Gi 6 (29) 7 (33) 0.739

Sulfonylureas 8 (38) 8 (38) 1.000

Thiazolidinedione 4 (19) 3 (14) 0.679

ACEi/ARB 13 (62) 11 (52) 0.533

Beta blocker 11 (52) 7 (33) 0.212

Diuretics 7 (33) 5 (24) 0.495

Values are n (%) or medians with interquartile ranges

ACEi angiotensin-converting enzyme inhibitor, ARB angiotensin II receptor blocker, BMI body mass index, CAD
coronary artery disease, DPP-4i dipeptidyl peptidase-4 inhibitor, Gi glucosidase inhibitors, MI myocardial
infarction
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induced renin-angiotensin-aldosterone system inhibition in
type 1 diabetes mellitus [28]. Moreover, prospective study
showed SGLT2 inhibitors did not exacerbate autonomic func-
tion such as baroreflex sensitivity and heart rate variability
[21]. These data indicate that SGLT2 inhibitors cause a reduc-
tion of intravascular fluid and blood pressure without aug-
menting the renin-angiotensin-aldosterone system and sympa-
thetic nervous system. Although the underlying mechanism is
not well known, one of the possible causes of this phenomenon
is considered to be related to plasma osmolality. Plasma osmo-
lality is comprised of serum sodium, glucose, and blood urea
nitrogen. Since loop diuretics mainly work to increase urinary
sodium excretion, they strongly affect plasma osmolality be-
cause serum sodium is the main determinant of plasma osmo-
lality. As a result of rapid intravascular fluid reduction, loop
diuretics cause augmentation of the renin-angiotensin-
aldosterone system and sympathetic nervous system. In con-
trast, urinary sodium excretion caused by SGLT2 inhibition is
transient [29] and the SGLT2 inhibitor works mainly on uri-
nary glucose excretion, which has a small effect on plasma
osmolality. Therefore, SGLT2 inhibition may induce reduction
of intravascular fluid and a fall in blood pressure without

augmentation of renin-angiotensin-aldosterone system and
sympathetic nervous system activities. Recently, Cohen et al.
investigated the effect of empagliflozin on cardiac function
using cardiac magnetic resonance in 25 T2DM and found that
empagliflozin significantly reduced LV end-diastolic volume
compared to pre-treatment [30]. Our study is consistent with
Cohen et al. in that plasma volume reduction rather than struc-
tural remodeling resulted in the functional improvement (LV
systolic and diastolic function) after 6-month tofogliflozin
treatment.

It is difficult to determine the direct drug effect of SGLT2
on the myocardium because the SGLT2 receptor is not
expressed in the human heart [31]. Conversely, SGLT1 is
highly expressed in the human heart [32]. SGLT1 contributes
to glucose uptake during myocardial ischemic injury, and ex-
perimental studies indicated that cardiac SGLT1 expression
and function are accelerated in diabetic and ischemic cardio-
myopathies [33]. Moreover, exacerbation of cardiac dysfunc-
tion and ischemic reperfusion injury was caused by SGLT1
blockade in a mice model [32, 34]. Among SGLT2 blockers,
tofogliflozin has the highest SGLT2 selectivity with 2900-fold
greater selectivity than SGLT1 [35]. Therefore, low selectivity

Table 2 Baseline laboratory and
echocardiographic parameters Tofogliflozin (n = 21) Control (n = 21) p value

Systolic BP (mmHg) 127 (115–152) 130 (119–145) 0.784

Diastolic BP (mmHg) 80 (70–86) 63 (63–85) 0.251

Heart rate (beats/min) 81 (71–97) 78 (69–86) 0.240

Laboratory parameters

Hemoglobin (g/dL) 14.4 (13.3–16.0) 14.4 (12.2–15.2) 0.763

Serum sodium (mEq/L) 141 (139–143) 141 (139–143) 0.694

Serum potassium (mEq/L) 4.3 (4.1–4.6) 4.2 (4.0–4.6) 0.288

Serum creatinine (mg/dL) 0.8 (0.7–1.1) 0.8 (0.7–1.0) 0.821

HbA1c (%) 7.3 (6.8–7.9) 7.1 (6.5–7.9) 0.546

Triglycerides (mg/dL) 107 (76–197) 147 (98–180) 0.358

LDL cholesterol (mg/dL) 97 (78–126) 100 (73–108) 0.505

HDL cholesterol (mg/dL) 51 (45–56) 48 (41–61) 0.792

Echocardiographic parameters

LA diameter (mm) 41 (38–49) 43.0 (37.0–46.5) 0.940

LVend-diastolic diameter (mm) 50 (44–55) 48.0 (45.0–52.5) 0.820

LVend-systolic diameter (mm) 32 (29–41) 34 (28–39) 0.860

LVEF (%) 58.0 (47.8–66.0) 61.0 (44.5–72.5) 0.669

LV volume (mL) 118 (88–144) 108 (92–132) 0.820

LV mass (g) 168 (138–209) 161 (135–205) 0.831

RWT 0.37 (0.35–0.42) 0.36 (0.33–0.42) 0.606

E/A 0.84 (0.69–1.1) 0.74 (0.65–0.84) 0.124

DcT (ms) 181 (165–232) 233 (203–252) 0.056

E/e′ 13.0 (9.1–16.2) 14.2 (11.1–16.5) 0.624

Values are medians with interquartile ranges

A velocity of late mitral flow, BP blood pressure,DcT deceleration time of early mitral inflow, E velocity of early
mitral flow, e′ early peak velocity of annulus, HDL high-density lipoprotein, LA left atrial, LDL low-density
lipoprotein, LV left ventricular, LVEF left ventricular ejection fraction, RWT relative wall thickness
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of tofogliflozin to the SGLT2 receptor may contribute to a
favorable effect on cardiac function in T2DM.

Experimental studies have suggested that SGLT2 in-
hibitors reduce myocardial profibrotic signaling which

prevents myocardial fibrosis and improves diastolic func-
tion [36–38]. In addition to the hemodynamic effect of
tofogliflozin, these underlying molecular mechanisms
may poten t ia l ly media te a favorable effec t of

Table 3 Follow-up laboratory
and echocardiographic
parameters

Tofogliflozin (n = 21) Control (n = 21) p value

Systolic BP (mmHg) 120 (115–135) 132 (117–144) 0.131

Diastolic BP (mmHg) 72 (63–80) 72 (62–81) 0.920

Heart rate (beats/min) 75 (64–91) 80 (72–85) 0.513

Laboratory parameters

Hemoglobin (g/dL) 15.5 (14.2–16.6) 13.8 (12.2–14.6) 0.002

Serum sodium (mEq/L) 141 (139–143) 141 (141–142) 0.429

Serum potassium (mEq/L) 4.3 (4.1–4.7) 4.2 (4.2–4.5) 0.266

Serum creatinine (mg/dL) 0.9 (0.7–1.1) 0.8 (0.7–1.1) 0.801

HbA1c (%) 6.8 (6.5–7.3) 6.8 (6.2–7.2) 0.345

Triglycerides (mg/dL) 117 (69–168) 126 (101–169) 0.434

LDL cholesterol (mg/dL) 91 (70–114) 96 (74–107) 0.950

HDL cholesterol (mg/dL) 55 (46–63) 53 (44–66) 0.840

Echocardiographic parameters

LA diameter (mm) 40 (37–47) 42 (37–48) 0.811

LVend-diastolic diameter (mm) 45 (43–51) 49 (45–52) 0.412

LVend-systolic diameter (mm) 30 (27–35) 32 (28–36) 0.724

LVEF (%) 63.0 (49.5–71.0) 63.0 (43.0–71.0) 0.724

LV volume (mL) 92 (83–124) 113 (92–130) 0.412

LV mass (g) 156 (135–182) 157 (138–208) 0.521

RWT 0.39 (0.35–0.43) 0.40 (0.32–0.43) 0.792

E/A 0.80 (0.64–1.00) 0.74 (0.65–0.93) 0.805

DcT (ms) 213 (152–236) 206 (145–230) 0.772

E/e′ 10.6 (8.1–14.8) 13.2 (11.7–17.7) 0.021

Values are medians with interquartile ranges

A velocity of late mitral flow, BP blood pressure,DcT deceleration time of early mitral inflow, E velocity of early
mitral flow, e′ early peak velocity of annulus, HDL high-density lipoprotein, LA left atrial, LDL low-density
lipoprotein, LV left ventricular, LVEF left ventricular ejection fraction, RWT relative wall thickness

Fig. 1 Baseline and follow-up LVEF. Tofogliflozin group (a) and control group (b). Change of LVEF from baseline to follow-up in tofogliflozin and
control groups (c). LVEF left ventricular ejection fraction
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tofogliflozin on cardiac function. Thus, a significant in-
crease in LVEF and decrease in E/e′ after tofogliflozin
administration indicates that hemodynamic and molecular
effects of tofogliflozin played an important role in the
improvement of systolic and diastolic function in
T2DM patients.

Clinical Implication

Although DM-related LV dysfunction is an important cause of
cardiovascular events including heart failure [39–41], conven-
tional glucose-lowering drugs have shown insufficient results
in preventing the progression of LV dysfunction. This study
showed tofogliflozin improved systolic and diastolic LV func-
tion, indicating that tofogliflozin treatment should be per-
formed as early as possible not only as glucose-lowering ther-
apy but also to prevent progression of LV dysfunction in
T2DM.

Limitation

There are three limitations in this study. First, our study
was an observational study including small number of
patients. Although further prospective study is required
with a larger number of patients, this is the first study
to show a significant improvement of systolic and dia-
stolic function by adding tofogliflozin in T2DM pa-
tients. Second, prescription of glucose-lowering drugs
including tofogliflozin was done by the attending phy-
sician. Nonetheless, we believe that propensity-matching
analysis used in this study avoided patient selection bi-
as. Finally, precise BMI values at 6-month follow-up
was not measured. Although the change in body weight
was not evaluated, we found a significant improvement
of LV function after 6 months of tofogliflozin treatment.

Conclusions

In addition to conventional oral glucose-lowering drugs, ad-
ditional administration of tofogliflozin had a favorable effect
on LV systolic and diastolic function in patients with T2DM.
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