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Heart Failure

Effects of Sodium-Glucose Cotransporter 2 Inhibitor on
Vascular Endothelial and Diastolic Function in Heart
Failure With Preserved Ejection Fraction

— Novel Prospective Cohort Study —

Takaaki Sakai, MD, PhD; Shinichiro Miura, MD, PhD

Background: Pathogenesis of heart failure with preserved ejection fraction (HFpEF) may involve endothelial dysfunction and
abnormal vascular structure. Sodium-glucose cotransporter 2 (SGLT2) inhibitors have beneficial cardiovascular effects and may
improve vascular function in patients with HFpEF.

Methods and Results: We recruited 184 patients with type 2 diabetes and HFpEF (mean age, 66.0+14.4 years) who were sched-
uled for treatment with SGLT2 inhibitors, had transthoracic echocardiogram to identify diastolic function, and flow-mediated dilation
(FMD) to evaluate endothelial function, and assessed cardio-ankle vascular index (CAVI) and carotid intima-media thickness as
indices of vascular function and vascular structure, respectively. Body weight, systolic blood pressure, diastolic blood pressure, tri-
glycerides, remnant lipoprotein cholesterol, fasting plasma glucose, hemoglobin A1c, urinary albumin/creatinine ratio, and insulin
resistance (IR) decreased, hematocrit and FMD increased significantly, and CAVI decreased significantly, after 12-week treatment
(P<0.05). Short-term SGLT2 inhibitors improved diastolic function, significantly reducing the mitral ratios of septal E/early septal
annular tissue Doppler velocity (P=0.003) and lateral E/early lateral €' (P=0.044). On multiple regression statistically significant
associations were seen between Amean E/e' and AFMD, ACAVI, and AIR.

Conclusions: SGLT2 inhibitors can improve diastolic function in patients with type 2 diabetes, suggesting that current treatment
policies for diabetes should be re-examined. Further prospective studies with larger sample sizes could provide mechanistic insights
into the benefits of SGLT2 inhibitors.

Key Words: Diastolic function; Echocardiography; Endothelial function; Heart failure with preserved ejection fraction (HFpEF);
Sodium-glucose cotransporter 2 (SGLT2) inhibitor

accounts for almost half of all heart failure (HF)
cases.!”3 The morbidities and mortality of HFpEF
are similar to those in HF patients with reduced ejection
fraction (HFrEF),24-7 but, in contrast to HFrEF, there is
no proven treatment for HFpEF, despite the increasing prev-
alence and hospitalization rate. This disorder has a complex
pathophysiology and has been increasingly characterized
as a heterogeneous syndrome that is caused or exacerbated
by a variety of factors linked to both cardiac and extracar-
diac abnormalities. Endothelial dysfunction and abnormal
vascular structure may be involved in the pathogenesis. No
treatment has been identified to improve prognosis.
The sodium-glucose cotransporter 2 (SGLT2) inhibitors
are now widely approved as an anti-hyperglycemic treat-
ment. They constitute a new class of anti-diabetic agent

H eart failure with preserved ejection fraction (HFpEF)

with demonstrated beneficial cardiovascular effects. Based
on the ENPA-REG OUTCOME results, some clinical prac-
tice guidelines now recommend these drugs for patients
with type 2 diabetes mellitus (DM) who have not achieved
glycemic targets and who have notable atherosclerotic dis-
ease. As evidence on SGLT?2 inhibitors continues to evolve,3?
integrated analysis of CANVAS and CANVAS-R (the
CANVAS program) has been undertaken to maximize sta-
tistical power to detect plausible effects of canagliflozin on
cardiovascular, kidney, and safety outcomes.!®!! Sodium-
related physiological effects of SGLT?2 inhibitors and clin-
ical correlates of natriuresis, such as the impact on blood
pressure (BP), HF, kidney protection, and mortality, will
be a major management focus. SGLT2 inhibitors exert a
variety of additional metabolic effects, including improve-
ment in insulin sensitivity, reduced glucose toxicity, and
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Screened for eligibility: 199

Excluded: 9

*Not meeting eligibility: 6
*No consent obtained: 3

Provisional enroliment: 190

Excluded: 6

*Not meeting eligibility: 6

Enrolled and followed up: 184

Empagliflozin group: 59

Luseogliflozin group: 63

Tofogliflozin group: 62

Figure 1. Flowchart of patient selection.

weight loss, as discussed elsewhere. SGLT?2 inhibitors may
also improve vascular function and vascular structure in
patients with HFpEF, but so far this remains unproven.

The concept of DM directly affecting myocardial dysfunc-
tion dates back to 1954, when Lundbaek observed that
myocardial dysfunction was a common DM-related com-
plication present in two-thirds of elderly DM patients.!2
He subsequently became the first to diagnose a specific
form of DM-related cardiomyopathy (DMCMP). Almost
20 years later, Rubler et al provided further evidence that
cardiomyopathic dysfunction could indeed result directly
from DM and not merely indirectly from concomitant cor-
onary artery disease (CAD).!3 That landmark study reported
on post-mortem findings of 4 patients with DM-related
nephropathy and HF unrelated to valvular, congenital heart
disease, alcoholism or significant artery atherosclerosis. They
proposed that these patients had a novel DMCMP caused
by myocardial microangiopathy or disturbed myocardial
metabolism. The use of the term “cardiomyopathy” to
indicate this condition corresponds to the currently used
definition of cardiomyopathy.! Based on presentation and
pathology, the clinical phenotype of this DMCMP resem-
bled dilated cardiomyopathy that was induced by toxic
agents or vial myocarditis. When becoming symptomatic,
DMCMP with a dilated phenotype presents as HFrEF.

Recently, however, most clinical reports on DMCMP
describe a phenotype that differs from a dilated cardiomy-
opathy.!5 The current shift in perception of DMCMP from
a dilated to a restrictive phenotype is matched by a rising
awareness that many HF patients present with a normal-
sized left ventricle (LV) and a normal left ventricular ejec-
tion fraction (LVEF). Such patients are currently considered
to have HFpEF. When becoming symptomatic, DMCMP
with a restrictive phenotype presents as HFpEF.

This study investigated whether the SGLT2 inhibitors
can improve vascular function and vascular structure and
LV diastolic performance in patients with HFpEF.

Methods

Subjects

Patients with DM and HFpEF who participated in the
study were generally in good health as determined on med-
ical history, physical examination, screening laboratory
tests, urinalysis, and echocardiogram. The main inclusion
criteria were (1) age =20 years and <75 years; (2) diagnosis
of type 2 DM >3 months prior to screening; and (3) hemo-
globin Alc (HbAlc) 26.5% (48 mmol/mol) and <9.4%
(79 mmol/mol) during treatment. Exclusion criteria were:
(1) type 1 DM or secondary DM; (2) previous use of SGLT2
inhibitors, glucagon-like peptide-1 agonists, or insulin; (3)
previous use of metformin with dosage exceeding 750mg/day;
(4) severe infection, scheduled for surgery, or recent serious
trauma; (5) moderate or severe cardiac insufficiency (New
York Heart Association [NYHA]) class Il or higher; (6)
serious liver or renal functional failure (serum creatinine
>1.3mg/dL or estimated glomerular filtration rate [eGFR]
<45mL/min/1.73m?2); (7) alcohol dependency or use of
illicit drugs; (8) pregnant or breastfeeding, possibly preg-
nant, or planning to become pregnant in the study period
(female patients only); (9) dehydration (abnormal hemato-
crit [Ht] and blood urea nitrogen, symptoms of dehydra-
tion); (10) urinary tract or genital infection; (11) history of
hypersensitivity to the study drugs; (12) severe ketosis,
diabetic coma or precoma; and (13) otherwise considered
unsuitable by the attending physician.

Current diagnostic criteria for HFpEF from the American
Society of Echocardiography (ASE)/European Association
of Cardiovascular Imaging (EACVI) include clinical signs
or symptoms (such as dyspnea, orthopnea, paroxysmal
nocturnal dyspnea), EF >50%, and evidence of diastolic
function.!¢ Similar diagnostic criteria for HFpEF from the
European Society of Cardiology (ESC) include signs and
symptoms, EF >50%, and elevated B-type natriuretic pep-
tide (BNP) as well as echocardiographic evidence of dia-
stolic dysfunction or structural abnormalities.!”

Exact criteria for the grading of diastolic dysfunction
have evolved,!” but diastolic abnormalities on echocar-
diography are common in community cohorts of patients
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with comorbidities such as obesity, hypertension, DM and
CAD,8 and have poor correlation with HF symptoms.1819

In this study, we evaluated the diagnostic performance
of current algorithms by first coding the diagnosis of HFpEF
from resting echocardiography data alone, for which we
used contemporary diagnostic schemes as proposed by the
ESC,'7 and then separately as recommended by the ASE/
EACVI'¢ to assess diastolic function as follows.

(1) Left atrium (LA) volume index >34 mL/m?2.

(2) LV mass index (LVMI) >115 g/cm? (male), >95 g/cm?
(female).

(3) Mitral early diastolic velocity/early annular tissue
Doppler velocity (E/e') >13, means of the ¢' septal and
lateral wall <9cm/s. (Modified from Oeing et al.”)

(A) Algorithm for diagnosis of LV diastolic dysfunction
in subjects with normal LVEF.

(B) Algorithm for estimation of LV filling pressures and
grading LV diastolic function in patients with
depressed LVEF and patients with myocardial disease
and normal LVEF, after consideration of clinical
and other 2-D data. (Modified from Nagueh et al.!¢)

Study Protocol

This study involved Japanese patients with HFpEF and
type 2 DM who were scheduled to receive treatment with
SGLT?2 inhibitors as used in clinical practice (empagliflozin
10-25mg, luseogliflozin 2.5-5mg, or tofogliflozin 20mg)
at Kenwakai Otemachi Hospital from January 2015 to
December 2017. After consecutive screening, eligible patients
were enrolled and followed for 12 weeks. Patients were
assessed on a regular basis throughout the study.

We investigated multiple early-stage risk factors associ-
ated with the development of arteriosclerosis, and we
checked the influence of the following risk factors for early
onset of acute myocardial infarction, stroke and death:
gender, smoking, hypertension, high total cholesterol (TC),
high triglycerides (TG), low high-density lipoprotein cho-
lesterol (HDL-C), homeostatic model assessment of insulin
resistance (HOMA-IR) index, BNP, urinary albumin, and
eGFR. Transthoracic echocardiograms were performed to
identify diastolic function. We evaluated endothelial func-
tion by measuring flow-mediated dilation (FMD), and we
applied cardio-ankle vascular index (CAVI) and carotid

Table 1. Baseline Patient Characteristics

All patients
(n=184)

Age (years) 66.0+14.4
Male (%) 60.9

Body height (cm) 161.3+9.4
Body weight (kg) 66.1+11.7
BMI (kg/m2) 24.6+7.7
SBP (mmHg) 139.7+18.8
DBP (mmHg) 80.4+13.9
TC (mg/dL) 203.4+23.8
LDL-C (mg/dL) 105.3+13.8
HDL-C (mg/dL) 60.9+11.8
TG (mg/dL) 236.3+25.4
L/H 2.01£2.8
Non-HDL (mg/dL) 138.7+20.1
RLP-C (mg/dL) 15.9+3.8
HbA1c (%) 7.2+11
FPG (mg/dL) 158.7+34.7
IRI (uu/mL) 8.60+3.6
HOMA-IR 3.57x1.1
BNP (pg/mL) 196.7+31.4
UACR (mg/gCr) 89.4+5.4
EF (%) 58+10.8
FS (%) 34+6.3
IVS (mm) 11+£3.2
LVPW (mm) 10+3.1
E (cm/s) 60.4+5.4
A (cm/s) 67.6+6.1
E/A 0.89+2.3
Sep €' (cm/s) 4.27+1.2
Lat e' (cm/s) 4.14+1.6
SepE/e' 14.15£2.0
LatE/e' 14.59+2.1
Mean E/e' 14.37+2.2
FMD (%) 4.5+2.2

Empagliflozin Luseogliflozin Tofogliflozin
(n=59) (n=63) (n=62)
62.0+£9.4 70.3+11.4 66.0+£9.8
61.5 42.9 78.6

159.4+8.4 160.0+9.2 166.0+£9.5
67.5+10.6 55.0+8.7 75.9+11.2
27.5+7.9 21.3+6.5 27.6+8.6
140.7£19.4 141.3£21.4 137.2+17.8
79.9+12.8 78.4+13.9 82.8+13.1
222.1+22.9 188.5+20.8 207.3+21.6
101.0+15.4 98.8+10.9 115.5+14.5
62.7+11.9 68.3+12.7 52.1+10.8
239.0+61.3 226.0+54.2 244.0+70.7
1.76x2.4 1.67x2.1 2.29+3.1
159.4+25.2 115.2+19.3 155.2+24.2
18.9+10.3 14.8+1.8 13.9+3.5
6.8+1.2 7.3+3.1 7.6+1.2
152.4+30.6 151.3+44.7 171.4+34.7
7.84+2.6 7.63+2.5 11.6+4.3
2.95+0.9 2.85:0.8 4.90+1.8
179.0+29.3 230.2+33.2 181.9+30.6
129.7+8.9 37.1+3.8 98.9+6.8
62+12.5 55+10.1 57+10.5
37+7.3 32+5.9 34+6.1
11+3.7 10+3.0 11+3.1
10+3.6 9+2.9 10+3.0
57.0+4.8 59.8+5.1 64.4+6.3
74.0+7.4 67.6+6.4 61.3+5.5
0.77+2.1 0.88+2.6 1.05+2.4
4.05+0.8 4.25+1.1 4.52+1.8
3.89+0.6 4.10+0.9 4.43+1.5
14.07+3.1 14.07+3.1 14.25+2.0
14.65+2.2 14.59+2.2 14.54+2.1
14.36+2.4 14.33+1.9 14.40+2.8
4.6+2.3 4.3+2.8 4.6+2.1

(Table 1 continued the next page.)
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All patients
(n=184)
CAVI
Right 9.24+2.6
Left 9.28+1.7
Carotid IMT
Right (mm) 0.86+0.6
Left (mm) 0.90+0.2
Ht (%) 39.5+3.9
History (%)
CAD 63.2+14.1
Hypertension 71.8+16.0
Hyperlipidemia 51.0+11.4
AF 33.7+7.5
Therapy (%)
ACE or ARB 73.1+16.3
B-blockers 85.8+19.1
CCB 53.8+12.0
Loop diuretics 71.3+15.9
Thiazide diuretics 13.2£2.9
Digoxin 13.4+3.0
Warfarin 29.6+6.6
Statins 52.1+11.6
Aspirin 32.9+7.3
DPP-4 inhibitors 58.0+12.9
Biguanide 43.2+9.6
Sulfonylurea 13.4+3.0
Insulins 3.4+3.0

289
Empagliflozin Luseogliflozin Tofogliflozin
(n=59) (n=63) (n=62)
8.92+2.1 9.33+£3.6 9.46+2.7
8.83+1.4 9.77+2.7 9.22+1.8
0.86+0.7 0.84+0.4 0.87+0.5
0.95+0.4 0.93+0.7 0.93+0.3
39.5+4.1 36.3+3.1 42.8+5.3
65.4+14.6 62.2+13.9 55.7+12.4
66.8+14.9 85.8+19.1 72.6+16.2
49.9+11.1 56.4+12.6 48.0+10.7
32.2+7.2 38.6+8.6 32.9+7.3
74.2+16.6 65.5+14.6 79.1+17.6
87.4+19.5 79.1+£17.6 88.7+19.8
54.6+12.2 48.2+10.8 58.2+13.0
72.1+16.1 76.6+17.1 61.3+13.7
9.7+2.2 21.4+4.8 15.4+3.4
15.7+3.5 8.7+1.9 11.3+x2.5
32.2+7.2 25.4+5.7 25.6+5.7
52.5+11.7 54.3+12.1 47.7+10.7
35.4+7.9 31.4+7.0 25.3+5.6
58.9+13.1 52.0+11.6 62.7+14.0
46.5+10.4 41.2+9.2 33.2+7.4
15.7+£3.5 8.7+1.9 11.3+2.5
5.7+3.5 4.7+1.9 3.3+2.5

Data given as mean+SD. HOMA-IR=IRI(uu/mL)xFPG(mg/dL)+405. A, late diastolic velocity; ACE, angiotensin-converting enzyme; AF, atrial
fibrillation; ARB, angiotensin receptor blocker; BMI, body mass index; BNP, brain natriuretic peptide; CAD, coronary artery disease; CAVI,
cardio-ankle vascular index; CCB, calcium channel blockers; DBP, diastolic blood pressure; DPP-4, dipeptidyl peptidase 4; E, mitral early
diastolic velocity; E/A, mitral early diastolic velocity/late diastolic velocity ratio; E/e', mitral early diastolic velocity/early annular tissue Doppler
velocity; EF, ejection fraction; FMD, flow-mediated dilation; FPG, fasting plasma glucose; FS, fractional shortening; HbA1c, hemoglobin A1c;
HDL-C, high-density lipoprotein cholesterol; HOMA-IR, homeostatic model assessment of insulin resistance; Ht, hematocrit; IMT, intima-media
thickness; IRI, immunoreactive insulin; IVS, interventricular septum; Lat €', early lateral annular tissue Doppler velocity; LatE/e’, lateral mitral
early diastolic velocity/early lateral annular tissue Doppler velocity; LDL-C, low-density lipoprotein cholesterol; L/H, low-density lipoprotein/
high-density lipoprotein cholesterol ratio; LVPW, left ventricular posterior wall; non-HDL, non-high-density lipoprotein cholesterol; RLP-C,
remnant-like particle cholesterol; SBP, systolic blood pressure; Sep €', early septal annular tissue Doppler velocity; SepE/e’, septal mitral early
diastolic velocity/early septal annular tissue Doppler velocity; TC, total cholesterol; TG, triglyceride; UACR, urinary albumin/creatinine ratio.

intima-media thickness as indices to assess vascular func-
tion and vascular structure, respectively.

The study was conducted according to the Declaration
of Helsinki. The protocol was reviewed and approved by
the institutional review board of each participating center,
and all participants provided informed consent.

Endpoints
The primary endpoint of this study was the change in E/e’,
defined according to the diagnostic schemes as proposed
by the ESC,1¢ and separately according to recommenda-
tions from the ASE/EACVI' for the assessment of dia-
stolic function.

The secondary endpoints were change in fasting plasma
glucose (FPG), HOMA-IR, and FMD.

Measurements

Clinical and biochemistry data were collected at baseline
and after the 12-week treatment period. Overnight fasting
blood samples were obtained <12 weeks after the start of
SGLT?2 inhibitor (empagliflozin, luseogliflozin, or tofogli-
flozin) treatment. FMD was conducted at Kenwakai
Otemachi Hospital Medical Center. All blood tests were

conducted after overnight fasting. Measurement of the
following parameters was outsourced to a central laboratory
(SRL Laboratory, Tokyo Japan): plasma insulin, BNP,
and urinary albumin/creatinine ratio (UACR). Non-HDL-C
was estimated by subtracting HDL-C from TC concentra-
tion. Remnant-like particle cholesterol (RLP-C) was mea-
sured on the direct homogeneous method (MetaboRead,
Kyowa Medex, Tokyo, Japan). HOMA-IR was calculated
as follows: HOMA-IR =(immunoreactive insulin [gu/mL]x
FPG [mg/dL]+405). Other biochemistry safety parameters
(e.g., red cell count, Ht, and uric acid) were also measured.

FMD

The FMD was measured using the UNEX EF38G (UNEX
Corporation, Nagoya, Japan) by a technologist who was
not a participant in the study and was blinded to the study
groups. The methodology has been described in detail
previously.20-2! Briefly, all measurements were performed
under fasting and non-smoking conditions in the early
morning in a temperature-controlled room (25°C). After
the patient rested for at least 15min, the pressure cuff was
placed on the forearm to capture baseline images of the
brachial artery using high resolution ultrasound. The cuff
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was then inflated and kept at S0mmHg above the systolic
BP (SBP) to occlude the brachial artery. The cuff was
released Smin later, and the image of the brachial artery
was captured. The diameters of the brachial artery in the
pre- and post-hyperemia images were used to calculate
changes in FMD according to the following formula:
FMD (%)=[(maximum diameter—diameter at rest)x100/
diameter at rest].

Echocardiography

Comprehensive 2-D, M-mode, conventional Doppler, and
tissue Doppler echocardiography was performed accord-
ing to contemporary guidelines by experienced doctors and
sonographers. Mitral early diastolic velocity (E) and late
diastolic velocity (A) were measured at the mitral leaflet
tips on pulse wave Doppler. Tissue Doppler echocardiog-
raphy was performed to measure the early annular tissue
Doppler velocity (e') at the ventricular septum and lateral
wall. All measures represent the mean of 3 beats for patients
in sinus rhythm.

Statistical Analysis

Data are expressed as mean+SD, number and percentage,
or percent change after treatment. Statistical analyses were
performed using SAS version 9.3 (SAS Institute, Cary, NC,
USA). The unpaired t-test (for continuous variables) or
Fisher’s exact test (for categorical variables) was used for
statistical analysis of differences in the baseline clinical param-
eters in all patients and in all 3 subgroups (empagliflozin,
luseogliflozin, and tofogliflozin). Plasma parameters before
and after treatment were compared on paired t-test. For
intergroup comparisons in the subgroups, unpaired t-test
was used for normally distributed data and the Mann-
Whitney U-test, for data with skewed distribution. To deter-
mine correlations between 2 variables, the Pearson correlation
coefficient was used for data with a normal distribution
pattern and the Spearman rank-correlation coefficient, for
data with non-normal distribution. Stepwise multiple regres-
sion analysis was carried out using the changes in mean
E/e’ from baseline in week 12 of treatment as the depen-
dent variable and age, body mass index, HbAlc, FMD,

All patients (n=184)

Table 2. Change in Parameters After 12-Week SGLT2 Inhibitor Treatment
Empagliflozin (n=59)

Luseogliflozin (n=63) Tofogliflozin (n=62)

Before After Before

Body weight (kg) 66.1+11.7 63.0+10.6* 67.5+10.6
A -3.1+3.0

BMI (kg/m?2) 24.6+7.7 24.3+7.5 27.5+7.9
A -0.3+0.09

SBP (mmHg) 139.7+18.8 123.5+x12.5** 140.7+19.4
A -16.2+8.2

DBP (mmHg) 80.4+13.9 72.2+8.8** 79.9+12.8
A -8.2+4.2

TC (mg/dL) 203.4+23.8 175.3+21.2 222.1+22.9
A -28.1+7.6

LDL-C (mg/dL) 105.3+13.8 92.8+11.6 101.0+15.4
A -12.5+6.4

HDL-C (mg/dL) 60.9+11.8 59.9+10.6 62.7+11.9
A -1.0+0.10

TG (mg/dL) 236.3+74.7 213.8+54.9* 239.0+61.3
A -22.5+7.4

L/H 2.01+2.8 1.67+2.1 1.76+2.4
A -0.34+0.14

Non-HDL (mg/dL) 138.7+20.1 115.5+18.4 159.4+25.2
A -23.2+7.5

RLP-C (mg/dL) 15.9+3.3 8.3+3.3** 18.9+10.3
A -7.6+3.4

HbA1c (%) 7.2+1.1 6.7+0.7* 6.8+1.2
A -0.5+0.09

FPG (mg/dL) 158.7+34.7 134.1+£19.0** 152.4+30.6
A -24.6+3.4

IRI (uu/mL) 8.60+3.6 8.24+3.1 7.84+2.6
A —0.36+0.16

HOMA-IR 3.57+1.1 2.73+0.8* 2.95+0.9
A -0.84+0.17

BNP (pg/mL) 196.7+31.4 203.7+33.5 179.0+29.3
A +7.0+£3.1

UACR (mg/gCr) 89.4+5.4 47.4+3.1** 129.7+8.9
A —42.0+4.8

After Before After Before After
66.7+11.8 55.0+8.7 51.7+8.7* 75.9+11.2 72.9+12.2
—-0.8+0.2 -3.3+£3.2 -3.0+3.1
26.4+7.8 21.3+6.5 20.0+5.8* 27.6+8.6 26.5+6.8*
-1.1+0.10 -1.3+0.21 -1.1+0.10

128.9+13.1**  141.3x21.4 120.9+14.5** 137.2+17.8 120.8+12.5*
-11.8+7.8 -20.4+8.8 -16.4+8.4
74.1+8.9* 78.4+13.9 68.2+10.8** 82.8+13.1 74.6+8.6*
-5.8£2.4 -10.2+4.4 -8.2+4.1
190.7+20.8 188.5+20.8 158.7+18.8 207.3+21.6 180.5+20.6
-31.4+7.8 -29.8+7.1 -26.8+6.8
104.7+13.1 98.8+10.9 78.2+10.1 115.5+14.5 98.6+11.8
+3.7£2.4 -20.6x7.1 -16.9+6.8
57.5+9.7 68.3+12.7 65.0+11.5 52.1+10.8 56.3+9.1
-5.2+0.40 -3.3+0.20 +4.2+0.30
214.6+56.1* 226.0+54.2 208.2+34.7* 244.0+70.7 218.6+55.8*
-24.4+7.6 -17.8+6.8 -25.4+7.7
1.97+2.8 1.67x2.1 1.31+£1.8 2.29+3.1 1.82+2.4
0.21+0.09 -0.36+0.16 -0.47+0.18
133.2+20.2 115.2+19.3 93.7+18.1 155.2+24.2 124.3+19.8
-26.2+7.8 -21.5+6.8 -30.9+8.1
8.5+6.3* 14.8+1.8 7.9+313* 13.9+3.5 8.5+5.4*
-10.4+4.2 -6.9+2.8 -5.4+2.1
6.5+1.2* 7.3+£3.1 6.7£2.7* 7.6£1.2 6.9+0.5*
—-0.3+0.06 -0.6+0.10 -0.7+£0.10
136.4+19.3**  151.3x44.7 132.1+39.0** 171.4x34.7 132.8+41.0**
-16.0+£8.4 -19.2+10.5 -38.6+13.4
7.57+2.4 7.63+2.5 7.45+2.3 11.6+4.3 9.76+3.7
-0.27+0.12 -0.18+0.09 -1.84+0.34
2.55+0.7* 2.85+0.8 2.43+0.6* 4.90+1.8 3.20+1.7*
—0.40+0.06 -0.42+0.08 -1.7+£0.19
126.4+22.4 230.2+33.2 200.1+31.8 181.9+30.6 265.4+38.6
-52.6+8.1 -30.1+6.2 +83.5+9.4
95.9+6.7** 37.1+£3.8 15.3+2.1** 98.9+6.8 45.9+2.9**
-33.8+4.1 -21.8+2.9 -53.0+5.1

Circulation Reports Vol.1, July 2019

(Table 2 continued the next page.)



SGLT2 Inhibitors for Heart Function in HFpEF

291

All patients (n=184)

Empagliflozin (n=59)

Luseogliflozin (n=63)

Tofogliflozin (n=62)

Before After Before

E (cm/s) 60.4+5.4 57.3+4.9 57.0+4.8
A -3.1£2.2

A (cm/s) 67.6+6.1 68.8+7.2 74.0+£7.4
A +1.2+1.1

E/A 0.89+2.3 0.83+2.1* 0.77+2.1
A -0.06+0.007

Sep €' (cm/s) 4.27+1.2 7.72+1.5* 4.05+0.8
A +3.45+0.004

Lat e' (cm/s) 4.14+1.6 9.19+1.9* 3.89+0.6
A +5.05+0.007

SepE/e’ 14.15+2.0 7.42+1.2* 14.07+3.1
A —6.73+0.009

LatE/e' 14.59+2.1 6.24+1.7** 14.65+2.2
A -8.35+0.008

Mean E/e' 14.37+2.2 6.83+1.8** 14.36+2.4
A —7.54+0.007

FMD (%) 4.5+2.2 7.16+3.2* 4.6+2.3
A 2.66+1.19

CAVI (Right) 9.24+2.6 8.50+2.1* 8.92+2.1
A —-0.74+0.31

CAVI (Left) 9.28+1.7 8.71+1.3* 8.83+1.4
A -0.57+0.25

Mean CAVI 9.26+2.3 8.61+1.9* 8.88+1.8
A —-0.65+0.29

Carotid IMT (Right) 0.86+0.6 0.82+0.3 0.86+0.7

(mm)
A —-0.04+0.01

Carotid IMT (Left) 0.92+0.2 0.83+0.5 0.95+0.4

(mm)
A —-0.09+0.05

Mean carotid IMT 0.88+0.2 0.83+0.1 0.91+0.1

(mm)
A -0.05+0.02

Ht (%) 39.5+3.9 41.8+4.2* 39.5+4.1
A 2.3+1.7

After Before After Before After
55.4+4.3 59.8+5.1 57.4+5.1 64.4+6.3 59.0+6.1
-1.6+1.8 -2.4+2.0 -5.4+3.1
71.2+6.9 67.6+6.4 70.0£6.7 61.3+5.5 65.3+5.9
-2.8+2.6 +2.4+2.1 +4.0+2.9
0.78+1.8 0.88+2.6 0.82+2.5* 1.05+2.4 0.90+2.0*

+0.01+0.002 -0.06+0.007 -0.15+0.011
8.39+1.8* 4.25+1.1 6.91+1.3** 4.52+1.8 7.86+1.6**
+4.34+0.005 +2.66+0.001 +3.34+0.003
8.86+1.9** 4.10+0.9 8.72+1.8** 4.43+1.5 9.98+2.0**
+4.97+0.006 +4.62+0.006 +5.55+0.009
6.6+1.4** 14.07+3.1 8.31+3.0** 14.25+2.0 7.51+1.6**
—7.47+0.011 -5.76+0.007 —-6.74+0.010
6.25+2.0** 14.59+2.2 6.58+3.7** 14.54+2.1 5.91+1.1*
—-8.40+0.008 -8.01+0.006 —-8.63+0.009
6.43+1.2** 14.33+1.9 7.45+£2.0* 14.40+2.8 7.23+1.9*
—7.93+0.008 -6.88+0.006 —7.17+0.008
7.5+3.1* 4.3+2.8 6.9+3.3* 4.6+2.1 7.1+3.4*
2.90+1.21 2.60+1.18 2.50+1.16
8.83+2.2* 9.33+3.6 8.37+2.3* 9.46+2.7 8.30+2.3*
-0.09+0.05 —0.96+0.41 -1.16+0.51
8.73+1.1* 9.77+2.7 9.12+3.3* 9.22+1.8 8.28+2.1*
-0.10+0.06 -0.65+0.29 -0.94+0.29
8.78+2.2¢ 9.55+2.6 8.75+2.8* 9.34+2.4 8.29+2.1*
-0.10+0.06 —0.80+0.32 -1.05+0.48
0.78+0.2 0.84+0.7 0.94+0.4 0.87+0.5 0.73+0.3
-0.08+0.04 0.10+0.07 -0.14+0.08
0.77+0.4 0.93+0.3 0.93+0.7 0.93+0.3 0.78+0.6
-0.25+0.12 +0.00+0.02 —-0.15+0.09
0.78+0.1 0.84+0.2 0.94+0.3 0.90+0.1 0.76+0.1
—0.13+0.08 0.10+0.06 -0.14+0.09
43.8+4.3* 36.3+3.1 38.4+3.7* 42.8+5.3 43.4+4.4
4.3+3.1 2.1+1.6 0.6+0.3

Data given as mean+SD. *P<0.05, **P<0.01 vs. baseline. HOMA-IR=IRI(uu/mL)xFPG(mg/dL)+405. SGLT2, sodium-glucose cotransporter 2.
Other abbreviations as in Table 1.

CAVI, and HOMA-IR as independent variables. Differ-
ences were considered statistically significant at P<0.05.

Results

We assessed 190 patients with DM and HFpEF, and we
enrolled 184. We excluded 6 patients whose condition dete-
riorated suddenly into HFrEF (EF <40%) or who had
recently been diagnosed with severe valvular disease or
amyloidosis. The ratio of patients who were treated with
each of the 3 SGLT?2 inhibitors (empagliflozin, luseogliflozin,
or tofogliflozin) was approximately 1:1:1. All enrolled
patients completed the study (Figure 1).

Mean age at baseline was 66.0x14.4 years; 60.9% of
patients were male. In all patients, BP was relatively well
controlled by antihypertensive drugs, and low-density lipo-
protein cholesterol (LDL-C) was well managed with
statins. Baseline laboratory data, however, were high for
TG and RLP-C, and also for FPG and HbAlc (not well-
controlled). Baseline characteristics were similar across the

3 groups of patients (Table 1).

After 12 weeks of SGLT2 inhibitor treatment, we noted
significant reductions in body weight (BW; meanA+SD,
—3.14£3.0kg, P<0.05), SBP (—16.248.2mmHg, P<0.01),
diastolic BP (DBP; —8.2+4.2mmHg, P<0.01), TG (—22.5+
7.4mg/dL, P<0.05), RLP-C (-7.6+£3.4mg/dL, P<0.01),
HbAlc (—0.5£0.09%, P<0.05), FPG (—24.6+£3.4mg/dL,
P<0.01), UACR (—42.044.8, P<0.01), and HOMA-IR
(—0.84%0.17, P<0.05) in the study group. Ht increased
significantly after 12 weeks of treatment (2.3+1.7%, P<0.05).
FMD was significantly higher and CAVI was significantly
lower (2.66£1.19%, P<0.05; —0.65£0.29, P<0.05; Table 2;
Figure 2). We noted significant reductions in E/A ratio,
(meanAzSD, —0.06+0.007; P=0.048); septal E/e' (—6.73+
0.009; P=0.003), and lateral E/e' (—8.35£0.008, P=0.044;
Table 3; Figure 2).

Changes of outcome in the subgroups were similar to the
changes seen in the total group (Tables 2,3). There were no
statistically significant differences in outcome between the
3 groups in this class.
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Figure 2. Changes in markers before and after 12-week sodium-glucose cotransporter 2 (SGLT2) inhibitor treatment. Bars,
mean+SD. *P<0.05, **P<0.01 vs. baseline. IR was calculated using the formula HOMA-IR=IRI(uu/mL)xFPG(mg/dL)+405. CAVI,
cardio-ankle vascular index (L, left; R, right); FMD, flow-mediated dilation; FPG, fasting plasma glucose; HOMA-IR, homeostatic
model assessment of insulin resistance; IR, insulin resistance; IRI, immunoreactive insulin; LatE/e’, lateral mitral early diastolic
velocity/early lateral annular tissue Doppler velocity; RLP-C, remnant-like particle cholesterol; SepE/e’, septal mitral early diastolic
velocity/early septal annular tissue Doppler velocity.

Table 3. Marker Levels Before and After 12-Week SGLT2 Inhibitor Treatment
All patients (n=184)

SBP (mmHg)
DBP (mmHg)
FMD (%)
CAVI
Right
Left
Mean CAVI
Carotid IMT (mm)
Right
Left
Mean IMT (mm)
SepE/e’
LatE/e’!
Mean E/e'
FPG (mg/dL)
HbA1c (%)
TG (mg/dL)
RLP-C (mg/dL)
HOMA-IR

Empagliflozin (n=59)

Luseogliflozin (n=63)

Tofogliflozin (n=62)

Before After
139.7+18.8 123.5+12.5**
80.4+13.9 72.2+8.8**
4.50+2.2 7.16+3.2*
9.24+2.6 8.50+2.1*
9.28+1.7 8.71+1.3*
9.26+2.3 8.61+1.9
0.86+0.6 0.82+0.3
0.92+0.2 0.83+0.5
0.88+0.2 0.83+0.1
14.15£2.0 7.42+1.2**
14.59+2.1 6.24+1.7**
14.37+2.2 6.83+1.8**
158.7+34.7 134.1+19.0**
7.2+1.1 6.7+0.7*
236.3+74.7 213.8+54.9*
15.9+£3.3 8.3+3.3**
3.57+1.1 2.73+0.8*

Before After
140.7+19.4 128.9+13.1**
79.9+12.8 74.1+8.9*
4.6+2.3 7.5+3.1*
8.92+2.1 8.83+2.2*
8.83+1.4 8.73+1.1*
8.88+1.8 8.78+2.2
0.86+0.7 0.78+0.2
0.95+0.4 0.77+0.4
0.91+0.1 0.78+0.1
14.07+3.1 6.6+1.4**
14.65+2.2 6.25+2.0**
14.36x2.4 6.43+1.2**
152.4+30.6 136.4+19.3**
6.8+1.2 6.5+1.2*
239.0+61.3 214.6+56.1*
18.9+£10.3 8.5+6.3*
2.95+0.9 2.55+0.7*

Before After
141.3x21.4 120.9+14.5**
78.4+13.9 68.2£10.8**
4.3+2.8 6.9+3.3*
9.33+3.6 8.37+2.3*
9.77x2.7 9.12+3.3*
9.55+2.6 8.75+2.8
0.84+0.7 0.94+0.4
0.93+0.3 0.93+0.7
0.84+0.2 0.94+0.3
14.07+3.1 8.31+3.0**
14.59+2.2 6.58+3.7**
14.33+1.9 7.45+2.0**
151.3+44.7 132.1+39.0**
7.3+3.1 6.7+2.7*
226.0+54.2 208.2+34.7*
14.8+1.8 7.9£313*
2.85+0.8 2.43+0.6*

Before After
137.2+£17.8 120.8+12.5*
82.8+13.1 74.6+8.6*
4.6+2.1 7.1+3.4*
9.46+2.7 8.30+2.3*
9.22+1.8 8.28+2.1*
9.34+2.4 8.29+2.1
0.87+0.5 0.73+0.3
0.93+0.3 0.78+0.6
0.90+0.1 0.76+0.1
14.25+2.0 7.51+1.6**
14.54+2.1 5.91+1.1**
14.40+2.8 7.23+1.9**
171.4£34.7 132.8+41.0**
7.6+1.2 6.9+0.5*
244.0£70.7 218.6+55.8*
13.9+£3.5 8.5+5.4*
4.90+1.8 3.20+1.7*

Data given as mean+SD. *P<0.05, **P<0.01 vs. baseline. HOMA-IR=IRI(uu/mL)xFPG(mg/dL)+405. Abbreviations as in Tables 1,2.
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Table 4. AMean E/e' and AFMD, ACAVI, AIR Correlations
AMean E/e' AFMD ACAVI AHOMA-IR

rt P-value rt P-value rt P-value rt P-value
AMean E/e' —-0.463 <0.05* 0.501 <0.05* 0.446 <0.05*
AFMD 0.428 <0.05* -0.441 <0.05*
ACAVI 0.857 <0.01**
AHOMA-IR

*P<0.05, **P<0.01. tCoefficient of correlation. HOMA-IR=IRI(uu/mL)xFPG(mg/dL)+405. Abbreviations as in Table 1.

On multiple regression analysis a statistically significant
association was seen between Amean E/e' and AFMD,
ACAVI, and AHOMA-IR. Interestingly, short-term SGLT2
inhibitors improved diastolic function (Table 4). We found
that mean E/e' in week 12 was influenced significantly by
FMD, CAVI, and HOMA-RI, respectively (Table 5).

Discussion

SGLT?2 inhibitors cause excess glucose to be excreted into
the urine and provide an anti-hyperglycemic effect.2223
Hyperglycemia has been recognized as a primary factor in
endothelial dysfunction, leading to the development of
vascular complications and vascular inflammation in dia-
betic patients. This study showed that SGLT2 inhibitors
reduced FPG and prevented the development of endothelial
dysfunction and vascular inflammation, at least partially,
through a reduction of oxidative stress. Accumulating evi-
dence suggests cardioprotective effects of SGLT2 inhibi-
tors.824 The present study may elucidate a mechanism for
these effects.

Different mechanisms drive LV remodeling in HFpEF
and HFrEF. In HFpEF, coronary microvascular endothe-
lial dysfunction drives LV remodeling and dysfunction by
lowering myocardial nitric oxide (NO) bioavailability and
protein kinase G (PKG) activity. In HFrEF, cardiomyocyte
cell death drives LV remodeling and dysfunction, and is
caused by oxidative stress in the cardiomyocyte compart-
ment. On histopathology, collagen is laid down between
cardiomyocytes and the sarcomeric structure is preserved
in HFpEF. In HFrEF, however, the collagen is laid down
over extended areas (replacement fibrosis), and the sarco-
meric structure disappears. Coronary microvascular endo-
thelial dysfunction is reported to affect HfpEF.2s

The cardiovascular consequences of DM have been shown
to be associated with oxidative stress.26-28 Hyperglycemia
encourages the non-enzymatic glycosylation of proteins
and subsequent formation of advanced glycation end prod-
ucts (AGE), which interact with the receptors for AGE
(RAGE) on the plasma membrane and promote the pro-
duction of reactive oxygen species (ROS). This contributes
to vascular complications.? Hyperglycemia can also acti-
vate polyol pathways and protein kinase C, further pro-
moting ROS production.303!

In this study, 12-week SGLT?2 inhibitor treatment resulted
in significant reductions in BW, SBP, DBP, TG, RLP-C,
FPG, HbAlc, UACR and HOMA-IR. FMD was signifi-
cantly higher at the end of the 12-week period, and CAVI
was significantly lower (P<0.05). We noted a significant
reduction in mitral early E/A ratio, septal E/e', and lateral
E/e'; and on multiple regression statistically significant
associations were seen between Amean E/e' and AFMD,
ACAVI, and A HOMA-IR.

Table 5. Multivariate Indicators of Change in Mean E/e' After
3 Months

Standardized

Variables coefficient B P-value 95% CI
Age 0.165 0.7324 -0.290 to 0.041
BMI 0.080 0.1213 —0.471 to 0.299
HbA1c 0.029 0.463 —-0.405 to 0.508
FMD -0.585 0.005** —-0.585 to —-0.485
CAVI 0.392 0.016* 0.048 to 0.456
HOMA-IR 0.431 0.034* 0.001 to 1.018

*P<0.05, **P<0.01. HOMA-IR=IRI(uu/mL)xFPG(mg/dL)+405.
Abbreviations as in Table 1.

Overall, SGLT?2 inhibitors can improve diastolic function
in patients with type 2 DM. This may be because improved
insulin resistance is associated with increased NO production,
and titin phosphorylation is stimulated through a cyclic gua-
nosine monophosphate (cGMP)/PKG-dependent pathway.

Stimulation of PKG requires cGMP, which is either syn-
thesized by soluble guanylate cyclase (sGC) activated by
NO or by receptor guanylate cyclase linked to the nitric
peptide receptor.32-34 This is, in turn, counterbalanced by
hydrolysis of cGMP back to GMP by select members of
the phosphodiesterase superfamily. Their inhibition, which
leads to increased cGMP, can also increase PKG activity.

This mutual increase in activity means that HFpEF and
renal dysfunction promote each other. HFpEF promotes
renal dysfunction through (1) elevated central venous pres-
sure due to pulmonary hypertension and right ventricular
(RV) function;* (2) inability to increase cardiac output
following arterial vasodilation due to chronotropic incom-
petence and fixed LV stroke volume;3¢ and (3) systemic
inflammation, endothelial dysfunction, and low NO bio-
availability, which reduces renal blood flow,3” and sodium
excretion.®® In turn, HFpEF is promoted by worsening
systemic inflammation, endothelial dysfunction, and NO
bioavailability, due in part to renal-specific mediators.35 In
addition to systemic hemodynamic effects, SGLT2 inhibi-
tors affect renal function directly. After the initial dip, how-
ever, e€GFR subsequently tends to return toward baseline
and remains stable over time. The impact of SGLT?2 inhi-
bition on eGFR is consistent in patients with established
cardiovascular disease, either with or without chronic kid-
ney disease, and is observed after 3-4 weeks of treat-
ment.?3*42 In the present study, the eGFR dip was reversed
<2 weeks after drug discontinuation,® an effect also observed
in the EMPA-REG OUTCOME trial.®? The present study
also showed a significant reduction in UACR.

Recently, attention has been newly focused on increased
Ht during SGLT?2 inhibitor treatment. Such increases could
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stimulate erythropoiesis and oxygen transport to tissue, and
thus play a protective role against cardiovascular disease.*3
The present study also confirmed a significant increase in
Ht in patients with type 2 DM after SGLT2 inhibitor treat-
ment. Interestingly, on covariance analysis there was also
a significant difference in AFMD after accounting for the
change in Ht. This suggests that increased Ht might play a
role in increased FMD, at least in part due to the SGLT2
inhibitors. The increase in Ht does not seem to be linked to
hypovolemia or dehydration, but appears to be associated
with normalization of hyperfiltration leading to improved
renal function.

Aside from the effects of SGLT2 inhibitors described
here, it has been suggested that BP management or weight
loss in response to SGLT?2 inhibition may mediate changes
in kidney function. In type 2 DM, interstitial hypoxia can
cause increased glucose absorption in the tubular cells and
increased afferent renal neural activity. This enhances sym-
pathetic nerve activity and reduces the baroreceptor reflux
response through negative feedback, which in turn leads to
fluid retention, vasoconstriction, and increased heart rate.
SGLT?2 inhibitors may suppress this pathway.#

Several clinical studies have shown that SGLT2 inhibi-
tors decrease plasma TG and increase HDL-C, but also
increase LDL-C,*34 but in the present study, reductions
were seen in both LDL-C and HDL-C concentration, and
this concern has also been refuted by the large scale
EMPA-REG trial. In addition, recent data from an animal
model has demonstrated that SGLT?2 inhibitors tend to
shift metabolism from carbohydrate toward lipid utiliza-
tion, which increases ketogenesis and LDL-C concentration
despite net lipid metabolic utilization.*” Some confusion
still persists in this area, however, and further investigation
into this metabolic shift is needed.

BNP stimulates receptor GC to produce cGMP and acti-
vate PKG. NO produced by NO synthases stimulates sGC
to produce cGMP, which activates PKG. In this study, we
evaluated BNP and found no significant difference after
treatment with SGLT?2 inhibitors.

No statistically significant differences in outcome were
seen in the between 3 SGLT?2 inhibitors in the present study.
The presence of a class effect across the SGLT?2 inhibitors
remains unclear, because such class effects were not the
primary focus of our study. Further investigation is required
to clarify this point.

Study Limitations

Although the effectiveness of SGLT?2 inhibitors has been
demonstrated clearly in the present study, the study has
several limitations. First, the number of patients was rela-
tively small, and the duration of the study was relatively
short; longer trials with a larger sample size, preferably
involving patients of different ethnicities, are clearly needed.
Second, patients enrolled in this study had moderate hyper-
glycemia, therefore the effects of treatment in patients with
HbAIc >8% remain unknown.

Conclusions

SGLT?2 inhibitors can improve diastolic function in patients
with type 2 DM, suggesting that current treatment policies
for DM could be re-examined. Further prospective studies
with larger sample sizes could provide insights into the
mechanisms underlying the benefits of SGLT2 inhibitors.
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