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Abstract

Aim: To determine whether treatment with empagliflozin was able to affect the
myocardial glucose metabolic rate, as assessed by cardiac dynamic *8F-fluorodeoxyglu-
cose-positron emission tomography (*®F-FDG-PET) combined with euglycaemic-
hyperinsulinaemic clamp compared with glimepiride in patients with type 2 diabetes.
Materials and Methods: To further investigate the cardioprotective mechanism of
sodium-glucose co-transporter-2 inhibitors, we performed a 26-week, randomized, open-
label, crossover, active-comparator study to determine the effects of empagliflozin 10 mg
versus glimepiride 2 mg daily on the myocardial glucose metabolic rate assessed by cardiac
dynamic *8F-FDG-PET combined with euglycaemic-hyperinsulinaemic clamp in 23 patients
with type 2 diabetes. We also measured cardiac geometry and myocardial mechano-
energetic efficiency, as well as systolic and diastolic function by echocardiography.
Results: Compared with glimepiride, treatment with empagliflozin resulted in a greater
reduction in the myocardial glucose metabolic rate from baseline to 26 weeks (adjusted
difference —6.07 [—-8.59, —3.55] umol/min/100 g; P < .0001). Moreover, compared with
glimepiride, empagliflozin led to significant reductions in left atrial diameter, left ventricu-
lar end-systolic and end-diastolic volumes, N-terminal pro b-type natriuretic peptide
levels, blood pressure, heart rate, stroke work, and myocardial oxygen consumption esti-
mated by the rate pressure product, and increases in ejection fraction, myocardial
mechano-energetic efficiency, red blood cells, and haematocrit and haemoglobin levels.
Conclusions: The present study provides evidence that empagliflozin treatment in
subjects with type 2 diabetes without coronary artery disease leads to a significant

reduction in the myocardial glucose metabolic rate.
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1 | INTRODUCTION

There is clear evidence from cardiovascular outcome trials (CVOTSs)
that treatment with sodium-glucose co-transporter-2 inhibitors
(SGLT2is) reduces major cardiovascular (CV) events in patients with
type 2 diabetes and established atherosclerotic CV disease, and
decreases the risk of hospitalization for heart failure (HHF) and CV
mortality.i’5 Results from the DAPA-HF.° the EMPEROR-Reduced”’
and the EMPEROR-Preserved® have extended the findings of reduced
HHF in patients with heart failure (HF), regardless of the presence or
absence of type 2 diabetes. The putative mechanisms explaining the
beneficial CV effects of SGLT2is have been the subject of intense
debate.” It has been suggested that these beneficial effects in subjects
with HF might be, at least in part, a result of improved cardiac ener-
getics and efficiency. Indeed, it has been shown that treatment with
SGLT2is is associated with increasing ketogenesis, leading to an eleva-
tion in circulation ketone bodies, which serve as alternative cardiac
fuel substrate.'® Because ketone bodies may act as a ‘super fuel’,
requiring less oxygen to generate ATP, it has been proposed that
SGLT2i treatment induces a metabolic shift, characterized by a
decrease in glucose uptake and glucose oxidation to an increase in
oxidation of ketone bodies. This metabolic shift towards a more
energy-efficient fuel like ketone bodies may improve myocardial ener-
getics and cardiac efficiency. Recently, it was reported that, compared
with placebo, 4 weeks of treatment with empagliflozin in patients
with type 2 diabetes resulted in a 57% reduction in myocardial glu-
cose uptake, as measured by 8F-fluorodeoxyglucose (*8F-FDG) posi-
tron emission tomography (PET)/computed tomography (CT) after an
overnight fast.** Treatment with empagliflozin did not affect myocar-
dial free fatty acids (FFAs) uptake, a finding similar to that observed in
another placebo-controlled study evaluating the effects of 6 weeks of
treatment with dapagliflozin in patients with type 2 diabetes.!?
On the other hand, it has been reported that, in patients with chronic
HF, a short-term reduction in serum FFA concentration induced an
impairment of left ventricular energy metabolism and function.*® Nev-
ertheless, whether the observed reduction in myocardial glucose
uptake oxidation is only a transient phenomenon rather than a long-
term adaptive metabolic process, remains unsettled. To date, no head-
to-head trial has compared the effect of SGLT2is on the myocardial
glucose metabolic rate (MrGlu) in patients with type 2 diabetes. The
primary aim of this study was to determine, in patients with type 2 dia-
betes without coronary artery disease, whether treatment with empa-
gliflozin was able to affect myocardial MrGilu, as assessed by cardiac
dynamic *®F-FDG-PET combined with euglycaemic-hyperinsulinaemic
clamp, compared with glimepiride, a common antidiabetic drug with
neutral CV effects.!* Additional aims were assessments of the effects

of empagliflozin versus glimepiride on cardiac geometry, and systolic

and diastolic function assessed by echocardiography, as well as myo-

cardial mechano-energetic efficiency (MEE).

2 | MATERIALS AND METHODS

21 | Study design

The effects of empagliFlozin on myocardlal metabOlic Rate of glucosE
estimated through *®FDG PET (FIORE Study) was a 26-week, single-
centre, prospective, randomized, open-label, crossover, active-com-
parator study aimed at investigating the effects of empagliflozin
10 mg versus glimepiride 2 mg daily on myocardial MrGlu and cardiac
geometry and function in patients with type 2 diabetes. The study
was conducted at the Department of Medical and Surgical Sciences of
the University ‘Magna Graecia’ of Catanzaro (ltaly). The inclusion cri-
teria were subjects with type 2 diabetes in monotherapy treatment
with a stable dose of metformin (daily dose of 21.500 mg), which
remained unchanged throughout the study, age 40-69 years and
HbA1c 6.5%-9% (48-75 mmol/mol). The exclusion criteria were type
1 diabetes, a history of coronary artery disease or HF, prior cardio-
cerebral-vascular events, pregnant women, childbearing women with-
out an adequate birth control method, a history of malignant diseases,
impaired kidney and liver function, valvular heart disease, anaemia,
recurrent genital infections, and previous treatment with insulin,
SGLT2is, glucagon-like peptide-1 receptor agonists or dipeptidyl
peptidase-4 inhibitors.

The primary outcome was the between-groups (empagliflozin
vs. glimepiride) change in the myocardial MrGlu from baseline to
26 weeks. Secondary outcomes included the between-groups
changes in cardio-metabolic variables, peripheral insulin sensitivity,
indexed MEE (MEEi) and cardiac function.

Eligible patients were randomly assigned in a 1:1 ratio to receive
empagliflozin 10 mg or glimepiride 2 mg daily for 26 weeks. After the
first 26 weeks, patients crossed over to the opposite treatment for
another 26 weeks (Figure S1). Patients randomized to receive glime-
piride were allowed to uptitrate to a maximum dose of 6 mg/day if
they experienced fasting plasma glucose (FPG) levels of more than
112 mg/dl (6.2 mmol/L) at the scheduled visit at the sixth week or at
any later scheduled visit.

At baseline and at the end of each 26-week treatment period,
after 12 hours of fasting, all subjects underwent an anthropometrical
evaluation, including measurements of body mass index (BMI), waist
circumference and body composition by bioelectrical impedance (BIA
101 ASE, Akern, Pontassieve, Florence, Italy), blood pressure and lab-
oratory determinations, echocardiography and a ®F-FDG-PET scan

combined with euglycaemic-hyperinsulinaemic clamp in the morning,
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at the same time of the day, without taking the study drug. The last
dose of the study drugs was taken by the patients during the previ-
ous dinner, 12 hours before the studies. A washout period between
treatments was not performed, to avoid exposing patients to unde-
sirable high amounts of CT radiation over a few days. The study
was approved by the Hospital Ethical Committee (Comitato Etico
Azienda Ospedaliera ‘Mater Domini’, approval code: 2016.43) and all
participants provided written informed consent to be enrolled in this
investigation in accordance with the principles of the Helsinki Declara-
tion. The study was registered at https://www.clinicaltrials.gov
(NCT04183868).

2.2 | '8F-FDG-PET scan combined with
euglycaemic-hyperinsulinaemic clamp

Myocardial MRGlu was measured by ®F-FDG-PET acquired during
euglycaemic-hyperinsulinaemic clamp, as previously described.'® Sub-
jects received a priming dose of insulin (100 Ul/ml) (Humulin R; Eli
Lilly) during the initial 10 minutes to raise the serum insulin concentra-
tion acutely (80 mU/m? x min), which was then maintained by contin-
uous insulin infusion fixed at 40 mU/m? x min.%® The blood glucose
level was kept constant at 100 mg/dl, with a coefficient of variation
of less than 5% for the next 120 minutes, by infusing 20% glucose at
varying rates according to blood glucose measurements performed at
5-minute intervals. Glucose metabolized by the whole body (M) was
calculated as the mean rate of glucose infusion measured during the
last 60 minutes of the clamp examination (steady state) and was
expressed in milligrams per minute per kilogram fat-free mass
assessed by bioelectrical impedance (Mggpm). Urinary glucose concen-
trations were measured by collecting urine immediately after the end
of the ®F-FDG-PET combined with euglycaemic-hyperinsulinaemic
clamp. Urinary glucose loss was subtracted from the total rate of glu-
cose disposal to determine whole-body insulin-stimulated glucose dis-
posal. The 8F-FDG-PET imaging procedure was performed on a
hybrid PET/CT scanner (GE Discovery ST8- 2D PET scanner), starting
60 minutes after the insulin infusion. A 60-minute dynamic acquisition
was started simultaneously with the intravenous injection of 370 MBq
of 8F-FDG, according to the following time frame sampling: eight x
15 seconds, two x 30 seconds, two x 120 seconds, one x 180 seconds,
six x 300 seconds and two x 600 seconds.” PET images were recon-
structed in a 128 x 128 matrix using a Ordered subset expectation max-
imization algorithm, and were corrected for decay and attenuation based
on co-registered CT. The insulin-glucose infusion continued during the
entire PET acquisition. The estimation of myocardial MRGIu was per-

formed by Patlak compartmental modelling,*>*®

using the graphical tool
specific for cardiac images analysis (PCARD) implemented in PMOD
Software platform (version 3.806).” In PCARD, the full dynamic study is
used for myocardial MRGlu calculation, and the arterial input function is
extracted from a volume of interest semiautomatically placed in the left
ventricular cavity.?® Both of the physicians who performed the PET
scans, as well as the investigators who analysed the PET scan data, were

blinded to the treatment of the participants.

2.3 | Echocardiographic measurements

Tracings were taken using a VIVID- E95 ultrasound machine
(GE Healthcare, Horten, Norway) with an annular phased array
2.5-MHz transducer. To optimize the reproducibility, all the readings
were performed by the same experienced investigator, who was
blinded to the treatment of the participants. Measurement of
interventricular septum thickness (IVS) was made at end-diastole. LV
end-diastolic volume (LVEDV), end-systolic volume (LVESV) and left
ventricular ejection fraction (LVEF) were measured according to the
Simpson method.*? Left atrial diameter was measured from the para-
sternal long-axis view. The left ventricular mass index (LVMI) was cal-
culated using the Deveraux formula?® normalized by body surface
area.t”?! Left ventricular diastolic function was evaluated according
to diagnostic criteria proposed by the American Society of Echocardi-
ography.*? Systolic pulmonary arterial pressure (s-PAP) was calculated
with the Bernoulli equation?? using the apical four chamber o short
axis to obtain peak trans tricuspid regurgitation.?” LV myocardial MEE
was calculated using the method developed and validated by de
Simone et al. as the ratio between external myocardial work and myo-
cardial oxygen consumption (MVO,).2%>24 External myocardial work
can be estimated as stroke work (SW), with SW being computed as
systolic blood pressure (SBP) x echocardiographic stroke volume (SV).
SV was calculated as the difference between LVEDV and LVESV by
the z-derived method.?>28 MVO, reflects the total amount of energy
produced by the myocardium and can be estimated using the ‘double
product’ of SBP x heart rate (HR).2? LV myocardial MEE was calcu-
lated as SV x SBP/ SBP x HR = SV/ HR. Because of the close depen-
dence of MEE on LV mass, MEE was normalized by LVM to obtain an
estimate of MEE per gram of LVM (i.e. MEEi).232¢

24 | Laboratory determinations

Plasma glucose levels were measured by the enzymatic method
(Roche Diagnostics, Mannheim, Germany). Serum creatinine was mea-
sured by a clinical chemistry analyser (Roche/Hitachi Modular Analyt-
ics System, P Module) using the Roche Creatinine Plus assay
(Hoffman-La Roche, Basel, Switzerland). Plasma insulin concentration
was measured with a chemiluminescence-based assay (Immulite,
Siemens, Italy). HbAlc was measured with high performance liquid
chromatography using an National Glycohemoglobin Standardization
Program-certified automated analyser (Adams HA-8160 HbA1c analy-
ser, Menarini, Italy). Serum N-terminal pro b-type natriuretic peptide
(NT-proBNP) was measured by chemiluminescent immunoassay
(Roche Diagnostics). Blood B-hydroxybutyrate were measured by a
Glucomen LX ketone sensor (Menarini Diagnostics, Florence, Italy).
Urinary glucose concentrations were measured by Aution Max
(Menarini Diagnostics). Red blood cells, haemoglobin and haematocrit
were determined using an automated particle counter (Siemens
Healthcare Diagnostics ADVIA 120/2120 Haematology System,
Milan, Italy). The estimated glomerular filtration rate (eGFR) was cal-

culated using the Chronic Kidney Disease Epidemiology Collaboration
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(CKD-EPI) equation®®: eGFR = 141 x min (Scr/k, 1)* x max (Scr/k,
1)71297 « 0.993"€° x 1.018 (if female) x 1.159 (if Black), where Scr is
serum creatinine, k is 0.7 for females and 0.9 for males, a is —0.329
for females and —0.411 for males, min indicates the minimum of Scr/k

or 1, and max indicates the maximum of Scr/k or 1.

25 |
analyses

Sample size estimation and statistical

Sample size calculation was based on the results of a 4-week study
with empagliflozin showing a 57% reduction in myocardial glucose
uptake measured by *8F-FDG (PET)/CT in patients with type 2 diabetes
under fasting state.!! Considering an expected delta between the two
groups on myocardial MrGlu of 6.0 pmol/min/100 g and a standard
deviation (SD) of 9.0, 20 patients per treatment group are required to
reject the null hypothesis that the population means of the two groups
are equal with a power of 80% and an alpha of .05. With an addition of
15% to safeguard from potential missing values, a sample size of
23 was planned. With this sample size we were also able to reject the
null hypothesis that the population means of the two groups are equal
with a power of 80% and an alpha of .05, considering an expected delta
between the two groups on LVEF of 2.5% and a SD of 4.1, on LVEDV
of -8.1 mland a SD of 13.4, and on LVESV of -5.6 ml and a SD of 9.2.
Triglyceride values showed a skewed distribution, and, therefore,
were natural log-transformed for the statistical analyses. Continuous
variables are expressed as means + SD. Categorical variables were com-
pared by x? test. Treatment effects were analysed using ANCOVA, a
linear model with treatment group as the categorical independent vari-
able and the baseline value of the primary and secondary outcomes as
a covariate. Changes in primary outcome during the intervention
period, and effects of the treatment, were modelled by linear mixed-
effects models with a participant-specific random intercept to account
for the correlation of repeated measurements within participants and
treatment, time and the interaction between treatment and time as
fixed factors. Relationships between variables were determined by
Pearson's correlation coefficient (r). For all the analyses, a P value of .05
or less was considered to be statistically significant. All analyses were

performed using SPSS software version 25 for Windows.

3 | RESULTS

Among 50 screened individuals with type 2 diabetes, 26 met the
inclusion criteria and were randomized to receive either empagliflozin
10 mg (n = 13) or glimepiride 2 mg (n = 13). Among those random-
ized, three participants withdrew prematurely from the trial. One
patient was withdrawn from the study because of genital infection.
One patient was excluded from the evaluable dataset because he
refused to undergo an ®F-FDG-PET scan, and one patient was lost to
follow-up. Therefore, the evaluable study population comprised
23 patients (Figure S2). The baseline characteristics of the participants
who completed the trial are reported in Table 1.

TABLE 1 Baseline anthropometric and clinical characteristics of
the patients completing the trial

Total study

population (n = 23)
Female/male (n) 8/15
Age (y) 55.5+8
BMI (kg/m?) 31.2+42
Waist circumference (cm) 107.2+9
Systolic blood pressure (mmHg) 127 £ 13
Diastolic blood pressure (mmHg) 80+11
Heart rate (bpm) 74 £ 10
Fasting glucose (mg/dl) 149 + 25
Fasting plasma insulin (mU/ml) 10.7 £ 6.2
HbA1c (%) (mmol/mol) 751

(58 £7.6)
Total cholesterol (mg/dl) 176 £ 36
LDL cholesterol (mg/dl) 112 £ 24
HDL cholesterol (mg/dl) 45+ 9
Triglycerides (mg/dl) 143 + 69
Insulin-stimulated glucose disposal 3.8+24

corrected for fat-free mass
(mg/min x kg FFM)

Myocardial MrGlu (umol/min/100 g) 141 +9
Diabetes duration (y) 565
Hypertension (%) 65
Lipid-lowering therapy (%) 61.5
Antihypertensive therapy (%) 65.4

Note: Data are means + SD.
Abbreviations: BMI, body mass index; FFM, fat-free mass; MrGlu, glucose
metabolic rate.

At the end of the study, all the subjects randomized to glimepiride
received a dose of 2 mg daily. None of the subjects in the study

reported hypoglycaemic events.

3.1 | Primary outcome

3.1.1 | Changein myocardial MrGlu
Patients randomized to empagliflozin, compared with patients random-
ized to glimepiride, exhibited a greater reduction in myocardial MrGlu
after 26 weeks (14.4 £ 9 vs. 7.9 + 8 umol/min/100 g, P < .0001 in the
empagliflozin group, 10.3 £ 9 vs. 13.8 + 10 umol/min/100 g, P = .01 in
the glimepiride group). The adjusted difference between the groups was
—6.07 (—8.59, —3.55) umol/min/100 g; P < .0001; treatment: P = .003;
treatment x time interaction: P = .002) (Table 2, Figure 1). The differ-
ences in myocardial MrGlu remained significant after adjustment for
changes in BMI (P = .001) (Table 2).

To address the issue of a potential risk of carry-over effect
between treatment periods, we analysed primary and secondary out-

comes, also after the first treatment period. As shown in Table S1,
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changes in myocardial MrGlu, whole body insulin-stimulated glucose
disposal, SBP, HR and fasting ketone bodies from baseline to
26 weeks after the first treatment period were consistent with the
results obtained after the crossover (Table 2). These findings do not

support a carry-over effect between the treatment periods.

3.2 | Secondary outcomes

3.2.1 | Change in cardio-metabolic variables
After 26 weeks of treatment, patients randomized to empagliflozin, com-
pared with patients randomized to glimepiride, exhibited a greater reduc-
tion in BMI (adjusted difference —0.93 [—1.64, —0.22] kg/m?; P = .01),
waist circumference (adjusted difference —1.94 [-3.07, —0.81] cm;
P = .001), SBP (adjusted difference —11.94 [-17.5, —6.36] mmHg;
P <.0001), diastolic blood pressure (DBP) (adjusted difference
—5.33[-9.08, —1.57] mmHg; P = .007) and resting HR (adjusted differ-
ence —9.55 [-13.79, —5.3] bpm; P <.0001) (Table 3). Changes in FPG
and HbA1c were not significantly different between the two treatment
arms (Table 3). Patients randomized to empagliflozin exhibited a significant
increase in fasting B-hydroxybutyrate (P <.0001), red blood cells
(P < .0001), haematocrit (P = .004) and haemoglobin (P < .0001) (Table 3).
In addition, treatment with empagliflozin was not associated with
a significant reduction in eGFR and proteinuria compared with treat-
ment with glimepiride (Table 3).

322 |
disposal

Change in insulin-stimulated glucose

Treatment with empagliflozin was associated with a significant increase
in insulin-stimulated glucose disposal corrected for fat-free mass and uri-
nary glucose loss (Mgpnv) (349 £2 vs. 552 +2.9 mg/min x kg FFM;
P < .0001), whereas treatment with glimepiride was associated with a
decrease in Mgpy (5.5 £ 3.4 vs. 3.97 = 2 mg/min x kg FFM; P = .003)
(adjusted difference 1.53 [0.73, 2.33] mg/min x kg FFM; P <.0001)
(Table 2). This difference remained significant after adjustment for
changes in BMI (P < .0001) (Table 2).

No differences in changes in plasma glucose and insulin levels
during the clamp study were observed between the two treatment
arms (Table 2).

Furthermore, treatment with empagliflozin led to a significant reduc-
tion in MVO, measured during the euglycaemic-hyperinsulinaemic clamp
compared with glimepiride (P < .0001) (Table 2).

3.2.3 | Changes in cardiac geometry, myocardial
mechano-energetic efficiency and cardiac function

Compared with glimepiride, patients randomized to empagliflozin exhib-
ited a significant reduction from baseline to 26 weeks in left atrial diame-
ter (P <.0001), LVESV (P < .0001), LVEDV (P = .02), IVS (P = 0.01) and

-6.07 (8.59, -3.55)
P <.0001
6 T 1

4 ]

Mean A in myocardial glucose
metabolic rate (umol/min/100 g)
n

8 |

-10 _l_
Empaglifiozin Glimepiride
n=23 n=23

FIGURE 1 Changes in myocardial glucose metabolic rate after
exposure to empagliflozin or glimepiride for 26 weeks. Data are
means + SD, and analysed using ANCOVA adjusting for baseline
values. The mean change in myocardial glucose metabolic rate is
presented as mean (95% Cl), and the adjusted difference between the
groups is shown with 95% Cl

s-PAP (P < .0001) (Table 4). Treatment with empagliflozin was associated
with an increase in LVEF that fell just short of statistical significance
(P = .06). However, because treatment with glimepiride was associated
with a decrease in LVEF, the 2.36% adjusted difference between the
two treatments was statistically significant (P = .01) (Table 4). Accord-
ingly, treatment with empagliflozin was associated with a significant
reduction in NT-proBNP levels compared with treatment with glimepir-
ide (P = .001). No differences between the two groups were observed in
changes in diastolic function and LVMI (Table 4). The differences in LVEF
(P = .01), LVESV (P = .006), left atrial diameter (P = .001), s-PAP
(P = .009) and NT-proBNP (P = .01) remained significant after adjust-
ment for changes in SBP and DBP (Table 4). Moreover, treatment with
empagliflozin led to a significant reduction in SW (P = .03) and MVO,
(P < .0001) and a significant increase in myocardial MEEi (P = .003) com-
pared with glimepiride (Table 4).

Univariate analysis showed that changes in myocardial MrGlu
were directly correlated with changes in LVESV (r = 0.545;
P <.0001), LVEDV (r = 0.462; P = .001) and MVO,, both under fast-
ing state (r = 0.302; P = .04) and during the clamp study (r = 0.305;

P = .03) and were inversely correlated with changes in LVEF
(r = —0.399; P = .006), while changes in fasting B-hydroxybutyrate
levels were inversely correlated with changes in MVO, (r = —0.619;

P <.0001) and SW (r = —0.308; P = .03) and directly correlated with
changes in myocardial MEEi (r = 0.422; P = .003).

4 | DISCUSSION

41 |

Myocardial energetic metabolism

The present study was designed to explore the cardioprotective

mechanism induced by empagliflozin. We found that 26 weeks of
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treatment with empagliflozin reduced the myocardial MrGlu by
45.1%. This effect appears specific for SGLT2 inhibition because
treatment with glimepiride increased myocardial MrGlu by 33.9%,
despite no differences in metabolic control being observed between
the two treatments. The differences between the two treatments
remained significant even after adjusting for changes in BMI, thus
confirming that the reduction in myocardial MrGlu induced by empa-
gliflozin occurred regardless of weight loss. The present findings are in
agreement with those of a prior study showing that 4 weeks of treat-
ment with empagliflozin reduced myocardial glucose uptake by 57%
under fasting postabsorptive state,'* but not with those of a study
investigating the effect of 8 weeks of dapagliflozin treatment on
insulin-stimulated glucose uptake in myocardium, as measured by PET
and 8F-FDG during hyperinsulinaemic-euglycaemic clamp in patients
with type 2 diabetes.3! Some differences in clinical characteristics
might plausibly explain the discrepancies between the present results
and those reported by Latva-Rasku et al. In the latter study, the partic-
ipants were older, had longer diabetes duration, were predominantly
men (86%), and were treated with dapagliflozin for a shorter period of
time (8 weeks) compared with the present study. Moreover, in the
dapagliflozin group, nine out of 15 patients were treated with metfor-
min and sitagliptin, and three subjects had coronary artery disease.

It has been hypothesized that treatment with SGLT2is by increas-
ing concentrations of circulating ketone bodies might promote a shift
in cardiac substrate utilization from glucose towards ketone bodies
requiring less oxygen to generate ATP compared with glucose.’® As
observed in most studies with SGLT2is,**1? we found that treatment
with empagliflozin resulted in a significant increase in fasting ketone
bodies compared with glimepiride. Regrettably, we did not measure
FFA and B-hydroxybutyrate levels during the clamp study. Neverthe-
less, as shown by Ferrannini et al., SGLT2i treatment is associated
with a 3-fold increase in circulating postprandial B-hydroxybutyrate
levels, and a significant increase in circulating postprandial FFA con-
centrations.3? The present and prior observations showing that treat-
ment with SGLT2is is associated with a reduction in myocardial
glucose uptake,** coupled with those of two previous studies showing
that SGLT2 inhibition did not affect myocardial FFA uptake,'*? sup-
port the hypothesis that SGLT2is may improve myocardial energetics
by using an alternative cardiac fuel substrate such as the ketone
bodies.

Treatment with glimepiride was associated with worsening of
peripheral insulin sensitivity without any changes in B-hydroxybutyrate
levels. Thus it is probable that glimepiride treatment may exacerbate the
cardiac metabolic inflexibility, impairing the cardiac ability to switch from
FFAs and glucose as a fuel source towards an energy-efficient super fuel
like ketone bodies, which improves myocardial work efficiency and

function.%3

4.2 | Insulin-stimulated glucose disposal

We found that empagliflozin treatment increased insulin-stimulated

whole-body glucose disposal by 58%, a greater increase than that

reported in previous studies with dapagliflozin.?4” A possible expla-
nation for this discrepancy may be the longer duration of treatment in
the present study compared with the shorter duration of treatment
with dapagliflozin observed in the earlier studies (2-12 weeks).>4”
We observed that glimepiride treatment reduces insulin-stimulated
whole-body glucose disposal. Very few studies have assessed the effects
of sulphonylureas with the gold standard euglycaemic-hyperinsulinaemic
clamp technique. In a previous study of 11 obese subjects with type 2 dia-
betes, it was shown that treatment with glimepiride for 4 months was
associated with minimal changes in insulin sensitivity, as assessed by
euglycaemic-hyperinsulinaemic clamp study (4.6 £0.7 vs. 43 +0.7

1 % pmol ™2, respectively).*® The small sample stud-

umol x kg™ x min~
ied and the shorter duration of treatment with glimepiride may explain the
different results observed between the present and the prior study. How-
ever, another study assessing the effect of glimepiride treatment for
14 weeks on a patient with type A insulin resistance syndrome resulting
from a heterozygous missense mutation in the insulin receptor gene,
showed a significant reduction in insulin sensitivity, as assessed by
euglycaemic-hyperinsulinaemic clamp (5.25 vs. 2.90 mg/kg/min, respec-
tively).%? In both studies, treatment with glimepiride was associated with a
significant increase in plasma insulin levels. It is conceivable that
glimepiride-induced hyperinsulinaemia may affect insulin sensitivity by
downregulating insulin receptor expression and its downstream signalling

molecules, mediating its metabolic effects.*®

4.3 | Cardiac geometry and systolic function

As secondary endpoints, we found that empagliflozin significantly
reduced left atrial diameter (—0.19 cm), LVESV (—4.98 ml) and LVEDV
(—5.74 ml) compared with glimepiride, thus suggesting a reduction in
cardiac preload and afterload. Strikingly, these favourable echocardio-
graphic modifications were associated with a significant improvement
in LVEF (2.36%), with a consequent reduction in circulating NT-
proBNP levels and s-PAP. These differences between the two treat-
ments remained significant, even after adjusting for changes in SBP
and DBP, thus arguing against the possibility that a reduction in blood
pressure has a major role in changes in cardiac geometry and function.
Our results are in agreement with those of a recent meta-analysis that
evaluated the effects of treatment with SGLT2is on LV volumes and
function assessed by cardiac magnetic resonance imaging or transtho-
racic echocardiography.** This meta-analysis showed that SGLT2i
treatment was significantly associated with a reduction in LVESV
(—8.44 ml) and LVEDV (—9.13 ml), and an increase in LVEF (2.45%),
compared with placebo or other antidiabetic agents.*' Comparing the
results of the present study with those of prior randomized clinical tri-
als that have assessed LV volumes and function by transthoracic
echocardiography, we found that our results on LV volumes are in
agreement with those of some,*>*3 but not with other studies.***¢
Additionally, we found that empagliflozin treatment was associated
with a numerical but not significant reduction in LVMI. Two prior
studies examining the effects of SGLT2is on LV mass assessed by

transthoracic echocardiography in patients with type 2 diabetes have
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4245 \whereas another study

shown a significant reduction in LVMI,
failed to do s0.** It is probable that these divergent results are a result
of differences in the clinical features of the recruited patients (subjects
without a history of coronary heart disease or HF vs. subjects with
established CV disease), duration of type 2 diabetes and duration of
treatment with SGLT2is between the studies. Further randomized clini-
cal trials of adequate duration carried out in larger cohorts of patients
with type 2 diabetes, and including patients with HF, are required to

confirm the observed changes in cardiac geometry and function.

44 | Myocardial efficiency

Additionally, we found that empagliflozin significantly reduced blood
pressure and resting HR compared with glimepiride. These changes
might be contributing to improvements in LV myocardial MEE. LV myo-
cardial MEE can be calculated as the ratio between cardiac workload
and oxygen consumption, and a decrease in LV myocardial MEE reflects
a state in which oxygen consumption increases more than cardiac
work,*” as observed in patients with HF and early diabetic cardiomyop-
athy.*®%” We observed that empagliflozin significantly reduced both
cardiac workload, estimated by SBP x echocardiographic SV, and oxy-
gen consumption, estimated using the ‘double product’ of SBP x HR,
compared with glimepiride, resulting in a significant improvement in LV
myocardial MEE. Several previous studies have validated the double
product as an index of MVO, using direct assessment of MVO, by
employing an indicator and catheterization of the coronary sinus, show-
ing a high correlation between MVO, and the double product
(r = 0.86-0.88).°°>2 Two previous studies assessing cardiac oxygen
consumption using PET methods led to results that are different from
our findings, the first showing no change in MVO, in 13 individuals
with type 2 diabetes treated for 4 weeks with empagliflozin,** and the
other a reduction (—0.30 [-0.49, —0.12] J/g/min) in 25 subjects with
type 2 diabetes treated for 4 weeks with dapagliflozin, although these
changes were not statistically significant compared with placebo.'? The
use of indirect measures of oxygen consumption, the larger sample
studied and the longer duration of treatment with SGLT2is may explain
the different results observed between the present study and those

reported by Lauritsen et al.* .12

and Oldgren et a

It is important to note that the evaluation of myocardial energy effi-
ciency was not performed during the euglycaemic-hyperinsulinaemic
clamp study. It is important to note that evaluation of myocardial energy
efficiency were not performed during the euglycaemiac-hyperinsulinaemic
clamp study, but under fasting conditions, unlike the MVO, that we mea-
sured both during fasting and during the clamp study. However, the effect
of physiological hyperinsulinaemia on myocardial energetics in subjects
treated with SGLT2is remains to be determined.

Finally, as expected from prior CVOT studies,’™ we found that
empagliflozin significantly increased red blood cells, haematocrit and
haemoglobin levels compared with glimepiride. A mediation analysis
from the EMPA-REG OUTCOME trial has suggested that increases in
haematocrit and haemoglobin accounted for approximately 50% of

the observed clinical benefit of the empagliflozin treatment.”® Thus, a

higher haematocrit induced by empagliflozin treatment might contrib-
ute to deliver more oxygen to tissues, improving the myocardial oxy-

gen demand.

45 | Strengths and limitations

The FIORE trial has some strengths and limitations that merit consider-
ation. One main strength of the present study is the use of gold standard
methods to assess myocardial and whole-body metabolism by cardiac
18F_FDG-PET combined with the euglycaemic-hyperinsulinaemic clamp
technique, which allows evaluation of myocardial glucose uptake under
uniform experimental conditions of euglycaemia and physiological
hyperinsulinaemia, thus removing the confounding factor of different cir-
culating glucose and insulin levels. As a matter of fact, there is significant
interindividual variability in plasma glucose and insulin levels under fast-
ing conditions, causing heterogeneity in myocardial MrGlu, and assess-
ment of myocardial glucose uptake during an oral glucose load does not
produce a metabolic steady-state, resulting in variable and unstable met-
abolic conditions.>*>” Other strengths include the recruitment of
patients by a single study centre, which minimized variability in the imag-
ing results, the crossover design that allowed each subject to act as their
own control, and the active-controlled study design that allowed examin-
ing the effects of empagliflozin on primary and secondary endpoints
without the confounding effect of differences in glucose control
between treatment groups.

The present study also has some limitations. First, because of the
design of the study, the overall sample size was small and the follow-
up was brief. However, the effects of empagliflozin on myocardial
MrGlu and cardiac geometry and function in the current study were
observed early, over a 6-month treatment period, consistent with the
early separation of the Kaplan-Meier curves for CV death and HHF
observed in the EMPA-REG OUTCOME trial.® Furthermore, our
planned sample size of 23 subjects allows for adequate statistical
power, and going beyond this number would have resulted in addi-
tional subjects being exposed to unnecessary amounts of radiation.
Second, because we recruited participants with comparatively early
type 2 diabetes in monotherapy treatment with metformin to investi-
gate the cardiac effects of SGLT2i treatment as second-line therapy,
the results may not necessarily be applicable to patients with more
advanced disease. Third, we restricted our inclusion criteria to
patients with type 2 diabetes without a history of coronary artery dis-
ease or HF, and, therefore, the current results could have been differ-
ent if patients with established CV disease, especially HF, had been
included. Fourth, we only recruited Caucasian subjects living in a
homogenous geographical region in the south of Italy, thus it remains
to be addressed whether the present results can be extended to other
ethnic groups. Fifth, ketone bodies were measured using a blood
ketone testing method that, although it is not the most accurate
method, is recommended for its ability to quantify B-hydroxybutyric
acid.”® Sixth, we did not measure FFA and B-hydroxybutyrate levels
during the clamp study, and therefore the effects of ketone bodies on

insulin-stimulated myocardial MrGlu in subjects treated with SGLT2is
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remain to be determined. Furthermore, we did not measure endoge-
nous glucose production during the clamp study. Finally, LV oxygen
consumption and MEEi were estimated by indirect validate measures
rather than by cardiac PET or magnetic resonance spectroscopy.

In conclusion, the present study provides evidence that empagliflio-
zin treatment in subjects with type 2 diabetes without coronary artery
disease leads to a significant reduction in the insulin-stimulated myocar-
dial MrGlu. Furthermore, empagliflozin treatment improves cardiac

geometry, myocardial mechano-energetic efficiency and cardiac function.
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Additional supporting information can be found online in the Support-

ing Information section at the end of this article.
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