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ABSTRACT

Introduction: Sodium-glucose co-transporter-2
(SGLT-2) inhibitors have been shown to have
beneficial effects on various cardiovascular (CV)
outcomes in patients with type 2 diabetes (T2D)
in primary prevention and in those with a high
CV risk profile. However, the mechanism(s) re-

sponsible for these CV benefits remain elusive
and unexplained. The aim of the DAPAHEART
study will be to demonstrate that treatment
with SGLT-2 inhibitors is associated with greater
myocardial insulin sensitivity in patients with
T2D, and to determine whether this improve-
ment can be attributed to a decrease in whole-
body (and tissue-specific) insulin resistance and
to increased myocardial perfusion and/or glu-
cose uptake. We will also determine whether
there is an appreciable degree of improvement
in myocardial-wall conditions subtended by
affected and non-affected coronary vessels, and
if this relates to changes in left ventricular
function.
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Methods: The DAPAHEART trial will be a phase
III, single-center, randomized, two-arm, paral-
lel-group, double-blind, placebo-controlled
study. A cohort of 52 T2D patients with
stable coronary artery disease (without any
previous history of myocardial infarction, with
or without previous percutaneous coronary
intervention), with suboptimal glycemic con-
trol (glycated hemoglobin [HbA1c] 7–8.5%) on
their current standard of care anti-hyper-
glycemic regimen, will be randomized in a 1:1
ratio to dapagliflozin or placebo. The primary
outcome is to detect changes in myocardial
glucose uptake from baseline to 4 weeks after
treatment initiation. The main secondary out-
come will be changes in myocardial blood flow,
as measured by 13N-ammonia positron emission
tomography/computed tomography (PET/CT).
Other outcomes include cardiac function, glu-
cose uptake in skeletal muscle, adipose tissue,
liver, brain and kidney, as assessed by fluo-
rodeoxyglucose (FDG) PET-CT imaging during
hyperinsulinemic-euglycemic clamp; pericar-
dial, subcutaneous and visceral fat, and brown-
ing as observed on CT images during FDG PET-
CT studies; systemic insulin sensitivity, as
assessed by hyperinsulinemic-euglycemic
clamp, glycemic control, urinary glucose out-
put; and microbiota modification.
Discussion: SGLT-2 inhibitors, in addition to
their insulin-independent plasma glucose-low-
ering effect, are able to directly (substrate
availability, fuel utilization, insulin sensitivity)
as well as indirectly (cardiac after-load reduc-
tion, decreased risk factors for heart failure)
affect myocardial functions. Our study will
provide novel insights into how these drugs
exert CV protection in a diabetic population.
Trial registration: EudraCT No. 2016-003614-
27; ClinicalTrials.gov Identifier: NCT03313752.

Keywords: Dapagliflozin; SGLT-2; Myocardial
glucose uptake; Myocardial insulin sensitivity;
Myocardial blood flow; Coronary flow reserve;
PET; Myocardial dysfunction; Precision
medicine

Key Summary Points

Type 2 diabetes (T2D) is one of the major
risk factors for cardiovascular disease.

Sodium-glucose co-transporter-2 (SGLT-2)
inhibitors have demonstrated powerful
action in reducing the risk of heart failure
or death from any cardiovascular (CV)
cause in subjects with T2D and without
diabetes.

The mechanisms of these CV benefits
remain elusive and unexplained.

We hypothesize that SGLT-2 inhibitor
treatment will improve both myocardial
insulin sensitivity in patients with T2D
and coronary artery disease (CAD), and
that this improvement may be
accompanied, and partly explained, by an
increase in myocardial perfusion and/or
glucose uptake.

Highly sophisticated and gold standard
techniques will be used to assess our
hypothesis (euglycemic hyperinsulinemic
clamp during fluorodeoxyglucose
positron emission tomography/computed
tomography (PET/CT) to detect
myocardial insulin sensitivity/glucose
uptake and PET/CT with 13N-ammonia to
assess myocardial perfusion).

DIGITAL FEATURES

This article is published with digital features,
including a summary slide, to facilitate under-
standing of the article. To view digital features
for this article go to https://doi.org/10.6084/
m9.figshare.14561949.

INTRODUCTION

Insulin resistance appears to be a core factor
contributing to impaired myocardial function
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in type 2 diabetes (T2D) [1, 2]. Myocardial
insulin resistance is specifically associated with
T2D and is proportional to systemic insulin
resistance and to left ventricular systolic dys-
function [3]. In patients with cardiovascular
(CV) disease, myocardial segments showing
insulin resistance do not return to normal after
revascularization, as do myocardial segments
with normal insulin sensitivity [4]. In db/db
mice, which are used to model obesity-induced
T2D, with impaired systolic and diastolic dys-
function, the overexpression of the insulin-
regulated glucose transporter GLUT4 in the
myocardium leads to the recovery of normal
function [5].

Evidence suggests that reducing substrate
availability may have detrimental effects on
myocardial function. Myocardial insulin resis-
tance strongly affects myocardial glucose
uptake (MGU) [1] and is worsened by circulat-
ing levels of free fatty acids (FFA), which are
typically high in insulin resistance. However,
reducing FFA levels has been reported to sup-
press cardiac function despite an improvement
in insulin sensitivity in healthy subjects [6], and
in patients with heart failure [7, 8].

In patients with T2D with and without heart
failure, short-term hyperglycemia caused by
insulin discontinuation has been reported to
have beneficial effects on myocardial function
[9]. One possible explanation is that hyper-
glycemia promotes MGU by mass action, inde-
pendently of insulin action [10]. Thus, reducing
glucose levels in diabetic patients whose plasma
glucose levels are chronically high could impair
the ability of the heart to preserve contractile
efficiency under stress or ischemic conditions.
On the other hand, chronically reducing
plasma glucose levels and improving insulin
sensitivity could decrease gluco- and lipo-toxi-
city and improve systemic and myocardial glu-
cose metabolism.

The class of drugs known as sodium-glucose
cotransporter 2 inhibitors (SGLT-2is) share the
same mechanism. They all decrease the renal
reabsorption of glucose and induce an increase
in glycosuria by inhibiting SGLT-2, the major
transporter responsible for renal glucose reab-
sorption. Some SGLT-2is, such as empagliflozin,
dapagliflozin, canagliflozin and ertugliflozin,

are currently approved by the U.S. Foods and
Drug Administration (FDA) and European
Medicines Agency (EMA), while others are still
in clinical development. .

Several trials have reported positive out-
comes with the administration of SGLT-2is.
While the first trial (EMPAREG [11]) demon-
strated a significant reduction in CV mortality,
this result was not confirmed by the DECLARE
trial [12] and only partially supported by the
CANVAS trial [13]. It should be pointed out,
however, that differences in these study out-
comes are often challenging to interpret due to
differences in study design, participant charac-
teristics and primary outcomes.

To date, the mechanism(s) responsible for
these CV benefits remain elusive and as yet
unexplained [14]. It has been hypothesized that
CV protection is linked to a reduction in heart
failure-related deaths (demonstrated by the
reduction of hospitalizations for heart failure).
Some authors have emphasized the diuretic
effect of SGLT-2is, focusing on the reduction of
preload and afterload, but the urine volume
usually returns to pretreatment levels after a few
weeks of treatment with SGLT-2is [15, 16] and
no randomized trial with diuretics has matched
the CV protection obtained with SGLT-2is [17],
although a recent trial involving eplerenone in
patients with heart failure—but not necessarily
diabetes—showed a similar rapid improvement
in heart failure outcomes [18]. Other authors
have advanced the ‘‘myocardial fuel/energetics
hypothesis’’, i.e. the action of SGLT-2is in opti-
mizing cardiac energy metabolism and
improving myocardial energetics and substrate
efficiency [19, 20], However, this hypothesis is
not completely unifying or clarifying [21] since
ketone body oxidation is already increased in
the failing heart [22] and chronic elevations in
ketone oxidation may induce functional and
structural cardiac maladaptive modifications
[23, 24], although under conditions of mild but
persistent hyperketonemia (as in the case of
treatment with SGLT-2 is) b-hydroxybutyrate
(b-OHB) is freely taken up by the heart and
oxidized in preference to fatty acids. Oxygen
consumption is lower when the muscle tries to
metabolize ketones instead of FFAs, so this
substrate selection (again, during SGLT-2i
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treatment) may improve the transduction of
oxygen consumption into more efficient func-
tioning, and therefore contractility, in a high-
risk myocardium. Likewise, glucose represents a
more efficient fuel when myocardial oxygen
delivery is insufficient to fulfill the high
demands of fatty acid oxidation. In support of
this hypothesis, myocardial infarction seems to
be determined by a lack of oxygen rather than
substrate availability, and with SGLT-2i treat-
ment myocardial muscle may become more
insulin sensitive and thus function more effi-
ciently by metabolizing different substrates and
consuming less oxygen (i.e. the quantity of
oxygen needed to burn a substrate is more
important than the substrate itself).

Insulin resistance is typically associated with
a high CV risk since the reduced efficacy on
glucose and lipid metabolism often involves the
myocardium, in which the coexisting
endothelial dysfunction (also directly linked to
insulin resistance) may contribute to an alter-
ation in blood flow, as well as in substrate uti-
lization [25, 26]. In healthy subjects, insulin
stimulates myocardial blood flow (MBF) and
seems to involve mainly regions of the heart
where insulin-mediated MGU is higher, even
though this varies among subjects. Similarly, an
improvement in myocardial insulin sensitivity
may decrease resting MBF with a consequent
reduction of MGU, thus raising myocardial
metabolism [27]. As already demonstrated,
insulin-related coronary blood flow is markedly
compromised in persons with T2D compared to
healthy subjects [27, 28]. There seems to be
general agreement among the authors of many
studies that improvement in insulin resistance
and/or changes in substrate utilization and/or
modulation of MBF (strictly related to myo-
cardium glucose uptake) may be specific mech-
anisms (involving the simultaneous
modulation of multiple molecular and bio-
chemical pathways, which may not simply or
exclusively be related to hyperglycemia) by
which SGLT-2is exert their CV benefits [29].

Therefore, a unifying hypothesis is still
lacking and, above all, the main action of SGLT-
2is in improving cardiac function remains
unclear.

Aim

We hypothesize that, by reducing glucotoxicity,
dapagliflozin treatment will improve myocar-
dial insulin sensitivity in patients with T2D and
coronary artery disease (CAD) and that this
improvement may be accompanied, and partly
explained, by an increase in myocardial perfu-
sion and/or glucose uptake.

METHODS

Study Design

DAPAHEART is a phase III, single-center, ran-
domized, two-arm, parallel-group, double-
blind, placebo-controlled study, conducted in
Rome, Italy. It is a proof-of-concept study with
the aim to determine the effect of dapagliflozin
on myocardial metabolism in subjects with T2D
with suboptimal glycemic control on their cur-
rent anti-hyperglycemic regimen and
stable CAD, defined as:

• coronary stenosis C 30% but\ 80% in at
least one native major coronary artery;

• no evidence of critical restenosis, if previ-
ously subjected to percutaneous coronary
intervention (PCI) as assessed before screen-
ing using invasive coronary angiography
(ICA) and/or computed tomography angiog-
raphy (CTA). Furthermore, patients will be
screened only if there is evidence of myocar-
dial ischemia in the absence of an indication
to revascularization on clinical grounds, as
recommended by the European Society of
Cardiology (ESC) current guidelines on
myocardial revascularization [30].

Patients will be randomized to either dapa-
gliflozin 10 mg once daily or placebo (in addi-
tion to Standard of Care).

The study comprises four visits (see Fig. 1);
the patient involvement time in the study will
be 10 weeks, for a total study duration of
18 months (last patient last visit [LPLV] to
clinical study report [CSR]).
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Sample Selection

Patients with T2D with CAD not requiring
revascularization or clinically stable after PCI
with suboptimal glycemic control (glycated
hemoglobin [HbA1c] 7–8.5%, or 58–-
69 mmol/mol) on their current anti-hyper-
glycemic regimen will be recruited among
patients of the Department of Cardiovascular
Medicine, and/or the Center for Endocrine and
Metabolic Diseases, at the Fondazione Policlin-
ico Universitario A. Gemelli IRCCS, Università
Cattolica del Sacro Cuore, Rome. The experi-
mental sessions will take place in the positron
emission tomography/computed tomography
(PET/CT) Center.

Ethics Compliance

The trial protocol has been designed to ensure
adherence to Good Clinical Practice guidelines
as described in (1) https://www.ema.europa.eu/
en/documents/scientific-guideline/ich-e-6-r2-gui
deline-good-clinical-practice-step-5_en.pdf and
according to (2) EU Directive 2001/20/EC,
2005/28/EC (https://ec.europa.eu/health/hum
an-use/clinical-trials/directive_en); (3) Declara-
tion of Helsinki 1964, and its amendments and
subsequent clarification. A copy of the approval
will be archived in the study master file in the

local study file of the Investigator. The study
has also been submitted to and approved by
the Hospital/University Ethics Committee
(Fondazione Policlinico Universitario A.
Gemelli—Università Cattolica del Sacro Cuore.
Study Protocol Code GIA-DAP-16-005). In
seeking informed consent, the Investigator
will explain the nature of the trial, its pur-
pose, the procedures involved, the expected
duration, the potential risks and benefits
involved and any discomfort it may entail and
provide the subject with a copy of the infor-
mation sheet. The subject will be given suffi-
cient time to consider the trial before deciding
whether to participate. Each subject will be
informed that participation in the trial is
voluntary and that he/she may withdraw from
the trial at any time and that withdrawal of
consent will not affect his/her subsequent
medical treatment or relationship with the
treating physician. One of the original copies
of the signed consent form will be kept by the
Investigator in the study file. The subject will
receive the other copy for future reference.

Experimental Plan

This study consists of a screening phase (Weeks
- 2 to 0), follwed by a 4-week double-blind,
placebo-controlled treatment phase and lastly
by a 4-week follow-up phase. Patients will be

Fig. 1 Study design flowchart. FDG fluorodeoxyglucose, CT computed tomography, PET positron emission tomography
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randomly assigned to one of the two treatments
under blinded conditions according to a cen-
tralized procedure. To reduce variability within
the treatment groups, the randomization list is
stratified by the following factors:

1) patients taking metformin alone;
2) patients taking insulin in addition to any

other diabetes therapy;
3) patients taking any other therapy or com-

bination thereof, excluding insulin.

The strata are competitive, therefore each
stratum consists of a complete randomization
list of 52 numbers. On the basis of the above-
mentioned factors, the patient is allocated to
one of the three strata and randomized in a 1:1
ratio to dapagliflozin or dapagliflozin-matching
placebo administered once daily orally for
4 weeks. All subjects receive standard of care for
their T2D and CAD. The timing of study
assessment is outlined in the study flow
chart shown in Fig. 1. Subjects undergo screen-
ing assessments during the 2-week period pre-
ceding administration of the first dose of study
drug on Day 1.

Throughout the trial the investigators will
adjust glucose-lowering therapy at their discre-
tion to achieve the best obtainable glycemic
control based on patient conditions (standard
of care), with the use of any approved medicine,
with the sole exception of SGLT-2is and piogli-
tazone. Similarly, all the other CV risk factors
(including dyslipidemia and hypertension) will
be treated according to the best available stan-
dard of care.

Study Objectives

1. The primary objective is to assess the effect
of dapagliflozin on myocardial insulin sen-
sitivity (as measured by MGU) in patients
with T2D and CAD not requiring revascu-
larization and to test whether the hypo-
thetical improvement is accompanied, or
even preceded, by an increase in myocardial
perfusion (main secondary outcome).

2. The secondary objective is to assess global
heart function, the systemic metabolic

effects of dapagliflozin and glycemic
control.

Primary Outcome Measure
1. Effect of dapagliflozin on myocardial insu-

lin sensitivity. MGU (in lmol/min/g) dur-
ing euglycemic hyperinsulinemic clamp:
changes from baseline [time frame: 4
weeks].

Secondary Outcome Measures
1. Effect on coronary flow reserve (Main sec-

ondary outcome). Coronary flow reserve
obtained as ratio of myocardial blood flow
(mL/g/min) (MBF) during pharmacological
stress and MBF at rest by myocardial perfu-
sion PET/CT with 13N-ammonia: changes
from baseline [time frame: 4 weeks]

2. Browning of white adipose tissue: changes
from baseline. Quantitative measurement
of fluorodeoxyglucose (FDG) uptake in peri-
cardial, perirenal, supraclavicular fat by
whole-body FDG PET/CT study, expressed
as maximum standard uptake value (SUV-
max) (changes from baseline) [time frame:
4 weeks].

3. Metabolic systemic effects of dapagliflozin.
Whole-body glucose uptake( calculated as
mg/kg/min) during the euglycemic hyper-
insulinemic clamp: changes from baseline
[time frame: 4 weeks].

4. Effect on left ventricular ejection fraction at
rest. Left ventricular ejection fraction (%)
measured by echocardiography and gated-
PET with 13N-ammonia at rest: changes
from baseline [time frame: 4 weeks].

5. Effect on left ventricular ejection fraction
during pharmacological stress. Left ventric-
ular ejection fraction (%) measured by
gated-PET with 13N-ammonia during phar-
macological stress: changes from baseline
[time frame: 4 weeks].

6. Fasting glucose concentration change from
baseline. Measured as fasting glucose con-
centration (mg/dL): changes from baseline
[time frame: 4 weeks].
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7. Glycemic control change from baseline.
Measured as HbA1c (%): changes from
baseline [time frame: 4 weeks].

8. Gut microbiota composition change from
baseline. Analysis of gut microbiota com-
position at class, genus, and species levels:
changes from baseline [time frame:
4 weeks].

Data Collection and Analysis

Sample Size
Sample size calculation was based on published
results of a previous trial on the effect of
rosiglitazone on mycardial glucose uptake
(MGU) in patients with T2D and CAD [31].
Considering an expected delta between the two
groups on MGU of 8.7 lmol/100 g/min and a
standard deviation of 9.9, 23 patients per
treatment group are considered a sufficient
number to reject the null hypothesis that the
population means of the two groups are equal
with a power of 80% and an alpha of 0.05.
Assuming a 10% loss in each group due to
protocol violations/loss to follow-up, we esti-
mate that the total number should be 26
patients per group.

Randomization and treatment allocation
Patients will be assigned to the study treatment
on a 1:1 ratio, on the basis of a stratified ran-
domization list generated by an independent
statistician who will maintain it for the entire
duration of the study. The randomization list
will be stratified by the three abovementioned
factors. The strata will be competitive; there-
fore, each stratum will consist of a complete
randomization list of 52 numbers. The patient
will be allocated to one of the three strata and
randomized in a 1:1 ratio to dapagliflozin or
dapagliflozin-matching placebo administered
once daily orally for 4 weeks. The three lists, one
for each stratum, will be managed centrally, as
will the randomization procedure.

Treatment comparisons
Demographic and baseline characteristics (e.g.
gender, age, racial or ethnic origin, height and

weight, body mass index (BMI), blood pressure
and other characteristics) will be summarized
for each treatment group. In addition, smoking
and alcohol habits, diabetic and cardiovascular
medical history, baseline laboratory results and
prior medications will be summarized by treat-
ment group. Binary and ordinal characteristics
will be summarized by counts and percentages,
while continuous variables will be represented
by means and standard deviations or medians
and percentiles, as appropriate. Any variables
with treatment imbalances may be considered
as covariates for further analysis of an explora-
tory nature. Such covariates will be identified
on the basis of the clinical relevance of the
observed treatment difference.

Primary comparison of interest
Change from baseline to 4 weeks in insulin-
mediated MGU is the primary endpoint of the
study.

Analysis of covariance (ANCOVA) will be
performed in order to calculate the statistical
power. Data will be examined for normal dis-
tribution. Parametric and/or non-parametric
tests will be used, as appropriate. Within-group
differences will be assessed using the t-test (or
equivalent non-parametric test) for paired data;
between-group differences will be assessed using
the t test (or equivalent non-parametric test) for
unpaired data. In addition, tests for repeated
measurements will be used to account for
treatment versus group effects and interactions.

Two interim analyses will be preprogrammed
at the enrollment of 30 and 60% of the patients,
respectively. A stopping rule will be imple-
mented to halt enrollment if either the primary
or the main secondary outcome of interest dif-
fers statistically between treatment groups. In
this case, a Bonferroni-adjusted p value of 0.016
will be implemented (to account for the two
interim analyses plus the final analysis, e.g.
0.05/3).

For inclusion/exclusion criteria and study
procedure, please refer to the Electronic Sup-
plementary Material files.
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STRENGTHS AND LIMITATIONS

The main strengths of our study are:

• highly sophisticated and gold standard
methods to assess insulin sensitivity (eug-
lycemic hyperinsulinemic clamp), myocar-
dial and whole-body metabolism (glucose
uptake calculated during FDG PET/CT study
and the euglycemic hyperinsulinemic
clamp), myocardial blood flow and coronary
reserve (by PET/CT with 13N-ammonia) and
browning effect of the study drug (by whole-
body FDG PET/CT study);

• highly selected study population: patients
with T2D with a narrow HbA1c range
(HbA1c 7–8.5%) and CAD not requiring
revascularization or clinically stable after
PCI;

• the combination of primary and main sec-
ondary outcomes will allow us to elucidate
the CV benefit of SGLT-2is.

Our study has some limitations.

• The inclusion criteria reduce the number of
eligible patients; furthermore, the methods
are highly time- and cost-consuming, thus
limiting the number of patients that can be
enrolled.

• The period of treatment appears to be suffi-
cient to determine the effect of dapagliflozin
on myocardial metabolism, since metabolic
control is not a primary endpoint of the
study; still, being a pilot study, myocardial
adaptation to removal of insulin resistance
could require a different time interval.

DISCUSSION

Type 2 diabetes is one of the major risk factors
for cardiovascular disease (CVD) [32] and over-
all mortality [33] despite advances in treatment.
In 2008, the FDA issued specific guidelines
regarding the need for anti-hyperglycemic
therapies to be evaluated for CV safety in large-
scale randomized trials. The EMPA-REG OUT-
COME trial, the first CV end-point trial for
glucose-lowering agents [34], assessed the SGLT-
2 inhibitor empagliflozing at 10 or 25 mg/day

versus placebo in patients with T2D with
established atherosclerotic CVD and reported a
14% reduction in major CV events and marked
relative risk reductions in CV mortality (38%),
hospitalization for heart failure (35%), and
death from any cause (32%), within a short
follow-up period [11].

Similarly, the Canagliflozin CV Assessment
Study (CANVAS) showed that canagliflozin
decreased classical 3-point major adverse coro-
nary events (MACE), i.e. CV death, non-fatal
myocardial infarction and non-fatal stroke, by
14% (hazard ratio 0.86, 95% confidence interval
0.75–0.97) [13].

In a large T2D population of more than
40,000 T2D patients, another SGLT-2i, dapagli-
flozin, was associated with 21% lower risk of
MACE, 54% lower all-cause mortality risk and
38% lower risk of hospitalization for heart fail-
ure compared to other oral anti-diabetic drugs
(OADs) [13]. SGLT-2is have also demonstrated
powerful action in reducing the risk for heart
failure or death from any CV causes in subjects
without diabetes [35]. Even though different in
terms of population, study design and end-
points, all cardiovascular outcome trials with
SGLT-2i demonstrated CV protection and
reduction in heart failure hospitalizations,
especially in patients with reduced ejection
fraction [36–38].

As expected, the prompt and substantial
cardioprotective effects of SGLT-2is have gen-
erated investigation into the mechanism(s) re-
sponsible for these benefits, as yet not fully
elucidated.

Treatment with SGLT-2is induces an increase
in FFA oxidation, which in turn increases keto-
genesis. This process is the basis for the ‘‘Thrifty
Substrate’’ hypothesis proposed by Ferrannini
et al. [19], who suggest that treatment with
empagliflozin (and, in the light of available data
in literature we can expand the discussion to
the entire class of SGLT-2is) enhances cardiac
energy metabolism, improving myocardial
energetics and substrate efficiency by increasing
the supply of b-OHB to the high risk heart.
b-OHB is a ‘‘super fuel’’ and could represent a
better substrate in terms of energy production
than fatty acids and glucose in a ‘‘damaged’’
heart. The selection of b-OHB instead of fatty
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acids by the heart may enhance efficiency at the
mitochondrial level and may be responsible for
the improved myocardial performance.

Lopashuck and Verma [21], however, have
identified some limitations to this theory.
Starting from the demonstration of the already
upregulated ketone body oxidation in the
damaged heart, they affirm that a chronic ele-
vation in ketone oxidation could induce mal-
adaptive modifications. Ketone oxidation may
also lead to a depletion of tricarboxylic acid
(TCA) cycle intermediates and subsequently to a
reduction of mitochondrial function by
decreasing oxidative phosphorylation. Further-
more, although it is already clear that SGLT-2i
treatment leads to an increase in ketone syn-
thesis, we cannot exclude a concomitant mod-
ification in the entire ketone clearance,
although whether the increase of ketone bodies
is due to increased production (induced by
SGLT-2 inhibition) or to less catabolism, i.e.
reduction of clearance, has not yet been
clarified.

The changes in metabolic profile in the
myocardium with chronic hyperglycemia are
already known and entail a decrease in glucose
uptake and glucose oxidation and an increase in
fatty acid oxidation [39]. In addition, insulin
resistance per se contributes to impaired
myocardial function in diabetes since the heart
also becomes insulin resistant [40].

Starting from the latter point, Merovci et al.
[41] demonstrated that lowering plasma glucose
concentration by inducing glucosuria in indi-
viduals with T2D significantly improves insulin-
stimulated tissue glucose availability. Both
insulin-stimulated whole-body glucose avail-
ability and tissue glucose availability signifi-
cantly improved after the reduction in blood
glucose levels determined by dapagliflozin
treatment, providing strong evidence for the
glucotoxicity hypothesis [42] in humans. Con-
versely, it has been shown that SGLT-2is do not
promote any improvement in myocardial and
peripheral insulin sensitivity [43]. However, the
patients enrolled in this trial already had opti-
mal glucose control at randomization (6.8 and
7.0% in placebo and treatment group, respec-
tively). While these results suggest that the use
of an SGLT-2i does not improve glucose

metabolism when HbA1c is already at target
(though a decrease in visceral adipose volume
has been described after just 8 weeks of treat-
ment), they also confirm our working hypoth-
esis, which is based on changes in glucose and
FFA metabolism. In a recent paper, Lauritsen
et al. [44] describe MGU reduction after SGLT-2i
treatment (empagliflozin) with a parallel
reduction in resting MBF. A potential explana-
tion for these results could be a reduction in
insulin concentration, since it has already been
demonstrated that hyperinsulinemia induces
an expected increase in MGU with a significant
increase in resting myocardial blood flow [27].
Unfortunately, Lauritsen et al. [44] did not
measure insulin or perform any euglycemic
hyperinsulinemic clamp, which would have
been important to confirm the latter hypothe-
sis. Similarly, Oldgren et al. also describe a
decrease in MBF after 6 weeks of dapagliflozin
treatment, but in this case it was not significant
[45]. All these data suggest that the ameliora-
tion of insulin resistance, dependent on blood
flow induced by SGLT-2is, could be one of the
intriguing hypotheses explaining the CV bene-
fits of these drugs [46]. Indeed, in the heart,
insulin stimulates MBF in healthy subjects, and
this action seems to be enhanced in regions of
the heart where insulin-mediated MGU is
higher [27]. In T2D, however, the insulin-re-
lated coronary blood flow is markedly compro-
mised [28].

Moving from the molecular level to the sys-
temic level, it has already been shown that poor
glucose control (generally evaluated by HbA1c)
is closely linked to an increase in CV risk,
including ischemic heart disease and heart fail-
ure [46–48]. However, intensive glucose control
trials have failed to demonstrate a reduction in
the development of CV-related or all-cause
heart failure [49–51].

In hyperglycemic conditions, the high level
of glucose increases peripheral tissue glucose
uptake, without a consequent increase in the
production of ATP. In fact, in the heart, the
production of ATP is more important than the
availability and/or source of energy production.
The improvement of myocardial insulin sensi-
tivity could result in more efficient ATP
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production [52], even with a reduced glucose
uptake [53].

With this study we aim to demonstrate that
treatment with dapagliflozin is associated with
an improvement in myocardial insulin sensi-
tivity (as indicated by measures of MGU and/or
MBF) in patients with T2D, and to determine
whether this improvement can be attributed to
an amelioration of whole-body (and tissue-
specific) insulin resistance, to increased
myocardial perfusion and/or glucose uptake or
to ‘‘super fuel’’ availability. We will determine
whether there is a distinct degree of improve-
ment in myocardial-wall conditions subtended
by affected versus non-affected coronary vessels,
and if this relates to changes in left ventricular
function.
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