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List of abbreviations
3-NT: 3-nitrotyrosin

4-HNE: 4-hydroxy—2-nonenal

a— or B—~MHC: o~ or B—myosin heavy chain
ACC: acetyl coenzyme—A carboxylase
ACF: aortocaval fistula

AMPKa: adenosine—monophosphate—activated protein kinase catalytic a subunit
ANCOVA: analysis of covariance
ANOVA: analysis of variance

a.u.: arbitrary units

AWT: anterior wall thickness

Collal: collagen type I alpha 1

CRT: cardiac resynchronization therapy
CTGF: connective tissue growth factor
DAPI: 4’ ,6-diamidino—2—phenylindole
DCM: dilated cardiomyopathy

EF: ejection fraction

ERK1/2: extracellular signal-regulated kinase 1/2 (p44/42 mitogen-activated protein
kinase, MAPK)

ESPVR: end-systolic pressure—volume relationship
f.c.: fold change

GAPDH: glyceraldehyde—3—phosphate dehydrogenase
GLUTL1 or GLUT4: glucose transporter type 1 or 4

HCM: hypertrophic cardiomyopathy



HF: heart failure

IHD: ischemic heart disease

LV: left ventricle or left ventricular

LVEDD: left ventricular end—diastolic diameter
LVESP: left ventricular end—systolic pressure
Na—K—ATPase: sodium—potassium ATPase

NADPH: nicotinamide adenine dinucleotide phosphate
NCX: Na*/Ca®" exchanger

NHE1 = Na*/H"—exchanger

Nox4: nicotinamide adenine dinucleotide phosphate oxidase 4
PV: pressure-volume

PWT: posterior wall thickness

RIN: RNA integrity number

ROS: reactive oxygen species

Is: Spearman’s rho

SEM: standard error of the mean

SGLT1 or SGLT2: sodium—glucose cotransporter 1 or 2
SLC5A1 or SLC5A2: solute carrier family 5 member 1 or 2
T2DM: type 2 diabetes mellitus

TAC: transverse aortic constriction

Tau: time constant of left ventricular pressure decay
TBST: Tris—buffered saline Tween 20

TGF-f: transforming growth factor—f3



1. Introduction

Heart failure (HF) is a clinical syndrome with characteristic symptoms and signs related
to structural or functional cardiac anomaly (1). The diagnosis of HF is supported by
increased levels of markers of congestion (natriuretic peptides) or objective evidence of
pulmonary or systemic congestion (1). In the clinical setting, left—sided HF is classified
based on left ventricular (LV) systolic function, namely, ejection fraction (EF).
Accordingly, three EF categories are defined: HF with reduced (EF<40%), mildly
reduced (EF 41-49%), and preserved (EF>50%) LV EF (1). Recently, HF has been
described as a ‘pandemic’, affecting more than 64 million people worldwide as of 2017
(2), its prevalence (currently 1-3% in the general adult population) is expected to
continuously increase in the coming years (3). Importantly, diagnosing an average adult
patient with HF translates into up to 15-30% risk of death within one year of the
diagnosis, and up to 50-75% risk of death within the forthcoming five years depending
on the severity of HF, despite medical therapy (3). This means that the prognosis of HF
is much worse than that of a number of malignant diseases. On top of this, HF is
associated with substantial morbidity and significant impairment of functional capacity
and quality of life, ultimately resulting in extremely high healthcare costs (3). These
necessitate the need for intensive research on the prevention of HF, and on treatment
options designed to treat manifest HF.

Type 2 diabetes mellitus (T2DM), a condition characterized by increased blood sugar
levels due to relative lack of insulin, is another ‘pandemic’ with steadily increasing
incidence (4). Importantly, T2DM constitutes an increased risk for HF, vice versa,
T2DM is more prevalent in patients with HF, possibly due to the intertwined
pathophysiological background of the two conditions (5). Based on these, one might
speculate that T2DM and HF could be targeted with the same medications. However,
concern emerged about the cardiovascular safety of some antidiabetic agents.
Specifically, a highly influential meta—analysis (6) showed that the antidiabetic agent
rosiglitazone (member of the thiazolidinedione class) increases the risk of myocardial
infarction and cardiovascular mortality in patients with T2DM. Accordingly, in 2008,
the Food and Drug Administration of the United States of America forced
pharmaceutical manufacturers to conduct cardiovascular outcome trials with newly

marketed antihyperglycemic agents to prove safety (7). Therefore, the novel class of



antihyperglycemic agents, sodium—glucose cotransporter 2 (SGLT2) inhibitors, had to
be tested in such studies. In accordance, several large cardiovascular outcome trials in
high—risk T2DM patients have been conducted with selective SGLT2 inhibitors and a
dual SGLT1/2 inhibitor (8-13). Not only these medications have proven to be safe in
these patients with T2DM, but they have shown robust salutary cardiorenal protection
as a class effect. Specifically, all these agents reduced the risk of hospitalization for HF
without significant heterogeneity (14). Later it was found that this effect is independent
of the presence of T2DM, yet, the exact mechanism of action is currently incompletely
understood (15).

In the next sections, the importance of SGLT2 inhibitors in HF is discussed in clinical

and mechanistic contexts.

1.1. The rationale behind pharmacological SGLT2 and SGLT1 inhibition

The pharmacological antidiabetic action of SGLT2 inhibitors is based on the blockade
of SGLT2 in the kidney, a high—capacity low-affinity glucose transporter that uses one
sodium ion per glucose molecule to transport glucose into the intracellular space (16). It
is located in the brush border of the proximal convoluted tubule (S1/S2 segment) of
kidney nephrons accounting for the reabsorption of the majority of glucose (~97%)
under normoglycemic conditions (17). On the contrary, the low—capacity high—affinity
SGLT1, which shows structural similarity to SGLT2 and transports two sodium ions per
glucose molecule into the intracellular space (18), is abundant in the brush border of the
distal part (S3 segment) of the proximal convoluted tubule, and accounts for the

reabsorption of remnant glucose (~3%) (19).

Since SGLT?2 is upregulated in kidneys of humans (and rodents) with diabetes (20) and
at the same time accounts for virtually all of glucose reabsorption in the kidney under
baseline conditions, it is well-established that pharmacological inhibition of renal
SGLT2 results in glucosuria, reducing serum glucose levels. However, selective SGLT2
inhibition is still associated with 40-50% glucose reabsorption, as it unleashes the
transport capacity of the distal SGLT1 (19, 21), which compensates for the loss of
SGLT2 activity in the kidney to some extent. Interestingly, the dual SGLT1/2 inhibitor

sotagliflozin has similar glucosuric effect to selective SGLT2 inhibitors (22) but it



additionally blocks intestinal SGLT1, where SGLT1 shows the highest expression in the
body, accounting for the vast majority of dietary glucose absorption (23). Herein,
intestinal SGLT1 inhibition results in delayed glucose uptake and release of glucagon—
like peptide 1, reducing post—prandial serum glucose excursions, which might

contribute to improved glycemic control (24).

1.2. Cardiorenal benefits of pharmacological SGLT2 and SGLT1/2 inhibition in

patients with and without type 2 diabetes mellitus

In compliance with the above mentioned mandate from the Food and Drug
Administration in 2008, large cardiovascular outcome trials enrolling high—-risk T2DM
patients have been carried out with the following SGLT2 inhibitors: empagliflozin (8),
canagliflozin (9, 11), dapagliflozin (10), and ertugliflozin (12). Overall, SGLT2
inhibitors turned out to exert only mild antidiabetic action, although, somewhat
unexpectedly, a slight but significant beneficial effect was seen on major adverse
cardiovascular events (14). Most striking, however, was the fact that all trials reported a
highly significant ~32% relative reduction in risk of hospitalization for heart failure
(HF) with no heterogeneity (25). The SCORED trial (13) further reinforced these
findings with the dual SGLT1/2 inhibitor sotagliflozin. Notably, in all these trials, the
event curves of hospitalization for HF separated rapidly, with significant difference
already at 1 month as compared with placebo. Nonetheless, these were not dedicated HF

trials.

The first dedicated HF trial with the SGLT2 inhibitor dapagliflozin (DAPA-HF) (26)
showed that treatment resulted in significantly reduced risk of first worsening HF event
and death from cardiovascular causes in patients with reduced EF, irrespective of the
presence of T2DM. A similar reduction in the composite endpoint was documented in
another dedicated HF trial (EMPEROR-Reduced) (27) in patients with reduced EF,
again independent of the presence of diabetes. Therefore, the salutary cardiovascular
effects of selective SGLT2 inhibitors are not confined to diabetic conditions in patients
with HF. The dual SGLT1/2 inhibitor sotagliflozin was also tested in a dedicated HF
trial (SOLOIST-WHF) (28), however, it exclusively enrolled patients with T2DM and
recent hospitalization for worsening HF. The primary endpoint (composite of

cardiovascular death, hospitalizations and urgent visits for HF) was sharply reduced by
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33% in the sotagliflozin arm, as compared with placebo (28). Furthermore, the
SOLOIST-WHF was the first dedicated HF trial ever to document a significant
subgroup effect regarding the reduction in the risk of the primary endpoint in patients
with HF and preserved EF (28). This effect was later corroborated by two dedicated HF
trials (EMPEROR-Preserved and DELIVER) enrolling patients with mildly—reduced or
preserved EF (29, 30). Large randomized cardiovascular outcome trials in patients with
HF carried out with SGLT2 inhibitors are presented in Table 1.

Based on the above trial results, SGLT2 inhibitors are no longer simply
antihyperglycemic agents, but represent a new class of HF medications on the whole
spectrum of EF, regardless of diabetes. Not surprisingly, the current European Society
of Cardiology guidelines recommend using SGLT2 inhibitors as disease-modifying
agents in patients with HF and reduced EF besides beta—blockers, angiotensin
converting enzyme inhibitors or sacubitril/valsartan, and mineralocorticoid receptor
antagonists (31). Furthermore, there is a good reason to believe that the SGLT2
inhibitors dapagliflozin and empagliflozin will be recommended in future guidelines in
patients with mildly reduced or preserved EF given their clinical efficacy. If so, then
virtually all patients with HF (regardless of EF) should be assessed for eligibility for
SGLT2 inhibitor treatment, which translates into tens of millions of people with HF
worldwide. Furthermore, SGLT2 inhibitors are also indicated in patients with T2DM,

and in those with chronic kidney disease (14).

Unfortunately, the expansion of patient groups eligible for SGLT2 inhibitor treatment
far outpaces studies explaining the mechanism of action of these agents, which is
currently incompletely understood (15). The structurally similar glucose transporter —
SGLT1 — is non-specifically blocked by these agents. Interestingly, myocardial SGLT1
has recently been identified as a major myocardial glucose transporter in patients with
HF alongside the well-established glucose transporter 1 and 4 (GLUT1 and GLUT4)
(32). Unlike GLUTs which are uniporters that transport glucose into cardiomyocytes
along its gradient of concentration, SGLT1 transports glucose into cardiomyocytes with
a high energy cost, as it relies on the sodium concentration gradient (32). In the next
sections, proposed mechanisms of SGLT2 inhibitors are described with special focus on
their non—specifically blocked target, SGLT1, which is highly abundant in the failing
heart.
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Table 1. Dedicated placebo-controlled, randomized cardiovascular outcome trials of
SGLT2 inhibitors in patients with HF

ClI: confidence interval; CV: cardiovascular; HF: heart failure; HFmrEF: heart failure with
mildly reduced ejection fraction; HFpEF: heart failure with preserved ejection fraction;
HFrEF: heart failure with reduced ejection fraction; HR: hazard ratio; SGLT2: sodium-glucose

cotransporter 2; T2DM: type 2 diabetes mellitus

i 0,
Trial name Patient SGLT2 Primary HR (95_ % CI)
(Acronym) population inhibitor outcome for primary
(number of) (vs. placebo) outcome
HFTEF worsening HF or
DAPA-HF T2DM dapagliflozin g 0.74 (0.65, 0.85)
CV death
(4744)
HFrEF + hospitalization for
E“ézgling_ T2DM empagliflozin worsening HF or 0.75 (0.65, 0.86)
(3730) CV death
SOLOIST— hospitalization hospitalizations and
WHE for HF + T2DM  sotagliflozin urgent visits for HF,  0.67 (0.52, 0.85)
(1222) or CV death
HFmrEF or
EMPEROR- HFpEF + e . hospitalization for HF
Preserved T2DM empagliflozin or CV death 0.79 (0.69, 0.90)
(5988)
HFmrEF or
HFpEF + o worsening HF or
DELIVER T2DM dapagliflozin CV death 0.82 (0.73, 0.92)
(6263)

1.3. Proposed mechanisms of cardiovascular protective effects of SGLT2 inhibitors

—why myocardial SGLT1 matters

The fast separation of event curves and a class effect on HF outcomes warrants further
investigation pertinent to the mechanism of action of SGLT2 inhibitors. To date, several
mechanisms have been proposed (7, 33-42), which are summarized in Figure 1.
Currently, the exact mechanism is unclear, but there is good reason to believe in
pleiotropic actions, which might differ in importance in certain patient groups. For
example, antihyperglycemic actions might not play a key role in non—diabetic patients
with HF, in whom SGLT?2 inhibitors are equally effective (26, 27, 43). Second, osmotic
and natriuretic effects might also be less dominant, since SGLT2 inhibitors have little
effect on markers of volume overload in patients with HF (26, 27, 44). In fact,

beneficial clinical outcomes are equivalent in HF patients irrespective of whether or not
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they experienced recent manifestation of volume overload (45). Third, salutary renal
actions of SGLT2 inhibitors on top of diuretic effects have also been proposed
independent of diabetic state (39), however, the effect on renal endpoints show some
heterogeneity across particular SGLT2 inhibitors, while the effect on HF outcomes is
homogeneous. Therefore, one might speculate that there is a unifying mechanism of
action in patients with HF, which is less affected by differences in patient

characteristics.
SGLT2 inhibitor
SGLT1/2 inhibitor
-
- glucotoxicity |
4 glucosuria ——>{ |, plasma glucose <1‘ ketone bodies
W body weight Na,1.5

RENAL
EFFECTS non-osmotic L4
| sodium handling

1 natriuresis

INDIIE)

NHE1

—> J plasma volume ——— > 4 hematocrit

4 autophagy | SGLT1

4 vascular function ————> . blood pressure | + inflammation

L < oxidative stress |

[ 4 tubuloglomerular | J albuminuria
feedback - =
> 1 afferent arteriolar }<: CARDIOPROTECTION | s “
| s J eGFR decline )
vasoconstriction 4
gj&.‘ RENOPROTECTION
v,

Figure 1. Summary of proposed mechanisms of salutary cardiorenal actions of
SGLT2 and SGLT1/2 inhibitors.

eGFR: estimated glomerular filtration rate; NHE1 = Na*/H"—exchanger; SGLT1/2: sodium—
glucose cotransporter 1/2

Indeed, there is a growing number of studies suggesting that SGLT2 inhibitors exert
direct cardioprotective effects, though SGLT2 is not convincingly expressed in murine
and human hearts (32, 46-49). Few studies have reported the possible membrane
transporter in cardiomyocytes that might convey the signal of SGLT2 inhibitors into the
intracellular space. The Na*/H*—exchanger 1 (NHE1) has recently been identified as a
potential membrane transporter that is blocked by selective SGLT2 inhibitors in healthy

rabbit, rat, and mouse cardiomyocytes (50-52). This effect seems to be vastly different

13



from that of the NHEL inhibitor cariporide under pathological conditions (53), whereas
others reported no substantial effect of SGLT2 inhibitors on NHEL1 activity in
cardiomyocytes (54). Finally, another study identified a sodium channel (Nay1.5) in
cardiomyocytes as a potential target for SGLT2 inhibitors (55), which needs further

validation.

Interestingly, a recent study using docking analysis found that SGLT2 inhibitors show a
relatively high binding affinity towards SGLT1, with much less affinity towards NHE1
(56). Given the wide range of the selectivity of SGLT2 inhibitors for SGLT2 over
SGLT1 (ranging from ~20 to ~2700—fold (14, 57)), it is reasonable to speculate that less
selective agents could bind to myocardial SGLT1 with higher potency, exerting direct
cardiac actions. Importantly, SGLT1 is highly expressed in the myocardium (32, 46-49,

58) and its expression is altered in disease states (58).

An important way to appreciate relevance of a given transporter is by characterizing
patients who lack the functional transporter due to genetic background. Loss—of-
function mutations in the SLC5A1 gene encoding SGLT1 in humans is associated with
so—called glucose/galactose malabsorption disorder, a rare autosomal recessive
Mendelian disorder resulting in neonatal death if not corrected (59). This is because
SGLT1 is the rate—limiting transporter in glucose and galactose absorption in the small
intestine, complete loss—of—function results in severe diarrhea and dehydration (59).
However, characterizing variants of the gene encoding SGLT1 resulting in only partial
dysfunction of the transporter might demonstrate the systemic effects of
pharmacological inhibition of SGLTL1. In their study, Seidelmann and colleagues (60)
performed whole exome sequencing in 5687 participants in the ARIC (Atherosclerosis
Risk in Communities) registry. They reported that the frequency of missense mutations
associated with reduced (but not completely lost) SGLT1 function is 6.7% (60). Patients
with the identified haplotype had substantially lower risk of developing T2DM or HF
(relative risk reduction in adjusted models: 29% and 26%, respectively) and reduced
risk of death (relative risk reduction in adjusted model: 19%) as compared with
unaffected controls (60). On the contrary, polymorphisms in the SLC5A2 gene
(encoding SGLT2) are associated with small reductions in the incidence of HF or
T2DM (both <3% relative risk reduction), whereas all-cause mortality is unaffected
(61). Therefore, pharmacological blockade of SGLT1 might produce more pronounced
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clinical benefits in HF as compared with SGLT2 inhibition only. These establish the
potential pathophysiological relevance of SGLT1 inhibition in HF.

1.4. Changes in expression of SGLT1 in various myocardial disease states

Zhou and colleagues (46) showed that SGLT1 mRNA was present in human
cardiomyocytes, its abundance was second only to that of the small intestine (46), the
latter is a key target of the dual SGLT1/2 inhibitor sotagliflozin. Later it was found that
capillaries of rat hearts (62) and human cardiac fibroblasts (63) also express SGLT1.
Banerjee and colleagues (58) performed SGLT1 immunofluorescent staining on
cardiomyocytes and speculated that it localized to the sarcolemma, which was
corroborated in human and murine heart samples (49, 58, 64-66), as well as on the
cardiomyocyte level (67, 68). However, VVrhovac and colleagues (69) found that SGLT1
did not co—localize with Na—K—ATPase in the human heart, instead it co—localized with
aquaporin-1, a marker of capillaries. These authors postulated that SGLT1 expression
in the heart is limited to the microvasculature (69). To resolve this dispute, data on high

number of human HF samples are needed, which is currently missing.

Several studies documented that humans with HF exhibit increased LV SGLT1 mRNA
or protein expression as compared with non—failing controls, including those with
ischemic heart disease (IHD) (49, 58), hypertrophic cardiomyopathy (HCM) (49), and
also those with HF and T2DM (58, 67), or mixed cohorts of these HF etiologies (67).
Some studies found no significant difference in LV SGLT1 expression in patients with
dilated cardiomyopathy (DCM) (32, 58), or IHD (32) compared with non-failing
controls. To date, no comprehensive study has assessed the expression of LV SGLT1 on

relatively large number of failing human heart samples with clinical context.

In line with data on human hearts, myocardial SGLT1 mRNA or protein expression was
found to be upregulated in non—diabetic small animal models of acute myocardial
ischemia—reperfusion injury (68) or ischemic preconditioning (65), permanent left
anterior descending coronary artery ligation (model of IHD) (58, 64, 70), and chronic
pressure overload—induced HF (71), as well as in models of metabolic syndrome and
T2DM (58, 67, 72-75). Albeit some preclinical studies showed no significant alteration

in myocardial SGLT1 expression in hearts of mice with metabolic syndrome (76), or
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following permanent left anterior descending coronary artery ligation (77), or in models
of acute ex vivo ischemia—reperfusion injury (76, 78). It is unclear whether SGLT1 is

upregulated in HF regardless of the nature of hemodynamic overload.

Data are scarce regarding the mediators of SGLT1 upregulation in the heart, especially
in HF. A previous study in humans showed increased activating phosphorylation of
adenosine—-monophosphate—activated protein kinase (AMPK) and extracellular signal—
regulated kinase 1/2 (ERK1/2) in HF patients, in whom SGLT1 was upregulated (49).
In a genetic small animal model of HF, overactivation of AMPK resulted in the
development of HF with increased expression of LV SGLT1 (66, 79). Further studies

are needed to elucidate how SGLT1 correlates with activation of these kinases in HF.

1.5. Pathophysiological role of myocardial SGLT1

Under basal conditions, neither global knock out (80, 81) nor cardiomyocyte—specific
knock down (68) of SGLT1 alters baseline glucose uptake on the cardiomyocyte or
myocardial level in murine hearts. Furthermore, no specific basal phenotype has been
noted in these genetically—altered mice, as heart weight, myocardial structure and LV
function are unchanged (48, 68, 79, 81).

On the cardiomyocyte level, there is evidence that SGLT1 facilitates increased ROS
production mediated by nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase activation, which could be blocked by the pharmacological SGLT inhibitor
phlorizin, but not by the glucose transporter type 1 or 4 (GLUT1/4) inhibitor phloretin
(82). Indeed, knockdown of SGLT1 reduces myocardial nitro—oxidative stress and
inflammation, and results in preservation of LV systolic and diastolic function (68, 73,
74). Furthermore, SGLT1 inhibition reduces Na+ overload in cardiomyocytes (67),

which is a hallmark of failing cardiomyocytes.

Importantly, a growing body of evidence suggest that cardiac SGLT1 plays causal role
in the development of HF. Cardiomyocyte—specific overexpression of SGLT1 for 10
weeks in non—diabetic mice is sufficient to induce HF, which could be reversed by
SGLT1 knock down thereafter (79). Similarly, pathological overactivation of AMPK
induces HF in an SGLT1-dependent manner (66, 79). Finally, mice with global SGLT1

knockout are protected from the development pathological LV hypertrophy in response
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to chronic pressure overload induced by transverse aortic constriction (TAC) (71).
While in small animal studies myocardial SGLT1 seems to contribute to the
pathophysiology of HF, to date, there is limited evidence in humans with HF to

reinforce this theory.

Apart from HF, a recent study showed that knock down of SGLT1 protected against
acute myocardial ischemia—reperfusion injury in both in vivo and ex vivo settings,
without affecting glucose uptake, resulting in reduced myocardial nitro—oxidative stress
(68). While reducing infarct size is not equal to reducing the risk of myocardial
infarction, it is notable that only the dual SGLT1/2 inhibitor sotagliflozin reduced the
risk of myocardial infarction in patients with T2DM, but not selective SGLT2 inhibitors
(83).

Taken together, increased expression of SGLT1 might contribute to the development
and worsening of HF in small animals, albeit it is unclear whether this increase in
expression is independent of the nature of the pathological stimuli that elicit HF.
Furthermore, while on the population level reduced SGLT1 activity contributes to
reduction in HF events, there is limited evidence in humans with HF to suggest a
connection between the severity of HF and the level of myocardial SGLT1 expression.
Even though SGLT2 inhibitors are now the cornerstone of HF drug therapy regardless
of T2DM, the mechanism of action in incompletely understood. Given that these agents
non-selectively block SGLT1 to different extent, it is clinically relevant to characterize
myocardial SGLT1 expression in HF.
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2. Objectives

We hypothesized that myocardial LV SGLT1 expression is significantly increased in
HF and correlates with LV dilation and systolic dysfunction. We further hypothesized
that such increase in LV SGLT1 expression can be comparably evoked in two

pathologically distinct models of chronic hemodynamic overload—induced HF.
The objectives of the present studies were the following:

1) In patients with end—-stage HF, we aimed to:

a) characterize myocardial LV SGLT1 and SGLT2 expressions in
conjunction with those of the other two major glucose transporters
GLUT1 and GLUT4,

b) assess possible regulators of myocardial SGLT1 expression, and

c) establish the clinical relevance of the level of myocardial SGLT1
expression.

2) Intwo rat models of severe HF, we aimed to:

a) characterize myocardial LV SGLT1 expression,

b) assess possible regulators of myocardial SGLT1 expression, and

c) establish the pathological relevance of the level of myocardial SGLT1

expression.
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3. Methods

3.1. Study in patients with end-stage HF

3.1.1. Study population and sample procurement

Well-characterized, de—identified human myocardial tissue samples were obtained from
the Transplantation Biobank of the Heart and Vascular Center, Semmelweis University,
Budapest, Hungary (84, 85). The procedure of sample procurement was reviewed and
approved by the institutional and national ethics committees (ETT TUKEB
7891/2012/EKU [119/P1/12.] and 1V/10161-1/2020/EKU). Informed consent was
obtained from patients in line with the Declaration of Helsinki prior to sample
collection. In all cases, myocardial LV samples were surgically removed and
immediately snap—frozen in liquid nitrogen under sterile conditions for molecular
measurements, whereas LV samples for histological analyses were immediately
conserved in 4% buffered paraformaldehyde. Control myocardial LV samples (n=9)
were isolated from LV papillary muscles removed from patients undergoing mitral
valve replacement (open procedure) due to mitral regurgitation. Myocardial LV samples
from end-stage HF patients (n=71) were collected during orthotopic heart
transplantation from the diseased hearts of the recipients immediately after explantation.
Echocardiographic data registered prior to surgery were obtained from the database of
our Transplantation Biobank, as were other baseline characteristics (age, sex, body mass

index [BMI], medical and device therapies).

Out of LV samples from over 400 individual patients stored in the Transplantation
Biobank, an overall of 80 LV samples (from separate patients) were included in the
present study (based on the criteria below). End—stage HF patients were stratified into
subgroups based on the etiology of HF, and whether cardiac resynchronization therapy
(CRT) had been received up to the time of heart transplantation, as the latter has proven
effect on signaling on the cardiomyocyte level (86). Importantly, patients on left
ventricular assist device therapy (a type of mechanical circulatory support) were
excluded from the present study.

Accordingly, the following groups were defined in our study who met the outlined

criteria;
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1. non-failing controls (n=9): preserved LV systolic function
2. end-stage HF patients not receiving CRT (n=44):

a. hypertrophic cardiomyopathy (HCM, n=7): severe LV hypertrophy;
absence of relevant comorbidities (hypertension, T2DM); no relevant

coronary atherosclerosis

b. dilated cardiomyopathy (DCM, n=12): severe LV dilation not explained
by valvular disease; no history of myocarditis; no relevant comorbidities

(hypertension, T2DM); no relevant coronary atherosclerosis

c. ischemic heart disease (IHD, n=14): severe diffuse coronary
atherosclerosis at multiple sites, with or without prior revascularization

therapy; no T2DM as comorbidity

d. ischemic heart disease and T2DM (IHD-T2DM, n=11): severe diffuse
coronary atherosclerosis at multiple sites, with or without prior

revascularization therapy; T2DM as comorbidity
3. end-stage HF patients receiving CRT (n=27):

a. DCM with CRT (CRT:DCM, n=9): severe LV dilation not explained by
valvular disease; no history of myocarditis; no relevant comorbidities

(hypertension, T2DM); no relevant coronary atherosclerosis

b. IHD with CRT (CRT:IHD, n=9): severe diffuse coronary atherosclerosis
at multiple sites, with or without prior revascularization therapy; no
T2DM as comorbidity

c. IHD and T2DM, with CRT (CRT:IHD-T2DM, n=9): severe diffuse
coronary atherosclerosis at multiple sites, with or without prior

revascularization therapy; T2DM as comorbidity

Prior to cardiac surgery, echocardiographic measurements were performed on various
echocardiographic platforms. Left ventricular end—diastolic diameter (LVEDD, mm)
was quantified as a marker of LV dilation, a hallmark of LV adverse remodeling. This

parameter was measured in M-mode or directly in 2D in the parasternal long axis view.
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Left ventricular systolic function was determined by LV EF (%) using Teicholz or
Simpson methods.

3.2. Study in rats with severe HF

3.2.1. Experimental animals

A total of 48 male Wistar rats (purchased from Toxi—Coop; Budapest, Hungary) were
kept under standard conditions (22 + 2 °C with 12 h light/dark cycles) and were allowed
access to laboratory rat chow and water ad libitum during the experimental period. Prior
to experimentations, rats were allowed to acclimatize for one week. The present
investigation conformed to the EU Directive 2010/63/EU and to the Guide for the Care
and Use of Laboratory Animals published by the US National Institutes of Health (NIH
Publication No. 85-23, revised 1996). The study was approved by the Scientific Ethical
Committee on Animal Experimentation (Hungary) and by the Institutional Ethics
Committee of Semmelweis University (Reference No. PEI/001/2374—4/2015).

3.2.2. Rat models of severe HF

Model of pressure—overload induced HF: Three—week—old (bodyweight: 50-100g)
male Wistar rats underwent transverse aortic constriction (TAC) to induce chronic
progressive pressure overload for ~14 weeks resulting in HF. Anesthesia was induced
by placing the animals in a chamber filled with 5% isoflurane. Then, animals were
intubated, and anesthesia was maintained with a small animal respirator using 2%
isoflurane (mixed in pure oxygen). Core temperature (37 + 0.5°C) was kept constant by
placing the rats in a supine position on a controlled heating pad. Left anterolateral
thoracotomy was performed in the second intercostal space; next, the aortic arch was
isolated and constricted to match the size of the external diameter of a 21-gauge needle
between the innominate artery and the left common carotid artery. Finally, the thorax
was closed and the skin layers were sutured. The wound was carefully disinfected,
tramadol (10 mg/kg) and physiological saline were subcutaneously injected shortly after
weaning the animals off the respirator. Age and sex—matched control animals (Sham-T)
underwent the same procedure as above, except the aortic arch was not constricted (i.e.,

no pressure overload).
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Model of volume—overload induced HF: Six—week—old (bodyweight: 150-200g) male
Wistar rats underwent shunting of the abdominal aorta and the inferior vena cava
(creating an aortocaval fistula, ACF) to induce chronic progressive volume overload for
~24 weeks resulting in HFAs described above, anesthesia was induced and maintained,
whereas core temperature was kept constant. A midline laparotomy was performed and
after exposing the abdominal aorta and the inferior vena cava, both vessels were clipped
transiently distal to the origin of the left renal artery and proximal to the aortic
bifurcation. Then, in this isolated section, the anterior aortic wall was punctured using a
18-gauge needle, which was then advanced through the adjacent venous wall, creating
an ACF. Following the establishment of the shunt, the needle was withdrawn and the
puncture on the surface of the aorta was sealed using a drop of cyanoacrylate glue.
When the ACF was secured, the intestines were replaced, the abdominal muscle layers
were sutured, followed by closure of the skin incision. The above disinfection and
analgesic measures were applied. Age and sex—matched control animals (Sham-A)
underwent the same procedure as above, except ACF was not created (i.e., no volume

overload).

3.2.3. Experimental groups

Based on the above, our rat study comprised four experimental groups:

1. Sham-T (n=12): rats undergoing sham operation as controls of TAC and

followed for 14 weeks
2. TAC (n=12): rats undergoing TAC and followed for 14 weeks

3. Sham-A (n=12): rats undergoing sham operation as controls of ACF and

followed for 24 weeks
4. ACF (n=12): rats undergoing ACF operation and followed for 24 weeks

3.2.4. Echocardiographic measurements in rats

The Vivid | (GE Healthcare, Waukesha, WI, USA) echocardiographic imaging system
equipped with the GE 12L-RS linear transducer (13 MHz) was used to non—invasively
assess the temporal alterations in LV structure and function. Prior to measurements, rats
were anesthetized in a chamber with 5% isoflurane, then anesthesia was maintained by

inhalation of 2% isoflurane (mixed in pure oxygen) from an insulated facemask, while
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placing the rats in a supine position on a controlled heating pad (maintaining core
temperature at 37 + 0.5°C throughout the measurements). In order to optimize the
acoustic window, the thorax was thoroughly shaved. Images were captured in two—
dimensional parasternal long—axis and short-axis views at the mid—papillary level. The
digital images were analyzed offline using EchoPac (GE Healthcare). The following
parameters were obtained from the average of three consecutive cardiac cycles (devoid
of breathing movements): LVEDD, LV end-systolic diameter (LVESD), anterior wall
thicknesses (AWT) and posterior wall thicknesses (PWT) in diastole (d) and systole (s).
Then, LV  mass was quantified wusing the Devereux  formula:
0.8%(1.04x((LVEDD+AWT+PWT)3-LVEDD?3))+0.6.

3.2.5. Left ventricular pressure—volume analysis in rats and sample procurement

Left ventricular pressure—volume (PV) analysis was performed. In brief, rats were
anesthetized in a chamber filled with 5% isoflurane, then following tracheotomy and
intubation, anesthesia was maintained by artificial ventilation of 1.5% isoflurane (mixed
in pure oxygen). For fluid administration, the left external jugular vein was cannulated.
Thereafter, rocuronium bromide (2 mg/kg bodyweight) was administered
intraperitoneally to achieve generalized muscle relaxation. A 2F microtip pressure—
conductance catheter (SPR—-838; Millar Instruments, Houston, TX, USA) was advanced
into the ascending aorta through the right common carotid artery. Following
stabilization, the catheter was guided into the LV under pressure control. The following
parameters were obtained using a PV analysis software (PVAN; Millar Instruments):
heart rate, LV end-systolic pressure (LVESP), and time constant of LV pressure decay
(Tau). Then, the slope of the end-systolic PV relationship (ESPVR) — a relatively load
independent contractility index — was calculated from PV loops registered while
transiently reducing preload (achieved by transient occlusion of the inferior vena cava).
For analysis, all PV loops were acquired with the ventilator turned off for 5s and the
animal apneic (due to generalized muscle relaxation). Then, volume calibration was

performed by calculating parallel conductance.

Animals were euthanized at the end of the PV protocol, followed by cannulation of the
abdominal aorta. After collection of arterial blood, cold (4°C) 50 mL Ringer solution
was infused retrogradely. After the washout, hearts were excised and weighed,
midpapillary cross—sections were obtained and stored in 4% buffered paraformaldehyde
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(for immunohistochemical analyses). Other parts of the LV were instantly snap—frozen
in liquid nitrogen and stored at —80°C (for molecular measurements). Tibial length and

lung weights were measured post—-mortem.

3.3. Molecular measurements on human and rat heart samples

3.3.1. Myocardial LV RNA isolation and quality control
Myocardial RNA isolation was performed identically in human and rat heart samples.

Myocardial LV tissue samples (~25 mg) were homogenized in Buffer RLT (Qiagen,
Netherlands) using Bertin Precellys 24 Tissue Homogenizer with Bertin Cryolys
cooling system (Bertin Technologies, France) to ensure adequate and constant cooling
(~0°C) of samples throughout the procedure. Then, total RNA was isolated using
RNeasy Fibrous Tissue Kit (Qiagen) as per the manufacturer’s protocol. RNA
concentration was measured photometrically at 260 nm, while RNA purity was ensured

by obtaining 260/280 nm and 260/230 nm optical density ratio of ~ 2.0, respectively.

In myocardial samples of human hearts, we additionally analyzed the quality of the
isolated RNA. This is because the procedure of sample procurement is more
heterogenous in case of human hearts due to variable intraoperative conditions (e.g.
disparities in duration of time without proper cooling of the samples). This could
produce erroneous differences in expression of certain targets. Therefore, to rule out that
differences in expression of targets is caused by differences in the quality of samples,
we loaded each individual human LV RNA sample onto Agilent 6000 Pico LabChips
(Agilent Technologies, Santa Clara, CA, USA) and performed analyses using Agilent
2100 Bioanalyzer. Based on the ratio of 18S/28S rRNA in the electrophoretogram of
each sample, an RNA Integrity Number (RIN) was assigned (ranging from RIN 0-10,
higher RIN values indicate excellent RNA quality) to each sample. The RIN of samples
homogenized from intraoperatively obtained human tissues typically range from ~6.0—

8.0 when efforts are made to prevent degradation (87).
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3.3.2. RNA reverse transcription and quantitative real-time polymerase chain
reaction

Reverse transcription of RNA to cDNA was conducted with QuantiTect Reverse
Transcription Kit (Qiagen) by using 1pg RNA of each sample and random primers, as
per protocol. Then, quantitative real-time polymerase chain reaction (QRT-PCR) was
performed on StepOnePlus RT PCR System (Thermo Fisher Scientific, Waltham, MA,
USA) using TagMan Universal PCR MasterMix and TagMan Gene Expression Assays

(Thermo Fisher Scientific) for specific targets.

1. In LV heart samples obtained from human subjects, relative mRNA expressions
of the following targets were quantified: Solute Carrier Family 5 Member 1
(SLC5AL1 encoding SGLT1; ID: Hs01573793_m1); SLC5A2 (encoding SGLT2,;
assay ID: Hs00894642 ml); SLC2Al (encoding GLUT1; assay ID:
Hs00892681 m1); SLC2A4 (encoding GLUT4; assay ID: Hs00168966 m1);
and the housekeeping glyceraldehyde—3—phosphate dehydrogenase (GAPDH,;
assay I1D: Hs99999905 m1).

2. In LV heart samples obtained from rats, relative mRNA expressions of the
following targets were quantified: pathological hypertrophy markers  and o—
myosin heavy chain (B/o—MHC; B—MHC assay ID: Rn00568328 ml; a—MHC
assay ID: Rn00568304_m1), and pro—fibrotic markers, including transforming
growth factor—f (TGF—8; assay ID: Rn00572010_m1), connective tissue growth
factor (CTGF; assay ID: Rn01537279 g1), and collagen type | alpha 1 (Collal,;
assay ID: Rn01463848_m1l), and the housekeeping GAPDH (assay ID:
Rn01775763_g1).

Every sample was quantified in duplicates or triplicates in a volume of 10ul in each well
containing 1ul cDNA. Data were normalized to the housekeeping GAPDH, then to a
positive calibrator (pool of cDNA from all samples of the DCM group in case of human
samples, and of the Sham groups in case of rat samples) in each case. Accordingly, gene

expression levels were calculated using the comparative method (2724¢T),
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3.3.3. Protein isolation and western blotting

Myocardial LV tissue samples (~25 mg) were homogenized in RIPA buffer (Bio—Rad
Laboratories, Hercules, CA, USA) containing protease and phosphatase inhibitor
cocktail (Roche, Basel, Switzerland), using Bertin Precellys 24 Tissue Homogenizer
with Bertin Cryolys cooling system (Bertin Technologies). The concentrations of the
extracted proteins were measured by BCA assay (Thermo Fisher Scientific). Then,
protein homogenates were suspended in sample buffer and heated at 70—100°C for 5-10
min. A total of 40ug protein for each sample was loaded onto 6-12% acrylamide gels
and separated with sodium dodecyl sulphate polyacrylamide gel electrophoresis system
(Bio—Rad Laboratories). Gels were transferred to polyvinylidene difluoride membranes
under dry conditions. Membranes were then washed and blocked for 1 hour in 5 %
bovine serum albumin in Tris—buffered saline Tween 20 (TBST) at room temperature.
Next, membranes were incubated overnight at 4°C with the primary antibodies (diluted
in 2.5% bovine serum albumin in TBST) against specific targets (purchased from Cell
Signaling Technology, Danvers, MA, USA, or Abcam, Cambridge, UK).

1. In LV heart samples obtained from human subjects, relative protein expressions
of the following targets were quantified: SGLT1 (1:1000; ID: #5042);
phosphorylated adenosine—monophosphate—activated protein kinase a catalytic
subunit (P-AMPKa, Thr172) (1:1000; ID: #2535); total-AMPKa (1:1000; ID:
#2532); phosphorylated extracellular signal-regulated protein kinase 1/2 (P-
ERK1/2, Thr202/Tyr204) (1:1000; ID: #9101); total-ERK1/2 (1:1000; ID:
#9102) and the housekeeping GAPDH (1:5000; ID: #5174).

2. In LV heart samples obtained from rats, relative protein expressions of the
following targets were quantified: SGLT1 (ID: #5042); NADPH oxidase 4
(Nox4; ID: ab133303); P-AMPKa (Thrl72; ID: #2535); total-FAMPKa (ID:
#2532); P-ERK1/2 (Thr202/Tyr204; ID: #9101); total-ERK1/2 (ID: #9102);
and anti—phosphorylated acetyl coenzyme-A carboxylase (P-ACC, Ser79; ID:
#3661).

The blots were washed and incubated with horseradish peroxidase—conjugated
secondary antibody (1:5000, 2.5% bovine serum albumin in TBST) for 1 hour at room

temperature. The immunoreactive protein bands were developed using Super Signal
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West Pico Plus (Thermo Fisher Scientific) chemiluminescent substrate. The intensity of
the immunoblot bands was analyzed with Bio—Rad Image Lab Software 6.0 (Bio—Rad
Laboratories). Within each sample, the intensity of the bands of the primary targets was

normalized to that of the housekeeping GAPDH on the same blot.
3.3.4. Histology and immunohistochemistry

All samples were fixed in 4% buffered paraformaldehyde for ~24h, and then were

embedded in paraffin, and 5-7 pum thick sections were cut.

In case of human heart samples, after deparaffination and antigen retrieval, sections
were incubated with anti—-SGLT1 antibody (1:100; overnight, 4°C; ab14686). HRP—
conjugated secondary antibody (30 min, room temperature) and black colored nickel—
cobalt enhanced diaminobenzidine (6 min, room temperature) were used to visualize the
labeling. Light microscopic examination was performed using Nikon Eclipse Ni
Microscope (Nikon Instruments, Amstelveen, Netherlands) and a digital image was
captured in each section (from each patient) using Nikon DS-RI2 camera (Nikon
Instruments) with 40x dry objective. Immunofluorescent staining was performed after
deparaffination and antigen retrieval using anti—-SGLT1 antibody (1:100; overnight at 4
°C; ab14686). Alexa—Fluor 488 conjugated goat anti—rabbit 1gG (1:500; 30 min, room
temperature; ab150077) served as secondary antibody. Sodium—potassium ATPase (Na—
K—ATPase) was labeled by anti—alpha 1 Na—K—-ATPase antibody (1:200, 2 hours, room
temperature; ab7671), where Alexa—Fluor 568 goat anti-mouse IgG (1:500; 30 min,
room temperature; ab175473) was used for visualization. Then, slides were covered by
4’ 6-diamidino—2—phenylindole (DAPI)-containing mounting medium (Vectashield;
Vector Laboratories, Burlingame, CA, USA). Representative images were acquired by
Nikon Eclipse Al Confocal Laser Microscope (Nikon Instruments) using a 40x dry
objective. All antibodies used for immunohistochemical measurements in human heart

samples were purchased from Abcam, Cambridge, UK.

In case of rat heart samples, following deparaffinization, endogenous peroxidase
activity was blocked by 3% H20,, and 2.5% normal horse serum (Vector Laboratories,
Burlingame, CA, USA) was used to prevent non-specific labeling. After overnight
incubation with the rabbit polyclonal anti—3-nitrotyrosin (3—NT, nitrosative stress
marker) antibody (1:500, Merck Millipore, Burlington, MA, USA) or the rabbit
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polyclonal anti-4—hydroxy—2-nonenal (4-HNE, oxidative stress marker) (1:100,
Abcam, Cambridge, UK) antibody at 4 °C, secondary labeling was achieved by HRP—
linked anti—rabbit polyclonal horse antibodies (Vector Laboratories), which was
visualized by brown-colored diamino-benzidine (Vector Laboratories). Images of the
immunolabeled LV tissue sections were captured by Nikon Eclipse Ni Microscope
(Nikon Instruments, Amstelveen, Netherlands) with 20x objective lens, using a Nikon
DS-RI2 camera (Nikon Instruments) and NIS-Elements BR imaging software (Nikon
Instruments). The percentage of positively stained tissue area compared to the total
tissue area was measured with ImageJ Software (National Institutes of Health,
Bethesda, MA, USA). Following image analysis, blue—colored hematoxylin (Vector
Laboratories) was utilized as counterstaining, after which representative images were
captured. Additionally, in separate staining procedures, hematoxylin—eosin staining was

performed to visualize cellular structure in rat heart samples.

3.4. Statistical analysis

Values are expressed as mean + standard error of the mean (SEM) for continuous
variables, whereas categorical variables are expressed as frequencies and percentages.
The assumption of normal distribution of the data was analyzed using the Shapiro—Wilk
test and the predicted probability plots. In case of the study in humans, when the
assumption of normal distribution was violated, log2—transformed data were used. The
assumptions of normal distribution and homoscedasticity of the residuals were analyzed
by plotting the predicted values and residuals on scatter plots. Significance of difference
between two groups was assessed using unpaired Student t—test with Welch’s correction
(in both human and rat studies) or using the non—parametric Mann—Whitney U test

(only in case of the study in rats).

In the human study, one-way analysis of variance (ANOVA) was performed with
Welch’s correction followed by Dunnett T3 post hoc test to compute intergroup
differences relative to the Control group when more than two groups were analyzed.
Analysis of covariance (ANCOVA) was performed to quantify the observed differences
after adjusting for age, sex, and BMI. The assumption of homogeneity of regression
slopes was not violated in any case as indicated by non-significant interaction between

the covariates and the fixed factor. Also, substantial collinearity among the predictor
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variables was not an issue as variance inflation factors (VIF) were <5.00 in all cases.
Reported P values associated with bias—corrected and accelerated (BCa) 95%
confidence intervals (CI) based on n=1000 bootstrap samples were adjusted for multiple

comparisons using Bonferroni correction.

To analyze the temporal development of LV hypertrophy (LV mass) in the rat models
of HF, mixed-effects ANOVA was conducted without assuming sphericity, including
hypothesis testing for the following factors: type of surgery (Ptac or Pacr versus
respective Sham); time (Ptime); and their interaction (Pint). Post hoc analyses at different
time—points between the operated and respective sham groups were conducted using

Bonferroni correction.

In all cases, Spearman’s rho (rs) was computed for zero—order correlation analysis. In
case of the human study, we estimated that at two—tailed 0=0.05 and power () of 80%,
in order to detect a medium effect size with partial correlation analysis based on 4
predictors, a sample size of n=55 is required. Accordingly, partial correlation analysis
was performed on ranked scores to compute correlation coefficients adjusted for age,
sex, and BMI. For all correlation coefficients in the human study, BCa 95% CI are
reported based on n=1000 bootstrap samples. Point—biserial correlation analysis on
ranked scores was performed to compute the overall effect of CRT on LV mRNA

expression of target genes.

Statistical analyses were carried out using IBM SPSS Statistics 25 (IBM, Armonk, NY,
USA) and GraphPad Prism 8 (GraphPad Software, San Diego, CA, USA), the latter was
also used to graph data. In all cases, the untransformed, original datapoints are graphed.
For hypothesis testing, a two—tailed P<0.050 value was defined as the threshold for
statistical significance. In the figures, the levels of significance are depicted using
asterisks (*=P<0.050, **=P<0.010, ***=P<0.001).
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4. Results

4.1. Study in patients with end-stage HF

4.1.1. Study populations

Patient and clinical characteristics in each group are provided in Table 2. Overall, 8
groups of patients were included in the study, one group served as non—failing control
and 7 groups had severe HF. As seen in Table 2, controls had preserved LV systolic
function (EF=61.2+3.4%), while patients with HF, including those with HCM,
presented with substantially reduced EFs. All study groups had a mean RIN >7.9,
indicating excellent RNA quality of samples (Table 2).

4.1.2. Left ventricular mRNA expression profiles of SGLT1, SGLT2, GLUT1 and
GLUT4

Myocardial LV mRNA expression of SGLT1 significantly differed among different
types of HF (ANOVA P=0.004) (Figure 2A). Pairwise comparisons between the control
group and the HF groups revealed that SGLT1 was significantly upregulated in patients
with DCM (P=0.007), but not with HCM (P=0.831) (Figure 2A). Those with IHD also
had a significantly increased SGLT1 expression irrespective of T2DM (P<0.05,
respectively) (Figure 2A). According to ANCOVA, differences in LV SGLT1
expression persisted even after adjusting for age, sex, and BMI (P=0.024). Patients with
DCM (P=0.020) or IHD (P=0.040) had significantly increased SGLT1 expression
compared to controls, while there was a strong tendency in case of the IHD-T2DM
group (P=0.056).

No detectable LV SGLT2 mRNA expression was found in any of the studied groups.

LV mRNA expression of GLUT1 also differed significantly among the studied groups
(ANOVA P=0.011) (Figure 2B). Patients with DCM, IHD and IHD-T2DM had a
significantly increased GLUT1 expression as compared with controls (P<0.05,
respectively), but not those with HCM (P=1.000) (Figure 2B). ANCOVA revealed that
GLUT1 was still significantly different among the groups after adjusting for age, sex,
and BMI (P=0.035). However, intergroup differences were not statistically significant.
Finally, GLUT4 expression was comparable among the groups (ANOVA P=0.131)
(Figure 2C), even after adjusting for age, sex, and BMI (ANCOVA P=0.544).
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Table 2. Patient baseline characteristics and RNA integrity numbers of myocardial
left ventricular RNA samples according to subgroups

BMI: body mass index; CRT: cardiac resynchronization therapy; DCM: dilated
cardiomyopathy; EF: left ventricular ejection fraction; F: female; HCM: hypertrophic
cardiomyopathy; IHD: ischemic heart disease; LVEDD: left ventricular end—diastolic diameter;
RIN: RNA integrity number; T2DM: type 2 diabetes mellitus

CRT:
IHD- CRT: CRT:
Control HCM DCM IHD TDM  DCM 4D IHD-

(n=9) (n=7) (n=12) (n=14) (n=11) (n=9) (n=9) T2DM

(n=9)
Age 68.6 366+ 468+ 587+ 570+ 477+ 59.0+ 60.1+
(years) 1.9 4.4 3.4 1.4 1.4 4.1 1.6 1.6
Sex 8/9 4/7 2/12 5/12 3/11 3/9 0/9 2/9
(F, %) (89%) (57%) (17%) (36%) (27%) (33%) (0%)  (22%)
BMI 261+ 255+ 257+ 265+ 279+ 2354+ 277+ 30.0+
(kg/m?) 1.6 1.9 1.6 0.8 0.9 1.0 1.6 1.1
LVEDD 532+ 50.7 + 734+ 699 + 639+ 76.2 + 70.6 70.0
(mm) 4.0 4.6 2.6 2.7 2.7 3.8 6.2 3.6
EF 61.2 £ 369+ 21.9+ 273+ 229+ 193+ 19.7 + 233+
(%) 3.4 4.6 1.1 14 1.9 2.7 2.4 2.4
Years with 29+ 32+ 34+
CRT - - - - B 0.6 1.8 0.8
8/9 5/7 9/12 11/14 4/11 2/9 8/9 8/9

Betablocker | o) (71%)  (75%) (79%) (36%) (22%)  (89%)  (89%)

Renin—
angiotensin 1/9 0/7 7112 11/14 9/11 3/9 7/9 8/9
system (11%) (0%) (58%)  (79%) (82%) (33%) (78%) (89%)
inhibitor
Mineralo—
corticoid 2/9 4/7 9/12 13/14 8/11 6/9 8/9 6/9
receptor (22%) (57%) (75%) (89%) (73%) (67%) (89%) (67%)
antagonist

Diuretic 4/9 417 10/12 11/14 7/11 7/9 7/9 6/9
(44%) (57%) (83%) (79%) (64%) (78%) (78%) (67%)

Statin 3/9 0/7 2/12 7/14 6/11 0/9 4/9 8/9
(33%) (0%) (17%)  (50%)  (55%) (0%) (44%)  (89%)

. 6/11 5/9
Metformin - - - - (55%) - - (55%)

Insulin - - - - A - - e
(27%) (11%)
RIN 93+ 83+ 8.4+ 8.1+ 82+ 7.9+ 8.0+ 7.9+

0.1 0.4 0.3 0.4 0.3 0.3 0.3 0.3

continuous variables: mean = SEM; categorical variables: counts and percentages
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Figure 2. Myocardial left ventricular mRNA expressions of SGLT1, GLUT1, and
GLUT4, and their correlations in human heart samples

A-C: Quantification of left ventricular relative mRNA expressions of SGLT1, GLUT1, and
GLUT4 in controls and in patients with end—stage heart failure.
D-F: Correlation between left ventricular relative mRNA expressions of SGLT1, GLUT1, and
GLUT4, respectively. Color codes represent HF subtypes seen in Figure 2A-C.

DCM: dilated cardiomyopathy; f. c. fold change; GLUT1/4: glucose transporter type 1/4;
HCM: hypertrophic cardiomyopathy; IHD: ischemic heart disease; IHD-T2DM: IHD and type
2 diabetes mellitus; SGLT1: sodium—glucose cotransporter 1

4.1.3. Correlation of LV mMRNA expressions of SGLT1, GLUT1, and GLUT4
Despite being similarly upregulated, LV mRNA expression of SGLT1 did not
significantly correlate with that of GLUT1 (rs=—0.008, P=0.954) (Figure 2D), even after
adjusting for age, sex, and BMI (r=-0.060, P=0.693). However, GLUT4 mRNA
expression correlated positively with SGLT1 (rs=0.379, P=0.006) (Figure 2E) and
GLUT1 (rs=0.294, P=0.032) expressions (Figure 2F), respectively. These remained
comparable in adjusted models (GLUT4-SGLT1: r=0.324, P=0.030; GLUT4-GLUT1:
r=0.254, P=0.085).
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4.1.4. Correlation of LV mMRNA expressions of SGLT1, GLUT1, and GLUT4 with
LV dilation and systolic function

LV SGLT1 mRNA expression showed a significant positive correlation with LVEDD
(rs=0.493, P<0.001), a marker of LV dilation (Figure 3A). Furthermore, SGLT1
expression correlated negatively with LV EF (rs=0.477, P<0.001) (Figure 3B), a

marker of LV systolic function. Partial correlation analysis on ranked scores revealed

that after adjusting for age, sex, and BMI, SGLT1 mRNA expression remained
significantly correlated with LVEDD (r=0.476, P=0.002) and LV EF (r=-0.542,
P<0.001), respectively.
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Figure 3. Correlation between left ventricular glucose transporter mRNA expressions
and echocardiographic parameters in human hearts

A-B: Correlation between LVEDD and LV EF with LV mRNA expression of SGLTL.
C-D: Correlation between LVEDD and LV EF with LV mRNA expression of GLUT1.
E-F: Correlation between LVEDD and LV EF with LV mRNA expression of GLUTA4.
Color codes represent HF subtypes seen in Figure 2A-C.

EF: ejection fraction; f. c.: fold change; GLUT1/4: glucose transporter type 1/4; HF: heart
failure; LV: left ventricular; LV: left ventricular; LVEDD: left ventricular end—diastolic
diameter; SGLT1: sodium—glucose cotransporter 1
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LV GLUT1 mRNA expression showed significant inverse correlation with EF (rs=—
0.333, P=0.017) (Figure 3D) but did not correlate with LVEDD (Figure 3C). On the
contrary, GLUT4 expression correlated significantly with LVEDD (rs=0.407, P=0.005)
(Figure 3E), but only tendentially with EF (rs=—0.241, P=0.088) (Figure 3F). However,
after adjusting for age, sex, and BMI, neither GLUT1 nor GLUT4 mRNA expression
correlated significantly with LVEDD (GLUTL1: r=-0.036, P=0.819; GLUT4: r=0.204,
P=0.195) or EF (GLUT1: r=-0.147, P=0.331; GLUT4: r=-0.141, P=0.350).

3.1.5. Protein expression of SGLT1 and phosphorylation of ERK1/2 and AMPKa.
in human heart samples

Western blot analysis revealed that SGLT1 protein expression was significantly
upregulated in patients with DCM, IHD, and IHD-T2DM (all P<0.05) compared to
controls, but not in those with HCM (Figure 4A). LV SGLTL1 protein expression
showed a significant positive correlation with LVEDD (rs=0.411, P=0.008) and a
negative one with EF (rs=—0.583, P<0.001) (Figure 4D), similarly to mRNA expression.

The phosphorylation of ERK1/2 on its activation sites (Thr202/Tyr204) was
significantly downregulated in patients with DCM, IHD and IHD-T2DM (all P<0.05)
compared to controls, showing a reciprocal change in contrast to SGLT1 protein

expression (Figure 4B).

Compared to controls, the activating phosphorylation of AMPKa on Thrl172 was
numerically upregulated in patients with DCM and IHD, without reaching statistical
significance (Figure 4C). However, AMPKa phosphorylation was significantly
increased in patients with IHD-T2DM (P=0.036) (Figure 4C).
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Figure 4. Left ventricular protein expressions of SGLT1, ERK1/2, and AMPKa in
human heart samples

A-C: Relative protein expressions of left ventricular SGLT1, phosphorylated ERK 1/2 (P—
ERK1/2) versus total ERK1/2 (t-ERK1/2), and phosphorylated AMPKo (P-AMPKa) versus
total AMPKo. (t-AMPKa) in controls and in patients with HF, respectively.

D: Correlations between relative SGLT1 protein expression and LVEDD, and EF, respectively.
Color codes represent HF subtypes seen in Figure 4A—C.

AMPKua: adenosine—monophosphate—activated protein kinase o catalytic subunit; a.u.:
arbitrary units; DCM: dilated cardiomyopathy; EF: ejection fraction; ERK1/2: extracellular
signal-regulated kinase 1/2; HCM: hypertrophic cardiomyopathy; LVEDD: left ventricular
end—diastolic diameter; IHD: ischemic heart disease; IHD-T2DM: IHD and type 2 diabetes

mellitus; SGLT1: sodium—glucose cotransporter 1
4.1.6. Histological assessment of myocardial SGLT1 in human samples
A representative LV epicardial histological section from a patient with DCM stained
against SGLT1 is shown in Figure 5A. The brownish staining of SGLT1 was
predominantly confined to cardiomyocytes and an epicardial vessel, whereas the
staining of fibrotic and adipose tissues was negligible. A similar pattern was seen in
sections from patients in each study group (Figure 5B). Immunofluorescent staining of

SGLT1 showed that its localization corresponded to that of Na—K—ATPase (Figure 5C).
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Figure 5. Immunohistochemical analysis of SGLT1 protein in the human heart

A: Representative LV epicardial section from a patient with DCM.
B: Representative LV sections from patients within each study group.
C: Representative LV immunofluorescent sections from a patient with DCM.

DAPI: 4°,6-diamidino—2—phenylindol; DCM: dilated cardiomyopathy; HCM: hypertrophic
cardiomyopathy; IHD: ischemic heart disease; IHD-T2DM: IHD and type 2 diabetes mellitus;
LV: left ventricular; Na—K—ATPase: sodium—potassium ATPase; SGLT1 sodium—glucose
cotransporter 1
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4.1.7. Effect of CRT on the expression of SGLT1, GLUT1 and GLUT4

We investigated the effect of CRT on mRNA expression of SGLT1, GLUT1 and
GLUT4 in LV samples from patients with DCM, IHD and IHD-T2DM. Overall, CRT
was associated with significantly reduced LV SGLT1 expression (P=0.045) (Figure
6A). When comparing HF patients within the same etiological subgroup, we found that
CRT was associated with significantly decreased SGLT1 mRNA expression in DCM
patients compared to those not receiving CRT (P=0.026) (Figure 6A). According to
ANCOVA, this difference remained significant even after adjusting for age, sex, and
BMI (P=0.048). SGLT1 mRNA expression was comparable among IHD patients with
and without CRT, irrespective of T2DM (Figure 6A), even after adjusting for age, sex,
and BMI (IHD vs. CRT:IHD: P=0.642; IHD-T2DM vs. CRT:IHD-T2DM: P=0.576).

In line with mRNA expression, LV SGLT1 protein expression was significantly
reduced in CRT:DCM patients, as compared with DCM patients not on CRT (P=0.029)
(Figure 6D). The reciprocal upregulation of ERK1/2 phosphorylation was present in
these patients (P=0.045) (Figure 6E), as well.

CRT was not associated with significant differences in GLUT1 mRNA expression
among DCM, IHD and IHD-T2DM patients (Figure 6B). Similarly, GLUT4 expression
was not significantly affected by CRT in any of the above groups (Figure 6C). These
remained true even after adjusting for age, sex, and BMI.
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Figure 6. Effect of CRT on LV mRNA expressions of glucose transporters, protein
expression of SGLT1, and phosphorylation of ERK1/2

A-C: Comparison of LV relative mRNA expression of SGLT1, GLUTL, and GLUT4 between HF
patients with and without CRT.
D—E: Relative protein expressions of LV SGLT1 and phosphorylated ERK1/2 (P-ERK1/2)
versus total ERK1/2 (t-ERK1/2) in patients with DCM with and without CRT.

a.u.: arbitrary units; CRT: cardiac resynchronization therapy; DCM: dilated cardiomyopathy;
f. c.: fold change; ERK1/2: extracellular signal-regulated kinase 1/2; GAPDH:
glyceraldehyde—3—phosphate dehydrogenase; GLUT1/4: glucose transporter type 1/ 4; HCM:
hypertrophic cardiomyopathy; HF: heart failure; LV: left ventricular; IHD: ischemic heart
disease; IHD-T2DM: IHD and type 2 diabetes mellitus; SGLT1: sodium—glucose cotransporter
1
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4.2. Study in rats with severe HF

4.2.1. Hemodynamic overload—induced LV structural and functional alterations in
rats

Post-mortem organ weight measurements confirmed significantly bigger hearts in both
pressure (TAC) and volume (ACF) overload—induced HF models compared with
respective sham—operated controls both in absolute and indexed (to tibial length) terms
(all P<0.001) (Table 3). In both models, LV backward failure was evidenced by
absolute and indexed increases in lung weights (all P<0.001) (Table 3). We observed a
slightly lower body weight and tibial length in TAC rats compared with Sham-T rats at
the end of follow—up, which might represent cardiac cachexia (Table 3). This was not

seen in rats with volume overload-induced HF (Table 3).

Table 3. Post-mortem morphometric analyses of rats with heart failure and respective
sham-operated controls at the end of follow-up

ACF: aortocaval fistula; TAC: transverse aortic constriction

Sham-T TAC Sham-A ACF
(n=12, (n=12, Pvalue (n=12, (n=12, Pvalue
week 14)  week 14) week 24)  week 24)
Body weight 520 + 439 + 642 + 702 +
©) 17 17 0.002 16 27 0.042
Tibial length 439+ 421+ 4.63 £+ 4.67 £
(cm) 0.04 0.04 0.005 0.03 0.05 051
Heart weight 1.32 £ 272+ 1.56 £ 341+
<0. <0.
(9) 0.05 0.14 0.001 0.04 0.18 0.001
Heart weight/
o 0.30+ 0.65 + 0.34 £ 0.73 £
tibial length 0.01 0.03 <0.001 0.01 0.04 <0.001
(g/cm)
Lung weight 1.94 + 4.06 + 2.06 + 325+
<0. <0.
(9) 0.07 0.33 0.001 0.08 0.18 0.001
Lung weight/
. 0.44 + 097 + 0.44 + 0.70 £
tibial length 0.01 0.08 <0.001 0.02 0.04 <0.001
(g/cm)

continuous variables: mean+SEM
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Chronic pressure (TAC model) and volume (ACF model) overload, respectively,
resulted in severe LV hypertrophy compared with respective controls, as indicated by
the gradual increase in LV mass detected with serial echocardiography (Ptac<0.001 and
Pacr<0.001) (Figures 7A and 8A). Representative LV sections at the midpapillary level
show concentric hypertrophy in rats with TAC, and eccentric hypertrophy in rats with
ACF, as compared with healthy controls (Figures 7B and 8B).

In rats with chronic pressure overload-induced HF, LVESP was significantly higher
compared with controls (234+11 mmHg vs. 121+5 mmHg, P<0.001) at the end of
follow—up (Figure 7C). This suggests that the operative model successfully evoked
pressure overload. There was evidence of moderate LV dilation in TAC hearts as per
LVEDD values (9.0+0.2 mm vs. 7.6£0.2 mm, P<0.001), whereas LV systolic function
was severely compromised, as shown by significantly lower LV EF values at the end of
the experimental period (P<0.001) (Figure 7D). In contrast, LV contractility (ESPVR)
was preserved at the end of the follow-up (Figure 7D), whereas Tau was significantly
prolonged in TAC animals (Figure 7D). The pathological nature of LV hypertrophy in
TAC was evidenced by the several—fold increase in LV mRNA expression ratio of f/o—
MHC (Figure 7E). Furthermore, the LV mRNA expression of Collal showed a
significant upregulation (P=0.040) with several-fold increase in expressions of the
profibrotic regulators CTGF and TGF-B, respectively (both P<0.001) (Figure 7E).

In rats with chronic volume overload—induced HF, at the end of the follow—up, LVEDD
was significantly higher in ACF rats versus controls (13.4+0.4 mm vs. 8.4+0.2 mm,
P<0.001) (Figure 8C). This indicates substantial LV dilation in this model, suggesting
the successful induction of chronic volume overload. In these ACF rats, EF showed a
moderate, but significant reduction, indicating systolic dysfunction compared with sham
controls (P=0.046) (Figure 8D). However, LV contractility was severely compromised
according to ESPVR values (P<0.001), which marker is less dependent on preload
(Figure 8D) in contrast to LV EF. Severe LV diastolic dysfunction was evidenced by
the significant prolongation of Tau (P=0.009) (Figure 8D). Compared with Sham-A
controls, the several fold increase in the LV mRNA expression ratio of p/o—MHC
(P<0.001) reinforced the pathological nature of LV hypertrophy in ACF, as did the
significant increase in the mRNA expressions fibrotic markers Collal (P=0.028),
CTGF (P<0.001), and TGF-p (P=0.002), respectively, (Figure 8E).
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Figure 7. Characterization of pressure overload—induced HF in rats

A: Temporal changes in LV mass according to the control (Sham-T) and TAC groups.

B: Representative histological section at the mid—papillary level of a control (Sham-T) and a
TAC heart.
C-D: LV functional parameters (LVESP, EF, ESPVR, and Tau) in Sham-T and TAC groups.
E: LV myocardial mRNA expressions of markers of pathological hypertrophy (f/a—MHC ratio)

and fibrosis (Collal, CTGF, TGF-g) in control and TAC hearts.

p/o—-MHC: p/a—myosin heavy chain; Collal: collagen type | alpha 1; CTGF: connective tissue
growth factor; EF: ejection fraction; ESPVR: end-systolic pressure-volume relationship; f.c.:
fold change; LV: left ventricular; LVESP: left ventricular end-systolic pressure; TAC:
transverse aortic constriction; TGF—4: transforming growth factor beta
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Figure 8. Characterization of volume overload-induced HF in rats

A: Temporal changes in LV mass according to the control (Sham-A) and ACF groups.
B: Representative histological section at the mid—papillary level of a control (Sham-A) and an
ACF heart.
C-D: LV structural and functional parameters (LVEDD, EF, ESPVR, and Tau) in Sham-A and
ACF groups.
E: LV myocardial mRNA expressions of markers of pathological hypertrophy (f/a—MHC ratio)
and fibrosis (Collal, CTGF, TGF-p) in control and ACF hearts.

p/o—MHC: p/a—myosin heavy chain; ACF: aortocaval fistula; Collal: collagen type | alpha 1;
CTGF: connective tissue growth factor; EF: ejection fraction; ESPVR: end-systolic pressure-
volume relationship; f.c.: fold change; LV: left ventricular; LVESP: left ventricular end-systolic
pressure; TGF-p. transforming growth factor beta
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4.2.2. Changes in LV protein expression in the two HF models

In rats with pressure overload—induced HF (TAC), LV SGLT1 protein expression was
significantly upregulated as compared with controls (P<0.001) (Figure 9A). This
corresponded to an average of ~1.7—fold increase in LV SGLT1 expression. In these
hearts, the reactive oxygen species (ROS)—producing Nox4 protein expression showed a
similar upregulation (P=0.004) (Figure 9B). As for possible mediators of changes in
SGLT1 expression, the activating phosphorylation of ERK1/2 was similar between
TAC and control animals (Figure 9C), whereas that of AMPKa tended to be lower in
TAC (P=0.16) (Figure 9D). However, phosphorylation of ACC at the AMPK-specific
Ser79 residue was significantly downregulated in TAC as compared with controls
(P=0.011) (Figure 9E), suggesting compromised AMPKa activity. Blots are depicted in
Figures 9F-J.

Chronic volume overload (ACF) was associated with significant upregulation of LV
SGLT1 protein expression compared with controls (P=0.008) (Figure 10A). In extent,
this was comparable to that seen in TAC hearts, with an average of ~1.6-fold increase.
Similarly, the protein expression of Nox4 was highly upregulated (P=0.002) (Figure
10B) in volume overload—induced failing hearts as compared with controls. Unlike in
TAC, however, ACF rats presented with a significantly decreased activating
phosphorylation of the survival kinase ERK1/2 (P=0.003) (Figure 10C), while that of
AMPKa was preserved (Figure 10D). Nonetheless, phosphorylation of ACC at the
AMPK-specific site was significantly decreased compared to Sham-A controls
(P=0.041) (Figure 10E), similarly to TAC hearts. Blots are depicted in Figures 10F-J.
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Figure 9. Western blot analysis of left ventricular myocardial samples from controls

and rats with pressure overload—induced HF

A-E: Relative protein expression of left ventricular SGLT1, Nox4, phosphorylated ERK1/2 (P—
ERK1/2; Thr202/Tyr204) and total ERK1/2 ratios, phosphorylated AMPKa (P-AMPKo.,
Thr172) and total AMPKo ratios; and phosphorylated ACC (P-ACC; Ser79).

F-J: Cropped full-length blots according to the quantification.
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ACC: acetyl coenzyme—A carboxylase; AMPKo.: adenosine monophosphate—activated protein
kinase a catalytic subunit; a.u.: arbitrary units; ERK1/2: extracellular signal-regulated protein
kinase 1/2; GAPDH: glyceraldehyde—3—phosphate dehydrogenase; Nox4: nicotinamide adenine

dinucleotide phosphate (NADPH) oxidase 4; SGLT1: sodium—glucose cotransporter 1; TAC:
transverse—aortic constriction
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Figure 10. Western blot analysis of left ventricular myocardial samples from rats with
sham operation and volume overload—induced heart failure.

A-E: Relative protein expression of left ventricular SGLT1, Nox4, phosphorylated ERK1/2 (P—
ERK1/2; Thr202/Tyr204) and total ERK1/2 ratios, phosphorylated AMPKao (P-AMPKo,
Thr172) and total AMPKa. ratios, and phosphorylated ACC (P-ACC; Ser79).

F-J: Cropped full-length blots according to the quantification.

ACC: acetyl coenzyme—A carboxylase; ACF: aortocaval fistula;, AMPKa.: adenosine
monophosphate—activated protein kinase o catalytic subunit; a.u.: arbitrary units; ERK1/2:
extracellular signal-regulated protein kinase 1/2; GAPDH: glyceraldehyde—3—phosphate
dehydrogenase; Nox4: nicotinamide adenine dinucleotide phosphate (NADPH) oxidase 4;
SGLT1: sodium—glucose cotransporter 1
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4.2.3. Correlation between left ventricular SGLT1 expression and the extent of
myocardial nitro—oxidative stress

Figure 11A shows the representative hematoxylin—eosin-stained LV sections from
Sham-T, TAC, Sham-A, and ACF rat hearts, respectively. Immunohistochemical
staining against the nitro—oxidative stress markers 3-nitrotyrosin (3-NT) and 4-—
hydroxy—nonenal (4-HNE) revealed a higher positivity in the failing hearts compared
with respective controls (as assessed by the intensity of positively stained tissue versus
total tissue area) (Figure 11B-C), indicating increased nitro—oxidative stress in failing

rats hearts.

hematoxylin-eosin

3-nitrotyrosine

4-hydroxy-2-nonenal

Figure 11. Histological sections from sham—operated and hemodynamically—
overloaded failing rat hearts

A: Representative left ventricular sections of Sham-T, TAC, Sham-A, and ACF hearts stained
with hematoxylin—eosin.
B-C: Representative left ventricular sections of Sham-T, TAC, Sham-A, and ACF hearts with
immunohistochemical staining against the nitrosative stress marker 3—nitrotyrosine, and the
oxidative stress 4-hydroxy—2—nonenal. Hematoxylin was used to stain nuclei. Images were
captured with 20x objective, scale bars are shown for reference on each representative section.

ACF: aortocaval fistula; TAC: transverse aortic constriction
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In the Sham-T and TAC groups, LV SGLT1 protein expression showed a significant

correlation with the ROS—generating Nox4 protein expression (rs=0.855, P<0.001)
(Figure 12A). This was also the case with Sham-A and ACF rats (rs=0.798, P=0.001)
(Figure 12B). In rats with pressure and volume overload—induced HF, LV SGLT1

protein expression significantly correlated with the extent of myocardial 3-NT
positivity (TAC & ACF: rs=0.818, P=0.006) (Figure 12C) and that of 4-HNE positivity
(TAC & ACF: rs=0.733, P=0.020) (Figure 12D), indicating a robust association between

LV SGLT1 protein expression and the level of nitro—oxidative stress in failing hearts.
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Figure 12. Correlation between left ventricular SGLT1 protein expression, Nox4
protein expression and the extent of myocardial nitro—oxidative stress

A-B: Correlation analysis of left ventricular SGLT1 and Nox4 protein expression in the Sham—
T and TAC, and Sham-A and ACF groups, respectively.
C-D: Correlation analysis of western blot—derived myoxardial left ventricular SGLT1 protein
expression and immunohistochemical analysis-derived 3—NT positivity and 4-HNE (expressed
as percentage of the total area), respectively, in rats with HF (TAC and ACF).

3-NT: 3-nitrotyrosine; 4-HNE: 4-hydroxy—2—nonenal; ACF: aortocaval fistula; TAC:
transverse aortic constriction
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5. Discussion

The class of SGLT2 inhibitors — originally designed as glucose—lowering medications —
has become an essential class of agents in therapy of patients with HF, as current
clinical guidelines on the treatment of HF now recommend these medications as
baseline therapy irrespective of diabetic status (31). Despite the rapidly growing number
of patients using these medications, the exact mechanism of action resulting in salutary
cardiovascular effects are unclear. It is now widely accepted that SGLT2 inhibitors — at
least in part — exert direct cardiovascular effects. However, the primary pharmacological
target of SGLT2 inhibitors (i.e. SGLT2) is not convincingly expressed in the heart,
whereas SGLT1, the other major glucose transporter targeted non-specifically by
SGLT2 inhibitors, is highly expressed. In the present studies, we sought to investigate
whether LV SGLT1 expression is altered in HF compared with non-failing controls,
and whether its expression correlates with clinical and pathophysiological parameters in

humans and rats with severe HF.

5.1. Expression of SGLT1 in cardiac tissue

Previous studies showed that SGLT1 is most abundantly expressed in the small
intestine, but is also highly expressed in the heart of human and murine alike (46, 58,
64), being co-localized with the cardiomyocyte membrane marker Na—K—-ATPase (49,
66). However, some studies reported that cultured coronary endothelial cells and
capillaries of rat hearts also express significant levels of SGLT1 (62). Vrhovac and
colleagues (69) further postulated that SGLT1 expression in the heart is exclusively
confined to the microvasculature, as it co-localizes with aquaporin—-1 (marker of
capillary walls), and not the cardiomyocyte membrane marker Na—K-ATPase. In the
present study using microscopic immunohistochemical analysis, we found that SGLT1
expression is prominent in cardiomyocytes of human failing hearts. Indeed, staining for
SGLT1 returned a highly positive signal predominantly in regions of cardiomyocytes,
whereas intensity was considerably lower in areas of fibrotic or adipose tissues.
Nonetheless, staining of an epicardial vessel in a patient with DCM demonstrates that
the vessel wall, especially the layers of endothelial and smooth muscle cells are also
positive for SGLT1. According to our immunofluorescent data, we found that

myocardial SGLT1 co—localized with Na—K—-ATPase, in line with previous studies in

48



human hearts (49). Therefore, it is reasonable to assume that the majority of SGLT1
expression in the heart is related to cardiomyocytes, while the vasculature also

expresses SGLT1.

5.2. Changes in myocardial SGLT1 expression in HF

Leveraging the Heart Transplantation Biobank of the Heart and Vascular Center,
Semmelweis University, we analyzed myocardial SGLT1 expression in LV samples
originating from failing and non—failing human hearts. On a relatively large number of
samples, we demonstrate that patients with end—stage HF related to DCM or IHD have a
significantly higher myocardial SGLT1 expression as compared with non-failing
controls, in line with previous studies (49, 67). This increase was found to be largely
independent of age, sex, and BMI. Importantly, the presence of T2DM itself did not
further alter the level of upregulation of myocardial SGLT1 in HF, which was also
observed in prior reports (58, 67). Interestingly, LV SGLT1 expression was not
increased in patients with HCM in our study. Persons with end-stage HF due to HCM
were much younger, had better LV EF, and non—dilated LV by virtue of their unique
myocardial pathology, unlike patients with DCM or IHD, which might partially explain
the differences in SGLT1 expression. Interestingly, Di Franco et al. (49) found a modest
but significant increase in LV SGLT1 protein expression in patients with HCM
compared with non-failing controls, but LV septal samples were obtained during
myectomy in their study, suggesting that those patients were in a different HF phase,
unlike ours. Finally, two previous studies reported no significant increase in LV SGLT1
expression in patients with DCM compared with non—failing controls (32, 58). While
the clinical characteristics of those patients in the two studies are scarcely defined, it is
unknown how many of those were on CRT. We found that CRT was associated with a
significantly lower LV SGLT1 expression in patients with DCM, which might account
for the differences between our results and those of the two previous studies. In fact, we
showed that ACF rats that have severely dilated LV similar to patients with DCM also
show a significant upregulation of LV SGLT1 protein expression. This was also the
case in rats with chronic pressure overload—induced HF (TAC), as well, in line with a

previous study using a similar model (71). Therefore, in murine models and in patients
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with HF, upregulation of myocardial SGLT1 might be a common hallmark in HF
despite varying etiologies.

5.3. Possible mediators of LV SGLT1 expression in HF

Data are scarce regarding the possible mediators that regulate LV SGLT1 expression in
HF. In a mouse model of myocardial ischemia—reperfusion injury, AMPK was found to
be responsible for upregulating SGLT1 (68). In a genetic model of HF in mice,
overactivation of AMPK results in substantial upregulation of myocardial SGLT1 (66,
79). In humans with HF, a previous study identified that in patients with HCM or IHD,
SGLT1 expression increased in conjunction with the activating phosphorylation of
AMPK (49). On the contrary, in the present study on relatively high number of human
LV samples, we found that activating phosphorylation of AMPK was numerically, but
not significantly (except in patients with IHD and T2DM) increased in HF samples
compared with non—failing controls. Several medications are known to increase AMPK
activity in the heart, especially the antidiabetic agent metformin (88), which might
account for the higher level of AMPK activity in patients with T2DM (many of whom
were on metformin, a potent AMPK activator in the heart). However, in two distinct
types of small-animal HF models, we found that AMPK activation (based on the
phosphorylation of its target ACC) was significantly lower as compared with non-
failing controls. This is in line with previous studies documenting compromised AMPK
activity in the failing heart (89, 90).

In a model of acute myocardial ischemia—reperfusion injury, ERK1/2 was implicated as
a positive regulator of SGLT1, similarly to AMPK (68). Furthermore, the activating
phosphorylation of ERK1/2 was found to be upregulated along with that of AMPK in
failing human LV samples, as SGLT1 expression was also increased (49). In our present
studies, we documented that in humans with end-stage HF (except in HCM) and in rats
with chronic volume—-overload induced HF, ERK1/2 activity was significantly
compromised. This is in agreement with studies in humans, demonstrating that end—
stage HF was coupled with substantial decrease in ERK1/2 phosphorylation compared
to non—failing controls (91). On the contrary, ERK1/2 activity was not significantly
reduced in patients with HCM and in rats with chronic pressure overload—induced HF,

both conditions are characterized by massive hypertrophy of the LV with relatively less
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dilation as compared with DCM patients and the rat model of chronic volume overload—
induced HF. The differences we found regarding ERK1/2 activity between HF with
predominant LV dilation versus HF without significant LV dilation is in good
agreement with previous studies, reflecting temporal molecular differences between
these two distinct pathological phenotypes of LV failure. Specifically, there is evidence
that myocardial ERK1/2 is initially increased in response to pressure overload, and
gradually declines as decompensation develops, reaching the level of controls and
beyond (71, 92, 93). Furthermore, suppression of myocardial ERK1/2 activity
predisposes the LV to dilation rather than concentric hypertrophy (94). Therefore, in our
study, preserved ERK1/2 activity along with non—substantial LV dilation in patients
with HCM and in rats with chronic pressure overload-induced HF might reflect
diminishing ERK1/2 activity.

Taken together, while AMPK might play a role in upregulation of myocardial SGLT1
during ischemia-reperfusion injury and development of a special type of genetic
cardiomyopathy (related to constant AMPK overactivation), we found that LV SGLT1
expression was upregulated despite reduction in the activating phosphorylation of LV
AMPK in two distinct preclinical HF models. Therefore, AMPK might play some role
in regulating the expression of myocardial SGLT1, but it might not be a prerequisite for

upregulation of SGLT1.

On the contrary, our human study clearly indicated that reduction in the activating
phosphorylation of the survival kinase ERK1/2 concurs with upregulation of SGLTL.
We observed these opposing changes also in two distinct small animal models of
chronic HF. Such counter—regulation in SGLT1 expression and ERK1/2 activating
phosphorylation was documented previously in cultured rabbit renal proximal tubule
cells, in which activation of ERK1/2 resulted in suppressed expression of SGLT1
expression (95, 96). Furthermore, in mice with global SGLT1 knockout, myocardial
ERK1/2 activity was increased under basal conditions and exhibited a significantly
higher increment in response to early pressure overload than in wildtype littermates
(71). These might indicate that reduced ERK1/2 activity might be related to increase in
SGLT1 expression, and vice versa, restoration of ERK1/2 survival kinase activity might
downregulate SGLT1. Indeed, in patients with CRT, we observed a significantly
reduced LV SGLTL1 expression as compared with non—-CRT failing hearts. This was
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accompanied by converse upregulation in the activating phosphorylation of ERK1/2.
Further studies are needed to elucidate this possible inverse connection between
myocardial SGLT1 and the activity of the survival kinase ERK1/2.

5.4. Putative pathophysiological and clinical relevance of changes in myocardial
SGLT1 expression

The question remains: is increase in myocardial SGLT1 expression
pathophysiologically and clinically relevant?

In our study, LV SGLT1 expression significantly correlated with the severity of HF in
humans. Specifically, SGLT1 mRNA and protein expression gradually increased with
the severity of LV dilation and systolic dysfunction. Furthermore, the expression of
SGLT1 appeared to be robustly associated with these parameters independent of age,
sex, and BMI. Therefore, myocardial SGLT1 might be a novel myocardial tissue marker
of LV dilation and systolic dysfunction in HF. Notably, the expression of the other two
major glucose transporters (GLUT1 and GLUT4) showed no relevant association with
the severity of HF in our study. In the study of Ramratham and colleagues (79),
cardiomyocyte—specific overexpression of SGLT1 in mice for 10 weeks was sufficient
to induce LV dilation and dysfunction, as compared with wild—type controls. On the
contrary, when SGLT1 expression was suppressed after this period, LV structure and
function gradually normalized (79). Indeed, murine hearts subjected to chronic pressure
overload are protected from developing HF when SGLT1 is knocked out (71).
Therefore, SGLT1 might play a causal role in development and worsening of HF as its
forced upregulation results in HF, whereas its suppression prevents HF in response to

pathological stimuli.

A previous study showed that SGLT1 plays a role in activating NADPH oxidase—
dependent nitro—oxidative stress in cardiomyocytes subjected to high—glucose medium
(82). In mice with T2DM presenting with upregulation of myocardial SGLT1, knock
down of the transporter was associated with reduced nitro—oxidative stress and
inflammation (73). Importantly, in non—diabetic mice, cardiomyocyte—specific knock
down of SGLT1 reduced myocardial infarct size in response to ischemia—reperfusion
possibly by blunting nitro—oxidative stress (68). In line with these, we show in two

pathophysiologically distinct non—diabetic HF models that upregulation of myocardial
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SGLT1 is concomitant with the upregulation of NADPH oxidase 4 (Nox4), and
correlates with increased myocardial nitro—oxidative stress. All these together suggest
that increased SGLT1 expression might play a causal role in the propagation of
myocardial nitro—oxidative stress, which might explain how upregulation of SGLT1 is
associated with more severe forms of HF in humans. Interestingly, the study of Lambert
et al. (67) showed that myocardial SGLT1 upregulation in HF also resulted in
heightened intracellular sodium ion overload, as this membrane transporter brings two
sodium ions into the cell alongside one glucose molecule. Intracellular sodium ion
overload is a common hallmark of failing cardiomyocytes (97). Finally, some studies
suggest an important role of SGLT1 in cardiac fibroblasts, as its increased expression
resulted in activation of profibrotic signaling and collagen release (63, 75). Indeed,
SGLT1 knock down in rats with T2DM reduced interstitial fibrosis in the heart (75). We
have shown that profibrotic signaling is significantly upregulated in rats with volume or
pressure overload induced HF, in line with increased SGLT1 expression. These
profibrotic mechanisms can add to the pathophysiological relevance of SGLT1 in HF.

The synthesis of all these pathways is summarized in Figure 13.
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Figure 13. The putative role of SGLT1 in myocardial pathophysiological processes

AMPK: adenosine monophosphate—activated protein kinase; NADPH: nicotinamide adenine
dinucleotide phosphate; NCX: Na*/Ca®* exchanger; ROS: reactive oxygen species; SGLT1/2:
sodium—glucose cotransporter 1/2
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Our results have been corroborated by two studies. On the pathophysiological level,
Kondo et al. (98) found that in atrial samples from mostly non—diabetic patients with
IHD, higher SGLT1 expression was associated with increased NADPH oxidase—related
ROS production (98). In these myocardial samples, NADPH oxidase activation and
subsequent oxidative damage was suppressed by the least selective SGLT2 inhibitor
canagliflozin (which has a clinically relevant SGLT1 blocking effect), and this effect
seemed to be dependent on SGLT1 (98). On the clinical level, Tager et al. performed a
network meta—analysis of dedicated HF studies and calculated that the efficacy of
SGLT2 inhibitor therapy increases in conjunction with the prominence of SGLT1
inhibitory effect of the given agent (99). In other words, non-selective SGLT2
inhibitors with relevant SGLT1 inhibitory effect produce measurably greater clinical
benefit in patients with HF by reducing adverse HF-related events, as compared with
selective SGLT2 inhibitors.

Taken together, the totality of evidence points toward the direct pathophysiological role
of myocardial SGLT1 in developing and worsening HF, its pharmacological blockade
reduces nitro—oxidative stress and produces measurable clinical benefit in patients with
HF. Therefore, increase in myocardial expression of SGLT1 seems to be

pathophysiologically and clinically relevant.
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6. Conclusions

In the present studies, we found that LV SGLT1 expression is significantly upregulated
in patients with end-stage HF and in two distinct small animal models of severe HF. In
fact, SGLT1 is abundant in cardiomyocytes, mainly in the sarcolemma, therefore, it is
unlikely that a significant intracellular pool contributes to increased SGLT1 expression
in failing hearts. Higher LV SGLT1 expression positively correlates with LV dilation
and systolic dysfunction in human hearts. Such increased expression of LV SGLT1

correlates with the extent of myocardial nitro—oxidative stress in failing rat hearts.

In context of previous studies, our results might indicate that SGLT1 is a myocardial
tissue marker of LV dilation and systolic dysfunction. Given the fact that SGLT2
inhibitors non-specifically block SGLT1, such increased expression of SGLTL1 in
failing hearts might be clinically relevant. This might be reinforced by findings of a
recent meta—analysis of dedicated HF trials, which suggests that SGLT2 inhibitors with
more pronounced SGLT1 inhibitory effects result in significantly better clinical
outcomes as compared with highly specific agents. The absence of myocardial SGLT2
expression in human hearts might further underline the possible mediator role of
myocardial SGLT1 inhibition by these agents. Furthermore, it might also serve as an
explanation as to why deficient SGLT1 activity substantially reduces the risk of HF,
whereas patients with deficient SGLT2 activity derive no meaningful benefit compared

with unaffected controls.

Overall, myocardial SGLT1 might play an important pathophysiological role in HF and
might partially explain the salutary cardiovascular effects of SGLT2 inhibitors, which

needs to be further validated.
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7. Summary

The rapid success of the antidiabetic agents, SGLT2 inhibitors, in medical treatment of
HF regardless of T2DM led to speculations regarding the mechanisms of cardiovascular
benefit. Given that genetically reduced functional capacity of SGLT1 — but not that of
SGLT2 — is associated with lower risk of HF and mortality, non—specific inhibition of
SGLT1 by SGLT2 inhibitors has come under spotlight. Furthermore, a recent meta—
analysis found that SGLT2 inhibitors with more pronounced inhibitory effect on SGLT1
produce measurably greater clinical benefits in patients with HF, compared with highly
selective agents. These highlight the relevance of quantification of myocardial SGLT1

expression and its pathophysiological role in HF.

Leveraging the Transplantation Biobank of the Heart and Vascular Center, we
demonstrated on a relatively high number of LV samples that SGLT1 — but not SGLT2
— is highly expressed in cardiomyocytes of humans with end-stage HF, as well as in
non-failing control hearts. Immunohistochemical analyses revealed that cardiomyocytes
are the primary source of SGLT1 expression in the human myocardium, and its primary
location is likely the sarcolemma of cardiomyocytes. While the mRNA expressions of
GLUT1 and SGLT1 were similarly upregulated in humans with HF (except in HCM)
versus controls, the expression of these two glucose transporters showed no correlation.
Accordingly, only the expression of SGLT1 correlated significantly with the extent of
LV dilation and lower EF, even after adjusting for age, sex, and BMI. The higher
expression of SGLT1 in failing hearts was also evident on the protein level. At the same
time, we observed a reciprocal downregulation in the activating phosphorylation of the
survival kinase ERK1/2.

In two pathophysiologically distinct small animal models of HF, we corroborated our
findings in humans by showing a similar upregulation in LV SGLT1 protein expression
as compared with healthy controls. The expression of SGLT1 showed robust correlation
with that of the ROS—generating Nox4, and hence higher SGLT1 expression was
associated with increased nitro—oxidative stress in these failing rat hearts. Similar to
humans, our rodent studies suggest that the survival kinase ERK1/2 might be a negative

regulator of myocardial SGLT1 expression.
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7. Osszefoglalé

Az antidiabetikus SGLT2 inhibitorok gyors sikert arattak a szivelégtelenség (SZE)
szamos hatdsmechanizmus felmeriilt. A genetikai okokbol csokkent SGLT1 aktivitassal
€16 emberek esetében szamottevéen alacsonyabb a SZE kialakulasanak a rizikoja és az
Osszemortalitds, mig a csokkent SGLT2 aktivitassal él0 emberek esetében ez nem
figyelheté meg. Ebbdl adodoan reflektorfénybe keriilt az SGLT2 gatlok altal aspecifikus
moédon blokkolt SGLT1 jelentésége. Egy friss meta—analizis szerint azon SGLT2
inhibitorok, melyek nagyobb mértékben gatoljak az SGLTI1-et, szamottevéen jobb
klinikai kimenetellel kecsegtetnek a szelektiv agensekhez képest SZE betegekben.

A Varosmajori Sziv— és Ergyégyaszati Klinika Transzplantaciés Biobankjaban tarolt
szivmintakat felhasznalva nagy elemszamu betegcsoporton bemutattuk, hogy az SGLT1
nagymértékben expresszalédik kontroll ¢és SZE betegek bal kamrai (BK)
szivizommintaiban, mig SGLT2 expresszi6 nem detektalhatd. Immunhisztokémiai
analizisiink szerint a human miokardialis SGLT1 expresszi6 dontd részéért a
szivizomsejtek felelsek, elsddlegesen a szarkolemmara lokalizalva. Bar az SGLT1 és a
GLUTI mRNS expresszidja hasonld novekedést mutatott a SZE betegek BK-i
mintaiban (kivéve HCM-ben szenvedd betegek esetében), azok egymassal nem mutattak
Osszefliggeést. Csak az SGLT1 expresszid korrelalt szamottevéen a BK-i dilatacioval és
csokkent ejekcios frakcioval (EF), mely életkortol, nemtdl, és BMI-t6l fiiggetleniil
fennallt. A magasabb SGLT1 expresszio a SZE szivekben fehérje szinten is igazolhato
volt. Ezzel egyidoben az ERK1/2 aktivacios foszforilacigjanak reciprok csokkenését

figyeltiik meg.

Fenti human eredményeinket igazoltuk két patofizioldgiailag igen eltérd kisallat SZE
modellen, melyekben a BK-i SGLT1 expresszio szintén szamottevé emelkedést
mutatott egészséges kontrollokhoz képest. Az SGLTI expresszid nagymértékben
korrelalt az oxigéntartalmt szabad gyokoket termeld Nox4 fehérje expressziojaval, €s
igy a nagyobb mértékli miokardialis nitro-oxidativ stresszel. Human eredményeinkhez
ERK1/2 szignalizacidja gyengiil, mely igy az SGLT1 expresszié negativ regulatora
lehet.
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