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Aims Diabetic cardiomyopathy is a multifactorial disease characterized by an early onset of diastolic dysfunction (DD)
that precedes the development of systolic impairment. Mechanisms that can restore cardiac relaxation improving
intracellular Ca2þ dynamics represent a promising therapeutic approach for cardiovascular diseases associated to
DD. Istaroxime has the dual properties to accelerate Ca2þ uptake into sarcoplasmic reticulum (SR) through the SR
Ca2þ pump (SERCA2a) stimulation and to inhibit Naþ/Kþ ATPase (NKA). This project aims to characterize istarox-
ime effects at a concentration (100 nmol/L) marginally affecting NKA, in order to highlight its effects dependent on
the stimulation of SERCA2a in an animal model of mild diabetes.

....................................................................................................................................................................................................
Methods and
results

Streptozotocin (STZ) treated diabetic rats were studied at 9 weeks after STZ injection in comparison to controls
(CTR). Istaroxime effects were evaluated in vivo and in left ventricular (LV) preparations. STZ animals showed (i)
marked DD not associated to cardiac fibrosis, (ii) LV mass reduction associated to reduced LV cell dimension and
T-tubules loss, (iii) reduced LV SERCA2 protein level and activity and (iv) slower SR Ca2þ uptake rate, (v) LV ac-
tion potential (AP) prolongation and increased short-term variability (STV) of AP duration, (vi) increased diastolic
Ca2þ, and (vii) unaltered SR Ca2þ content and stability in intact cells. Acute istaroxime infusion (0.11 mg/kg/min for
15 min) reduced DD in STZ rats. Accordingly, in STZ myocytes istaroxime (100 nmol/L) stimulated SERCA2a activ-
ity and blunted STZ-induced abnormalities in LV Ca2þ dynamics. In CTR myocytes, istaroxime increased diastolic
Ca2þ level due to NKA blockade albeit minimal, while its effects on SERCA2a were almost absent.

....................................................................................................................................................................................................
Conclusions SERCA2a stimulation by istaroxime improved STZ-induced DD and intracellular Ca2þ handling anomalies. Thus,

SERCA2a stimulation can be considered a promising therapeutic approach for DD treatment.
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1. Introduction

Diabetes affects more than 300 million people globally and type 1 diabe-
tes (T1D) accounts for up to 10% of cases.1 Heart failure (HF) is the pre-
dominant cardiovascular complication of diabetes and represents the
leading cause of morbidity and mortality. Diabetic cardiomyopathy
(DCM) is a complex and multifactorial disease characterized by an early
onset of diastolic dysfunction (DD), which precedes the development of
systolic impairment.2–5

The molecular and pathophysiological mechanisms underlying diabe-
tes include abnormalities in the regulation of Ca2þ homeostasis in cardi-
omyocytes and the consequent alteration of ventricular excitation–
contraction coupling. In the diabetic heart, a dysregulation of Ca2þ cy-
cling includes a reduction of SERCA2 activity, which may be accompa-
nied by a decreased SERCA2 protein expression (mostly SERCA2a
isoform).6,7 A key role in the regulation of SERCA2a activity is played by
phospholamban (PLN), a protein that behaves like its endogenous inhibi-
tor when it is in its non-phosphorylated state.8 In most diabetic models,
PLN expression level appears increased while its phosphorylation state
is reduced, thus, contributing to the inhibition of SERCA2a function.6–8

This defect generates an impairment of sarcoplasmic reticulum (SR)
Ca2þ refilling that results in slow diastolic relaxation. An abnormal Ca2þ

distribution may facilitate cardiac arrhythmias appearance and myocyte
apoptosis.9,10

Therefore, SERCA2a may represent a molecular target for a pharma-
cological intervention aimed at increasing the mechanical function and
the energetic efficiency of the diabetic heart characterized by a defective
SR Ca2þ loading. To date, the current medications have shown a limited
efficacy in preventing the progression to HF in patients with DCM and di-
abetic complications.10–12 New hypotheses have been recently pro-
posed in HF aimed at improving cardiac contractility,13–19 however, all
these attempts are still far from being considered as beneficial treatment
options available for clinicians and the treatment of HF and DCM
remains an open field of research. The development of a small molecule
as SERCA2a activator represents a promising strategy for HF and DCM
treatment. Along this line, istaroxime is the first-in-class original luso-ino-
tropic agent, shown to be highly effective and safe in patients.20

Istaroxime is endowed of a double mechanism of action that consists in
the ability to inhibit Naþ/Kþ ATPase (NKA) and enhance SERCA2a
ATPase activity,21 this last obtained through the relief of PLN inhibitory
effect on SERCA2a,22 without inducing spontaneous Ca2þ release (SCR)
from SR.21,23 In healthy and failing animal models and in patients with
acute HF syndrome, istaroxime improves systolic and diastolic perfor-
mance20,24–28 and efficiency of cardiac contraction with a low oxygen
consumption,26 minimizing the risk of arrhythmias or ischaemia, without
affecting other cardiovascular functions.29–32

In this study, we characterized the streptozotocin (STZ) model on dif-
ferent levels of biological organization, such as: (i) in vivo, to evaluate
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STZ-induced DD, (ii) in isolated left ventricular (LV) cardiomyocytes, to
evaluate structure, intracellular Ca2þ (Ca2þ

i) dynamics, electrical activ-
ity, and (iii) in LV and renal preparations (cell-free systems) to assess
SERCA2a and NKA activity. We tested whether SERCA2a stimulation
by a small molecule can improve the altered Ca2þ

i handling responsible
for the DD in STZ-treated rats. To this end, istaroxime was tested (i)
in vivo after iv infusion in STZ rats, (ii) in LV myocytes at a concentration
marginally affecting NKA to highlight its effects mostly dependent on
SERCA2a stimulation, and (iii) in the cell-free systems.

2. Methods

All experiments involving animals (methods detailed in the online
Supplementary material) conformed to the guidelines for Animal Care
endorsed by the University of Milano-Bicocca and to the Directive 2010/
63/EU of the European Parliament on the protection of animals used for
scientific purposes. Male Sprague Dawley rats (150–175 gr) were used
to generate a STZ-induced T1D cardiomyopathy model according to
the Health Minister of Italy permission.

2.1 STZ rat model
T1D was induced through a single STZ (Sigma-Aldrich, 50 mg/kg) injec-
tion into a rat-tail vein; littermate control (CTR) rats received only cit-
rate buffer (vehicle). Overnight fasting or non-fasting glycaemia was
measured after 1 week by Contour XT system (Bayer). Animals were
considered diabetic with fasting glycaemia values >290 mg/dL.

2.2 Echocardiography
Eight weeks after vehicle/STZ injection, rats were submitted to a trans-
thoracic echocardiographic and Tissue Doppler evaluation, performed
under urethane anaesthesia (1.25 g/kg i.p.) (M9 Mindray Echographer
equipped with a 10 MHz probe, P10-4s Transducer, Mindray, China).
Systolic and diastolic parameters were measured in CTR and diabetic
(STZ) animals by a blinded investigator. Details are shown in the online
Supplementary material.

A group of STZ rats was subjected to istaroxime infusion at 0.11 mg/
kg/min for 15 min accordingly to a previous study.25 Drug was infused
through a polyethylene 50 cannula inserted into a jugular vein under ure-
thane anaesthesia. Echocardiographic and Tissue Doppler parameters
were measured under basal condition (before) and following 15 min
istaroxime administration.

2.3 Morphometric parameters
Rats were euthanized by cervical dislocation under anaesthesia with ke-
tamine-xylazine (130–7.5 mg/kg i.p) 9 weeks after STZ injection. Body
weight (BW), heart weight (HW), LV weight (LVW), and kidney weight
(KW) were measured. Body weight gain (BW gain) was obtained by sub-
tracting the initial BW from the BW at sacrifice. HW and KW were nor-
malized to tibia length (TL) to assess respectively cardiac and kidney
indexes in CTR and STZ groups.

2.4 Myocyte dimensions and T-tubules (TT)
analysis
Sarcolemmal membranes were stained by incubating isolated LV myo-
cytes with 20 lmol/L di-3-ANEPPDHQ33 (Life Technologies, Carlsbad,
United States) to measure cell dimensions and TT organization/periodic-
ity by a method based on Fast Fourier Transform.34

2.5 SERCA2a and Naþ/Kþ pump (NKA)
activity measurement
SERCA2a activity was measured in vitro as 32P-ATP hydrolysis at different
Ca2þ concentrations (100–3000 nmol/L) in heart homogenates as previ-
ously described.25 Ca2þ concentration–response curves were fitted by
using a logistic function to estimate SERCA2a Ca2þ affinity (Kd Ca2þ)
and Vmax.

NKA activity was assayed in vitro by measuring the release of 32P-ATP,
as previously described.35 The concentration of compound causing 50%
inhibition of the NKA activity (IC50) was calculated by using a logistic
function.

2.6 Intracellular Naþ and Ca2þ dynamics
Intracellular Naþ (Naþ i) and Ca2þ (Ca2þ

i) dynamics were evaluated by
incubating LV myocytes with the membrane-permeant form of the dyes
Ion NaTRIUM Green-2 AM (5 mmol/L) and Fluo4-AM (10 lmol/L),
respectively.

Naþ i dynamics were monitored in I-clamp under physiological condi-
tion (Tyrode’s solution) and in V-clamp under modified Tyrode’s solu-
tion suitable to measure NKA current (INKA) at the same time.

Ca2þ
i dynamics were analysed in field stimulated (2 Hz) and in patch-

clamped myocytes. In field stimulated cells, SR Ca2þ loading and stability
were evaluated through a post-rest potentiation protocol
(Supplementary material online, Figure S1). Ca2þ transient (CaT) parame-
ters and SR Ca2þ content (CaSR) were estimated at steady state (2 Hz)
and following caffeine (10 mmol/L) superfusion, respectively. Moreover,
incidence of SCR events was evaluated in each group during resting
pauses and diastole.

To better highlight changes in Ca2þ
ihandling not affected by modifica-

tions on electrical activity, Ca2þ
i dynamic was also evaluated in voltage-

clamped cells. Firstly, action potential (AP) clamp experiments were per-
formed to verify whether CaT amplitude and CaSR were dependent on
AP durations (APDs). To this end, two AP waveforms were used to dy-
namic voltage clamp STZ myocytes: a ‘short AP’ and a ‘long AP’ repre-
sentative of the CTR and STZ group in terms of AP characteristics,
respectively. Ca2þ

i dynamics were then evaluated in voltage-clamped
cells by standard V-clamp protocols.

Finally, to estimate SR uptake function in the absence of Naþ/Ca2þ ex-
changer (NCX) and NKA function, SR reloading protocol was applied in
V-clamped cells by removing Naþ from both sides of the sarcolemma
(Supplementary material online, Figure S2).21 Kinetics of SR Ca2þ reload-
ing was evaluated; in particular, we considered the time constant of CaT

decay (sdecay) reflecting in this setting Ca2þ transport rate across the SR
membrane, a functional index of SERCA2a activity.

2.7 Ca2þ sparks rate and characteristics
Spontaneous unitary Ca2þ release events (Ca2þ sparks) were recorded
at room temperature in Fluo 4-AM (10 mmol/L) loaded myocytes at rest-
ing condition. Tyrode’s bath solution contained 1 mmol/L CaCl2.

2.8 AP rate-dependency and variability
APs were recorded in I-clamp condition by pacing myocytes at 1, 2, 4,
and 7 Hz under Tyrode superfusion. Rate-dependency of APD at 50%
(APD50) and 90% (APD90) of repolarization and diastolic potential
(Ediast) were evaluated at steady state. Moreover, at each rate, a mini-
mum of 30 APs were recorded at steady state to evaluate the short-
term variability (STV) of APD90, a well-known pro-arrhythmic index,36

according to Eq. (1):

1022 E. Torre et al.
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STV ¼

X
ðjAPDðnþ1Þ � APDnjÞ=½nbeats � �2� (1)

Incidence of delayed afterdepolarizations (DADs) was evaluated.

2.9 Statistical analysis
Normal distribution of the results was checked by using the Shapiro–
Wilk test. Paired or unpaired Student’s t-test, one-way or two-way
ANOVA were applied as appropriate test for significance between
means. Post hoc comparison between individual means was performed
by Tukey or Sidak multiple comparison tests. v2 test was used for com-
parison of categorical variables. Results are expressed as mean ± SEM.
A value of P < 0.05 was considered significant.

Except when specified, in vitro istaroxime effects were analysed by in-
cubating cells with the drug for at least 30 min, thus group comparison
analysis was performed. Number of animals (N) and cells (n) are shown
in each figure legend.

3. Results

3.1 Morphometric parameters
Diabetic rats were obtained by a single injection of STZ (50 mg/kg) into a
tail vein and were compared to CTR rats receiving only vehicle. Fasting
and non-fasting glycaemia increased significantly 1 week after STZ admin-
istration (Table 1).

At the time of STZ administration, BW was comparable among CTR
and STZ groups (data not shown), while 9 weeks after STZ infusion,
BW gain was largely different among groups because of a BW signifi-
cantly lower in STZ than in CTR. TL was also measured as a rat growth
index and resulted slightly reduced in STZ compared to CTR. HW was
significantly lower in STZ than in CTR, even when HW was normalized

to TL. Analogously, LVW normalized to HW, was significantly reduced
in STZ in comparison to CTR. Likewise, LV cell length, volume, cross-
sectional area (CSA), and cell membrane capacitance (Cm), a further in-
dex of cell dimension, were significantly reduced in STZ in comparison
to CTR. Conversely, KW did not differ between the two groups, but
KW/TL ratio resulted modestly increased in STZ rats vs. CTR, suggesting
STZ-induced kidney hypertrophy (Table 1).

It was further investigated whether the decrease of cardiac weight/
mass observed in STZ rats might be associated with cardiac fibrosis de-
position. To this end, a western blot analysis for collagen type 1 and ma-
trix metallopeptidase 9 (MMP-9) protein expression level was
conducted on LV homogenates from CTR and STZ rats (Supplementary
material online, Figure S3). The results indicate that any significant differ-
ence of collagen type 1 and MMP-9 protein content could be detected
between the two rat groups.

3.2 STZ induces DD, reverted by acute
istaroxime infusion
The echocardiographic parameters were measured in CTR and STZ rats
8 weeks after STZ injection (Table 2). Wall thickness for the interventric-
ular septum (IVST) and posterior wall (PWT) both in diastole and sys-
tole did not differ between CTR and STZ rats. Analogously, LV end-
diastolic and systolic diameter (LVEDD, LVESD) remained unchanged.
The calculated fractional shortening (FS) did not differ while the TDI
contraction velocity (s’) was reduced in STZ animals when compared to
CTR, thus suggesting an overall systolic function only partially compro-
mised in STZ rats at this stage (Table 2).

The transmitral Doppler parameters were altered in STZ rats indicat-
ing an impairment of diastolic function. In particular, in STZ rats, while
early (E) peak diastolic velocity was unchanged, E wave deceleration
time (DT) was prolonged, thus, the mitral deceleration index (DT/E) and
the deceleration slope (E/DT) tended respectively to increase and de-
crease; late peak diastolic velocity (A) was significantly increased and
thus, E/A ratio resulted significantly reduced. Tissue Doppler examina-
tion showed in STZ rats a significant reduction of early diastolic myocar-
dial velocity (e’) and a significant increase of late diastolic myocardial
velocity (a’), similarly to A wave. Thus, a significant reduction of e’/a’ ratio
and increase of the E/e’ ratio was observed in STZ rats in comparison to
CTR (Table 2).

The overall cardiac function indicated that stroke volume (SV), ejec-
tion fraction (EF), and cardiac output (CO) were not significantly affected
in STZ rats although heart rate (HR) was reduced. Echocardiographic
data mostly indicate that, at this time point, STZ induced a DCM charac-
terized by DD and mostly preserved systolic function. Furthermore, the
diastolic impairment observed in STZ rats at this early stage was not as-
sociated with cardiac fibrosis (Supplementary material online, Figure S3).

To analyse early in vivo effects of istaroxime in reducing STZ-induced
DD, istaroxime was infused in STZ rats at 0.11 mg/kg/min25 and echocar-
diographic parameters were collected 15 min later. The results (Table 2)
showed that the compound was able to revert the DD documented in
STZ rats with a significant reduction of DT and DT/E and an increase of
E/DT and e’. No effect on CO, SV, and HR was observed following istar-
oxime infusion at this early time point (Table 2). Moreover, to exclude
changes due to time dependent effects of urethane, echocardiographic
parameters were collected every 5 min in a set of animals not treated
with the drug. Up to 20 min in urethane anaesthesia, diastolic and systolic
parameters remained constant (Supplementary material online, Figure
S4). It should be noted that in a parallel study, we estimated istaroxime

......................................................................................................

Table 1 Glycaemia values, morphometric parameters,
and LV cell dimensions

CTR STZ P vs. CTR

Fasting glycaemia (mg/dL) 94±2 390±14 *

Non-fasting glycaemia (mg/dL) 126±4 560±8 *

BW (g) 400±7 202±6 *

BW gain (g) 230±14 26±8 *

HW (g) 1.65±0.08 1.03±0.03 *

TL (cm) 4.3±0.02 3.63±0.03 *

HW/BW (g/kg) 4.11±0.17 5.16±0.11 *

HW/TL (g/cm) 0.40±0.03 0.28±0.009 *

LVW/HW (%) 67.9±1.0 63.4±0.7 *

KW (g) 2.23±0.05 2.19±0.07 NS

KW/TL (g/cm) 0.52±0.01 0.6±0.02 *

LV cell length (mm) 136±2.8 120±2.1 *

LV cell volume (103 mm3) 65±1.9 37±1.03 *

LV CSA (um2) 482±13.8 309±7.5 *

LV Cm (pF) 179±6 136±4 *

BW, Body weight; HW, heart weight; KW, kidney weight; LVW, left ventricular
weight; TL, tibia length.
Morphometric parameters: CTR N =15–21, STZ N =23–34. Cell dimensions
(length, volume, and CSA): CTR N =4 (n =58), STZ N =6 (n =108). Cell mem-
brane capacitance (Cm): CTR N =12 (n =75), STZ N =13 (n =83).
*P<0.05 vs. CTR (unpaired t-test).

SERCA2a stimulation by istaroxime in STZ-treated rats 1023
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plasma level in male rats after 1 hour infusion at 0.11 mg/kg/min, resulting
780 nmol/L (N = 3, unpublished data); this suggests that drug concentra-
tion at 15 min infusion should be reasonably around 200 nmol/L.

3.3 Istaroxime affinity for rat NKA
To identify the in vitro istaroxime concentration suitable to limit its effects
dependent on NKA inhibition, INKA was isolated in CTR rat LV myocytes
and the concentration–response curve for istaroxime was evaluated as
previously shown for guinea-pig30 and mouse myocytes.23 A saturating
concentration of ouabain (1 mmol/L) was used (Supplementary material
online, Figure S5) to evaluate the INKA inhibition by istaroxime as percent-
age of the ouabain-induced change. Moreover, a subgroup of cells was in-
cubated with Ion NaTRIUM Green-2 to monitor Naþ i changes under
istaroxime or ouabain superfusion. The estimated IC50 for INKA inhibition
by istaroxime was 32 ± 4 mmol/L (Figure 1A); a similar value was detected
in cardiac (84 ± 20 mmol/L) (inset Figure 1A) and renal preparations
(55 ± 19 mmol/L, Supplementary material online, Figure S6). Moreover,
while NKA inhibition by 100 nmol/L istaroxime was detectable by mea-
suring INKA in isolated myocytes (-6.9 ± 1.2%, P < 0.05, N = 14),

istaroxime effects on NKA were not detectable up to 1 mmol/L in car-
diac and renal preparations.

In isolated rat ventricular myocytes Naþ i increased slightly under cu-
mulative istaroxime concentrations (20 mmol/L istaroxime þ2.2 ± 0.7%,
P < 0.05, N = 5), while it was evident under saturating ouabain concen-
tration (þ8 6 ± 1.4%, P < 0.05, N = 5) (Figure 1A).

Consistently with the aim of the study, istaroxime effects on STZ-
induced changes were evaluated by testing the compound at concentra-
tions marginally affecting NKA (100 or 500 nmol/L).

3.4 STZ induces SERCA2a down-regulation
and TT loss
LV homogenates from CTR and STZ rats were used to measure
SERCA2a and PLN protein level by western blot analysis.
Representative western blots from CTR and STZ samples and the rela-
tive densitometric analysis indicized for actin content are shown in
Figure 1B. SERCA2a protein expression resulted significantly reduced in
STZ vs. CTR samples (-45%, P < 0.001); while monomeric (m) PLN lev-
els were unchanged, pentameric (p) PLN levels were slightly increased
(þ22%, P < 0.05). As a consequence, both mPLN/SERCA2a and pPLN/
SERCA2a ratio were significantly increased (þ89% and þ128%, respec-
tively, P < 0.001), suggesting higher SERCA2a inhibitory activity by PLN
in STZ group. Moreover, in STZ samples, while the fraction of phosphor-
ylated Thr17-mPLN (pThr17-mPLN/mPLN) resulted unchanged, the frac-
tion of phosphorylated Ser16-mPLN (pSer16-mPLN/mPLN) was reduced
(-42%, P < 0.05), thus highlighting reduced PKA-dependent SERCA2a
modulation in STZ. Most of these measurements were also performed
in isolated LV myocytes showing comparable results as those shown in
LV homogenates (Supplementary material online, Figure S7).

SERCA2a activity was measured in cardiac SR homogenates from
CTR and STZ rats as 32P-ATP hydrolysis assay (Figure 1C). In comparison
to CTR preparations, SERCA2a Vmax was significantly decreased (-25%,
P < 0.05) in STZ, while the Kd Ca2þ did not differ (Supplementary mate-
rial online, Figure S8). Overall, SERCA2a protein level and activity were
reduced in STZ preparations, a result in line with echocardiographic
parameters showing STZ-induced DD.

Disarray of the TT system has been described in several failure models
and was generally characterized by loss of the transverse component. A
sharp pattern of transverse striations was observed in CTR myocytes
(Figure 1D); accordingly, in these myocytes, pixel variance was largely
represented by the periodic component, whose period was consistent
with transverse TT arrangement. LV disarray of the transverse TT was
visually obvious in STZ myocytes, a result confirmed by the quantitative
analysis of the power of the periodic component (Figure 1D).

3.5 Istaroxime effects on STZ-induced
changes in Ca2þ dynamics
Istaroxime (500 nmol/L) stimulated SERCA2a activity in cardiac SR
homogenates from STZ diabetic rats by increasing SERCA2a Vmax

(þ25%, P < 0.01) to a value similar to CTR rats (Figure 1C) without affect-
ing the Kd Ca2þ affinity (575 ± 98 nmol/L vs. 450 ± 51 nmol/L, NS,
Supplementary material online, Figure S8). Conversely, in CTR rat prepa-
rations, Vmax (Figure 1C) and Kd Ca2þ(Supplementary material online,
Figure S8) parameters were unchanged in the presence of istaroxime.

Istaroxime effects on STZ-induced DD were then evaluated at the cel-
lular level by measuring the SR ability to accumulate resting Ca2þ through
a post-rest potentiation protocol in field stimulated myocytes. As shown
in Figure 2A, following increasing resting pauses, the amplitude of the first

......................................................................................................

Table 2 Echocardiographic and tissue Doppler parameters

CTR STZ

basal

STZ 1

istaroxime

IVSTd (mm) 1.9±0.09 1.81±0.12 1.88±0.12

PWTd (mm) 1.71±0.17 1.45±0.08 1.47±0.07

LVEDD (mm) 6.6±0.35 7.08±0.32 7.27±0.23

IVSTs (mm) 2.6±0.22 2.54±0.18 2.57±0.19

PWTs (mm) 2.71±0.2 2.52±0.1 2.55±0.21

LVESD (mm) 3.07±0.39 3.11±0.28 3.1±0.34

FS (%) 53.8±5.66 56.2±2.4 57.7±3.7

E (m/s) 0.88±0.03 0.89±0.05 0.95±0.05

A (m/s) 0.52±0.07 0.7±0.03* 0.81±0.05**

E/A 1.82±0.21 1.26±0.03* 1.18±0.05

DT (ms) 53.5±1.55 61±2.17* 48.4±3.8**

DT/E (10-3 s2/m) 61.3±1.43 69.3±4.5 52.2±5.6**

E/DT (103 m/s2) 16.3±0.35 14.7±0.9 20.8±2.8**

s’ (mm/s) 33.2±1.18 24.8±1.19* 25.2±1.11

e’ (mm/s) 26.7±1.73 21.2±0.63* 24.5±1.46**

a’ (mm/s) 20.7±1.61 27.8±1.99* 31.1±2

e’/a’ 1.31±0.063 0.77±0.03* 0.79±0.02

E/e’ 33.2±1.56 42.3±2.43* 39.1±1.57

HR (bpm) 303±9.5 233±10* 240±13

SV (mL) 0.59±0.1 0.73±0.08 0.78±0.05

CO (mL/min) 179.8±30.3 170.2±17 186.9±15

EF (%) 83.6±3.2 89.9±1.6 90.2±2.3

N 7 7 7

Average values in CTR and STZ animals before (basal) and after infusion with
istaroxime at 0.11 mg/kg/min for 15 min.
A, a’, late diastolic peak velocity; CO, cardiac output; DT, deceleration time; E, e’,
early diastolic peak velocity; EF, ejection fraction; FS, fractional shortening; HR,
heart rate; IVSTd, telediastolic interventricular septum thickness; IVSTs, telesys-
tolic interventricular septum thickness; LVEDD, left ventricular early-diastolic di-
ameter; LVESD, left ventricular early-systolic diameter; PWTd, telediastolic
posterior wall thickness; PWTs, telesystolic posterior wall thickness; s’, systolic
peak velocity; SV, stroke volume.
*P<0.05 vs. CTR (unpaired t-test),
**P<0.05 vs. STZ basal (paired t-test). CTR N=7, STZ N=7.
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..CaT increased progressively in CTR myocytes; according to STZ-induced
SERCA2a down-regulation, post-rest potentiation was reduced in STZ
myocytes at all resting intervals. Istaroxime at 100 nmol/L failed to affect
post-rest potentiation in CTR myocytes, while it improved the ability of
SR to accumulate Ca2þ especially at long resting pauses in STZ myocytes,
in agreement with its stimulatory action on SERCA2a.

At steady-state, STZ increased diastolic Ca2þ (CaD) and CaT decay time
(t0.5), while leaving unchanged CaT amplitude and CaSR (Figure 2B and C).
Istaroxime (100 nmol/L) significantly increased CaD in CTR myocytes, while
blunted STZ-induced CaD enhancement in STZ myocytes. This was fur-
therly appreciable monitoring the time course of CaD enhancement during
the SR reloading process following caffeine superfusion (Figure 2D). On the
other hand, CaT amplitude, decay kinetics, and CaSR were not significantly af-
fected by istaroxime in both CTR and STZ myocytes. Overall, STZ-induced
SERCA2a down-regulation resulted in cytosolic CaD enhancement probably

due to a reduced ability of SR to compartmentalize Ca2þ into the SR; how-
ever, SR Ca2þ content was preserved. In parallel, the effect of istaroxime on
CaD in CTR myocytes was likely attributable to a partial NKA blockade, that
was blunted in STZ myocytes by the simultaneous action on SERCA2a.

SCR events were evaluated in CTR and STZ cells. SCR events were
absent in CTR while a not significant number of events occurred in STZ
myocytes; istaroxime not affected their incidence in both CTR and STZ
myocytes.

3.6 STZ induces changes in electrical
activity affecting Ca2þ

i dynamics. Analysis
of istaroxime effects
Potential changes in electrical activity in STZ myocytes might mask
expected changes directly resulting from SERCA2a down-regulation
(e.g. changes in CaSR).

Figure 1 Istaroxime affinity for rat NKA. Changes in SERCA2, PLN levels, and TT expression in STZ vs. CTR rats. (A) Top: recordings of NKA current
(INKA) and Ion NaTRIUM Green-2 fluorescence (Hp -40 mV) during exposure to increasing concentrations of istaroxime and, finally, to 1 mmol/L ouabain
(OUA). Bottom: concentration-dependent INKA inhibition by istaroxime in isolated CTR LV myocytes (the best logistic fit and confidence intervals are
shown, N = 5, n = 6–27). Concentration-dependent NKA activity inhibition by istaroxime and OUA in cardiac preparations is shown in the inset (N = 5).
(B) Left: western blot for SERCA2, monomeric (m) and pentameric (p) PLN, pSer16-PLN and pThr17-PLN in STZ (N = 6,7) and CTR (N = 5,6) cardiac
homogenates. Right: densitometric analysis; values are expressed as optical density in arbitrary units. *P<0.05 vs. CTR (unpaired t-test). (C) Left: Ca2þ acti-
vation curves of SERCA2a activity measured as cyclopiazonic acid sensitive component in cardiac SR homogenates from CTR (N = 8) and STZ (N = 10)
rats with or w/o 500 nmol/L istaroxime. Right: statistics of the maximum velocity (Vmax) of the Ca2þ activation curves estimated by sigmoidal fitting.
*P<0.05 vs. CTR (unpaired t-test), #P<0.05 vs. STZ (paired t-test). (D) Top: confocal images of di-3-ANEPPDHQ (20 mmol/L) loaded CTR and STZ myo-
cytes (horizontal bars 2 mm). Bottom: mean power spectrum profile of TT in CTR (N = 5, n = 114) and STZ (N = 9, n = 181) group; average results of
the power of the periodic component on the right. *P<0.05 vs. CTR (unpaired t-test).

SERCA2a stimulation by istaroxime in STZ-treated rats 1025
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..Thus, to verify STZ-induced changes in electrical activity, AP rate-de-
pendency was evaluated in STZ myocytes in comparison to CTR. STZ
induced a significant APD prolongation at all stimulation rates (Figure 3A),
accordingly to voltage-dependent Kþ channels down-regulation.37,38

Moreover, rate-dependency of Ediast observed in CTR myocytes was
absent in STZ myocytes, probably due to STZ-induced NKA down-
regulation.39 In both CTR and STZ myocytes, istaroxime at 100 nmol/L
not affected APD, while slightly depolarized Ediast especially in STZ myo-
cytes (Figure 3A).

All these measurements were done following istaroxime incubation
for at least 30 min to allow drug accumulation inside the cell and stimu-
late SERCA2a. On the other hand, to better understand drug effects on
Ediast, likely attributable to NKA inhibition, a group of CTR myocytes

were loaded with Ion NaTRIUM Green-2 and membrane potential plus
Naþ i were simultaneously recorded at 7 Hz (to highlight the contribu-
tion of NKA to Ediast) under basal condition and following istaroxime
(100 nmol/L) superfusion; ouabain at saturating concentration was also
tested as reference compound inhibiting NKA (Figure 3B). Istaroxime at
100 nmol/L slightly depolarized Ediast (D-0.58 ± 0.1 mV, n = 8, P < 0.05)
in comparison to ouabain superfusion (D-13.5 ± 1.2 mV, n = 13,
P < 0.05); in parallel, a significant Naþ i enhancement was detectable dur-
ing ouabain only (þ3 ± 0.5% n = 13, P < 0.05).

Overall, as expected, STZ treatment largely affects ion channels and
pumps resulting in AP shape changes; istaroxime at 100 nmol/L substan-
tially leaved unchanged STZ-induced AP changes and further slightly
depolarized Ediast, resulting from a minimal (about -7%) NKA inhibition.

Figure 2 STZ-induced changes in Ca2þ
i dynamics in field stimulated myocytes. Analysis of istaroxime effects. (A) Left: post-rest potentiation protocol

in Fluo4 field stimulated (2 Hz) myocytes; steady state Ca2þ transients (ssCaT) and superimposed first Ca2þ transients (1st CaT) following increasing rest-
ing pauses (1–5–10–20 s) are reported in CTR and STZ myocytes, with or w/o 100 nmol/L istaroxime. Traces were normalized to own diastolic Ca2þ

(CaD) level (dotted lines). Right: analysis of the 1st CaT amplitude normalized to the amplitude of the pre-pause ssCaT and its pause-dependency. CTR N
= 5 (w/o istaroxime n = 44, with istaroxime n = 34), STZ N = 3 (w/o istaroxime n = 35, with istaroxime n = 23). *P<0.05 vs. CTR w/o istaroxime;
#P<0.05 vs. STZ w/o istaroxime (two-way ANOVA plus post hoc Sidak’s multiple comparisons). (B) ssCaT and caffeine-induced CaT evocated in field
stimulated CTR and STZ myocytes with or w/o 100 nmol/L istaroxime (the dotted line indicates the CaD in CTR w/o istaroxime). (C) Statistics for ssCaD,
ssCaT amplitude, caffeine-induced CaT (named CaSR), and ssCaT half decay time (t0.5). CTR N = 5 (n = 36 w/o istaroxime, n = 31 with istaroxime), STZ N
= 7 (n = 52 w/o istaroxime, n = 42 with istaroxime). *P<0.05 vs. CTR w/o istaroxime (one-way ANOVA plus post hoc Tukey’s multiple comparisons). (D)
Changes in CaD during the reloading process after caffeine-induced SR depletion. CaD values (CaD,n) were normalized to the 1st pulse CaD (CaD,1). CTR
N = 5 (n = 36 w/o istaroxime, n = 29 with istaroxime), STZ N = 7 (n = 49 w/o istaroxime, n = 43 with istaroxime).

1026 E. Torre et al.
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..The STV of APD was evaluated in all groups, as a well-known pro-ar-
rhythmic index. In comparison to CTR, STZ increased STV of APD at all
pacing rates (Figure 3C); in both CTR and STZ myocytes, STV was not
significantly affected by istaroxime, even though tended to be reduced in
STZ myocytes. As expected, STV was directly correlated to APD90 in all
groups; the slope of this correlation tended to increase in STZ group
without reaching statistical significance (0.016 vs. 0.012, NS) and it was
not significantly affected by istaroxime in both groups. These results sug-
gest the absence of major mechanisms other than APD prolongation sig-
nificantly affecting STV in all groups.37

Likewise to SCR incidence, DADs were completely absent in CTR
myocytes and were present only in few cells in STZ groups (data not
shown).

Given the STZ-induced APD prolongation, we verified if APD could
effectively affect Ca2þ

i handling in STZ myocytes. To this end, AP-clamp
measurements were performed (Figure 4A). CaT were evocated in the
same cell by using as voltage commands waveforms named ‘short’ AP

(CTR AP) and ‘long’ AP (STZ AP) (see Section 2). In comparison to the
short AP waveform, the long AP one caused a huge increase in CaT am-
plitude (þ66 ± 9.4%, P < 0.05) and CaSR (þ36 ± 9.8%, P < 0.05), confirm-
ing the hypothesis that the prolonged AP in STZ myocytes affected
Ca2þ

i handling.

3.7 STZ-induced Ca2þ
i handling changes

under control of membrane potential are
reverted by istaroxime SERCA2a
stimulation
To clarify direct effects of SERCA2a down-regulation and its stimulation
by istaroxime on Ca2þ

i handling, analysis on voltage-clamped myocytes
was performed (Figure 4B) through a standard V-clamp protocol. Cells
were superfused with Tyrode’s solution to allow evaluation of both SR
and NCX function. As shown in Figure 4B, STZ induced CaT and CaSR am-
plitude reduction, leaving unchanged fractional release. Influx through L-

Figure 3 STZ-induced changes in electrical activity. Analysis of istaroxime effects. (A) Top: representative AP recorded at 1 Hz in CTR and STZ myo-
cytes with or w/o 100 nmol/L istaroxime. Bottom: rate-dependency of AP parameters (APD50, APD90, Ediast) in CTR and STZ myocytes with or w/o
100 nM istaroxime. CTR N = 4 (n = 29 w/o istaroxime, n = 25 with istaroxime), STZ N = 3 (n = 24 w/o istaroxime, n = 19 with istaroxime). *P<0.05 vs.
CTR w/o istaroxime, #P<0.05 vs. STZ w/o istaroxime (two-way ANOVA plus post hoc Sidak’s multiple comparisons). (B) Effects of 100 nmol/L istaroxime
superfusion on Ediast (top, AP y axis zoomed to highlight changes) and Naþi (bottom) in comparison to the effect of 1 mmol/L OUA in CTR myocytes
loaded with Ion Natrium Green-2 and stimulated at 7 Hz. (C) Top: rate-dependency of APD90 STV in each experimental group. CTR N = 4 (n = 27 w/o
istaroxime, n = 21 with istaroxime), STZ N = 3 (n = 24 w/o istaroxime, n = 20 with istaroxime). *P<0.05 vs. CTR w/o istaroxime (two-way ANOVA plus
post hoc Sidak’s multiple comparisons). Bottom: linear correlation between STV of APD90 and APD90 values in CTR and STZ groups; data from all stimula-
tion rates were pooled.

SERCA2a stimulation by istaroxime in STZ-treated rats 1027
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..type Ca2þ channels (CaL influx) was not affected in STZ group, leading to
an excitation–release (ER) gain that tended to be reduced in comparison
to CTR. Moreover, in STZ myocytes, ICaL peak density at 0 mV was signif-
icantly reduced, but the current decay tended to be slower; in particular,
the fast decay time constant (sfast), reflecting Ca2þ-dependent inactiva-
tion, tended to increase in comparison to CTR myocytes (Supplementary
material online, Figure S9). Thus, all ICaL changes justify a global unaltered
Ca2þ influx in STZ myocytes under these settings. Finally, the slope of the
linear correlation between NCX current (INCX) and the CaSR (DINCX/
DCaSR) was similar in CTR and STZ myocytes (Supplementary material
online, Figure S10), suggesting that SERCA2a down-regulation was not as-
sociated to changes in NCX activity in STZ myocytes. Treatment of STZ
myocytes with istaroxime blunted differences between CTR and STZ.

Lastly, to estimate SR Ca2þ uptake function in the absence of NCX
and NKA function, SR reloading protocol was applied in V-clamped cells
by removing Naþ from both sides of the sarcolemma as previously de-
scribed.21 As shown in Figure 4C, after SR depletion by caffeine superfu-
sion, in comparison to CTR myocytes, the SR reloading process was
slower in STZ myocytes, clearly confirming the SERCA2a down-regula-
tion. In particular, in STZ myocytes, the rate of CaT increment was re-
duced and this was associated with a slower enhancement of the ER-
gain. Moreover, the decay time constant, mostly representing SR Ca2þ

uptake function, increased at each pulse, accordingly to a reduced
SERCA2a function in STZ myocytes. Stimulation of SERCA2a by istarox-
ime caused faster SR reloading and all parameters were restored to CTR
condition.

Figure 4 STZ-induced Ca2þ
i handling changes under control of membrane potential. Analysis of istaroxime effects. (A) Top: APs waveforms (CTR and

STZ APs named short and long APs, respectively) and corresponding CaT evocated in V-clamped STZ myocyte through AP-clamp experiments (2 Hz).
Caffeine-induced CaT (caff-CaT) and the corresponding NCX current (INCX) were recorded at -80 mV following steady state stimulation with short and
long AP to estimate changes in SR Ca2þ content (CaSR). Bottom: statistics of CaT amplitude (N = 5, n = 30) and CaSR (integral of inward INCX, marked as
striped area) (N = 5, n = 22) under short and long AP stimulation. Fluorescence signals were converted to free Ca2þ estimating Fmax in each cell. *P<0.05
vs. short AP (paired t-test). (B) Top: transmembrane currents and CaT simultaneously recorded in voltage-clamped cells (Hp -35 mV) from CTR and STZ
myocytes with or w/o 100 nmol/L istaroxime. Bottom: statistics of CaT amplitude, CaSR, Ca2þ influx through L-type Ca2þ channel (CaL influx), and ER
gain. CTR N = 3 (n = 22–24), STZ N = 5 (w/o istaroxime n = 26–33, with istaroxime n = 28). Fluorescence signals were converted to free Ca2þ estimating
Fmax in each cell. *P<0.05 vs. CTR (one-way ANOVA plus Tukey’s multiple comparison). (C) Statistics of CaT parameters (CaT amplitude, ER-gain, and
CaT decay time constant) measured during each pulse after SR depletion under NCX blockade (see Supplementary material online, Figure S2) in CTR
and STZ myocytes with or w/o 100 nmol/L istaroxime. *P<0.05 vs. CTR; #P<0.05 vs. STZ w/o istaroxime (two-way ANOVA); CTR N = 5 (n = 13–21),
STZ N = 4 (w/o istaroxime n = 13–28, with istaroxime n = 19–24).
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..3.8 SERCA2a activity affects Ca2þ sparks
characteristics
As shown before, both DADs and SCR events were detected only in
few STZ myocytes, suggesting that SR stability is mostly preserved in this
DCM model. To further analyse this point, Ca2þ sparks rate and charac-
teristics were evaluated in all groups (Figure 5). Compared to CTR, STZ
myocytes showed Ca2þ sparks with reduced amplitude, width, duration,
and spark mass (Figure 5B), in agreement with a reduced SR Ca2þ con-
tent at resting. Istaroxime, by stimulating SERCA2a, partially restored
Ca2þ sparks characteristics in STZ myocytes. In particular, istaroxime-in-
duced SERCA2a stimulation emerged also by the analysis of Ca2þ sparks
decay that significantly became faster in the presence of the compound.
Sparks rate was not significantly affected by STZ and istaroxime.

4. Discussion

Aim of this study was to assess the effect of SERCA2a stimulation medi-
ated by istaroxime in improving Ca2þ

i dynamics in a diabetic rat model
characterized by impaired diastolic function.

Several therapeutic approaches that increase SERCA2a function have
been recently investigated.18,40–43 However, despite of the intense re-
search in discovering small molecules or gene therapy aimed at selec-
tively activating SERCA2a, no promising clinical outcomes have been
reached so far.

Istaroxime is the first-in-class original luso-inotropic agent targeting
SERCA2a in addition to NKA inhibition, that has shown efficacy and
safety in clinical trials on patients with acute HF syndrome.20,28 In the
past, in vitro istaroxime effects were largely characterized at concentra-
tions showing dual mechanism of action.21,23,27,29,30 In this study, lusi-
tropic SERCA2a-dependent istaroxime effects were evaluated by testing
istaroxime both in vitro and in vivo at concentrations marginally affecting
NKA. Estimated drug plasma level at 15 min infusion and drug concentra-
tions adopted for in vitro assays were largely comparable.

To our knowledge, no other small molecules active on SERCA2a at
submicromolar concentration are available.

4.1 STZ-induced DCM. DD is associated to
down-regulated SERCA2a expression and
activity and is improved by istaroxime
infusion
STZ rats showed a clear DD highlighted by changes in mitral inflow, in
line with published results, reporting that DCM often manifests first as
DD (Table 2). Our echo measurements evidenced marked alterations
on DD indexes in STZ rats. In particular, we showed a significant trans-
mitral Doppler flow enhancement of E wave DT and reduced E/A ratio
in STZ rats. Analogously, TDI parameters, relatively unaffected by load,
indicated a significant reduction of early diastolic myocardial velocity (e’)
and e’/a’ with an increase of E/e’ ratio in STZ rats. Systolic function
appeared almost unaffected in STZ as compared to CTR rats, as indi-
cated by FS and CO values. Moreover, we observed a marked

Figure 5 STZ-induced changes in Ca2þ sparks rate and characteristics. Analysis of istaroxime effects. (A) Representative xt images showing Ca2þ

sparks at resting in CTR and STZ myocytes with or w/o 100 nmol/L istaroxime. (B) Statistics of Ca2þ sparks characteristics and rate for each group.
*P<0.05 vs. CTR; #P<0.05 vs. STZ w/o istarpoxime (one-way ANOVA plus Tukey’s multiple comparison); CTR N = 7 (n = 62, sparks # = 2789), STZ N
= 5 (w/o istaroxime n = 53, sparks # = 2019, with istaroxime n = 47, sparks # = 1940). FWHM, full width at half maximum; FDHM, full duration at half
maximum. Spark mass (spark amplitude*1.206* FWHM3).

SERCA2a stimulation by istaroxime in STZ-treated rats 1029
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bradycardia, consistent with the impaired autonomic function and
down-regulation of the expression of the pacemaker channel HCN4.44

Consistently with STZ-induced DD, in heart preparations and in car-
diomyocytes from STZ rats, we observed a clear reduction of SERCA2
protein expression level, an increase of mPLN/SERCA2 ratio and a re-
duction of Ser16 phosphorylated mPLN (Figure 1 and Supplementary ma-
terial online, Figure S7). Conversely, CaMKII-dependent Thr17

phosphorylation of mPLN was similar between STZ and CTR rats
(Figure 1). These biochemical alterations were associated with the reduc-
tion of SERCA2a ATPase activity observed in heart preparations from
STZ compared to CTR rats (Figure 1) and indicate that these may trans-
late into the impairment of diastolic function seen by the echocardio-
graphic examination.

DCM is reported to be associated with cardiac fibrosis, which is re-
sponsible for increased LV stiffness and decreased ventricular wall com-
pliance resulting in systolic and, in particular, DD.45 However, in this
study, no change of collagen type 1 and MMP-9 protein expression has
been observed in LV from CTR and STZ rats, indicating that 8 weeks af-
ter STZ injection may be a time not long enough to develop this alter-
ation. Moreover, several indexes indicated the absence of a concrete LV
hypertrophy in STZ rats, because the increase in HW/BW was strictly
dependent on BW loss. Otherwise, we observed reduced HW/TL and
LV/HW ratios, results confirmed at the cellular level with reduced Cm,
CSA, cell volume, and TT organization. These results are supported by a
recent study showing reduced sinoatrial Cm in STZ-treated mice.44 Loss
of viable cardiomyocytes in STZ rats is also a possibility as previously
shown.46

Collectively, these results indicate that STZ-induced DCM is charac-
terized by impaired diastolic function associated with the down-regula-
tion of SERCA2a expression and activity. This model is therefore
suitable for testing the cardiac effects of SERCA2a stimulation by istarox-
ime. Istaroxime infused at 0.11 mg/kg/min for 15 min in STZ rats
reverted the DD, inducing a significant reduction of DT and DT/E and an
increase of e’ (Table 2). The favourable mechanistic profile of istaroxime
action is once again corroborated by our results in ameliorating DD in a
DCM model.

4.2 STZ-induced changes in Ca2þ
i dynamics

and electrical activity. Istaroxime effects at
a concentration marginally affecting NKA
Consequences of STZ-induced SERCA2a down-regulation were func-
tionally analysed in isolated LV myocytes. In particular, the post-rest po-
tentiation protocol clearly highlighted the reduced ability of SR to
accumulate Ca2þ at resting in STZ myocytes in comparison to CTR
ones. This resulted in CaD enhancement when pacing cells at 2 Hz
(Figure 2); in spite of this, CaSR left unchanged, probably as a consequence
of STZ-induced changes in electrical activity. Indeed, STZ induced
marked APD prolongation at all stimulation rates (Figure 3A), according
to voltage-dependent Kþ channels down-regulation.37 Moreover, the
lack of Ediast rate dependent hyperpolarization in STZ myocytes is in
agreement with STZ-induced NKA down-regulation.39

AP-clamp experiments clearly demonstrated the relevance of AP
waveform in controlling Ca2þ

i dynamics (Figure 4A). Indeed, AP prolon-
gation caused a sharp Ca2þ

i loading. Thus, STZ-induced changes in elec-
trical activity might indirectly affect Ca2þ

i dynamics. In agreement with
this, following the control of membrane potential (Figure 4B), direct
effects of STZ-induced SERCA2a down-regulation were detected on
Ca2þ

i handling. In particular, by clamping myocytes at -35 mV, STZ

induced CaSR and CaT amplitude reduction, effects that were unseen in
intact field stimulated cells. Moreover, incubating myocytes in extracellu-
lar and intracellular Naþ i free solutions to remove NCX and NKA con-
tribution (Figure 4C), SR Ca2þ uptake reloading kinetic following caffeine-
induced SR depletion was clearly depressed in STZ myocytes.

Istaroxime stimulated SERCA2a in cardiac preparations from STZ rats
by re-establishing the STZ-induced reduction of its maximal activity
(Vmax) without affecting its affinity for Ca2þ (Kd). Moreover, no effects
on SERCA2a activity were detected in CTR heart preparation (Figure 1),
indicating that the stimulatory action on SERCA2a is more remarkable
when a pathological alteration (i.e. STZ-induced SERCA2a down-regula-
tion) is present. Analogously, in dog cardiac SR vesicles, the stimulatory
effect of istaroxime prevailed in the failing vs. healthy dog.22 However, in
healthy guinea pig cardiac microsomes, istaroxime stimulated SERCA2a
by reducing the Kd Ca2þ.21 The different effect of the compound on
SERCA2a kinetic parameters in rat and dog (Vmax enhancement) vs.
guinea pig (Kd Ca2þ reduction) may not exclude species-specific differen-
ces in SERCA2a-PLN functional complex formation along the heart
preparation, affecting istaroxime interaction. Furthermore, these kinetic
changes across species might depend on how the compound interferes
with species-specific SERCA2a-PLN complex domains. Although
Ferrandi et al.22 has already shown that istaroxime stimulates SERCA2a
activity through a direct interaction with SERCA2a/PLN complex,
favouring a partial dissociation of PLN from SERCA2a, further structural
studies are still necessary to full understand istaroxime molecular mech-
anism of action.

At the cellular level, istaroxime stimulated SR Ca2þ uptake as clearly
shown by applying the post-rest potentiation protocol to STZ myocytes
(Figure 2). Moreover, as explain above, SERCA2a stimulation by the drug
was fully remarkable by controlling membrane potential changes in volt-
age-clamped myocytes (Figure 4). Indeed, istaroxime, by stimulating
SERCA2a, mostly restored STZ-induced changes in CaSR and CaT ampli-
tude and it accelerated the SR uptake function, effects all compatible
with a sharp enhancement of Ca2þ uptake by the SR, as expected from
stimulation of SERCA2a activity.

STZ-induced CaD enhancement was blunted by istaroxime in paced
STZ myocytes; by contrast, CaD was significantly increased by the drug
in CTR myocytes. Moreover, istaroxime slightly depolarized Ediast in
both CTR and STZ myocytes, as a result of a partial NKA blockade.
Overall, the modulation of CaD by 100 nmol/L istaroxime might be the
consequence of the balance between effects depending on SERCA2a
stimulation and NKA inhibition, although negligible.

Abnormalities of the SR uptake function can be due to reduced
SERCA2a activity or to increased Ca2þ leak through ryanodine receptor
(RyR) channels. While functional and structural SERCA2a down-regula-
tion (increased inhibition by PLN and reduced SERCA2a protein level)
was observed, RyR open probability was not significantly changed in STZ
myocytes. Indeed, Ca2þ sparks frequency (Figure 5), the incidence of
Ca2þ waves and the related DADs were not significantly increased in
STZ myocytes, thus suggesting the absence of a sharp SR instability at
this stage of STZ-induced DCM. These findings lead to limit the detec-
tion of potential anti-arrhythmic effect of istaroxime as a direct conse-
quence of SERCA2a stimulation.

Moreover, STZ-induced changes in Ca2þ sparks characteristics are a
mirror image of the reduced SR Ca2þ content in STZ myocytes
(Figure 5). Indeed, in comparison to CTR myocytes, Ca2þ sparks became
smaller in amplitude, spatial and time duration, resulting in a smaller
spark mass. Istaroxime, by stimulating SERCA2a, blunted these changes
and even markedly accelerated Ca2þ sparks decay. The last event is
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.
relevant for the potential anti-arrhythmic efficacy of istaroxime because
of a faster Ca2þ release unit switch off, that can limit Ca2þwaves genesis.
Moreover, the acceleration of Ca2þ spark decay induced by istaroxime
seems independent on STZ-induced changes; thus, we cannot exclude
direct effects of the drug on Ca2þ spark termination mechanisms.

Temporal dispersion of repolarization, quantified as STV of APD, is a
well-known pro-arrhythmic index because plays an important role in the
initiation of ventricular arrhythmias like torsade de point.47 STV was signifi-
cantly increased in STZ myocytes and this was mainly associated to APD
prolongation (Figure 3C); istaroxime did not significantly affect STV.

4.3 Study limitation
The aim of the study was to test the effect of SERCA2a stimulation on
DD in a DCM model. The study spreads from in vivo to in vitro effects of
istaroxime at a concentration marginally affecting NKA. We would like
to stress that even though effects dependent on NKA inhibition were
detected, the general findings of the study are largely dependent on
SERCA2a stimulation by the drug.

5. Conclusions and clinical
implications

SERCA2a stimulation by istaroxime improves DD in diabetic rats, by
controlling Ca2þ

i compartmentalization. Thus, SERCA2a stimulation can
be considered a promising therapeutic approach for DCM treatment.
Even though the translation of drug effects from animal models to
patients must take into account differences in the pathophysiological
mechanisms/picture between animals and patients, STZ model was use-
ful for studying the cardiac mechanical improvement produced by a drug
endowed with a SERCA2a stimulatory activity. Accordingly, a recent
phase II randomized clinical study in patients hospitalized for acute HF28

showed that a 24 h infusion of istaroxime at 0.5 and 1 mg/kg/min im-
proved cardiac function without major cardiac adverse effects. This is a
proof-of-concept that SERCA2a stimulation is a novel and valid target
for the treatment of high risk patients with reduced LVEF. Therefore, the
development of small molecules active on SERCA2a only (‘pure
SERCA2a activators’) might be clinically relevant to treat targeted
patients with unfavourable cardiovascular outcomes with traditional
therapies.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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Translational perspective
Deficient SR Ca2þ uptake has been identified in cardiomyocytes from failing human hearts with impaired diastolic relaxation (e.g. diabetic hearts)
and has been associated with a decreased SERCA2a expression and activity and/or with a higher SERCA2a inhibition by PLN. Thus, SERCA2a may
represent a pharmacological target for interventions aimed at improving cytosolic Ca2þ compartmentalization into the SR to limit diastolic dysfunc-
tion pathologies. In this context, istaroxime is the first-in-class luso-inotropic agent targeting SERCA2a that has already demonstrated its efficacy in
clinical trials and may be useful to clarify the relevance of SERCA2a stimulation in controlling cytosolic Ca2þ level.
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