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A B S T R A C T

Current management does not fully prevent arrhythmias in long QT syndrome (LQTS), underscoring a need for 
novel therapies. Here, we investigated potential beneficial effects of serum/glucocorticoid-regulated-kinase-1 
(SGK1)-inhibition in different LQTS animal models. Ventricular cardiomyocytes (CMs) isolated from wild-type 
(WT), LQT1 (KCNQ1-Y315S) and LQT2 (KCNH2-GS628S) rabbits, and WT and LQT3 (Scn5a-1798insD+/− ) 
mice were incubated for 2–4 h with SGK1-inhibitor (SGK1-inh, 300 nM or 3 μM) or vehicle to assess its effects on 
action potential duration (APD) and late sodium current (late INa). Whole heart experiments were performed to 
investigate SGK1-inh effects on QT duration (rabbits) and ventricular effective refractory periods (ERP, mice). 
Late INa was enhanced in LQT2 and LQT3 CMs, but not in LQT1. SGK1-inh reduced late INa in LQT2 (by 60%) and 
LQT3 (by 33%) CMs, but not in LQT1. Consequently, SGK1-inh shortened APD in LQT2 (by 25%) and LQT3 CMs 
(by 23%) restoring these to WT levels, but did not affect APD in LQT1. The proarrhythmic marker short-term- 
variability of APD was increased in LQT2 and LQT3, and was reduced by SGK1-inh in LQT2 (by 48%) and 
LQT3 (by 49%) CMs. Additionally, SGK1-inh decreased triggered APs in LQT3 CMs. Finally, SGK1-inh perfusion 
in ex vivo hearts shortened QT-interval in LQT2 and decreased ventricular ERP in LQT3, restoring them to WT 
levels. In conclusion, late INa is increased in LQT2 rabbits and LQT3 mice, but not in LQT1 rabbits. SGK1- 
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inhibition shortens APD/QT and reduces proarrhythmic risk in LQT2 and LQT3 CMs by suppressing enhanced 
late INa, indicating potential therapeutic benefit.

1. Introduction

Congenital long QT syndrome (LQTS) is an inherited cardiac disor
der, associated with life-threatening Torsade-de-Pointes ventricular ar
rhythmias that can lead to syncope and sudden cardiac death (SCD), 
often occurring in apparently healthy and relatively young individuals 
[1–3]. LQTS has a heterogenous genetic basis, with LQT1, LQT2 and 
LQT3 being the most prevalent subtypes [4,5]. LQT1 and LQT2 result 
from loss-of-function (LOF) variants in KCNQ1 or KCNH2 genes, 
encoding the α-subunits carrying the slow and rapid delayed rectifier 
potassium currents (IKs and IKr), respectively [6]. LQT3 results from 
gain-of function (GOF) variants in the SCN5A gene, encoding the 
α-subunit of the cardiac sodium channel Nav1.5, causing an impaired 
channel inactivation leading to an enhanced late sodium current (INa) 
[7]. The net result of all these pathogenic variants is prolongation of the 
ventricular action potential duration (APD) and QT interval [1].

Current treatment strategies aim to reduce arrhythmogenic triggers 
through beta-blockade or left cardiac sympathetic denervation, sodium 
channel blockers like mexiletine, and lifestyle modifications, e.g., 
avoidance of QT-prolonging drugs (www.crediblemeds.org) [1,8,9]. In 
high-risk patients, implantable cardioverter-defibrillators (ICDs) are 
used to terminate life-threatening arrhythmias once they occur [10]. 
However, the frequent adverse side effects caused by ICDs [11] and the 
incomplete protection against arrhythmic events especially in selected 
high-risk groups [12] and more often in LQT2 and LQT3 than in LQT1, 
highlight the unmet need for novel, more effective, mechanism-based 
therapeutic strategies. Targeting downstream proarrhythmic effects 
caused secondarily by the prolonged cardiac repolarization, particularly 
those affecting intracellular Na⁺ and Ca²⁺ homeostasis, offers an inter
esting opportunity. One such approach involves the pharmacological 
inhibition of the serum-and-glucocorticoid-regulated kinase 1 (SGK1), 
whose over-activation has previously been linked to enhanced late INa 
and prolonged APD [13]. SGK1-inhibition has previously been shown to 
shorten APD in human-induced pluripotent stem cell-derived car
diomyocytes (hiPSC-CMs) from LQT1, LQT2, and LQT3 patients 
[14–16]. In addition, we recently characterized the effects of a novel 
SGK1-inhibitor (SGK1-inh) using a comprehensive set of in vitro 
(hiPSC-CMs), advanced human cardiac cell sheets (hiPSC-CCS), and 
cardiomyocytes (CMs) isolated from transgenic rabbit models of LQT1 
and LQT2 [17], and demonstrated that SGK1-inh shortened APD in all 
LQT2 models tested (independently of the disease-causing variant), but 
produced variable effects on APD in three different LQT1 variants, 
suggesting a gene- and variant-specific efficacy of SGK1-inhibition in 
LQTS. In the present study, we directly investigated the effect of 
SGK1-inh on one of its proposed downstream targets, late INa, using our 
transgenic LQT1 and LQT2 rabbit models [18] and LQT3 mouse model 
[19], and explored for the first time its potential antiarrhythmic effects.

2. Methods

2.1. Ethical use of animal models

Adult transgenic LQT1 (KCNQ1-Y315S, loss of IKs) LQT2 (KCNH2- 
G628S, loss IKr) [18] and wild-type (WT) New Zealand White rabbits of 
both sexes, aged 3 months to 1 year, were used in this study. All ex
periments were performed in compliance with EU legislation (directive 
2010/63/EU), and animal housing and handling were in accordance 
with FELASA standards and the Swiss Animal Welfare Ordinance, after 
approval by the Cantonal Veterinary Office and the Animal Welfare 
Officer (Kanton Bern, animal licenses BE132–20, BE74–23). Heterozy
gous Scn5a-1798insD mice (129P2 background) were generated as 

previously described [19,20]. All experiments were performed in adult 
(5–7 months old) Scn5a-1798insD male mice and their WT littermates as 
control in accordance with governmental and institutional guidelines for 
animal use in research (Animal Care and Use Committees of the Uni
versity of Amsterdam, license AVD11400202115027). All animal ex
periments comply with the ARRIVE guidelines.

2.2. Compounds

The SGK1-inh (provided by Thryv Therapeutics) was dissolved in 
DMSO (vehicle) to obtain a 10 mM stock solution and further diluted in 
external solutions to obtain the following concentrations: 300 nM (for 
LQT3 mice experiments) and 3 μM (for LQT1 and LQT2 rabbit experi
ments). These concentrations were optimized independently for the 
different LQTS subtypes to achieve comparable effects [17]. As stated in 
our previous work [17], its selectivity for SGK1-inhibition had been 
examined in a biochemical assay, which assessed the kinase reactivity in 
a 50-kinase panel, and in a cell-based in vitro screening assay. The results 
indicated that SGK1-inh is highly selective. In all solutions used, the 
final DMSO vehicle concentration was < 0.001%, found to be devoid of 
effect in isolated CMs and ex vivo whole hearts. For all measurements, 
SGK1-inh was compared to DMSO-containing solution (vehicle).

2.3. Rabbit heart extraction

Transgenic LQT1, LQT2 and WT rabbits (males and females) were 
anaesthetized with an intramuscular (IM) injection of ketamine S 
(Ketanest S®, Pfizer, 12.5 mg⋅kg− 1 body weight) and xylazine (Rom
pun®, Bayer, 3.75 mg⋅kg− 1 body weight), as this anaesthesia does not 
affect cardiac repolarization [21]. After deep anaesthesia (no eye or 
pinch reflexes), heparin (liquemin®, 500 IU) was injected intravenously 
(IV) in the ear vein to prevent clotting upon heart extraction. Terminal 
euthanasia was conducted by IV injection of pentobarbital (Esco
narkon®, 150 mg⋅kg− 1 body weight), and hearts were rapidly excised 
and immersed in a cold (4◦C) Tyrode solutions (in mM: 135 NaCl, 0.4 
NaH2PO4, 5 KCl, 10 HEPES, 1 MgCl2, 1.8 CaCl2, 10 glucose, 10 creatine, 
and 20 taurine, adjusted to pH=7.4 with NaOH) before ventricular CMs 
isolation or ex vivo whole heart experiments.

2.4. Rabbit cardiomyocytes isolation

After extraction, hearts were rapidly cannulated and retrogradely 
perfused by the aorta and mounted on a Langendorff perfusion system. 
Hearts were perfused with an oxygenated, body temperature (37◦C) 
Tyrode solution supplemented with 0.1 mM EGTA for 5–7 min to stop 
the contraction, followed by a 20–25 min collagenase digestion (Wor
thington type I, 200 mg) in 80 μM Ca2+ Tyrode solution [22]. Thereafter, 
the left ventricles were dissected and cut into small pieces that were 
further digested in sequential 3 min steps with collagenase (Worthington 
type I, 50 mg) in 80 μM Ca2+ Tyrode solution supplemented with 15 mM 
bovine serum albumin (BSA). Isolated ventricular CMs were maintained 
in a 0.2 mM Ca2+ Tyrode solution and subsequently incubated at room 
temperature with 3 µM SGK1-inh or DMSO (vehicle). CMs were used for 
patch-clamp analysis 2–4 h after the start of incubation.

2.5. Mouse heart extraction

After receiving an intraperitoneal injection of 20 µL heparin (5000 
IU/mL), mice were sacrificed by cervical dislocation under anaesthesia 
(4% isoflurane in O2), and the heart was excised and immersed in a 
modified Tyrode solution (in mM: 140 NaCl, 5.4 KCl, 1.8 CaCl2, 1.0 
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MgCl2, 5.5 glucose, and 5.0 HEPES, adjusted to pH 7.4 with NaOH), and 
used either for ventricular CMs isolation or ex vivo whole heart 
experiments.

2.6. Mouse cardiomyocyte isolation

Isolated hearts were cannulated and retrogradely perfused for 
10 min in a Langendorff system with oxygenated modified Tyrode so
lution (37◦C) described above. Next, the heart was perfused for 10 min 
with Ca2+-free modified Tyrode solution containing 0.01 mM CaCl2, 
supplemented with 10.7 mM creatine monohydrate (Sigma, C3630). 
Subsequently, the heart was digested using Liberase TM (0.18–0.21 U/ 
mL; Roche) and elastase from porcine pancreas (2.5–2.9 U/mL; SERVA) 
in Ca2+-free modified Tyrode solution for around 12 min. The heart was 
then placed in Ca2+-free modified Tyrode solution containing 1% BSA 
(Sigma-Aldrich). Atria and right ventricular free wall were removed, and 
the left ventricle was mechanically dissociated to obtain single CMs. 
Isolated CMs were carefully washed with Ca2+-free modified Tyrode 
solution to remove BSA, and subsequently incubated at room tempera
ture with 300 nM SGK1-inh or DMSO (vehicle). Single CMs were used for 
patch-clamp analysis 2–4 h after the start of incubation.

2.7. Patch-clamp analysis

2.7.1. Data acquisition and analysis
Voltage and current clamp recordings were performed at physio

logical temperature (37 ◦C) in isolated mouse and rabbit left ventricular 
CMs. Late INa and action potentials (APs) were measured with the 
ruptured and perforated patch-clamp technique, respectively, using an 
Axopatch 200B amplifier (Molecular Devices, USA). Voltage control, 
data acquisition and analysis were performed with pClamp/Clampfit 
(Molecular Devices, version 10.6 for the mouse experiments and 11.1 for 
the rabbit experiments). Borosilicate glass patch pipettes with a tip 
resistance of 2–2.2 MΩ were used. Series resistance and cell membrane 
capacitance were compensated for ≥ 80%. APs were filtered at 5 kHz 
and digitized at 40 kHz in mouse CMs and at 20 kHz in rabbit CMs. Late 
INa was filtered at 2 kHz and digitized at 1 kHz in mouse and rabbit CMs.

2.7.2. Late INa measurements
For late INa recordings, pipettes were filled with a solution containing 

(in mM): 3.0 NaCl, 133 CsCl, 2.0 MgCl2, 2 Na2-ATP, 2 TEACl, 10 EGTA, 
and 5 HEPES (adjusted to pH=7.2 with CsOH). Ventricular CMs were 
constantly perfused with bath solution containing (in mM): 130 NaCl, 10 
CsCl, 1.8 CaCl2, 1.2 MgCl2, 11 glucose and 5.0 HEPES (pH 7.4 with 
CsOH). The bath solution contained 5 µM nifedipine to block the L-type 
calcium current). In rabbit CMs, late INa was measured using a squared 
300 ms depolarizing step from a holding potential of − 100 mV to 
− 20 mV, with a cycle length of 5 s. The same protocol was subsequently 
applied in the presence of the specific late INa-blocker ranolazine 
(100 µM). Late INa was then defined as ranolazine-sensitive current by 
subtracting the two traces. Late INa was measured between 250 and 
300 ms after the initiation of the depolarizing pulse (see insets in 
Fig. 1A). In mouse CMs late INa was measured as 30 µM tetrodotoxin 
(TTX)-sensitive current, using a descending ramp protocol from a 
holding potential of − 90 mV (cycle length of 5 s; see insets in Fig. 1C). 
Current densities were calculated dividing the current amplitude by the 
cell membrane capacitance. Potentials were not corrected for the esti
mated change in liquid junction potential (6 mV) [23].

2.7.3. Action potential measurements
Mouse and rabbit APs were measured using the modified Tyrode 

solution described above. Pipettes were filled with (in mM): 125 K- 
gluconate, 20 KCl, 5 NaCl, 0.44 amphotericin-B, 10 HEPES, adjusted to 
pH 7.2 with KOH). APs were elicited at 1 Hz (rabbit CMs) or 2 Hz 
(mouse CMs) by 3 ms, ~1.2 × threshold current pulses through the 
patch pipette. Resting membrane potential (RMP), AP amplitude (APA), 

maximal AP upstroke velocity (Vmax), and AP duration (APD) at 20, 50, 
and 90% repolarization (APD20, APD50, and APD90, respectively) were 
analysed. Data from 10 consecutive APs were averaged and potentials 
were corrected for the calculated liquid junction potential (15 mV) [23]. 
In mouse CMs, triggered activity, i.e., delayed afterdepolarizations 
(DADs) and triggered action potentials (TAPs), was assessed using a fast 
pacing protocol [24] consisting of 20 elicited APs at a frequency of 5 Hz 
followed by a 10 s pause. Three consecutive traces were used to analyse 
the average amount of DADs and TAPs during the pause.

2.8. Short-term variability of APD90 analysis

Series of 10 consecutive APs in rabbit and mouse CMs were analysed 
to estimate short-term variability of APD90 (STV) according to the 
following formula: STV= Σ(|APDn+1− APDn|)/[(nbeats− 1)× √2] where 
APDn and APDn+1 indicate the durations of the nth and (n + 1)th APs, 
and nbeats denotes the total number of consecutive beats analysed [25].

2.9. Rabbit ex vivo whole heart experiments

After extraction, hearts were rapidly mounted on a Langendorff 
perfusion system (IH5, Hugo Sachs Electronic-Harvard Apparatus, 
Hugstetten, Germany) via cannulation of the aorta and perfused with 
oxygenated, body temperature (37◦C) Krebs-Henseleit (KH) solution 
consisting of (in mM): 118 NaCl, 4.7 KCl, 1.2 KH2PO4, 24.9 NaHCO3, 1.8 
CaCl2, 0.8 MgSO4, 5.6 glucose, and 2 Na-pyruvate, adjusted to pH 7.4 
using HCl. Perfusion of the heart was kept at a constant flow of 50 mL/ 
min and a constant aortic pressure of 80 mmHg. Electrocardiograms 
were recorded via three electrodes positioned to the left side, right side 
and apex of the heart to measure the three bipolar leads I, II, III, and the 
unipolar leads aVR, aVL, and aVF [26,27]. A latex balloon was inserted 
in the left ventricle and coupled to a pressure transducer (Hugo Sachs 
Electronic-Harvard Apparatus, Hugstetten, Germany) to measure the 
left ventricle pressure (LVP), used as internal control for checking heart 
viability, with a fixed end diastolic pressure of 8 mmHg. Complete 
electrical dissociation of atria and ventricles was performed by elec
trocauterizing the atrioventricular (AV) node with an electrocauter to 
enable a slow (< 2.5 Hz) ventricular escape rhythm [28]. QT interval 
was measured during LV pacing (2.5 Hz) in control condition (baseline, 
DMSO perfusion) and after 60 min perfusion of 3 µM SGK1-inh. 15 
subsequent QT intervals were measured in the last minute of DMSO and 
SGK1-inh perfusion and averaged. Temporal control experiments solely 
with DMSO application were performed to check potential temporal 
changes in QT interval.

2.10. Mouse ex vivo whole heart experiments

The heart was excised, cannulated and mounted on a Langendorff 
perfusion set-up, and perfused at 37◦C with a solution containing (in 
mM): 128 NaCl, 4.7 KCl, 1.45 CaCl2, 0.6 MgCl2, 26 NaHCO3, 0.4 
NaH2PO4, and 11 glucose (pH maintained at 7.4 by equilibration with a 
mixture of 95% O2 and 5% CO2). Electrocardiograms were recorded via 
three electrodes positioned to the left side, right side and apex of the 
heart to measure the three bipolar leads I, II, III. The effective refractory 
period (ERP) was measured during right ventricular pacing in control 
conditions (baseline, DMSO) and after 60 min perfusion of 300 nM 
SGK1-inh. ERP was determined by reducing the coupling interval of a 
premature stimulus (after 36 stimuli at basic cycle length of 150 ms) in 
steps of 5 ms until activation of the ventricle failed. Average of two 
subsequent ERP were calculated. Temporal control experiments solely 
with DMSO application were also performed to check potential temporal 
changes in ERP.

2.11. Statistics

Statistical analysis was performed using Prism 10.6.1 (GraphPad 
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Software, USA). Data are expressed as mean ± standard error of the 
mean (S.E.M.). Electrophysiological measurements (late INa, APD90, STV 
of APD90, TAPs and DADs) were analysed using a hierarchical statistical 
approach to account for the non-independence of multiple car
diomyocytes isolated from the same animal. Cells were treated as nested 
within individual animals, with the animal considered the independent 
unit. Nested t-test or nested one-way ANOVA were applied where 
appropriate, as detailed in the figure legends. For ex vivo parameters (QT 
interval and ERP), normality was assessed using the Shapiro-Wilk test, 
and parametric or non-parametric testes were applied accordingly. 
P < 0.05 was considered statistically significant.

3. Results

3.1. SGK1-inh reduces enhanced late sodium current in LQT2 rabbit and 
LQT3 mouse cardiomyocytes

Enhanced late INa is a well-established feature of LQT3 and was 
previously demonstrated in our Scn5a-1798insD mouse model [19]. We 
here explored whether late INa is also enhanced in the context of LQT1 
and LQT2, employing our transgenic rabbit models. Late INa was found 
to be unchanged in LQT1 rabbit CMs as compared to WT (LQT1: − 0.07 
± 0.01 pA/pF versus WT: − 0.08 ± 0.02 pA/pF; ns; Suppl. Figure S1A,C) 
while it was significantly increased in LQT2 rabbit CMs (LQT2: − 0.15 
± 0.02 pA/pF versus WT: − 0.08 ± 0.02 pA/pF; p < 0.05; Suppl. 
Figure S1B,D). We next investigated whether SGK1-inh can reduce late 
INa in LQT1, LQT2 and LQT3 CMs. SGK1-inh (3 μM, 2–4 h) significantly 
reduced late INa in LQT2 CMs, inducing an average 60% decrease at 
− 20 mV (DMSO: − 0.15 ± 0.02 pA/pF versus SGK1-inh: − 0.06 ± 0.01 
pA/pF; p < 0.01); in contrast, SGK1-inh did not affect late INa in WT or 
LQT1 CMs, both of which remained at baseline levels (Fig. 1A,B). 
Similarly, incubation of LQT3 mouse CMs with SGK1-inh (300 nM, 
2–4 h) significantly reduced late INa by 33% at − 20 mV (DMSO: − 0.3 
± 0.02 pA/pF versus SGK1-inh: − 0.2 ± 0.02 pA/pF; p < 0.05; Fig. 1C, 
D). Taken together, these data indicate that SGK1-inh targets late INa and 
reduces its magnitude in the context of both LQT2 and LQT3.

3.2. SGK1-inh shortens action potential duration in LQT2 rabbit and 
LQT3 mouse cardiomyocytes

To investigate whether the SGK1-inh mediated decrease in late INa 
could reduce or even normalize repolarization in LQTS, we tested its 
effect on APD in isolated CMs from WT, LQT1 and LQT2 rabbits and 
from WT and LQT3 mice. APD90 and APD50 were significantly prolonged 
in LQT1 and LQT2 CMs as compared to WT CMs (APD90: p < 0.001; 
APD50: LQT1: p < 0.05; LQT2: p < 0.01; Suppl. Table S1), similarly as 
previously described [28], while no differences were observed in APA, 
Vmax and RMP (Suppl. Table S1). Finally, in line with our previous 
findings [19], LQT3 CMs exhibited a significantly increased APD90 
relative to WT(p<0.01, Suppl. Table S2).

SGK1-inh (300 nM for mouse CMs, 3 μM for rabbit CMs) significantly 
reduced APD90 and APD50 in LQT2 CMs by 25% (p < 0.001 and 
p < 0.05, respectively; Fig. 2A,B; Suppl. Table S1) and APD90 in LQT3 
CMs by 23% (p < 0.05; Fig. 2C,D), normalizing them towards the WT 
level (Suppl. Figure S2A,C). In contrast, in CMs from WT and LQT1 
rabbits and from WT mice, no effect of SGK1-inh on APD90 was observed 
(Fig. 2). Similarly, SGK1-Inh had no effect on APA, Vmax and RMP across 

all rabbit and mouse genotypes (Suppl. Tables S1 and S2). In conclusion, 
SGK1-inh is able to shorten APD in LQT2 and LQT3 CMs and restore it 
towards WT level but has no effect in WT CMs or LQT1 rabbit CMs, 
consistent with the absence of increased late INa in this model.

3.3. SGK1-inh has antiarrhythmic effects in LQT2 and LQT3 
cardiomyocytes

To explore if SGK1-inh has an antiarrhythmic effect at the cellular 
level, we tested its effect on the short-term variability (STV) of APD90 - a 
marker of enhanced arrhythmic risk [29] - in isolated CMs from WT, 
LQT1 and LQT2 rabbits and from WT and LQT3 mice. At baseline, LQT2 
CMs exhibited a higher STV than WT CMs (p < 0.01; Suppl. Table S1), 
whereas LQT1 CMs did not (Suppl. Table S1). Similarly to LQT2 CMs, 
LQT3 mouse CMs presented a higher STV compared to WT CMs 
(p < 0.05; Suppl. Table S2).

SGK1-inh significantly reduced STV in LQT2 (p < 0.05; Fig. 3A,C; 
Suppl. Table S1) and in LQT3 CMs (p < 0.01; Fig. 3B,D; Suppl. 
Table S2), normalizing them towards the WT level (Suppl. Figure S2B,D; 
Suppl. Tables S1 and S2). In contrast, no effect was observed in CMs 
from WT mice (Fig. 3B,D; Suppl. Table S2), WT rabbits or LQT1 rabbits 
(Fig. 3A,C; Suppl. Table S1).

In addition, direct assessments of potential antiarrhythmic effects on 
triggered activity were conducted in CMs from LQT3 mice. The fast 
pacing protocol used to quantify DADs and TAPs consisted in applying 
20 pulses at a frequency of 5 Hz followed by a 10 s pause in LQT3 CMs 
incubated with DMSO (Fig. 4A top panel) or SGK1-inh (300 nM, Fig. 4A, 
bottom panel). While SGK1-inh treatment did not affect DADs occur
rence (count), it significantly reduced the number of triggered APs as 
compared to the DMSO group (p < 0.05; Fig. 4B), further underscoring 
its antiarrhythmic potential.

3.4. SGK1-inh improves ventricular repolarization in isolated LQT2 and 
LQT3 hearts

Given the observed effects of SGK1-inh on APD in LQT2 rabbit CMs, 
we further tested whether SGK1-inh could shorten/normalize the QT 
interval ex vivo during fixed pacing in Langendorff-perfused hearts. WT 
and LQT2 hearts were first perfused with DMSO to establish baseline QT 
intervals from ECG recordings, followed by 60 min perfusion with SGK1- 
inh.

Similarly to the observations in isolated CMs, SGK1-inh significantly 
shortened the QT interval in LQT2 (p < 0.001; Fig. 5B), normalizing it 
towards the WT level (Suppl. Figure S3A). In contrast, no effect on WT 
rabbit hearts was observed (Fig. 5A).

As QT intervals are harder to assess in mice than in rabbits due to the 
differences in T wave morphology, we measured the ventricular ERP in 
ex vivo isolated mouse hearts as a marker of repolarization. The ERP was 
determined by reducing the coupling interval of a premature stimulus 
(after 36 stimuli at basic cycle length of 150 ms) in steps of 5 ms until 
activation of the ventricle failed. Ventricular ERP was significantly 
longer in LQT3 hearts as compared to WT (p < 0.05; Suppl. Figure S3B), 
as previously described [19]. Perfusion of the explanted hearts with 
SGK1-inh (60 min, 300 nM) did not affect ERP in WT (Fig. 5C), while it 
significantly shortened the ERP in LQT3 hearts and restored it to WT 
levels (p < 0.05; Fig. 5D; Suppl. Figure S3B).

To exclude that the observed shortening of QT interval or ERP 

Fig. 1. Effects of SGK1-inh on late INa in isolated cardiomyocytes (CMs) from rabbits and mice. (A) Representative example of ranolazine-sensitive late INa traces 
recorded in WT, LQT1 and LQT2 in isolated rabbit CMs after 2–4 h of incubation with DMSO (black line, vehicle), or SGK1-inh (red line, 3 μM). Ranolazine-sensitive 
current was obtained by subtraction of the current before and after ranolazine (100 μM) bath application and was measured between 250 and 300 ms after the 
initiation of the squared pulse (see insets). (B) Average late INa density in WT, LQT1 and LQT2 CMs after 2–4 h of incubation with DMSO or SGK1-inh. (C) 
Representative late INa recordings obtained using a descending ramp protocol (see insets) in mouse LQT3 CMs before (baseline, black) and after application of TTX 
(30 μM, grey), after 2–4 h of incubation with DMSO or SGK1-inh (300 nM). TTX-sensitive current was obtained by subtraction of the current before and after TTX 
bath application. (D) Average current-voltage (I-V) relationships for TTX-sensitive currents (left panel) and late INa density measured at − 20 mV (right panel) in 
LQT3 CMs after incubation with DMSO or SGK1-inh. n, number of CMs, N, number of animals. **p < 0.01, *p < 0.05, nested t-test; ns = non-significant.
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Fig. 2. Effects of SGK1-inh on APD90 in isolated rabbit and mouse CMs. (A) Representative AP traces recorded at the stimulation frequency of 1 Hz in WT, LQT1 and 
LQT2 isolated rabbit CMs after 2–4 h of incubation with DMSO (vehicle) or SGK1-inh (3 μM). (B) Average values for APD at 90% repolarization (APD90) after 
incubation with DMSO (vehicle) or SGK1-inhibitor (3 μM) in WT, in LQT1 and LQT2 rabbit CMs. (C) Representative AP traces recorded at the stimulation frequency 
of 2 Hz in WT and LQT3 isolated mouse CMs after 2–4 h of incubation with DMSO (vehicle) or SGK1-inh (300 nM). (D) Average values for APD90 in WT and LQT3 
mouse CMs incubated with DMSO or SGK1-inh (300 nM). n, number of CMs, N, number of animals. ***p < 0.001, *p < 0.05, nested t-test; ns = non-significant.
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secondary to acute SGK1-inh treatment was due to a time-dependent 
effect, we performed the same experiments with a temporal control 
(DMSO perfusion only, for a similar duration). No significant temporal 
change was observed in QT interval or ERP (Suppl. Figure S4). These 
observations indicate that the QT or ERP shortening during SGK1-inh 
perfusion is due to the late INa-blocking effect of the compound itself 
and not attributable to any time-induced QT/ERP shortening.

Taken together, these results indicate that SGK1-inh is able to 
shorten the QT interval in LQT2 and ERP in LQT3 hearts, respectively, 
therefore confirming that the shortening of repolarization observed at 
the cellular level is preserved at the whole heart level.

4. Discussion

In the present study, we expanded our prior work on the effects of 
SGK1-inhibition on cardiac repolarization in LQTS by investigating its 
impact on one of the proposed downstream targets, i.e. late INa. For this 
purpose, we utilized our LQT1 and LQT2 rabbit [18] and LQT3 mouse 
[19] models, which accurately mimic the disease phenotype on all levels 
thus allowing us to investigate SGK1-inh’s efficacy on cellular and whole 
heart levels. We showed that i) in addition to LQT3, late INa is also 
increased in LQT2, but not in LQT1 rabbit CMs, ii) SGK1-inh attenuated 
late INa, decreased APD and displayed antiarrhythmic effects in LQT2 
and LQT3 CMs but not in LQT1, and iii) SGK1-inh restored cardiac 
repolarization ex vivo in isolated LQT2 and LQT3 hearts. Together, these 
findings demonstrate that SGK1-inhibition exerts a beneficial cardiac 
repolarization shortening and antiarrhythmic effect in LQT2 and LQT3 
by reducing the enhanced late INa, and further underscore a role of 
increased late INa also in the pathophysiology of the LQT2 phenotype.

Despite advances in clinical management, current LQTS strategies 
primarily focus on preventing triggers or terminating arrhythmias [30], 
but ventricular arrhythmias and SCD can still occur in LQTS patients. 
While life-threatening therapeutic failures may be relatively rare in the 
common types of LQT1–2–3 for which ICDs are rarely required [31,32], 
they still represent a serious problem in specific high-risk subgroups 
insufficiently protected by current standard therapy, including infants 
with events in the first year of life [33] and patients with malignant 

variants, particularly in the setting of LQT2 and LQT3.
Pharmacological strategies have attempted to restore physiological 

QT/APD by employing IKs-activating compounds such as poly
unsaturated acids or endocannabinoids [28,34–36]. However, this 
strategy has limited applicability as it cannot be applied in LQTS sub
types associated with deficient KCNQ1/IKs or KCNE1/IKs function (e.g., 
LQT1 and LQT5) and it provides only partial improvement in genotypes 
with normal IKs (such as LQT2) since it does not target the actual defect 
but only enhances the reduced repolarization reserve [28,35]. In fact, 
only a few compounds show variant-specific rescue effects depending on 
the location of the KCNQ1 variants [34]. Additional strategies have 
explored targeting late INa, particularly in LQT3, in which augmented 
late INa is a primary defect caused by the pathogenic SCN5A variant. 
Compounds such as ranolazine and mexiletine can reduce late INa and 
also have an antiarrhythmic effect [37], but they do not shorten QTc in 
all LQT3 [37] or LQT2 patients [38], thus leaving room for improvement 
[39–41]. These limitations of both primary-defect IKs-activators and late 
INa blockers have led to growing interest in therapeutic approaches that 
target pathways modulating ion channel function. For instance, target
ing the disturbances in intracellular Na⁺ and Ca²⁺ homeostasis observed 
in both LQT2 and LQT3 [42,43] may have beneficial effects on both 
repolarization and arrhythmogenesis. We therefore explored pharma
cological inhibition of serum-and glucocorticoid-regulated kinase 1 
(SGK1) as a potentially more generalizable approach targeting the sec
ondary intracellular remodelling in the setting of LQTS.

The therapeutic potential of SGK1-inhibition was first demonstrated 
by Bezzerides et al., who reported that it was able to shorten APD in 
patient-specific LQT3 hiPSC-CMs [16]. Building on this, we previously 
showed that SGK1-inhibition shortened APD (by 20–30%) across several 
LQT2 models, e.g., hiPSC-CMs, cardiac cell sheets (hiPSC-CCS), and 
transgenic rabbits independent of the underlying KCNH2 variants [17]. 
Conversely, the effects of SGK1-inhibition in LQT1 appeared more 
complex, showing variable responses in the three different KCNQ1 
variants investigated (ranging from no effect on APD in some variants to 
a shortening of APD in others), suggesting potential variant-specific 
responses [17]. While another study from Kim et al. [14,15] demon
strated an SGK1-inhibitor dependent cellular APD shortening in 

Fig. 3. SGK1-inh exerts an antiarrhythmic effect at the cellular level in LQT2 and LQT3 CMs. (A,C) Average values of short-term variability (STV) of the APD90 (A) 
and examples of short-term variability of the APD90 in one cell visualized with a Poincaré plot (C) in WT, LQT1, and LQT2 rabbit cardiomyocytes after 2–4 h of 
incubation with DMSO or SGK1-inh (3 μM). (B,D) Average values for STV of APD90 (B) and examples of short-term variability of the APD90 in one cell visualized with 
a Poincaré plot (D) in WT and LQT3 mouse cardiomyocytes after 2–4 h of incubation with DMSO or SGK1-inh (300 nM). Average values were calculated using 10 
consecutive APs. n, number of CMs, N, number of animals. *p < 0.5, **p < 0.01, nested t-test; ns = non-significant.
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patient-specific hiPSC-CMs models of LQT1, LQT2, and LQT3, it only 
investigated one pathogenic KCNQ1 variant [14,15]. Thus, it remains 
uncertain whether the efficacy is due to the different molecules tested, 
the specific properties of the KCNQ1 variant studied and its resulting 
conformal changes in the KCNQ1 complex which may impact on the 
channels responsiveness to SGK-Inh [43], the presence (if any) of a 
variant-related enhanced late INa, and the degree and nature of associ
ated AP prolongation. Here, we confirm and extend our previous find
ings by demonstrating that SGK1-inhibition shortens the prolonged 
cellular APD by approximately 25% in LQT2 CMs and by 23% in LQT3 
CMs, resulting in complete normalization of APD relative to WT . 
Crucially, ex vivo studies further demonstrated that SGK1-inhibition 
normalized QT and ERP in isolated LQT2 and LQT3 hearts, but has no 
effect in WT, confirming that its effect extends beyond the cellular level.

SGK1 is a known modulator of the cardiac Nav1.5 channel [44], 
which governs the AP upstroke and contributes to the plateau and 
repolarization phase of the AP through the late INa [45,46]. Constitutive 
SGK1 activation in cardiomyocytes leads to APD prolongation, early and 

delayed afterdepolarizations (EADs and DADs), and increased late INa, 
thus recapitulating features of the LQTS phenotype. These effects were 
reversible by the late INa-blocker ranolazine, indicating their depen
dence on late INa [13]. SGK1-mediated effects have been attributed to its 
interaction with Nav1.5 leading to phosphorylation at SGK1 consensus 
sites and altered channel biophysics [13,16], enhancing Na⁺ influx and 
intracellular Na⁺ accumulation, which in turn promotes Ca²⁺ entry via 
reverse-mode Na⁺/Ca²⁺ exchange [47]. A vicious positive feedback loop 
may develop, wherein increased intracellular Ca²⁺ further augments late 
INa via the Ca2+-calmodulin (CaM). Specifically, Ca2+-activated CaM 
forms a complex that activates the CaM-dependent protein kinase kinase 
(CaMKK) pathway, which directly phosphorylates SGK1, leading to its 
enhanced activation and consequently to enhancement in late INa [48]. 
Thus, SGK1-inhibition is expected to reduce late INa and restore repo
larization by interrupting this pathological signal cascade. Bezzerides 
et al., provided the first proof-of-concept of how pharmacological 
SGK1-inhibition could reduce the native late INa current in neonatal rat 
ventricular myocytes, pointing to SGK1-inhibition as a therapeutic 
target for treating cardiac pathologies associated with augmented late 
INa [16]. Consistent with this data, we confirm that SGK1-inhibition 
significantly reduces late INa in LQT3 cardiomyocytes (by 33%), 
resulting in a 23% reduction in APD and complete normalization of 
cellular repolarization to the WT level. Because LQT3 arises from SCN5A 
gain-of-function variants that directly increase late INa [19], these data 
demonstrate that SGK1-dependent modulation of Nav1.5 contributes to 
the phenotype.

In addition to LQT3, enhanced late INa is also increasingly implicated 
in LQT2. Several studies suggest that prolonged APD and altered Ca²⁺ 
handling in LQT2 result in increased cellular Na⁺ and Ca²⁺ loading, 
which may promote Ca²⁺-mediated enhancement of late INa [49,50]. The 
beneficial effects of late INa blockers in LQT2 further support this notion: 
ranolazine shortens APD and prevents EADs in LQT2 hiPSC-CMs [51], 
the INa blocker GS-967 suppresses polymorphic VT formation in trans
genic LQT2 rabbit hearts by reducing Ca2+-mediated EADs [49], and 
mexiletine shortens APD and QTc and reduces arrhythmia burden in 
both experimental LQT2 hiPSC-CMs and rabbit models and LQT2 pa
tients [38]. Together, these findings point toward secondary late INa 
enhancement as a contributor to the LQT2 phenotype. Here, we provide 
direct evidence that late INa is significantly increased in LQT2 car
diomyocytes. Importantly, SGK1-inhibition reduced this increased late 
INa and shortened/normalized APD to WT levels, providing a mecha
nistic explanation for our earlier observations and identifying 
SGK1-dependent late INa enhancement as a shared pathogenic mecha
nism in LQT2 and LQT3. Whether the observed APD shortening by 
SGK1-inh is fully explained by the attenuation of late INa remains un
known, as potential effects of SGK1 on other ionic currents cannot be 
excluded. Nevertheless, because repolarization reserve is impaired in 
LQTS, a SGK1-inh induced reduction in the depolarizing late INa during 
the plateau phase - when the membrane impedance is high - is expected 
to have a pronounced effect on APD [52,53]. This mechanism could 
therefore account for the observed strong SGK1-inh induced APD 
shortening. In contrast to LQT2 and LQT3, late INa was not increased in 
LQT1 rabbit cardiomyocytes compared to WT, which aligns with the 
lack of APD response to SGK1-inhibition in this model. Late INa may 
however be increased in LQT1 cardiomyocytes carrying other KCNQ1 
variants than our LQT1 rabbit model as suggested by the variable 
APD-shortening efficacy in LQT1 hiPSC-CMs with the same SGK1-inh in 
our previous study [17] or a different SGK1-inh [14,15].

Under physiological conditions, ventricular repolarization reflects a 
fine balance between inward and outward currents during the plateau 
and repolarization phases of the AP. Increased late INa disrupts this 
balance, prolongs APD, and promotes intracellular Na⁺ and Ca²⁺ accu
mulation, leading to sarcoplasmic reticulum Ca²⁺ overload, spontaneous 
release events, and triggered activity [54,55]. These mechanisms 
contribute to EADs and DADs [42,56], which act as triggers for ven
tricular arrhythmias, particularly in conditions such as bradycardia or 

Fig. 4. Effects of SGK1-inh on triggered activity in LQT3 mice CMs. (A) Typical 
examples of delayed afterdepolarizations (DADs) and triggered APs (TAPs) 
evoked using a fast pacing stimulation protocol (20 pulses at 5 Hz followed by a 
10 s pause) in LQT3 CMs after DMSO or SGK1-inh (300 nM) incubation. The 
last four elicited APs are shown and DADs and TAPs are indicated by arrows. 
(B) Numbers of DADs and TAPs observed in DMSO or SGK1-inh incubated LQT3 
CMs. Average values were calculated using 3 consecutive traces. n, number of 
CMs, N, number of animals. *p < 0.05, nested t-test; ns = non-significant.
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Fig. 5. SGK1-inh shortens the QT interval in LQT2 and the ventricular effective refractory period (ERP) in LQT3 isolated hearts. (A-B) Representative ECG traces of 
two consecutive beats in ventricular escape rhythm after atrio-ventricular node ablation (upper panels) and corresponding average QT interval at baseline (DMSO) 
and after 60 min (60’) perfusion of SGK1-inh (3 μM; bottom panels) in ex vivo Langendorff-perfused hearts from WT (A) and LQT2 (B) rabbits. (C-D) Typical example 
of ECG recordings (upper panels) in WT (C) and LQT3 (D) mouse explanted hearts during an ERP protocol at baseline (DMSO, black) and after 60 min (60’) perfusion 
of SGK1-inh (300 nM; red). ERP was determined by reducing the coupling interval of a premature stimulus (after 36 stimuli at basic cycle length of 150 ms) in steps 
of 5 ms until activation of the ventricle failed. Bottom panels: average ERP in WT (C) and LQT3 (D) explanted mouse hearts. N, number of animals. ***p < 0.001, 
*p < 0.05, paired Student’s t-test, ns = non-significant.
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repolarization heterogeneity characteristic of LQTS [57–59]. Conse
quently, increased late INa has been recognized as a key proarrhythmic 
mechanism contributing to the electrical instability observed in both 
congenital and acquired LQTS. Accordingly, therapeutic strategies that 
reduce late INa are expected to have antiarrhythmic effect and to sup
press triggered activity [24]. Consistent with this concept, 
SGK1-inhibition decreased STV of APD, a marker of proarrhythmic risk, 
in both LQT2 and LQT3 CMs, but not in LQT1. DADs and triggered ac
tivity were frequent in LQT3 CMs, and triggered action potentials were 
significantly reduced by SGK1-inhibition, further supporting its antiar
rhythmic potential.

4.1. Limitations and outlook

The precise molecular mechanism by which SGK1-inhibition 
shortens the APD/QT in LQT2 and LQT3 and, particularly, the reasons 
for its lack of effect in LQT1, require further investigation. While our 
data support a direct SGK1-inhibitor effect through late INa suppression, 
additional studies are needed to explore other SGK1-dependent path
ways and to confirm these effects in vivo. Furthermore, long-term studies 
assessing the safety and chronic efficacy of SGK1-inhibition in humans 
are warranted. In 2026 a phase 2/3 clinical study evaluating efficacy 
and safety of an oral SGK1-inhibitor (THRV-1268) in LQT2 patients will 
commence (https://clinicaltrials.gov/study/NCT07277582).

5. Conclusion

This study demonstrated the ability of pharmacological SGK1- 
inhibition to shorten and normalize APD/QT, thereby decreasing 
arrhythmic risk in LQT2 and LQT3 models through reduction of 
enhanced late INa. In contrast, no effect was observed in the KCNQ1- 
Y315S LQT1 rabbit model, consistent with the absence of increased late 
INa, indicating a subtype-specific efficacy. In line with the cellular data, 
SGK1-inhibition also improved cardiac repolarization in isolated LQT2 
and LQT3 hearts, confirming its beneficial effect at the organ level. 
Collectively, these findings identify SGK1-inhibition as a promising 
mechanistic and potentially subtype-selective therapeutic strategy for 
LQT2 and LQT3 patients, particularly those who remain symptomatic 
despite standard treatments such as beta-blockers.
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