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A B S T R A C T   

Background: Pulmonary hypertension (PH) often leads to right ventricle (RV) failure, a significant cause of 
morbidity and mortality. Despite advancements in PH management, progression to RV maladaptation and 
subsequent failure remain a clinical challenge. This study explored the effect of paroxetine, a selective serotonin 
reuptake inhibitor (SSRI), on RV function in a rat model of PH, hypothesizing that it improves RV function by 
inhibiting G protein-coupled receptor kinase 2 (GRK2) and altering myofilament protein phosphorylation. 
Methods: The Su5416/hypoxia (SuHx) rat model was used to induce PH. Rats were treated with paroxetine and 
compared to vehicle-treated and control groups. Parameters measured included RV morphology, systolic and 
diastolic function, myofilament protein phosphorylation, GRK2 activity, and sympathetic nervous system (SNS) 
markers. 
Results: Paroxetine treatment significantly improved RV systolic function, evidenced by increased stroke volume, 
cardiac output, and ejection fraction, without significantly affecting RV hypertrophy, myosin heavy chain/titin 
isoform switching, or fibrosis. Enhanced phosphorylation of titin and myosin light chain-2 was observed, 
correlating positively with improved systolic function. Contrary to the hypothesis, improvements occurred 
independently of GRK2 inhibition or SNS modulation, suggesting an alternate mechanism, potentially involving 
antioxidant properties of paroxetine. 
Conclusion: Paroxetine improves RV systolic function in PH rats, likely through mechanisms beyond GRK2 in-
hibition, possibly related to its antioxidant effects. This highlights the potential of paroxetine in managing RV 
dysfunction in PH, warranting further investigation into its detailed mechanisms of action and clinical 
applicability.   

1. Introduction 

Recent advances in clinical medicine have enhanced the manage-
ment of pulmonary hypertension (PH) by utilizing new generation 
vasodilator therapies, which have improved patient outcomes. Never-
theless, some patients still succumb to right ventricle (RV) failure as a 
result of the excessive afterload placed upon the RV that is associated 
with chronic PH. Initially, the RV will undergo adaptive remodeling 
whereby hypertrophy of the RV myocardium serves to maintain cardiac 

output and pulmonary flow [1,2]. In the long term however, a sustained 
increase in RV afterload drives maladaptive remodeling that is associ-
ated with dilatation, myocardial dysfunction, increased oxygen and 
energetic demand of the RV that all leads to RV failure and eventual 
patient death [1,2]. 

It is largely accepted that overactivation of the sympathetic nervous 
system is involved in preserving RV myocardial function and cardiac 
output in PH but ultimately induces pathological remodeling to the RV 
myocardium such as interstitial fibrosis, myosin heavy chain isoform 
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switching and impaired Ca2+ handling, driving the development of overt 
systolic and diastolic dysfunction and the evolution of RV failure [3]. 
Clinical [4] and several in vivo experimental studies in either the 
monocrotaline [5–7] or Su5416/hypoxia [8] rat models of PH have 
demonstrated a clear benefit of sympathetic nervous system (SNS) 
blockade in improving RV function, with variable effects upon pulmo-
nary vascular remodeling and pulmonary artery pressure. More specif-
ically, at the level of the myofilament, heightened SNS activity initially 
promotes the activation of the protein kinase A (PKA) pathway that 
enhances RV contractility through the phosphorylation of key sarco-
meric proteins such as cardiac troponin I (cTnI), cardiac myosin binding 
protein-C (cMyBP-C), myosin light chain-2 (MLC-2) and titin along with 
Ca2+ handling proteins [9]. Nonetheless, prolonged SNS activation 
causes a reduction in β-adrenergic sensitivity that conversely diminishes 
PKA-mediated phosphorylation [9]. Alterations in myofilament post- 
translational modifications have been demonstrated in RV myocardial 
tissue acquired from patients with pulmonary arterial hypertension 
(PAH) undergoing heart transplantation, where substantial reductions 
in cTnI, cMyBP-C and titin phosphorylation have been reported 
compared to the donor samples [10]. The impact of SNS overactivation 
upon RV myofilaments is further highlighted in the setting of PH where 
chronic β-adrenoceptor blockade with bisoprolol was associated with 
improved RV systolic and diastolic function and enhanced cTnI and 
cMyBP-C phosphorylation [5]. 

Emerging novel evidence indicates that overactivation of G protein- 
coupled receptor kinase 2 (GRK2) is also widely implicated in the 
development of heart failure, principally through the internalization of 
β-adrenoceptors, desensitization of the myocardium to SNS signaling 
and promoting SNS overdrive [11,12]. However, GRK2 has also been 
found to impair cardiomyocyte fatty acid metabolism [13], disrupt 
mitochondrial metabolism [14] and negatively modulate nitric oxide 
signaling within cardiomyocytes [15]. These effects, combined with SNS 
desensitization/overdrive, may dramatically affect ventricular function 
via myofilament protein post-translational modifications. In rat models 
of RV hypertrophy and PH, GRK2 activation within the RV car-
diomyocytes coincided with reductions in β1-adrenoceptor density and 
myocardial cAMP concentration [16], suggesting that downstream PKA- 
mediated phosphorylation of myofilament proteins, namely cTnI, 
cMyBP-C and titin, may also be diminished and hence drive RV 
myocardial dysfunction in these models. Importantly, these data also 
indicate that GRK2 is an attractive target to enhance RV myocardial 
function in the setting of PH. 

The selective serotonin reuptake inhibitor (SSRI), paroxetine, pre-
scribed to manage depression in patients has been identified as a potent 
and highly selective inhibitor of GRK2 [17]. Chronic paroxetine treat-
ment in both rat [18] and mouse [19] models of left heart dysfunction 
and failure have been reported to reduce cardiac hypertrophy, reduce 
myocardial interstitial fibrosis, restore β-adrenoceptor/SNS signaling 
and enhance myocardial function via a GRK2 inhibition. It is currently 
unknown whether the beneficial effects of chronic paroxetine treatment 
also extend to the myofilaments. 

In this proof-of-concept study, we hypothesized that paroxetine 
treatment would improve RV myocardial function via the inhibition of 
GRK2, thereby preventing changes in the phosphorylation status of key 
myofilament proteins known to contribute to the development of RV 
dysfunction and failure in rats with PH induced by Su5416/hypoxia. 

2. Methods 

2.1. Animals and study design 

Seven-week old, male Sprague-Dawley rats (n = 32) were sourced 
from Japan SLC (Shizuoka, Japan). Rats were subsequently randomized 
to the control (n = 12) or PH (n = 20) groups. In this study, PH was 
induced using the Su5416/chronic hypoxia (SuHx) method as previ-
ously described [20]. Rats in the SuHx group received a single 

subcutaneous injection of Su5416 (20 mg⋅kg− 1; MedChemExpress, NJ, 
USA) suspended in a 0.5 % carboxymethylcellulose (CMC) solution (4 
mL⋅kg− 1) and placed in a hypoxia chamber (10 % O2 by nitrogen mix-
ing) for 3 weeks [20]. Subsequently, SuHx rats were maintained under 
normoxic conditions (room air) for a further 2 weeks before being 
further randomized to receive paroxetine hydrochloride (n = 10, 5 
mg⋅kg− 1⋅day− 1; MedChemExpress) or vehicle (n = 10, 10 % DMSO, 40 
% PEG-300, 5 % Tween-80, 45 % physiological saline) via a subcuta-
neously implanted osmotic minipump for 4 weeks (model 2ML4, Alzet®; 
Durect Corporation, CA, USA). Osmotic minipumps were surgically 
implanted in an aseptic manner under light isoflurane anesthesia (~1.5 
% mixed in air with 100 % O2) along the flank of the rat. Each rat was 
administered an analgesic for pain relief (carprofen, 5 mg⋅kg− 1 s.c.; 
Zoetis, Tokyo, Japan) [20]. Control rats received an equivalent volume 
of the 0.5 % CMC solution (4 mL⋅kg− 1) and were housed in normoxic 
conditions throughout the study (Supplementary Fig. 1). All rats were 
housed in a temperature and humidity-controlled environment and 
provided standard laboratory chow (CLEA Japan, Tokyo, Japan) and 
water ad libitum. 

2.2. RV pressure-volume loop acquisition, hemodynamic measurements & 
analysis 

At the conclusion of the study, all rats were subjected to hemody-
namic evaluation and RV pressure-volume (PV) loop acquisition. Rats 
were anesthetized with isoflurane (3–4 % for induction; 1.5–2 % for 
maintenance) in oxygen-enriched air (~40 % O2) and once deep surgical 
anesthesia was confirmed, underwent tracheal intubation and then 
mechanically ventilated with a respiratory rate 70–80 breaths⋅min− 1 

and a tidal volume of ~7 mL⋅kg− 1. Body temperature was maintained at 
37 ◦C ± 1 ◦C using a rectal thermocouple probe connected to a heating 
pad. The right jugular vein was cannulated for fluid replacement 
(Ringer’s lactate, 5 mL⋅kg− 1⋅h− 1) and the right common carotid artery 
cannulated for the continuous measurement of systemic arterial blood 
pressure. RV catheterization was then performed using an open-chest 
approach. A full thoracotomy was performed to fully expose the heart 
and a 1.9Fr miniaturized PV catheter (Scisense, Ontario, Canada) was 
inserted into the RV along its long axis using an apical stab approach 
[21]. The ascending aorta was then carefully dissected away from the 
surrounding tissue and isolated so that a flow-probe (Model# 2.5PSB, 
Transonic, NY, USA) could be positioned to continuously measure car-
diac output and calibrate the PV catheter volume signal. Loose ligatures 
were also placed around the inferior vena cava (IVC) to facilitate pre- 
load reduction. Rats were allowed to stabilize after the surgery (~5- 
10 min), prior to PV loop acquisition. 

PV loops were recorded during steady-state and a subsequent oc-
clusion of the IVC for the determination of load-insensitive indices of 
myocardial function. All recordings were made with ventilation briefly 
suspended at end inspiration (5–10s, tracheal pressure of ~10-12 cm 
H2O) and after verifying the stability of the physiological parameters to 
avoid artefacts arising from catheter movement from breathing. Blood 
pressure data was acquired using a fluid-filled transducer (MLT0670; 
ADInstruments, NSW, Australia) and PV loop data using the ADV500 
system (Scisense), both connected to a PowerLab 16/30 (ADInstru-
ments) and recorded in LabChart Pro software (v.8.1.25, ADInstru-
ments) at a sampling rate of 1000 Hz. PV loop and hemodynamic data 
analysis was performed off-line using the PV Loop Module and Blood 
Pressure Module within LabChart Pro (v.8.1.25, ADInstruments). Arte-
rial elastance (Ea) was calculated as the RV end systolic pressure divided 
by stroke volume and RV stroke work was defined as the area of the PV 
loop. Total pulmonary resistance was calculated as the quotient of 
estimated mean pulmonary artery pressure (0.61 × RVSP +2) divided by 
cardiac output [22]. The RV relaxation time constant (Tau) was calcu-
lated using the Logistic method [23]. 
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2.3. Tissue collection 

Rats were killed after PV loop acquisition with an overdose of po-
tassium chloride (i.v.) while under deep surgical anesthesia (5 % iso-
flurane). The heart was rapidly excised, rinsed in ice-cold 1 × PBS to 
remove excess blood, blotted dry and weighed. The RV was then sepa-
rated from the LV and interventricular septum (LV + IVS), both were 
weighed and sliced along the transverse axis. The apical portion was 
minced, snap-frozen in liquid nitrogen and stored at − 80 ◦C. The 
remainder was halved along the transverse axis, with one half fixed in 4 
% paraformaldehyde and embedded in paraffin and the other half 
directly embedded in optimum cutting temperature (OCT) compound 
(Sakura Finetek®, Tokyo, Japan), frozen in cooled isopentane and 
stored at − 80 ◦C. Tibia length was measured as an index of body size. 

2.4. Histology 

RV tissue sections of 4 μm were dewaxed in two changes of xylene 
and rehydrated to water through graded ethanols (2 × 100 %, 1 × 90 %, 
1 × 80 %, 1 × 70 %) for 3 min each. Paraffin-embedded sections were 
stained with hematoxylin and eosin (H&E) to assess cardiomyocyte 
cross-sectional area. Cryosections were stained with picrosirius red to 
demonstrate RV interstitial collagen per the manufacturers’ instructions 
(Polysciences Inc., PA, USA). All slides were imaged using a digital slide 
scanner (NanoZoomer S60, Hamamatsu Photonics, Hamamatsu, Japan) 
and analyzed using Aperio ImageScope (v12.3; Leica Biosystems, Wet-
zlar, Germany) [24]. 

2.5. Tissue preparation for SDS-PAGE 

2.5.1. Whole RV lysates 
Approximately 50 mg of RV tissue was homogenized in 350 μL of ice- 

cold RIPA lysis buffer (Abcam, Cambridge, UK) containing protease 
(cOmplete™ mini cocktail, Roche, Basel, Switzerland) and phosphatase 
(PhosSTOP™, Roche) inhibitors with a mechanical homogenizer and 
incubated on ice for 30 min. Homogenates were centrifuged at 20,000g 
at 4 ◦C for 30 min and the supernatant collected as the whole RV lysate. 
Lysates were then immediately mixed 1:1 in 2 × Laemmli sample buffer 
(LSB; Bio-Rad, CA, USA) containing dithiothreitol (DTT; Roche) at a 
final concentration of 75 mM, heated at 95 ◦C for 5 min, cooled on ice 
and stored at − 80 ◦C. 

2.5.2. Myocardial tissue sub-cellular fractionation 
RV tissue was homogenized in ice-cold standard relaxing buffer 

(SRB; 60 mM KCl, 30 mM Imidazole, 2 mM MgCl2, 2 mM EDTA, 1 mM 
NaN3 pH 7.4) [25] containing protease and phosphatase inhibitors (as 
above) using a mechanical homogenizer at a ratio of 10 μL to 1 mg of 
tissue [25]. Homogenates were centrifuged at 20,000g for 2 min at 4 ◦C, 
with the supernatant designated as the cytosolic fraction. The pellet was 
resuspended in ice-cold SRB with the addition of 1 % Triton X-100 
(SRBX-100), incubated on ice for 15 min with frequent vortexing and 
centrifuged at 20,000g for 2 min at 4 ◦C. The supernatant was designated 
as the membrane fraction. After washing the pellet twice in 1 mL of 
SRBX-100 and once more in 1 mL of SRB to remove the Triton X-100 by 
vortexing and centrifugation as above, the final pellet was resuspended 
in sample buffer (8 M Urea, 2 M Thiourea, 10 % Glycerol, 3 % SDS, 0.05 
M Tris-HCl pH 6.8, 75 mM DTT, 0.005 % bromophenol blue) at a ratio 5 
μL to 1 mg of the original tissue weight, heated at 60 ◦C for 10 min and 
centrifuged at 20,000 g for 15 min at 4 ◦C, with the supernatant being 
designated as the myofilament fraction [25]. Protein from the cytosolic 
and membrane fractions were subsequently precipitated by the addition 
of four volumes ice-cold methanol, one volume of ice-cold chloroform 
and four volumes of ice-cold dH20, vortexed thoroughly and centrifuged 
at 20,000 g for 5 min at 4 ◦C. The upper phase was discarded, and the 
white protein pellet and lower phase were resuspended in ice-cold 
methanol and centrifuged as before. The supernatant was then 

decanted, and the pellet air-dried for 30 min. Protein pellets were then 
resuspended in sample buffer, heated and centrifuged as per the 
myofilament fraction. All samples were stored at − 80 ◦C. 

2.5.3. Protein concentration estimation 
The protein concentration of each sample was estimated using the 

Pierce™ 660 nm Protein Assay (Thermo Fisher Scientific, MA, USA) as 
previously described [24]. Diluted samples (5- to 10-fold) were 
compared against a standard curve of known concentrations. For sam-
ples solubilized in sample buffer, the protein assay reagent was sup-
plemented with ionic detergent compatibility reagent (IDCR, Thermo 
Fisher Scientific). The absorbance values were read at 660 nm using a 
POLARstar OMEGA microplate reader (BMG Labtech, Offenburg, 
Germany). 

2.6. Myofilament protein phosphorylation 

5 μg of RV myofilament protein (see above) was loaded onto gradient 
5–20 % acrylamide pre-cast mini gels (SuperAce™ Ace, FUJIFILM Wako 
Pure Chemicals, Tokyo, Japan) and subjected to SDS-PAGE under 
reducing conditions at a constant 20 mA until the dye-front reached the 
bottom of the gel. The gels were then fixed, washed, stained with Pro-Q 
Diamond Phosphoprotein Stain (Invitrogen), destained and washed as 
previously described [24]. Gels were imaged using an Amersham Imager 
680 with a Cy3 fluorescence protocol (Cytiva, MA, USA). Gels were then 
post-stained for total protein with Coomassie blue solution 
(InstantBlue®, Abcam, Cambridge, UK) for 1 h, destained in several 
changes of dH2O and imaged with an Amersham Imager 680 (Cytiva). 
Band densities were analyzed using Image Lab (v6.0.1, Bio-Rad, CA, 
USA). 

2.7. Titin isoform determination & phosphorylation 

Titin isoform and relative phosphorylation were determined by uti-
lizing vertical SDS agarose gel electrophoresis [26]. 10 μg of RV 
myofilament protein per sample (see above) was loaded onto 16 cm ×
16 cm × 2 cm 1 % agarose gels and ran under reducing conditions at a 
constant 16 mA for 4 h, with cooling. Rat tibialis anterior (TA) muscle 
was also loaded as a reference for the N2A titin isoform. For isoform 
determination, gels were fixed and then stained in SYPRO Ruby (Invi-
trogen, OR, USA) overnight with gentle agitation and imaged using an 
Amersham Imager 680 (Cytiva, MA, USA). For relative phosphorylation, 
agarose gels were stained with Pro-Q Diamond and imaged with a Cy3 
fluorescence protocol (see above). Gels were then post-stained overnight 
in SYPRO Ruby to assess total protein an imaged as above. Band den-
sities were analyzed using Image Lab (v6.0.1, Bio-Rad, CA, USA). 

2.8. Myosin heavy chain isoform determination 

2 μg of RV myofilament protein per sample was loaded onto a 16 cm 
× 16 cm × 1 cm 6 % polyacrylamide gel and run at a constant 16 mA for 
5 h [27]. The gel was subsequently stained in Coomassie blue solution 
(InstantBlue®, Abcam, Cambridge, UK) for 1 h, destained in several 
changes of dH2O and imaged by transillumination with an Amersham 
Imager 680 (Cytiva, MA, USA). Band densities were analyzed using 
Image Lab (v6.0.1, Bio-Rad, CA, USA). 

2.9. Western blotting 

5-10 μg of protein per sample were loaded onto either gradient 
(5–20 %) or 10 % acrylamide pre-cast mini gels (SuperAce™ Ace, 
FUJIFILM Wako Pure Chemicals, Tokyo, Japan) and subjected to SDS- 
PAGE under reducing conditions at a constant 20 mA/gel until the 
dye-front reached the bottom of the gel. Proteins were then transferred 
to PVDF membranes with a semi-dry technique (TransBlot Turbo™, Bio- 
Rad, CA, USA) and stained with Ponceau-S (Sigma-Aldrich, MO, USA) to 
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confirm protein transfer and serve as the loading control. Membranes 
were then washed in 1 × TBST and blocked for 1 h at room temperature 
in blocking solution (Blocking One, Nacalai Tesque, Kyoto, Japan). After 
washing in 1 × TBST, membranes were incubated in primary antibody at 
4 ◦C overnight against the following proteins: GRK2 (1:2000; Novus 
Biologicals, NBP2–37611), β1AR (1:100, Santa Cruz Biotechnology, sc- 
568), tyrosine hydroxylase (1:1000; GeneTex, GTX113016), phospho- 
cMyBP-CSer282 (1:1000; Enzo Lifesciences, ALX-215-057-R050), phos-
pho-cTnISer23/24 (1:1000, Cell Signaling Technologies, 4004), phospho- 
MLC-2vSer15 (1:1000; GenTex, GTX17513), total cMyBP-C (1:1000, 
Santa Cruz Biotechnology, sc-137,180), total cTnI (1:1000; Cell 
Signaling Technologies, 4002) and total MLC-2v (1:1000, Cell Signaling 
Technologies, 12,975). All primary antibodies were prepared in diluted 
blocking solution. The next day, membranes were washed for 4 × 10 min 
in 1 × TBST before being incubated either a goat anti-rabbit (β1AR, 
tyrosine hydroxylase, phospho-cMyBP-CSer282, phospho-cTnISer23/24, 
phospho-MLC-2vSer15, total cTnI and total MLC-2v) or goat anti-mouse 
(GRK2 and total cMyBP-C) secondary antibody (both diluted 1:2500 
in diluted blocking solution; Agilent, CA, USA) for 1 h at room tem-
perature. Membranes were then washed again 3x5min in 1xTBST, 
incubated in ECL solution (ECL Prime; Cytiva, MA, USA) and then 
imaged using an Amersham Imager 680 (Cytiva). Band densities were 
analyzed using Image Lab (v6.0.1, Bio-Rad, CA, USA). 

2.10. High performance liquid chromatography (HPLC) 

RV myocardial catecholamine stores were measured by HPLC-ECD 
(HTEC-500, Eicom) as previously described [28]. Briefly, a small piece 
of snap-frozen RV myocardium was homogenized in 0.1 M perchloric 
acid using a hand-held homogenizer (Power Masher II, Nippi Protein 
Engineering, Tokyo, Japan), centrifuged at 20,000 g for 15 min at 0 ◦C 
and the supernatant saved. After adjusting the pH to ~3.0 with the 
addition of 1 M sodium acetate solution, the supernatant underwent 
ultrafiltration using a 10,000-MW cut-off membrane filter (Ultrafree 
MC; Merck Millipore, Tokyo, Japan). The ultrafiltrate was then directly 
injected into HPLC system for the measurement of the catecholamines 
dopamine, norepinephrine and epinephrine. 

2.11. Statistical analysis 

All data are presented as mean with error bars representing the 
standard error of the mean (SEM) and n indicating the number of ani-
mals in each group. A one-way ANOVA was carried out to establish 
differences between the groups. A Bonferroni’s post hoc test was used to 
correct for multiple comparisons. Correlations between independent 
and dependent variables were established using linear regression. Sta-
tistical analysis was performed using GraphPad Prism (v9.5, GraphPad, 
CA, USA). A p-value of <0.05 was considered statistically significant. 

3. Results 

3.1. General animal characteristics & RV morphology 

When compared to the control group, vehicle-treated SuHx rats 
exhibited significantly lower body weight (p < 0.0001), along with a 
significantly higher normalized heart (p < 0.0001), LV + IVS (p <
0.001) and RV (p < 0.0001) weights (Table 1). RV weight relative to LV 
+ IVS weight (Fulton Index) was also significantly greater in vehicle- 
treated SuHx rats in comparison to the control group (p < 0.0001, 
Table 1). Chronic treatment of SuHx rats with paroxetine, resulted in 
higher body weight compared to the vehicle-treated SuHx rats (p < 0.05, 
Table 1) although paroxetine had no effect upon relative heart, LV + IVS 
or RV weights as well as the Fulton Index (Table 1). In regards to RV 
morphology, vehicle-treated SuHx rats demonstrated remarkably 
greater RV cardiomyocyte cross-sectional area when compared to con-
trol rats (p < 0.0001 vs. Control, Fig. 1A) in addition to a modest but 

significantly elevated RV interstitial fibrotic area fraction (p < 0.05 vs. 
Control, Fig. 1B). Paroxetine treatment of SuHx rats did not significantly 
alter RV cardiomyocyte cross-sectional area (Fig. 1A) or the RV inter-
stitial fibrotic area fraction when compared to vehicle-treated SuHx rats 
(Fig. 1B). 

3.2. RV systolic dysfunction associated with PH is improved by paroxetine 
treatment 

Upon anesthesia and catheterization, vehicle-treated SuHx rats 
exhibited a significantly reduced heart rate (p < 0.05 vs. Control) as well 
as elevated RV end systolic pressure (p < 0.001 vs. Control), RV after-
load (Arterial elastance; p < 0.0001 vs. Control) and total pulmonary 
resistance (p < 0.0001 vs. Control), indicating the development of severe 
PH (all Table 2). Vehicle-treated SuHx rats exhibited pronounced RV 
systolic dysfunction, evident by a significantly lower stroke volume (p <
0.05), cardiac output (p < 0.01) and a near-significant ~30 % reduction 
in ejection fraction (p = 0.07) compared to the Control group (all 
Table 2). RV diastolic dysfunction was also observed in the vehicle- 
treated SuHx rats with a significant increase end diastolic pressure (p 
< 0.05 vs. Control, Table 2) and a prolongation of the relaxation time 
constant, Tau (Tau Logistic; p < 0.01 vs, Control, Table 2). 

Paroxetine treatment of SuHx rats was associated with significantly 
lower RV afterload (Arterial elastance; p < 0.05 vs. SuHx+Vehicle, 
Table 2) and total pulmonary resistance (p < 0.05 vs. SuHx+Vehicle, 
Table 2) by comparison to the SuHx+Vehicle group (Table 2). RV sys-
tolic function was also enhanced in SuHx rats treated with paroxetine as 
demonstrated by a significantly greater stroke volume (p < 0.05 vs. 
SuHx+Vehicle, Table 2), a near significant increase of cardiac output (p 
= 0.07 vs. SuHx+Vehicle, Table 2) and a ~ 20 % higher ejection fraction 
although this difference did not reach statistical significance (Table 2). 
Importantly, paroxetine treatment of SuHx also significantly enhanced 
the RV stroke work compared to the vehicle-treated SuHx rats (p < 0.05 
vs. SuHx+Vehicle, Table 2) suggesting that paroxetine treatment may 
indeed directly improve the pump function against sustained afterload 
in the RV of PH rats (Table 2). Despite these improvements in RV systolic 
function, diastolic function was not affected by paroxetine treatment in 
SuHx rats (Table 2). 

Table 1 
General animal characteristics and morphometrics of control, SuHx+vehicle and 
SuHx+paroxetine rats at the conclusion of the study.   

Control SuHx+vehicle SuHx+paroxetine 

n 12 8 6  

General animal characteristics 
Body weight (g) 473 ± 10 361 ± 20## 429 ± 23†

Tibia length (mm) 43 ± 0.3 40 ± 0.5** 40 ± 0.8**  

Morphometrics 
Heart weight:tibia length 

(mg⋅mm− 1) 
25 ± 0.5 46 ± 1.5## 45 ± 2.2## 

RV weight:tibia length 
(mg⋅mm− 1) 

4.5 ± 0.1 13.9 ± 0.5## 14.1 ± 0.9## 

LV + IVS weight:tibia length 
(mg⋅mm− 1) 

18.1 ±
0.4 

23.2 ± 0.9# 23.0 ± 1.0# 

Fulton Index (RV/LV + IVS) 0.24 ±
0.01 

0.61 ± 0.03## 0.61 ± 0.04## 

Data are express as mean ± SEM. A one-way ANOVA was used to establish 
differences among the groups with a Bonferroni’s post hoc test to correct for 
multiple comparisons. RV: Right ventricle, LV + IVS: left ventricle + interven-
tricular septum. 

** p < 0.01. 
# p < 0.001. 
## p < 0.0001 vs. Control. 
† p < 0.05 vs. SuHx+Vehcile. 
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Fig. 1. Chronic paroxetine treatment did not affect the RV cardiomyocyte hypertrophy or the development of RV myocardial interstitial fibrosis associated with PH 
in the SuHx rats. A: Representative photomicrographs (x40 objective) of hematoxylin and eosin stained RV sections from Control (n = 3), SuHx+Vehicle (n = 6) and 
SuHx+Paroxetine (5 mg⋅kg− 1⋅day− 1, n = 6) rats. When compared to control, both vehicle- and paroxetine-treated SuHx exhibited a significantly increased car-
diomyocyte cross-sectional area (both p < 0.001 vs. Control). The lower right panel shows the average cross-sectional area of at least 20 RV myocytes measured from 
each section (animal) per group. B: Representative photomicrographs (x10 objective) RV cryosections stained with picrosirius red to demonstrate the extracellular 
matrix and interstitial collagen (fibrosis) in Control (n = 6), SuHx+Vehicle (n = 7) and SuHx+Paroxetine (n = 6). PH in SuHx+Vehicle rats was associated with a 
significant increase in the fibrotic area (red staining) compared to Controls (p < 0.05). Paroxetine-treatment of SuHx rats resulted in a slightly lower fibrotic area 
compared to vehicle-treated SuHx rats (NS). Data are presented as mean ± SEM. A one-way ANOVA with a Bonferroni’s post hoc test was used to assess differences 
between the groups. Scale bars in A and B indicate 50 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version 
of this article.) 
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3.3. Paroxetine enhances RV-PA coupling in SuHx rats 

A sequential series of RV PV loops were acquired during IVC occlu-
sions to obtain load-insensitive indices of RV systolic and diastolic 
function (Fig. 2A-C). The fitted end diastolic pressure-volume relation-
ship (EDPVR, blue line Fig. 2A-C) was expressed using the exponential 
model: P = α × (eβV – 1) with β being the RV stiffness constant and α the 
stiffness and scaling coefficient [29,30]. Compared to control rats, 
vehicle-treated SuHx rats exhibited a greater RV stiffness constant (β) of 
the EDPVR (EDPVR β, p = 0.07 vs. Control, Fig. 2A-D). Although there 
was an ~35 % lower EDPVR β in the SuHx+Paroxetine group compared 
to the SuHx+Vehicle group, this difference was not statistically signifi-
cant (Fig. 2D). As the stiffness constant β does not account for the 
contribution of the stiffness and scaling coefficient α to global RV dia-
stolic stiffness (i.e. EDPVR), end diastolic elastance (Eed) was calculated 
the as the slope of the EDPVR at end diastole with the formula: α × β ×
e(β×EDV) [30]. Eed was significantly elevated in the RV of vehicle-treated 
SuHx rats compared to the control rats (p < 0.05, Fig. 2D). In the 
paroxetine-treated SuHx rats, Eed was increased to a similar extent as 
the vehicle-treated SuHx rats compared to the control group, however 
the difference did not reach statistical significance (Fig. 2D). Overall, 
paroxetine treatment had little effect on the increased RV diastolic 
stiffness associated with PH in the SuHx rats (Fig. 2A-D). 

The end systolic pressure-volume relationship (ESPVR, red line 
Fig. 2A-C), a load-insensitive index of ventricular contractile perfor-
mance [31] was significantly higher in both the vehicle- and paroxetine- 
treated SuHx rats by comparison to control rats, demonstrating 
enhanced contractility against greater RV afterload in SuHx-treated rats 
(both p < 0.05 vs. Control, Fig. 2A-D). To further evaluate the intrinsic 
pump function of the RV relative afterload (so-called RV-pulmonary 
artery (PA) coupling), the slope of the ESPVR was expressed as a ratio 
with arterial elastance [32] (Table 2). When compared to control rats, 
vehicle-treated SuHx rats had an ~40 % reduction in the RV-PA 
coupling factor, consistent with impaired RV pump function (Fig. 2D). 
Paroxetine-treated SuHx rats on the other hand exhibited a marked ~45 
% mean increase in the RV-PA coupling factor, in effect normalizing RV- 
PA coupling to values similar to control rats (Fig. 2D). It is important to 
note however that due to large variation in the data, no statistically 

significant differences were found among the groups for RV-PA 
coupling. 

3.4. Altered titin and myosin isoform expression patterns in SuHx rats are 
unchanged by chronic paroxetine treatment 

Titin isoform analysis of RV myofilament fractions revealed that 
control rats expressed an N2BA:N2B isoform ratio of around 40:60, 
where the stiffer N2B isoform is predominant (Fig. 3A&C). In the RV of 
vehicle-treated SuHx rats, a significant increase in the N2BA:N2B iso-
form ratio was observed at around 70:30 (p < 0.001 vs. Control, 
Fig. 3A&C), representing a primary titin isoform shift towards the more 
compliant N2BA. Paroxetine treatment of SuHx rats had no significant 
effect on the RV titin isoform expression ratio (75:25, Fig. 3A&C). 
Similarly, the myosin heavy chain (MHC) composition ratio was 
significantly altered in the RV of SuHx rats (Fig. 3B&D). Compared to 
control rats, vehicle-treated SuHx rats exhibited a significant increase of 
fetal‑neonatal β-MHC isoform expression (31 % vs. 62 %, p < 0.0001, 
Fig. 3B&D), consistent with the development of heart failure in rodents. 
In SuHx rats treated with paroxetine, there was no significant difference 
in the β-MHC isoform expression compared to the vehicle-treated SuHx 
rats (65 % vs. 63 %, Fig. 3B&D). 

3.5. Chronic paroxetine treatment of SuHx rats prevented changes in RV 
myofilament protein phosphorylation in SuHx rats 

Analysis of the net (i.e. non-site specific) phosphorylation status of 
small myofilament proteins showed no significant differences of cMyBP- 
C, desmin, cTnT, cTm or cTnI relative phosphorylation among the 
groups (Fig. 4A&B). When compared to the control group, both the 
vehicle-treated and paroxetine-treated SuHx rats exhibited a significant 
reduction in net phosphorylation status of MLC-2 (p < 0.01 and p < 0.05 
vs. Control, respectively; Fig. 4A&B). The net phosphorylation status of 
titin was also significantly reduced in the RV of vehicle-treated SuHx rats 
by comparison to control rats (p < 0.001, Fig. 4C&D), with chronic 
paroxetine treatment significantly enhancing net titin phosphorylation 
in the RV of SuHx rats (p < 0.01 vs. SuHx+Vehicle, Fig. 4C&D). 

Site-specific analysis of RV small myofilament phosphoproteins 

Table 2 
RV steady-state functional indices from control, SuHx+vehicle and SuHx+paroxetine rats at the conclusion of the study.  

n Control SuHx+
Vehicle 

SuHx+
Paroxetine 

One-Way ANOVA with a Bonferroni’s Post Hoc Test (p-value) 

6 7 6 

Hemodynamics Control vs. 
SuHx+Vehicle 

Control vs. SuHx+Paroxetine SuHx+Vehicle vs. 
SuHx+Paroxetine 

Mean arterial pressure (mmHg) 87 ± 6 88 ± 6 76 ± 7 NS NS NS 
Heart rate (BPM) 305 ± 16 255 ± 6 271 ± 14 p < 0.05 NS NS 
Arterial elastance (mmHg⋅μL− 1) 0.12 ± 0.01 0.84 ± 0.05 0.64 ± 0.07 p < 0.0001 p < 0.001 p < 0.05 
Total pulmonary resistance (mmHg⋅μL− 1⋅min− 1) 0.28 ± 0.02 2.10 ± 0.17 1.38 ± 0.25 p < 0.0001 p < 0.01 p < 0.05  

Right ventricular systolic function 
End systolic pressure (mmHg) 24 ± 1 96 ± 3 95 ± 4 p < 0.0001 p < 0.0001 NS 
End systolic volume (μL) 169 ± 22 237 ± 50 217 ± 25 NS NS NS 
Stroke volume (μL) 204 ± 9 116 ± 6 162 ± 19 p < 0.05 NS p < 0.05 
Stroke work (mmHg⋅μL) 4796 ± 387 10,529 ± 730 15,918 ± 1982 p < 0.05 p < 0.0001 p < 0.05 
Cardiac output (mL⋅min− 1) 63 ± 6 30 ± 2 44 ± 6 p < 0.01 NS p = 0.07 
Ejection fraction (%) 57 ± 4 40 ± 5 48 ± 5 p = 0.07 NS NS 
dP/dtmax (mmHg⋅s− 1) 1849 ± 101 4012 ± 188 4127 ± 186 p < 0.0001 p < 0.0001 NS  

Right ventricular diastolic function 
End diastolic pressure (mmHg) 4.2 ± 0.6 7.1 ± 0.6 6.2 ± 0.7 p < 0.05 NS NS 
End diastolic volume (μL) 358 ± 23 318 ± 47 391 ± 37 NS NS NS 
dP/dtmin (mmHg⋅s− 1) − 1101 ± 59 − 3809 ± 200 − 3840 ± 203 p < 0.0001 p < 0.0001 NS 
Tau logistic (ms) 7.3 ± 0.4 9.9 ± 0.4 8.8 ± 0.7 p < 0.01 NS NS 

Data are express as mean ± SEM. A one-way ANOVA was used to establish differences among the groups with a Bonferroni’s post hoc test to correct for multiple 
comparisons. 
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revealed a non-significant ~20 % lower relative phosphorylation of 
cMyBP-C at the serine 282 residue in both groups of SuHx rats when 
compared to controls (Fig. 5A). Additionally, there were no significant 
differences between the groups in terms of cTnI relative phosphorylation 
at the serine 23/24 site (Fig. 5B), indicating that the PKA-dependent 
myofilament phosphorylation was little different between the groups. 
Consistent with the net phosphorylation analysis, the relative phos-
phorylation of MLC-2 ventricular isoform (MLC-2v) was approximately 
60 % lower at the serine 15 residue in the RV of vehicle-treated SuHx 
rats compared to controls (p < 0.01, Fig. 5C). Although the relative 
phosphorylation of MLC-2v was significantly lower than that of controls 
in the SuHx rats treated with paroxetine (p < 0.05, Fig. 5C), when 

compared the vehicle-treated SuHx rats, there was an almost 70 % 
enhanced relative phosphorylation of MLC-2v at the serine 15 site (MLC- 
2Ser15) in the paroxetine-treated SuHx rats (Fig. 5C). 

Importantly, pooled linear regression analysis revealed that changes 
in both RV MLC-2vSer15 and titin relative phosphorylation were associ-
ated with changes in RV systolic function. For instance, positive corre-
lations were established between MLC-2vSer15 relative phosphorylation 
and stroke volume (p = 0.06, r2 = 0.241, Fig. 5D), cardiac output (p <
0.05, r2 = 0.305, Fig. 5E) and ejection fraction (p < 0.05, r2 = 0.376, 
Fig. 5F). Positive correlations were also established between titin rela-
tive phosphorylation (Fig. 4C&D) and stroke volume (p < 0.05, r2 =

0.401, Fig. 5G), cardiac output (p < 0.01, r2 = 0.45, Fig. 5H) and ejection 

Fig. 2. Chronic paroxetine treatment enhanced RV-PA coupling with no effect upon RV diastolic dysfunction in SuHx rats. Representative RV pressure-volume (PV) 
loop series acquired during inferior vena cava (IVC) occlusions in Control (A, n = 6), SuHx+Vehicle (B, n = 7) and SuHx+Paroxetine (C, n = 6). The EDPVR and 
ESPVR of each RV PV loop series (A-C) is indicated by the broken blue and red lines, respectively. D is a summary of the RV function indices calculated from the 
relationship of RV PV loops obtained during the IVC occlusions. When compared to the Control rats, both the SuHx groups exhibited higher RV diastolic stiffness, 
although this only reached statistical significance in the SuHx+Vehicle group (p < 0.05 vs. Control). Paroxetine treatment (5 mg⋅kg− 1⋅day− 1) of SuHx rats did not 
affect the slope of the ESPVR compared to vehicle-treated SuHx rats (both p < 0.05 vs. Control). The RV-PA coupling factor was reduced by ~40 % in the 
SuHx+Vehicle rats compared to Control, which was effectively normalized in the SuHx+Paroxetine group. Data are expressed as mean ± SEM. A one-way ANOVA 
with a Bonferroni’s post hoc test was used to assess differences between the groups. *p < 0.05 vs. Control. EDPVR: end diastolic pressure-volume relationship; Eed: 
End diastolic elastance; Ees: End systolic elastance; RV-PA coupling: right ventricle-pulmonary artery coupling; Ea: Arterial elastance. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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fraction (p < 0.05, r2 = 0.337, Fig. 5I). These data demonstrate that the 
enhancements in myofilament phosphorylation observed in the 
paroxetine-treated SuHx rats are associated with improved RV systolic 
function. 

3.6. Improvements in RV systolic function with paroxetine treatment in 
SuHx rats appear to be independent of GRK2 signaling and sympathetic 
nervous system modulation 

In total RV protein homogenates, GRK2 expression was found to be 
~30 % greater in the SuHx+Vehicle group when compared to the con-
trol group, although this difference did not reach statistical significance 
(Fig. 6A). GRK2 expression in total RV protein homogenates was also 

somewhat higher (~20 %) in the paroxetine-treated SuHx rats when 
compared to controls, however this difference was not statistically sig-
nificant (Fig. 6A). Given that GRK2 translocates from the cytosol to the 
cell membrane upon activation, the relative proportion of the total 
GRK2 pool associated with the plasma membrane (translocation) was 
assessed in the RV (Fig. 6B). There was a significantly greater GRK2 
translocation from the cytosol to the membrane in the vehicle-treated 
SuHx rats when compared to the control group (p < 0.05, Fig. 6B). 
Surprisingly, GRK2 translocation from the cytosol to the membrane was 
not affected by paroxetine treatment in SuHx rats (p < 0.01 vs. Control, 
Fig. 6B). 

In both groups of SuHx rats, there was a minor decrease (~20 % 
lower, NS) in expression of β1-adrenoceptors in the RV membrane 

Fig. 3. Chronic paroxetine treatment did not influence altered titin or myosin heavy chain isoform composition in the RV. A: Representative image of a 1 % agarose 
gel stained with SYPRO Ruby and visualized using UV transillumination for Control (n = 5), SuHx+Vehicle (n = 5) and SuHx+Paroxetine (n = 5) rats. Rat tibialis 
anterior (TA) muscle was loaded as a reference of the longer skeletal muscle titin N2A isoform. B: Representative image of a 6 % polyacrylamide gel stained with 
Coomassie blue depicting separation of the α and β isoforms of myosin heavy chain (MHC) in Control (n = 5), SuHx+Vehicle (n = 5) and SuHx+Paroxetine (n = 5) 
rats. C: Quantification of the N2BA to N2B titin isoform ratio. Compared to controls, there was a significant increase in the titin N2BA:N2B isoform expression ratio in 
the vehicle-treated SuHx rats. Paroxetine treatment of SuHx rats (5 mg⋅kg− 1⋅day− 1) had no effect on the titin N2BA:N2B isoform expression ratio. D: Quantification of 
the relative expression of β-MHC in Control (n = 5), SuHx+Vehicle (n = 5) and SuHx+Paroxetine (n = 5) rats. PH in SuHx rats was associated with a significant 
increase in β-MHC content in the RV when compared to the Control rats (p < 0.001) that was not affected by paroxetine treatment (p < 0.0001 vs. Control). All 
samples were run simultaneously on one gel. Arrows indicate the bands that were analyzed for the corresponding protein label. Data are expressed as mean ± SEM. A 
one-way ANOVA with a Bonferroni’s post hoc test was used to assess differences between the groups. TA: tibialis anterior, MHC: myosin heavy chain. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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fraction when compared to the control group (Fig. 6C), along with a 
significantly elevated RV tyrosine hydroxylase expression in both SuHx 
groups compared to controls (Fig. 6D). Furthermore, vehicle-treated 
SuHx rats exhibited significant depletion of the RV catecholamines, 
dopamine (p < 0.01 vs. Control, Fig. 6E) and norepinephrine (p < 0.001 
vs. Control, Fig. 6F) when compared to control. Paroxetine treatment 
had no effect on the depletion of either dopamine (p < 0.01 vs. Control, 
Fig. 6E) or norepinephrine (p < 0.001 vs. Control, Fig. 6F) in the RV of 
SuHx rats. Interestingly, despite the levels of dopamine and norepi-
nephrine in the RV of SuHx rats compared to control rats (Fig. 6E&F), no 
significant differences in RV epinephrine stores were found between the 
groups (Fig. 6G). 

Overall, these data suggest that paroxetine exerts its beneficial effect 
upon RV systolic function and myofilament protein phosphorylation 
through a mechanism that is independent of GRK2 inhibition or mod-
ulation of the sympathetic nervous system. 

4. Discussion 

Here we report that chronic treatment of SuHx-induced PH in rats 
with the SSRI, paroxetine, significantly improves RV systolic myocardial 
function, reduces RV afterload and enhances RV-PA coupling, but with 
no effect on RV diastolic dysfunction. Greater net phosphorylation of 
titin and site-specific phosphorylation at MLC-2vSer15 was positively 
correlated with indices of RV systolic function (stroke volume, cardiac 
output and ejection fraction), suggesting that paroxetine induces its 
principal effect on the RV myocardium through changes in myofilament 
protein phosphorylation. We hypothesized that paroxetine would 
enhance RV myocardial function in the SuHx rats through suppression of 
GRK2 activation and subsequent restoration of physiological SNS and 
β-adrenergic signaling, ultimately driving the production of PKA within 
the cardiomyocytes. Despite the significant literature that supports this 
concept, we found the heightened GRK2 translocation from the cytosol 
to the membrane (used as an index of activity) in the RV of SuHx rats was 
not affected by chronic paroxetine treatment. Moreover, markedly 
elevated RV tyrosine hydroxylase levels and depletion of RV myocardial 
catecholamines (markers of SNS overactivation) were also unaffected by 
chronic paroxetine treatment of SuHx rats. In our study it appears that 
paroxetine exerted its beneficial effects upon the RV myocardium in-
dependent of GRK2 inhibition or attenuation of the SNS. 

4.1. Improvements in RV systolic dysfunction without changes in RV 
hypertrophy or remodeling following chronic paroxetine treatment in PH 
rats 

One of the key findings of our study is that chronic paroxetine 
treatment after the development of PH was able to significantly improve 
RV systolic function in the SuHx rats without affecting RV hypertrophy, 
myocardial remodeling (cardiomyocyte hypertrophy, myosin heavy 
chain/titin isoform switching), or the development of myocardial 
interstitial fibrosis that is consistently shown to be associated with 
chronic PH. Consistent with our study, others have reported that in both 

in a mouse myocardial infarction model [19] and a rat model of systemic 
hypertension [18] that chronic paroxetine treatment was able to prevent 
declines in LV systolic function. However, in contrast to our findings, 
both studies demonstrated that chronic paroxetine treatment also 
attenuated the development of cardiac hypertrophy and myocardial 
fibrosis [18,19]. Moreover, both studies showed that the beneficial ef-
fects of paroxetine in the LV myocardium is a result of direct GRK2 in-
hibition [18,19]. One of the main reasons as to why paroxetine had no 
effect on cardiac/cardiomyocyte hypertrophy despite improved RV 
systolic function is likely due to the differences in treatment strategy, as 
we opted for an intervention approach where paroxetine treatment 
began after PH was already established. Another important reason may 
be related to differences in the specific disease pathology. In the adap-
tive phase of RV remodeling in PH, it is thought that the expansion of the 
ECM and production/cross-linking of collagen serves to maintain the 
shape of the RV and prevent overstretch the cardiomyocytes and 
remodeling initially supports RV function against the greater afterload 
[33]. Given that in the present study, RV systolic pressures remained 
equally elevated in the vehicle-treated and paroxetine-treated SuHx rats 
indicates that the RV myocardial fibrosis and cardiomyocyte hypertro-
phy are most likely playing a supporting role in an attempt to preserve 
RV function. This indicates that paroxetine exerts its actions directly on 
the cardiomyocyte. Interestingly, a clinical study has also reported that 
in a cohort of cardiovascular disease-free subjects (n = 4114), that the 
use of SSRIs (including paroxetine) was associated with increased RV 
stroke volume and end diastolic volume along with a greater RV mass in 
male subjects, indicating that SSRIs may induce RV adaption and in-
crease systolic performance specifically within the RV myocardium 
[34]. Taken together, it appears that paroxetine improves RV function 
and may further delay the progression of RV failure in the setting of PH 
via changes at the level of the myofilament. 

4.2. Paroxetine preserved RV systolic function in PH rats potentially via 
enhanced myofilament phosphorylation 

Accumulating evidence suggests that changes in post-translational 
modifications at the level of the myofilament and sarcomere 
contribute to the development of RV dysfunction and failure. In various 
models of PH and in RV tissue biopsies from PH patients, changes in 
phosphorylation of key myofilament proteins within the RV have been 
reported including titin, cMyBP-C, cTnT, cTnI and MLC-2v [10,35–37]. 
In the present study, we also found significant changes to the phos-
phorylation of key myofilament proteins, namely titin and MLC-2v in 
the RV myofilaments of SuHx rats compared to controls. Furthermore, 
we demonstrated that chronic paroxetine treatment increased relative 
phosphorylation of both titin and MLC-2v. Most importantly however, is 
that relative phosphorylation state of both titin and MLC-2v correlated 
with RV systolic indices such as stroke volume, cardiac output and 
ejection fraction, suggesting that the elevated phosphorylation status of 
both of these proteins likely contributes to the improvements in RV 
systolic function associated with chronic paroxetine treatment. 

MLC-2v resides within the myosin neck region and plays a critical 

Fig. 4. Variable effects of chronic paroxetine treatment on the net phosphorylation status of myofilament proteins. A: Representative images of the same gradient 
(5–20 %) mini polyacrylamide gel stained with Pro-Q Diamond for phosphoprotein (left) and post-stained in Coomassie blue for total protein expression (right) for 
the determination of relative net phosphorylation of key myofilament proteins within the RV of Control (n = 5), SuHx+Vehicle (n = 5) and SuHx+Paroxetine (n = 5) 
rats. Blue arrows indicate the bands that were analyzed for the corresponding protein label. B: Quantification of the relative net phosphorylation status (phos-
phoprotein/total protein signal) of cMyBP-C, desmin, cTnT, cTm, cTnI and MLC-2. In general, the net phosphorylation of myofilament proteins was unchanged 
among the groups, apart from MLC-2, which was significantly reduced in both the vehicle- and paroxetine-treated (5 mg⋅kg− 1⋅day− 1) SuHx rats compared to Control 
rats. C: Representative images of the same 1 % agarose gel stained with Pro-Q Diamond for titin phosphoprotein (upper) and post-stained with SYPRO Ruby for titin 
total protein (lower) within the RV of Control (n = 5), SuHx+Vehicle (n = 5) and SuHx+Paroxetine (n = 5) rats. D: Quantification of the relative net phosphorylation 
status (phosphoprotein/total protein signal) of titin. PH in SuHx rats was associated with a significantly lower net titin phosphorylation compared to Control rats (p 
< 0.001). Chronic paroxetine treatment of SuHx rats resulted in significantly increased net titin phosphorylation relative to the vehicle-treated SuHx rats (p < 0.01). 
All samples were run simultaneously on one gel. Data are presented as mean ± SEM. A one-way ANOVA with a Bonferroni’s post hoc test was used to assess dif-
ferences between the groups. cMyBP-C: cardiac myosin binding protein-C, cTnT: cardiac troponin T, cTm: cardiac tropomyosin, cTnI: cardiac troponin I, MLC-2: 
myosin light chain-2. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

M.T. Waddingham et al.                                                                                                                                                                                                                      



Journal of Molecular and Cellular Cardiology Plus 8 (2024) 100072

11

(caption on next page) 

M.T. Waddingham et al.                                                                                                                                                                                                                      



Journal of Molecular and Cellular Cardiology Plus 8 (2024) 100072

12

role in regulating the conformation and binding of myosin heads to actin 
and therefore, cardiac contraction and relaxation [38,39]. When phos-
phorylated by MLC kinase at serine 15, myosin heads shift from the 
region of the myosin backbone (i.e. the super-relaxed (SRX) state) to-
wards the actin thin-filament binding sites (i.e. the disordered-relaxed 
(DRX) state) and thereby increase the rate of force development and 
accelerate cross-bridge recruitment [40]. At the whole heart level, this 
translates into enhanced ventricular systolic function. Recently, it has 
been demonstrated that increasing MLC-2v phosphorylation through 
activation of MLC kinase promotes the transition of myosin heads from 
the SRX state to the contraction-ready DRX state, resulting in improved 
systolic function in mice [41]. Our group has also recently found that in 
the RV of rats with SuHx-induced PH, albeit at an earlier timepoint, that 
a greater number of myosin heads are in the SRX state at end diastole 
[20], making them unavailable for actin-myosin cross-bridge binding in 
the subsequent contraction. While not tested in this study, it is therefore 
conceivable that the greater relative MLC-2v phosphorylation associated 
with chronic paroxetine treatment in the SuHx rats in our study pro-
motes the transition of myosin from the SRX to DRX state during the 
diastolic phase, increasing the number of strong cross-bridges formed 
during the systolic contraction and thereby improving global RV systolic 
function. 

Titin is a 4MDa giant protein that spans half the sarcomere from the 
Z-disc to M-line. Titin acts like a spring within the sarcomere and pri-
marily functions to modulate cardiomyocyte compliance during ven-
tricular filling [42], although it also interacts with the myosin thick- 
filament to regulate myosin head flexibility and extension [43]. The 
phosphorylation sites within the titin protein are numerous, and specific 
sites affect titin’s function based on location and the phosphorylating 
kinase [44]. In the present study, we showed that the net phosphory-
lation of titin was reduced in the RV of PH rats, consistent with previous 
studies [10,45], and paroxetine treatment resulted in greater titin 
phosphorylation. As we did not measure site-specific phosphorylation of 
titin (requiring custom antibodies), we can only speculate as to how 
greater titin phosphorylation would improve RV systolic function. One 
possibility is that increased titin compliance as a result of greater net 
phosphorylation could allow for greater recruitment of the Frank- 
Starling reserve that subsequently facilitates improvements in RV sys-
tolic function. In this study however, we observed only modest shifts in 
RV end diastolic volume. Future studies that induce the myocardial 
stretch response are required to further elucidate this mechanism. 

The regulation of myofilament protein phosphorylation is indeed 
complex and the interplay between the thick- and thin-filament associ-
ated proteins and titin is tightly regulated to maintain cardiac contrac-
tion and relaxation. How paroxetine affects these specific proteins to 
influence RV cardiomyocyte contractility and relaxation certainly 

warrants further investigation. 

4.3. The beneficial effects of paroxetine upon the RV myocardium in PH 
rats independent of the sympathetic nervous system 

We had initially hypothesized that chronic paroxetine treatment of 
SuHx rats would exert its beneficial effects upon the RV through inhi-
bition of GRK2 and subsequent attenuation of SNS overactivation. Much 
to our surprise, paroxetine did not prevent GRK2 membrane trans-
location, changes in tyrosine hydroxylase expression or RV myocardial 
catecholamine depletion. Therefore, based on our hypothesis and the 
data obtained in this study, we cannot identify the specific molecular 
mechanism by which paroxetine improved myofilament protein phos-
phorylation and global RV systolic function, which is a limitation of this 
study. Nevertheless, paroxetine has been reported to have pleiotropic 
effects beyond the inhibition of serotonin reuptake and GRK2, which 
may provide insights to a potential mechanism, in particular relating to 
oxidative stress. In the brain of rats, paroxetine has been reported to 
interact directly with mitochondrial proteins to prevent the develop-
ment of mitochondrial-derived oxidative stress and inducible nitric 
oxide synthase (iNOS)-derived inflammation, independent of its actions 
on the serotonin transporter [46]. Another study has also reported 
paroxetine acts as a mitochondrial superoxide scavenger in cultured 
vascular endothelial cells, with this mechanism preventing the devel-
opment of endothelial dysfunction in a rat model of diabetes mellitus 
[47]. Moreover, chronic paroxetine treatment of rats post-myocardial 
infarction significantly reduced myocardial reactive oxygen species 
(ROS) that was associated with improved LV systolic function [48]. The 
fact that paroxetine can directly inhibit ROS/iNOS to reduced oxidative/ 
nitrosative stress is very important, given that oxidative/nitrosative 
stress plays a central role in the evolution of heart failure in general 
[49,50], but also RV dysfunction and failure in the setting of PH [51]. At 
the level of the sarcomere, ROS can induce numerous post-translational 
modifications upon all of the major myofilament proteins that not only 
results in impaired myofilament function [50], but also contributes to 
global myocardial dysfunction and failure [52]. Indeed, in a mouse 
model of RV failure, elevated ROS-induced oxidation of RV myofilament 
proteins was associated with reduced ex-vivo force development of RV 
trabeculae that correlated with reduced RV systolic function [53]. We 
did not evaluate RV oxidative stress/antioxidant capacity status or 
myofilament post-translational modifications related to ROS/reactive 
nitrogen species in our study, which is another limitation. However, it is 
plausible that paroxetine through its ability to inhibit mitochondrial 
sources of ROS and inflammation, may also improve RV systolic function 
by preventing the oxidation of myofilament proteins as well as 
bolstering the activity of kinases that phosphorylate these myofilament 

Fig. 5. Chronic paroxetine treatment was associated with greater MLC-2v phosphorylation in RV of SuHx rats that correlated with improved RV systolic function. A: 
Representative images of Western blot membranes for phospho-cMyBP-CSer282 and total cMyBP-C along with the respective actin bands from Ponceau-S staining that 
served as the loading control for RV myofilament samples from Control (n = 5), SuHx+Vehicle (n = 5) and SuHx+Paroxetine (n = 5) rats. B: Representative images of 
Western blot membranes for phospho-cTnISer23/24 and total cTnI along with the respective actin bands from Ponceau-S staining for RV myofilament samples from 
Control (n = 5), SuHx+Vehicle (n = 5) and SuHx+Paroxetine (n = 5) rats. No significant differences in either relative cMyBP-CSer282 phosphorylation or relative 
cTnISer23/24 phosphorylation was observed between the groups. C: Representative images of Western blot membranes for phospho-MLC-2vSer15 and total MLC-2v 
along with the respective actin bands from Ponceau-S staining for RV myofilament samples from Control (n = 5), SuHx+Vehicle (n = 5) and SuHx+Paroxetine 
(n = 5) rats. PH in the SuHx rats resulted in a significantly lower MLC-2vSer15 phosphorylation compared to Control rats, whereas paroxetine treatment of SuHx rats 
(5 mg⋅kg− 1⋅day− 1) resulted in an ~70 % greater MLC-2vSer15 phosphorylation compared to vehicle-treated SuHx rats. All samples were run on one gel, and for 
relative phosphorylation experiments gels and membranes for phospho- and total protein were run in parallel and processed under the same conditions. A and C share 
the same loading control as they were blotted from separate parts of the same original membrane. Numbers along the left border of the Western blot images in A, B 
and C represent the position of the molecular weight marker on the membrane. Blue arrows in the Western blot images in A, B and C indicate the bands that were 
analyzed. Data are presented as mean ± SEM. A one-way ANOVA with a Bonferroni’s post hoc test was used to assess differences between the groups. D, E & F: 
Scatter plots representing the relationship between RV myofilament MLC-2vSer15 relative phosphorylation and RV stroke volume (D), cardiac output (E) and ejection 
fraction (F) in Control (n = 5), SuHx+Vehicle (n = 5) and SuHx+Paroxetine (n = 5) rats. G, H & I: Scatter plots representing the relationship between RV 
myofilament net titin phosphorylation and RV stroke volume (G), cardiac output (H) and ejection fraction (I) in the same rats as D & F. In general, there was a 
positive and significant correlation between RV MLC-2vSer15 and net titin phosphorylation with the indices of RV systolic function. For D–I, pooled linear regression 
analysis was used to establish correlations between the independent and dependent variables. cMyBP-C: cardiac myosin binding protein-C, cTnI: cardiac troponin I, 
MLC-2v: myosin light chain-2 ventricular isoform, SuHx+V: SuHx+Vehicle, SuHx+P: SuHx+Paroxetine. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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proteins and as such, this will be the focus of our future studies. 

4.4. Other study limitations 

Other than those mentioned above, our study has some further 
limitations that also need to be addressed. First, paroxetine did not 
attenuate the RV diastolic dysfunction associated with PH in our study. 
Diastolic dysfunction is a major contributor to the development of RV 
failure in PH patients, with clinical evidence suggesting that RV diastolic 
dysfunction is a sensitive marker of PH progression and patient survival 
[36,54]. Paroxetine, through a GRK2-dependent mechanism, was able to 
prevent the significant elevation of LV end diastolic pressure and 
enhance LV diastolic functional reserve in a mouse model of myocardial 
infarction [19]. In our study we only observed an improvement of RV 
systolic function that appeared to occur independently of a GRK2 
inhibitory mechanism. Taken with the previous study [19], this suggests 
that the inhibition of GRK2 may be required for paroxetine to improve 
diastolic function. On the other hand, it has been suggested that 
enhancing ventricular-arterial coupling and reducing ventricular after-
load, interventions that improve systolic function (e.g. paroxetine) could 
indirectly mitigate the progression of diastolic dysfunction by reducing 
the burden upon the RV [55]. Therefore, a future study that adopts a 
longer-term paroxetine treatment protocol or a prevention study design 
is certainly warranted (see below). Moreover, during the hemodynamic 
analysis, rats were not subjected to any form of cardiac challenge such as 
volume loading or a dobutamine stress test. We refrained from such an 
approach to avoid confounding analyses relating to the phosphorylation 
of RV myofilament proteins namely, cMyBP-C, cTnI and titin that are 
key targets for PKA stimulation. However, by performing such tests we 
could have gained more insight into the systolic and diastolic functional 
reserves of the RV in addition to the β-adrenergic sensitivity of the 
myocardium. Second, given the SuHx model of PH is not purely a model 
of RV dysfunction, but rather RV dysfunction and eventual failure sec-
ondary to lung vascular remodeling [56], another limitation is that we 
did not evaluate pulmonary vascular remodeling. Nevertheless, as there 
were no differences between the vehicle- and paroxetine-treated SuHx 
rats in terms of the RV systolic pressure, reflecting pulmonary artery 
pressure, we believe it unlikely that chronic paroxetine treatment had an 
appreciable effect upon the pulmonary vascular remodeling associated 
with PH in this model. 

Additionally, and as mentioned above, we opted only for an inter-
ventional study design whereby paroxetine was administered once PH 
was fully established, which is another limitation of our study. A pre-
vention study design (i.e. paroxetine administration from the beginning 
of the hypoxic period) will also be required in a future study to properly 
ascertain the potential benefits of paroxetine to improve both RV sys-
tolic and diastolic function in the setting of PH and gain more insight to 

the clinical translatability of paroxetine. Moreover, we did not include a 
paroxetine-treated control group in our proof-of-concept study and this 
is also another limitation of this study. Given that it has been reported 
that SSRIs (including paroxetine) may directly enhance RV systolic 
myocardial function in cardiovascular disease-free subjects [34], it is 
important in our future studies to include a paroxetine-treated control 
group to obtain further mechanistic insights as to how paroxetine may 
improve myocardial function. 

5. Conclusions 

Our study aimed to investigate if chronic paroxetine treatment 
would improve RV myocardial function via the inhibition of GRK2 and 
subsequently prevent changes in the phosphorylation status of key 
myofilament proteins in a rat model of PH. Surprisingly and contrary to 
our initial hypothesis, paroxetine improved RV systolic function, RV-PA 
coupling and myofilament protein phosphorylation in the SuHx-induced 
rat model of PH but seemingly through a GRK2-independent mecha-
nism. Although we can only speculate at this stage, it seems likely that 
the reported antioxidant mechanisms of paroxetine may drive im-
provements at the level of the myofilament and global RV function. 
Although this study provides important preliminary information 
regarding the actions of paroxetine upon the RV in the setting of PH, 
detailed mechanistic investigations are required. 
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Fig. 6. The beneficial effects of chronic paroxetine treatment upon RV myofilament protein phosphorylation and RV systolic function appeared to be independent of 
GRK2 inhibition and attenuation of sympathetic nervous system (SNS) activation. A: Representative images of Western blot membranes for GRK2 and the corre-
sponding actin bands from the Ponceau-S staining that served as the loading control for whole RV samples from Control (n = 5), SuHx+Vehicle (n = 5) and 
SuHx+Paroxetine (n = 5) rats. GRK2 expression was ~20–30 % higher in both SuHx groups compared to Control (NS). B: Representative images of Western blot 
membranes for GRK2 from the membrane and cytosolic fractions and the respective Ponceau-S staining for each fraction in the same rats as A. PH in SuHx rats was 
associated with a significant increase in GRK2 translocation (p < 0.05 vs. Control) that was unaffected by chronic paroxetine treatment (5 mg⋅kg− 1⋅day− 1, p < 0.01 
vs. Control). Translocation was calculated as the ratio of membrane to cytosolic expression of GRK2. C: Representative images of Western membranes for β1- 
adrenoceptors and the respective Ponceau-S staining for the RV membrane fractions from the same rats as A. There were no appreciable differences in β1-adre-
noceptor expression in the RV membrane fraction between the groups. D: Representative images of Western blot membranes for tyrosine hydroxylase and the 
corresponding actin bands from the Ponceau-S staining for whole RV samples from Control (n = 5), SuHx+Vehicle (n = 5) and SuHx+Paroxetine (n = 5) rats. RV 
tyrosine hydroxylase expression was significantly increased in both groups of SuHx rats compared to the control group (both p < 0.0001). Numbers along the left 
border of the Western blot images in A, B, C & D represent the position of the molecular weight marker on the membrane. Blue arrows in the Western blot images in 
A, B, C & D indicate the bands that were analyzed. All samples were run on one gel and for the translocation experiments, gels and membranes were run in parallel 
and processed under the same conditions. E, F & G: RV catecholamine levels as measured by HPLC in Control (n = 5), SuHx+Vehicle (n = 5) and SuHx+Paroxetine 
(n = 5) rats. Compared to Control, both groups of SuHx rats exhibited significantly lower levels of dopamine (E, both p < 0.01) and norepinephrine (F, both p <
0.001), whereas there were no differences among the groups for RV epinephrine levels (G). Data are presented as mean ± SEM. A one-way ANOVA with a Bon-
ferroni’s post hoc test was used to assess differences between the groups. SuHx+V: SuHx+Vehicle, SuHx+P: SuHx+Paroxetine. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 
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