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Relaxin Inhibits Ventricular Arrhythmia and Asystole in Rats With Pulmonary Arterial Hypertension
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Pulmonary arterial hypertension (PAH) leads to right ventricular cardiomyopathy and cardiac dysfunctions where in the clinical setting, cardiac arrest is the likely cause of death, in ~70% of PAH patients. We investigated the cardiac phenotype of PAH hearts and tested the hypothesis that the insulin-like hormone, Relaxin could prevent maladaptive cardiac remodeling and protect against cardiac dysfunctions in a PAH animal model. PAH was induced in rats with sugen (20 mg/kg), hypoxia then normoxia (3-weeks/each); relaxin (RLX = 0, 30 or 400 μg/kg/day, n ≥ 6/group) was delivered subcutaneously (6-weeks) with implanted osmotic mini-pumps. Right ventricle (RV) hemodynamics and Doppler-flow measurements were followed by cardiac isolation, optical mapping, and arrhythmia phenotype. Sugen-hypoxia (SuHx) treated rats developed PAH characterized by higher RV systolic pressures (50 ± 19 vs. 22 ± 5 mmHg), hypertrophy, reduced stroke volume, ventricular fibrillation (VF) (n = 6/11) and bradycardia/arrest (n = 5/11); both cardiac phenotypes were suppressed with dithiothreitol (DTT = 1 mM) (n = 0/2/group) or RLX (low or high dose, n = 0/6/group). PAH hearts developed increased fibrosis that was reversed by RLX-HD, but not RLX-LD. Relaxin decreased Nrf2 and glutathione transferases but not glutathione-reductase. High-dose RLX improved pulmonary arterial compliance (measured by Doppler flow), suppressed VF even after burst-pacing, n = 2/6). Relaxin suppressed VF and asystole through electrical remodeling and by reversing thiol oxidative stress. For the first time, we showed two cardiac phenotypes in PAH animals and their prevention by RLX. Relaxin may modulate maladaptive cardiac remodeling in PAH and protect against arrhythmia and cardiac arrest.
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INTRODUCTION

Pulmonary arterial hypertension (PAH) is a progressive disease of the pulmonary vasculature that consists of endothelial dysfunction, increased pulmonary artery (PA) contractility, and proliferation and remodeling of endothelial and smooth muscle cells (1). Although cardiac arrhythmias play an important role in the morbidity and mortality of PAH patients (2), little is known about PAH arrhythmia phenotypes. In PAH-patients, right-sided cardiac remodeling in response to chronic pressure and volume overload sets the stage for an arrhythmogenic substrate. We investigated the cardiac electrophysiology of an established model of PAH, the sugen-hypoxia (SuHx) rat model of PAH which creates sustained severe pulmonary hypertension and many features of pulmonary arteriopathy seen in human PAH (3, 4). Although this model recapitulates the histological and hemodynamic effects of PAH, it has not been characterized from an electrophysiological perspective.

Relaxin (RLX), an insulin-like hormone, was first characterized for its role in reproduction and then found to have marked cardiovascular protective actions (5). In pre-clinical models of pulmonary hypertension, RLX was found to reverse pulmonary fibrosis and alveolar thickening (6, 7). RLX deficient mice developed age-dependent progressive lung fibrosis associated with increased tissue weight, collagen content, and alveolar congestion, which were reversed with exogenous RLX (8). Relaxin also increased arterial compliance, cardiac output, and renal blood flow (9–11). We showed that RLX suppressed atrial fibrillation (AF) in spontaneously hypertensive (12) and aged (13) rats by increasing conduction velocity and reversing fibrosis and cellular hypertrophy. Given these promising data, we now examine the ability of RLX to ameliorate the deleterious cardiac effects of SuHx-induced PAH on the heart.



METHODS

Male Sprague-Dawley rats (300 g, n = 30) received the VEGFR2 antagonist, Sugen (SU5416, Sigma) as a subcutaneous injection (20 mg/kg), in 0.5% Na-carboxymethyl cellulose, 0.4% polysorbate, 0.9% NaCl, and 0.9% benzyl alcohol). Rats were implanted with mini-pumps (Alzet Cupertino, CA, Model 2ML4) on day zero to deliver: (i) the vehicle (Na-acetate, n = 11), (ii) 30 (n = 8) or (iii) 400 μg/kg/day (n = 11) of RLX for 6-weeks. The pumps were replaced on day 28. On day zero, the rats were placed in a hypoxic chamber (10% O2) for 3-weeks, followed by 3-weeks in normoxia (21% O2). Blood samples were taken at the beginning and the end of the experiments and tested for [RLX] (R&D Systems, DRL200-Human Relaxin-2). Relaxin was not detectable at day zero and was 0, 2.6 ± 1 ng/mL and 15 ± 12 ng/mL, respectively, for controls and rats treated with low or high-dose RLX. A fourth group of control rats (n = 9) received a subcutaneous injection of vehicle (2 ml/kg) without sugen.

Protocols were approved by the Institutional Animal Care and Use Committee of the University of Pittsburgh and complied with the Guide for the Care and Use of Laboratory Animals (NIH-publication 85-23, revised 1985). Relaxin was the generous gift of Dr. Daniele Bani from the Foundation for Research on Relaxin.

RV hemodynamics were assessed from Doppler flow (DSPW, Indus Instruments, Webster, TX) and RV and LV pressure-volume measurements (Transonic, Scisence and IOX2, EMKA). Briefly, rats were anesthetized (isoflurane), intubated, and the thorax was opened to insert the admittance pressure-volume catheter tip into the RV to measure pressure. Pulmonary artery (PA) Doppler flow velocities were simultaneously measured as PA and RV pressure. All signals were analyzed using Matlab (R2014a, MathWorks, MA).

PA Doppler flow velocity envelopes were traced and used to calculate mean velocity. Stroke distance was determined from the integral of the velocity envelope and converted to stroke volume assuming a 2.5 mm diameter for the PA (stroke volume = stroke distance x cross sectional area). Cardiac output was calculated as the product of stroke volume and heart rate.

Hearts were excised, perfused on a Langendorff apparatus, placed in a custom-made chamber to reduce motion artifacts, and labeled with a voltage-sensitive dye (RH-237) and a Ca2+ indicator (Rhod-2/AM) to measure cardiac action potentials (APs) and Ca2+ transients (CaTs), respectively (12, 14). Two CMOS cameras (100 × 100 pixels) were used to measure voltage and calcium, each pixel recording from 150 × 150 μm of epicardium (12, 14). Data were recorded for 4–8 s intervals, at 1K frames/s. Activation and repolarization time-points were measured at each pixel from fluorescence (F) signals by calculating (dF/dt)max and (d2F/dt2)max, respectively. AP duration (APD) was measured from (dF/dt)max to 75% recovery to baseline, APD75. Mean APD75 was calculated by averaging APD75 from 10 × 10 pixels from each heart. Local conduction velocity (CV) vectors were calculated for each pixel, and mean CV were calculated mean CV ± standard deviation, as previously described (14–16).

Restitution of APDs and CV was measured by programmed stimulation (pacing the LV or RV at 10–20 S1 pulses at 250 ms cycle length (CL) followed by a premature S2 pulse at progressively shorter intervals, until loss of capture or the initiation of an arrhythmia. APD Restitution Kinetics (RK) curves were plotted as mean APD75 (100 pixels on RV or LV) vs. S1-S2 interval. CV RK curves were plotted as mean CV vs. S1-S2 (12, 14). Transient ventricular arrhythmia lasted 5–15 s and self-terminated; sustained ventricular arrhythmia lasted >3 min and could be terminated with a bolus of 1M KCl. RV hypertrophy was calculated from RV weights normalized to tibia length and the Fulton index (RV weight/ LV + septum weight) (12, 13).

Cardiac tissues (n > 4/group) were fixed in 2% PFA, equilibrated in 30% sucrose, and flash frozen. Frozen sections (5-μm thick) were stained with Mason's Trichrome (not shown) and Rabbit anit-β-catenin antibody. The right bronchus was ligated, and the right lung was stored at −80°C. β-catenin was analyzed using background subtraction in ImageJ (applied equally to each image using the same background subtraction), followed by an analysis of antibody fluorescence only at intercalated disk (12, 17).

Statistical analysis was performed by ANOVA (GraphPad Prism) followed by Tukey post-test comparisons among groups within each data set. Statistical significance was set at p < 0.05.



RESULTS


PAH Rats

Rats treated with SuHX develop pulmonary arterial hypertension as manifested by significant RV hypertrophy (measured by the Fulton Index andthe RV to Tibia length ratio), an increase in systolic RV pressure, and pulmonary vascular resistance compared to controls (Figures 1A–C). There was no significant change in heart rate between controls and PAH rats (Figure 1D). Neither RLX-LD (Relaxin Low-Dose) or RLX-HD (Relaxin High-Dose) altered RV hypertrophy (Figures 1A,B), systolic RV pressure (Figure 1C) or heart rate (Figure 1D). However, RLX HD prevented cellular hypertrophy by a small but significant reduction in cross-sectional area (CSA) when using wheat germ agglutinin (WGA), an alternative determination of cellular hypertrophy, compared to SuHx rats (Figure 1E). The large number of cells analyzed (>100 cells/group) likely increased the sensitivity to small differences between groups, compared to macroscopic detection of RV hypertrophy (Figures 1A,B).


[image: Figure 1]
FIGURE 1. Effects of RLX on RV hypertrophy and pulmonary pressure in PAH. Sugen/Hypoxia significantly increased RV hypertrophy as measured by (A) Fulton Index and (B) RV/Tibia ratio. Low (+RLX-LD) and high (+RLX-HD) had no effect on RV hypertrophy. (C) Sugen/Hypoxia significantly increased systolic pressure and Relaxin failed to alter it. (D) Heart rate did not significantly change in all four groups. (E) SuHx hearts had a small but significant increase in myocyte cross-sectional area (CSA) (WGA-label) which was prevented by RLX-HD but not RLX-LD; n > 100 cells/group. *Indicates p < 0.05 vs. control. #Indicates p < 0.05 vs. SuHx.


Flow velocity profiles in Su-Hx rats showed mid-systolic notching indicative of maladaptive pulmonary vascular remodeling (reduction of pulmonary compliance) and an increase in pulmonary flow velocity (PFV) (Figure 2A, top panels, n = 6 hearts/group). RLX-LD prevented the increase in PFV but not the notching profile (Figure 2A, bottom right panel). Notching was markedly reduced and PFV increased in RLX-HD (Figure 2A, bottom left panel). SuHx rats had no significant changes in mean-velocity, stroke distance, cardiac-output, or stroke volume compared to controls (Figures 2B–F). PAH rats treated with RLX HD had a significant increase in mean-velocity, stroke distance, cardiac-output, and stroke volume compared to PAH rats treated with zero or RLX-LD.


[image: Figure 2]
FIGURE 2. Relaxin significantly altered Doppler flow patterns. (A) Doppler flow velocities from the RV outflow-track exhibited marked mid-systolic notching (indicative of decreased pulmonary compliance) and an increase in PFV in SuHx compared to control (Ctrl) rats [(A) top panels]. SuHx+ low-dose of RLX (RLX-LD) prevented the increase in PFV but did not alter the notching (bottom right panel). High-dose of RLX (RLX-HD) prevented the notching but not PFV (bottom left panel). PAH (SuHx) rats had no significant changes in (B) heart rate, and a tendency to increases in (C) mean Velocity, (D) Stroke Distance, (E) Cardiac Output and (F) Stroke Volume compared to controls. RLX-LD had a tendency to prevent the increase in these parameters caused by SuHx (D–F) but these reductions did not reach statistical significance. RLX-HD was less effective at preventing the higher mean velocity, stroke distance, cardiac output and stroke volume in SuHx compared to RLX-LD.


In PAH, RV remodeling included increased fibrosis (Figure 3A) and a reduction in β-catenin at intercalated-disks (Figure 3B). These maladaptive effects of PAH hearts were suppressed by RLX-HD but not RLX-LD treatment. Immuno-fluorescence was preferentially used over Western blot amnalysis to determine the localization of β-catenin at intercalated disks, since it is an important component of the peptide complex forming the structure of intercalated disks.


[image: Figure 3]
FIGURE 3. Effects of RLX on RV fibrosis and cell-cell coupling. (A) PAH (SuHx) hearts developed an increase in fibrosis that was prevented by treating rats with SuHx + RLX-HD [(A): RLX-HD panel], but not in rats treated with SuHx + RLX-LD [(A): RLX-LD panel]. (B) RV cell-cell junctions were disrupted by SuHx treatment compared to controls, as measured by β-catenin expression and β-catenin localization to intercalated disk (Ctrl). PAH rats (SuHx) had a marked reduction of β-catenin expression [(B): SuHx panel] compared to control rats [(B): Ctrl panel]. PAH rats treated with RLX-LD [(B): RLX-LD panel] did not show appreciable differences in β-catenin compared to rats treated with SuHx, alone. In PAH rats, RLX-HD treatment significantly prevented the reduction of β-catenin expression [(B): RLX-HD panel] (n ≥ four animals/per group. *Indicates p < 0.05 vs. control. #Indicates p < 0.05 vs. SuHx.




Conduction Velocities (CV) and Restitution Kinetics of CV

The intrinsic heart rate of perfused hearts was monitored under sinus rhythm (SR) followed by programmed stimulation to test the arrhythmia phenotype. All control hearts (n = 9) were in SR, and no spontaneous arrhythmias or ectopic beats were noted. Simultaneous recordings of APs and CaTs were initially similar among the four groups (Control, SuHx, SuHx+ RLX-LD, and SuHx + RLX-HD) during SR with no observable dysfunction in CaTs (not shown). Relaxin is known to suppress atrial fibrillation by increasing CV in the atria (12, 13). Here, CV was measured from the epicardium of the RV and LV by pacing each ventricle separately at 300 ms CL. The longitudinal CV of control hearts was 0.84 ± 0.2 m/s in the RV and LV (n ≥ 4/group) and was reduced in PAH hearts by 2.2-fold (RV: 0.39 ± 0.14 m/s, LV: 0.38 ± 0.11 m/s; n ≥ 4/group) (Figure 4A). RLX-LD partially prevented the effects of PAH on CVs (RV: 0.53 ± 0.15 m/s and LV: 0.62 ± 0.12 m/s, n ≥ 4/group), and RLX-HD increased RV and LV CVs by 1.9 and 2.0-fold (n ≥ 4/group). RLX-HD hearts had CVs that were not statistically different from controls (RV: 0.79 ± 0.21 m/s, LV: 0.73 ± 0.08 m/s). CVs in the RVs of the RLX LD group were slower than in the RV of the RLX HD group (p = 0.02), whereas there was a trend toward slower CVs in the LVs (p = 0.09). These data are consistent with previous findings in atria and ventricles (12, 13, 19) and show that RLX increases CVs in a dose-dependent manner.


[image: Figure 4]
FIGURE 4. Effects of RLX on CV and Restitution Kinetics (RK). (A): Plots of CV vs. cycle length show a 50% decrease in CV in the RV (left) and LV (right) of SuHx hearts compared to controls. RLX treatments partially prevented CV slowing in a dose-dependent manner. (B): RK plots the CV of the premature AP as a function of S1-S2 inter-pulse interval. CV RK curves of SuHx hearts have a steeper slope and are reduced compared to controls in the RV and LV, and RLX reduces the slope of CV RK curves and increases CVs in a dose-dependent manner. *Indicates p < 0.05 vs. SuHx.


Restitution kinetics (RK) of CV was measured by applying 20 paced impulses (S1) at 300 ms intervals, followed by a single premature impulse (S2) at variable S1-S2 delays (Figure 4B). RLX-HD, and to a lesser extent, RLX-LD, significantly improved RK of CV relative to SuHx (Figure 4B). Thus, RLX prevented the suppression of CV and RK of CV seen in PAH hearts in a dose-dependent manner. SuHx prolonged AP durations (APDs) measured at APD75 and RLX-HD prevented APD prolongation (not shown), but these tendencies did not reach statistical significance.



Arrhythmia Vulnerability

Control, SuHx, and SuHx+RLX treated hearts underwent programmed stimulation to evaluate their arrhythmia vulnerability. In control hearts, pro-arrhythmic pacing (premature impulse or burst pacing) induced a VF in only 1 out of 9 hearts. In PAH hearts (n = 11), two types of electrical dysfunctions were observed. (1) SuHx hearts (n = 4/11) had severe bradycardia relative to controls (23 ± 31 beats per minute vs. 137 ± 48, p = 0.001) (Figure 5A, i). These hearts could be paced at faster rates for short intervals (5–10 s) then became asystolic. Electrical stimulation of hearts in asystole failed to capture or elicit APs and CaTs (Aii-iii). (2) SuHx hearts had normal heart rates and spontaneous episodes of VF of various durations (2–50 s) (n = 5/11) that progressed to sustained VF (n = 3/11) (Figure 5B).


[image: Figure 5]
FIGURE 5. Arrhythmia Phenotypes of PAH hearts. Optical mapping revealed that SuHx hearts exhibited two equally prevalent phenotypes (A,B). (A): SuHx hearts were in bradycardia (i) and could be briefly paced at higher rates (ii) which was followed by cardiac arrest (iii) (n = 4/11). Once in cardiac arrest, electrical stimuli (10X threshold, 1–10 ms) failed to capture. (B): Other SuHx hearts exhibited spontaneous ventricular fibrillations (VF) (i) which increased in durations, were self-terminating (ii) and transitioned to a sustained VF, in this illustration in ~ 3 min) (iii) (n = 5/11). (C): In the SuHX+RLX LD (RLX LD) group, Relaxin at low dose suppressed both sustained VF and cardiac arrest (n = 0/8): (i) AP recordings in sinus rhythm, followed by 2 s of rapid pacing and a premature impulse at S1-S2 of 85 ms which failed to elicit a VF. (ii) In another SuHx+RLX-LD heart, AP record a bradycardia, followed by rapid pacing and a premature impulse (S1-S2 = 70 ms). Here, the premature impulse elicits a brief transient arrhythmia (4 beats) and a return to sinus rhythm. (iii) An example of burst pacing (4 s) which elicits a transient VF that self terminates in <3 s. (D): In the SuHX+RLX HD (RLX HD), Relaxin suppressed cardiac arrest and VF, spontaneous or after burst pacing. (i–ii) examples of rapid pacing and premature impulses of S1-S2 = 60 or 55 ms that failed to elicit VF. (iii) RLX-HD suppressed VF even after repeated burst-pacing events. (E): Summary of VF events after rapid pacing, programmed stimulation and burst pacing. (F): Summary of the 4 groups of hearts that exhibited transient and sustained VF or cardiac arrest.


Treatment of SuHx PAH rats with RLX-LD (n = 8) prevented both types of electrical dysfunctions. Programmed stimulation with premature impulses at S1-S2 = 85 and 70 ms (Figure 5C, i, ii) did not elicit arrhythmias, and burst pacing elicited a few beats of transient VF (>10 s; n = 4/8) before recovering to sinus rhythm (Figure 5C, iii). In rats treated with RLX-HD (n = 8), programmed stimulation with S1-S2 = 60 and 55 ms failed to induce an arrhythmia (n = 0/8; Figure 5D, i-ii); burst pacing also failed to elicit even a brief arrhythmia (Figure 5D, iii, n = 1/8). Thus, RLX-HD rescued PAH hearts from bradycardia and asystole as well as sustained arrhythmias elicited either spontaneously or experimentally (n = 0/8). Figures 5E,F summarize the arrhythmia phenotypes. A summary of the electrical phenotypes and the time-frame of their occurrence is shown in Figure 6.


[image: Figure 6]
FIGURE 6. Summary of Experimental Arrhythmia Phenotypes. (A) Histogram of the onset of VT/VF. (B) Histogram of the Percentage of Hearts that exhibited Transient VF lasting > 10 s, sustained VF or sustained Asystole. (C) Histogram of the onset of Bradycardia/Asystole.


Additional pharmacological and ionic interventions were attempted to rescue PAH hearts. All failed except for an addition of dithiothreitol (1 mM) to the perfusate. Figure 7A illustrates voltage (blue) and calcium (red) signals from a pixel on the RV of a PAH heart. In this example, the heart stopped all spontaneous activity and electrical stimulation failed to elicit APs and CaTs, despite attempting a wide range of pulse duration and amplitude. Here, a rare spontaneous doublet of depolarization occurred, which suggests a potentially rescuable RV (Figure 7A). When the same heart was perfused with DTT (1 mM, 5 min), electrical stimuli (300 ms CL) resulted in the capture and propagation of APs and CaTs (Figure 7B, n = 2/2). Another PAH heart, exhibited spontaneous transient VF that typically progressed to sustained VF (Figure 7C) and was rescued by perfusion with DTT (1 mM) resulting in a recovery to sinus rhythm (n = 2/2) (Figure 7D). The acute rescue of PAH hearts by DTT indicates a change in thiol REDOX balance, which may have a profound influence on the activation of enzymes, transcriptional regulators, protein kinases, and other signaling molecules such as Nrf2 (18). Consistent with this interpretation, Nrf2 and glutathione transferase (GST) were significantly elevated in PAH ventricles, and RLX-LD and RLX-HD prevented the elevations of Nrf2 and GST but did not change glutathione reductase (GSR) (Figure 8).


[image: Figure 7]
FIGURE 7. Dithiothreitol (DTT) rescues PAH hearts. (A): Dual optical mapping of voltage (blue) and Ca2+ (red) illustrates an asystolic SuHx heart under sinus rhythm that fails to capture during pacing (S1–S1 = 300 ms) with an occasional transient salvo of APs but is otherwise not excitable. (B): The same heart was rescued by perfusing with 1 mM DTT (2–3 min), as electrical impulses now successfully capture at each stimulus (n = 2/2 hearts). (C): Voltage and Calcium mapping of a SuHx heart in sinus rhythm illustrates spontaneous bursts of tachycardia which typically progress to sustained VF. (D): Perfusion of the same heart with DTT (1 mM) stabilized the intrinsic sinus rhythm for the remainder of the experiment (n = 2/2).



[image: Figure 8]
FIGURE 8. Relaxin prevents oxidative stress in PAH hearts. Relaxin quantitatively prevents the overexpression of Nrf2 and Glutathione Transferase but not Glutathione Reductase. Each lane was loaded with 20 μg of protein and the variability of loaded proteins was due to high protein levels in some tissue samples resulting in the addition of small volumes (2 μl) in some lanes. Data were analyzed by ANOVA followed by Tukey's multiple comparisons test. Only statistically significant differences are noted in the graph (n = 4 animals per condition; each sample was run at least in duplicate in separate gels; significance: *p < 0.05; **p < 0.01; ***p < 0.001).





DISCUSSION

PAH initiated through an injury to the pulmonary endothelium with sugen, resulted in a decrease in pulmonary compliance, a significant increase in systolic RV pressure and the expected compensatory remodeling of RV hypertrophy and an increase of cardiac fibrosis. Optical mapping of PAH hearts exposed new cardiac dysfunctions: a marked decrease in conduction velocity (CV), and two striking electrical phenotypes in untreated PAH rats, (a) bradycardia followed by cardiac arrest or (b) spontaneous, self-terminating VF that progressed to sustained VF. RLX-treatment increased CV, improved lung compliance (Doppler flow), and suppressed VF and arrest. The different effects of low and high doses of RLX on Doppler flow and pulmonary compliance suggest RLX signaling via its receptor, Rxfp1 is dose dependent and may differ in depending on the cell type. Dose dependent analysis of RLX on isolated cells would help dissect the mechnisms of action in situ. Relaxin prevented the formation of RV fibrosis and increased the expression of β-catenin at the intercalated disk. This is consistent with multiple studies where Relaxin was shown to reverse fibrosis and to increase β-catenin expression (5). The upregulation of β-catenin by RLX concurs with a recent finding showing that RLX activates canonical Wnt signaling, resulting in an increase in Wnt1 and β-catenin and a decrease of Dikkopff protein, with β-catenin localized in the nucleus and co-localized with connexin 43 at intercalated disk (17). Although beyond the scope of this report, the interplay between RLX and Wnt signaling is an exciting topic of further research. Nevertheless, in PAH hearts, RLX prevented VT/VF or cardiac arrest by several mechanisms: (a) prevention of cardiac fibrosis, (b) reduced pulmonary compliance, (c) better cell-cell coupling to achieve a faster CV for action potential propagation, mediated by higher β-catenin expression at intercalated disks, and (d) preventing a thiol oxidative stress, consistent with a reduction of Nrf2 and GST and with the acute actions of DTT.


Relaxin Is Protective of Thiol Oxidation

There is a large body of studies that link thiol oxidation to cardiac dysfunction at the molecular, cellular and in animal models. The redox state of the cytosolic milieu is in a reduced thiol state in physiological conditions and metabolic energy is required to maintained a reduced milieu. A spectrum of cysteines in various peptides can be oxidized resulting in a loss of enzymatic function [e.g., creatine kinase, SERCA, (19, 20)] or modulation of ion channels [e.g., L-type Ca2+ channels (21) and SR Ca2+ release channels or ryanodine receptors (RyR) (22)]. The cardiac Ryanodine receptor, RyR2 is particularly sensitive to thiol oxidation and has been shown to contain “critical” or “hyperreactive” thiols which when oxidized and reduced, open and close the channel, respectively (23). Hypereactive thiols are a small subset of low pKa thiols (2 out of 100 thiols on RyR2) (23) that are deprotonated at physiological pH and can be oxidized by disulfide formation, S-nitrosation or by binding to heavy metals (22, 24, 25). In sarcoplasmic reticulum (SR) vesicles isolated from ischemic heart muscle, RyR2 oxidation resulted in the opening of the release channel and a reduction of SR Ca2+ uptake compared to SR isolated from normoxic myocardium; the subsequent addition of glutathione or DTT to ischemic SR, reduced RyR2, closed the release channel and recovered normal SR Ca2+ load (26). The oxidation-reduction of reactive thiols on ryanodine receptors was shown to reversibly open-close the channel (23), which was shown to become oxidized in ischemic (26) and failing hearts (27). A lower ratio of reduced to oxidized glutathione (GSH/GSSG) or the loss of cytosolic GSH leads to abnormal Ca2+ handling and Ca2+ alternans in a canine model of sudden cardiac death (28). Glutathione dysregulation has been implicated in the etiology and progression of a wide range of human cardiac diseases, including arrhythmia and heart failure (28, 29). There is mounting evidence of energy deficiency in heart failure associated with the disruption of oxidative phosphorylation (30) and augmentation of reactive oxygen species that readily oxidize free thiols (31). This suggests that restoring the redox status can aid in suppression of VF and cardiac arrest.

These data open exciting avenues of study to more fully understand RLX's effects in the heart to suppress arrhythmia, as the data hint that RLX may prevent the deleterious cardiac phenotypes in PAH through multiple pathways, which may include the restoration of the redox state as evidenced by RLX-mediated reversal of upregulated Nrf2 and GST in PAH hearts. This interpretation is consistent with the GSH up-regulation in H9C2 rat cardiac cells by RLX following hypoxia-reoxygenation (32), and a reduction in oxidative stress by RLX in a swine ischemia-reperfusion model (33, 34). Hence, the rescue of VT/VF and arrest by DTT implied that PAH hearts had compromised glutathione metabolism and REDOX balance, which was prevented by RLX.




LIMITATIONS AND CONCLUSION

RLX-HD was cardioprotective through an increased CV and suppression of VF and cardiac arrest. Doppler flow measurements of PAH hearts showed a pronounced secondary flow velocity peak indicative of significant pulmonary vascular remodeling which was eliminated by RLX-HD but not RLX-LD. The study applied a high dose of RLX based on previous studies in spontaneously hypertensive and aged rats, but the resulting serum concentration of RLX (15 ng/ml) did not reach the previous values (75 ng/ml), suggesting differences in the biological activity of RLX in these models. Higher doses might prove to be more beneficial, particularly in terms of improving pulmonary vascular compliance, and dose-response experiments should be done to determine at which concentrations RLX is most effective. The possibility that human Relaxin might elicit an immune response in rats cannot be excluded, particularly if the treatment involves repeated exposures at high doses. So far, we and others have used human Relxin in mice and rats and no detectable untoward reactions have been reported.

The study focused on male rats, yet considerable sex-differences in PAH patients and SuHx rats has been reported (35, 36). It should be noted that RLX was administered during the development of PAH due to concerns that Doppler flow and RV pressure measurements (needed to confirm PAH) might compromise the survival of PAH rats, and impact the subsequent actions of RLX-treatment administered post-PAH. Therefore, this study shows that RLX prevents the development of some of PAH's deleterious effects. However, future work should study the ability of RLX to reverse the effect of PAH on cardiovascular and pulmonary physiology by treatment with RLX after, not during, PAH development. Still, the effects of RLX on SHR and aged rats have demonstrated that RLX reverses cardiac injuries (12, 13). Future studies should examine sex-differences, dose-dependent and pulsatile delivery of RLX, changes in cardiac glutathione, and the potential effects of RLX in the treatment of PAH.
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