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The Role of Mitochondrial Hyperacetylation and Sirtuin Activity in 
Pulmonary Arterial Hypertension 

by 
 

Judith Bernal Ramírez 
  

Abstract 
Cardiovascular diseases (CVDs) are the number one cause of death globally, causing 17.9 million 

deaths annually. The left ventricle (LV) has received significant attention to describe the 

mechanism involved in its dysfunction, unlike the right ventricle (RV). However, this has changed 

in the last decades. LV and RV adapt their mechanisms at the cellular and tissular level to fulfill 

heart function. However, the physiological differences in structure, function and molecular 

adaptations of both ventricles result in different responses to stressful stimuli. Unfortunately, 

mechanisms associated with RV dysfunction are not as widely studied as those related to LV 

dysfunction. Pulmonary arterial hypertension (PAH) is a chronic, life-threatening disease 

characterized by an increase in pulmonary vascular pressure, leading to ventricular failure 

withhigh morbidity and mortality. While RV failure is the strongest predictor of mortality, there are 

no definitive therapies directly targeting RV dysfunction. Resveratrol (RES), a phenolic compound 

and a sirtuin pathway activator, is known for anti-inflammatory and cardiovascular benefits. In 

PAH, RES exhibits cardioprotective effects on RV; however, most literature has focused on its 

protective effect on lung vasculature. Using a murine model of PAH induced by monocrotaline, 

the effects of a daily oral dose of RES were evaluated by determining its impact on the lungs and 

the right and left ventricular function. Although significant differences in the pulmonary 

architecture were not identified, RES has a protective effect against RV dysfunction and 

pathological remodeling changes by delaying PAH progression. PAH significantly affects 

mitochondrial function in RV at the cellular level, making it prone to mitochondrial permeability 

transition pore (mPTP) opening, thus decreasing the mitochondrial membrane potential. The 

compromised cellular energetics affect cardiomyocyte function by disrupting cell relaxation. RES 

partially protects mitochondrial integrity by deacetylating cyclophilin-D, a critical component of the 

mPTP, increasing SIRT3 expression and activity, preventing mPTP opening and avoiding the 

impairment in excitation-contraction-energetics coupling in RV failure. These results highlight the 

importance of mitochondrial energetics and mPTP in PAH and the use of RES as a future potential 

adjunct therapy.  
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Chapter 1 

1. Background 
 

According to the World Health Organization (WHO), cardiovascular diseases (CVDs) are the 

number one cause of death globally. Regardless of the numerous efforts made to face the 

challenge to decrease the annual 17.9 million deaths [1]; CVDs remain to raise its burden, being 

Ischemic heart disease and stroke the most common [2].  

  

The heart is a muscular pump whose primary function is to supply blood to the body to allow the 

oxygen and nutrients to reach each cell while removing carbon dioxide and metabolic waste. The 

ventricles have the function to propel blood from the heart either to the high-pressure systemic 

circulation by the left ventricle; or to the pulmonary circulation by the right ventricle, capable of 

maintaining low pressures even under changes in volume [3]. Among CVDs, the left ventricle (LV) 

is the most affected by heart diseases. Hence the mechanism involved in its dysfunction is widely 

described. 

  

In the vascular system, the right ventricle (RV) has not received much attention since, in 1943, 

the RV free wall cauterization in dogs' hearts did not change venous pressure [4]. However, RV 

perception has been changing through time from non-important to an essential component in 

normal hemodynamics. More recently, it has been recognized that right and left heart failure 

progression has critical differences. Although changes in the left ventricle from failing hearts have 

been importantly described, the assumption that the right ventricle suffers the same mechanism 

through right heart failure has been challenged in the last decades. 

  

1.1. Pulmonary arterial hypertension 

 

Pulmonary arterial hypertension (PAH) is the leading cause of RV dysfunction, is characterized 

by a chronic increase in pulmonary vascular pressure, leading to RV remodeling at early stages, 

which evolves to RV failure [5]. PAH has high morbidity and mortality since its diagnosis is 

confirmed by directly measuring pulmonary pressure by RV catheterization, usually at advanced 

stages [6]. Available PAH treatments are focused on smooth muscle cells from pulmonary arteries 

to decrease vasoconstriction; while these treatments are effective, patients stop responding in 
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the short term [7]. Nonetheless, RV dysfunction is the strongest predictor of mortality and 

prognosis; no definitive therapies directly target RV dysfunction. 

 

1.2. Resveratrol 

The chemical compound 3,5,4’-trihydroxy-trans-stilbene, known as resveratrol (RES) is a stilbene 

composed by two aromatic rings linked by a methylene bridge (Figure 1A). RES exists in two 

isomeric forms (cis and trans); however, due to its greater stability, only the trans-RES participates 

in the majority of biological activities [8]. This widely studied nutraceutical is naturally found in 

wine, grapes, dark chocolate, apples, soy, and Itadori tea [9]. 

 

Whereas there is no consensus of recommended RES dose, consuming 400 mg of RES daily 

during 1 month in healthy volunteers was associated with reduced cardiovascular risk [10]. 

However, doses from 10 mg of RES daily for 3 months, showed improved left ventricular (LV) 

function in patients with myocardial infarction [10,11]. Despite the wide range of dosages used in 

clinical trials, no significant side effects were observed even at very high doses of 2.5 – 5 mg/day 

for up to 29 days of RES; however, the recommended long-term exposure to pure RES should 

be limited to up 1 – 1.5 g/day [12]. 

 

Despite, RES has a good absorption after oral administration of up to 70%, its extensive 

metabolism significant decreases its bioavailability [8]. Figure 1 shows the metabolites identified 

to date [13]. The consistent beneficial effect and the low free RES in blood, suggest that RES 

metabolites could contribute to the biological activity attributed to RES. Although, data regarding 

the bioactivity of these compounds is scarce, it has been found that they partially prevent lipid 

accumulation in hepatocytes [14], regulate gut microbial growth and gut barrier function [15], and 

contribute to the beneficial effect of RES in obesity [16]. Of note, it has been found that RES 

metabolites may acts as RES reservoir since endothelial cells had the capacity to deconjugate 

RES glucoside form [17]. 
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Figure 1-1 RES and its human metabolites 
(A) trans-resveratrol (RSV); (B) trans-resveratrol-3-O-sulfate; (C) trans-resveratrol-4’-O-sulfate; (D) trans-

resveratrol-3,4’-O-disulfate; (E) trans-resveratrol-3-O-glucuronide; (F) trans-resveratrol-4’-O-glucuronide; 

(G) dihydroresveratrol (DHR); (H) 3,4’-O-dihydroxy-trans-stilbene; and (I) lunularin. Modified from [13]. 

 

1.3. Sirtuins 

The sirtuin family is a highly conserved nicotinamide adenine dinucleotide (NAD+)-dependent 

protein that deacylase lysine residues. It has been described that they regulate various 

physiological functions, from energy metabolism to stress responses, the observed effects by 

calorie restriction and exercise has been attributed to sirtuin activity [18]. Humans has 7 sirtuin 

isoforms, named SIRT1–7 and its cellular location varies: SIRT3 – 5 are found preferentially in 

the mitochondria, SIRT6 – 7 are nuclear, and SIRT1 – 2 are located at nuclei and cytosol [19]. 

The interaction between sirtuin is complex, since some of them share common targets to regulate 

diverse processes such as metabolic homeostasis, cell survival pathways, and cell-cycle [20]. 

SIRT1 is the most studied sirtuin, participates in chromatin regulation and regulates the 
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expression of several transcription factors in response to stress, such as NF-κB, p53, HIF-1α, 

FOXOs, E2F1, and HSF1 [20]. SIRT3 is the principal mitochondrial deacetylase; when it 

recognizes a state of nutrient deprivation, SIRT3 prevents cell damage by maintaining 

mitochondrial integrity and oxidative metabolism [20]. Since NAD+ is their major modulator and 

changes in its concentration is difficult to archive naturally, diverse molecules has been proposed 

to activate these deacetylases to promote their beneficial effects. The most effective is RES, 

which activates SIRT1 by approximately 10 fold [18] by directly binding to the N-terminus of SIRT1, 

increasing its affinity for the protein substrate [21]. The mechanism describing SIRT3 activation 

by RES has not been fully described. 
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2. Exploring functional differences between the right and left 
ventricles to better understand right ventricular dysfunction. 

 

Abstract  

 

The right and left ventricles have traditionally been studied as individual entities. Furthermore, 

modifications found in diseased left ventricles are assumed to influence on right ventricle 

alterations, but the connection is poorly understood. In this review, we describe the differences 

between ventricles under physiological and pathological conditions. Understanding the 

mechanisms that differentiate both ventricles would facilitate a more effective use of therapeutics 

and broaden our knowledge of right ventricle (RV) dysfunction. RV failure is the strongest 

predictor of mortality in pulmonary arterial hypertension, but at present, there are not definitive 

therapies directly targeting RV failure. We further explore the current state of drugs and molecules 

that improve RV failure in experimental therapeutics and clinical trials to treat pulmonary arterial 

hypertension and provide evidence of their potential benefits in heart failure.  

 

2.1. Introduction  

Pulmonary arterial hypertension (PAH) is an incurable life-limiting disease characterized by 

increased pulmonary hypertension secondary to pulmonary vasculature remodeling [1]. The 

increased pressure overloads the right ventricle (RV), inducing adaptative RV remodeling. In the 

initial stages, RV hypertrophy decreases wall tension, but maladaptive remodeling induces RV 

dysfunction and right heart failure syndrome in the end stages [2]. Specific treatment includes 

therapies targeting endothelin, nitric oxide, and prostacyclin pathways in pulmonary arteries to 

decrease pulmonary pressure and prevent RV stress [3]. The available therapeutic approaches 

improve quality of life and reduce the incidence of clinical worsening [4]. Although RV dysfunction 

and the patient’s response to PAH-specific treatment determine survival [5,6], there are not 

therapeutic aims to improve RV dysfunction [7]. Left ventricular (LV) dysfunction mechanisms 

have been widely studied, and multiple therapies to improve LV failure survival are available [8]; 

however, treatment for RV dysfunction is less robust [9]. Notably, beta-blockers and drugs that 
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target the renin-angiotensin-aldosterone system (RAAS), which are standard therapies for LV 

failure, are potentially contraindicated in RV dysfunction [8]. Thus, understanding the differences 

between the RV and LV and describing RV dysfunction's underlying mechanism may be essential 

to outline an RV-directed therapy and improve PAH patient outcomes. This review focuses on the 

underlying mechanisms that differentiate left and right ventricles in both physiological conditions 

and disease development.  

2.2. Structural and functional differences between the right and left ventricles  

The heart is a muscular pump whose primary function is to supply blood to the body, allowing 

oxygen and nutrients to reach each cell while removing carbon dioxide and metabolic waste. The 

ventricles propel blood from the heart to either high-pressure systemic circulation by the thick-

walled conic-shaped LV or pulmonary circulation by the thin-walled, crescent-shaped RV, which 

is capable of maintaining low pressure levels even under changes in volume [10,11]. Both 

ventricles adapt their mechanisms at the cellular and tissular level to meet the whole organism's 

needs, and their development into adulthood to accomplish heart’s function. This section 

summarizes the differences in development and adaptations of each ventricle to maintain its 

proper function.  

 

Structural differences between ventricles  
 
Embryonic development of the human cardiovascular system occurs between the third and eighth 

week of gestation [12]. Specifically, heart development begins on the 16th day of gestation; 

however, it is not a uniform process. Ventricles show differences in development, cellular origin, 

and molecular and genetic markers. These differences begin with the movement of cardiac 

progenitor cells that originate in gastrulation, from the mesoderm to the anterior of the primitive 

vein [13], where two structures are differentiated: the first heart field (FHF) and the second heart 

field (SHF) [14]. The FHF will give origin to the crescent-shaped cardiac tube and the LV, which 

begins development before the RV. The SHF will give origin to the outflow tract and the RV. It is 

essential to note that these processes develop successively and under genetic control, including 

the Paired Like Homeodomain 2 (PITX2) gene, which determines left and right asymmetry [13], 

and the Heart and Neural Crest Derivatives Expressed (HAND1 and HAND2) genes, which 

influence the development of the left and right ventricles, respectively [14]. Contrary to what 

happens in adulthood, where cardiac output is the same for both ventricles, during embryological 
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development, the RV produces 60% of total cardiac output [11]. Likewise, during embryological 

development, the thickness and strength generated by the LV and RV are the same [12].  

 

An organ's structure serves its function; thus, differences in the pressure of pulmonary and 

systemic circuits determine several structural differences between ventricles. Noting the 

anatomical muscle arrangement in both ventricles helps to understand how blood is pumped 

through different parts of the circulatory system. Most of the muscle fibers in the RV free wall are 

transverse fibers with a small portion of subendocardial longitudinal fibers [15]. However, the LV 

is comprised of endocardial and epicardial fibers, which form a helical structure, and 

circumferential fibers located at the mid-wall [16]. Therefore, RV needs fewer muscle fibers and 

is much thinner than the LV, it has about one-third of LV’s thickness 10. This fiber arrangement 

contributes differently to ventricle contraction. LV contraction involves the septum, presenting a 

radial constriction and longitudinal shortening, contributing 67% and 33% to the LV ejection 

fraction (LVEF), respectively [16]. Simultaneously, longitudinal fibers in the RV free wall account 

for 20–30% of the RV ejection fraction (RVEF). In comparison, approximately 80% of RV systolic 

function is attributed to the septum's helical fibers, which twist and shorten the longitudinal axis in 

the RV [15]. Along with differences in fiber arrangement and muscle contraction, the RV has a 

higher extracellular matrix content than the LV [17].  

 

Physiological difference between ventricles  
 
Anatomical differences between the ventricles are also reflected in their perfusion system. The 

lower pulmonary arterial pressure and pulmonary vascular resistance are 20% and 10% of 

systemic arterial pressure and systemic vascular resistance, respectively [18], leading to lower 

oxygen consumption by the RV [19]. While the LV has a higher oxygen demand, its perfusion 

predominantly occurs during diastole due to increased intramural pressure during systole 

impedes the flow supply [19]. The low pressures handled by the RV allow the perfusion of blood 

flow throughout the entire cardiac cycle, allowing it to maintain an appropriate myocardial oxygen 

level [19]. Moreover, the collateral vessels of the RV are denser than those of the LV [10]. The 

lower oxygen consumption and blood flow in the RV result in an oxygen extraction reserve, 

making the RV less vulnerable to myocardial ischemia [19]. However, the RV is highly susceptible 

to acute increases in afterload, unlike the LV [20,21]. Increases in pulmonary arterial pressure 

increase intramural pressure, impeding blood supply during systole, which increases blood flow 

demands during diastole, like LV perfusion [19]. After the blood flow fails to meet an acute or 
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chronic increased oxygen demand caused by an increased afterload, it results in RV ischemia 

and RV failure [19,22].  

 

Differences in cell shortening and relaxation between cardiac cells  
 

The cardiac muscle's functional unit is the cardiomyocyte, whose primary function is to accomplish 

the cell contraction-relaxation cycle, leading to synchronized organ contraction and relaxation [23]. 

This synchronization is made possible by cardiac excitation-contraction coupling (ECC), which is 

the physiological process of converting an electrical stimulus to a mechanical response [24]. ECC 

refers to everything from the activation of the Calcium ion (Ca2+) transient by initial membrane 

depolarization, through the action potential (AP), to myofilaments contraction in response to 

increased intracellular Ca2+. The initial AP promotes the entry of extracellular Ca2+ through 

voltage-dependent Ca2+ channels at the plasma membrane or sarcolemma, which promotes the 

release of Ca2+ from the sarcoplasmic reticulum (SR) in a process known as calcium-induced 

calcium release (CICR), causing a significant transient increase in intracellular Ca2+ [24], which 

interacts with the proteins in myofilaments to produce cellular contraction. Cell relaxation occurs 

by removing cytosolic Ca2+ in a highly energy-dependent process [25]. This section will focus on 

describing the differences between left and right cardiomyocytes during ECC, especially the 

differential characteristics of AP, components of Ca2+ handling in myocytes, and energetic and 

mitochondria-dependent process in excitation energetic-coupling.  

 

By definition, AP involves a reversible change in membrane potential due to the sequential 

activation and inhibition of several ionic channels, which allow ions to flow in favor of their 

electrochemical gradient through the cell membrane [26]. Sodium ion (Na+) and Ca2+ inward 

currents and different potassium ion (K+) outward currents are described in this section. 

Differences in AP form and duration (APD) are explained by changes in the expression and 

function of these ions’ channels (Table 1). Figure 1 highlights the main differences between the 

right and left AP shape and currents. Membrane depolarization by AP starts with a sodium inward 

current (INa) through voltage-sensitive Na+ channels. Higher INa densities and larger Na+ currents 

have been found in the LV than in the RV. In the LV, Na+ channels also have more negative 

steady-state inactivation, V1/2, and slower recovery from inactivation than in the RV, without 

changes in the activation threshold [26]. The lower INa density causes a slower conduction time 

in the RV, resulting in a lower upstroke velocity [26]. Despite the lower density, higher [27] or 

unchanged [26] Na+ channel expression has been reported.  
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The movement of different ions through the cell membrane shape the AP, organizing it in well-

defined membrane depolarization and repolarization phases. The main difference between LV’s 

and RV’s AP is during phase 1, which corresponds to the synchronized opening of K+ channels 

after the initial Na+ inward current [28,29]. The RV has a deeper notch than the LV due to an 

increase in outward K+ current density [28,30,31]. This increase is due to the larger amplitude of 

the transient outward current (Ito) in the RV than in the LV [28,30–32]. In some studies, no 

changes were observed in protein expression [31,33] or in the inactivation constant [30,32]. APD 

differences between the LV and RV have been described in several species, with some studies 

finding more prolonged APD in the LV than the RV [29,30,32,34–36], even in human hearts [37]. 

However, a lack of changes in APD was reported in Langendorff-perfused guinea pig hearts [38], 

and 2-9% RV longer APD has been observed in dogs [26]. The K+ repolarization currents can 

explain the shorter APD present in the RV. The RV's steeper repolarization phase's significant 

contribution is partially due to a higher density in the RV of the slowly activating component (IKs) 

of the delayed rectifier K1 current [32]. In contrast, a rapidly activating component (IKr), the inward 

rectifier current (IK1), and the sustained current (Iss) do not show changes in expression, density, 

or inactivation [29–33]. The ATP-activated K+ current (IKATP) has been identified as a 

determinant factor of APD in ischemia, and its expression is higher in the LV than in the RV [38].  

 

 

 
Figure 2-1 Physiological differences in excitation-contraction coupling between ventricles. 
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Black lines, letters and arrows represent the action potential; red lines, letters and arrows represent Ca2+ 

transient; blue line, letters and arrows represent cellular shortening. Ito: transient outward current, IKs: 

slowly activating component, INa: sodium inward current, IKATP: ATP-activated K+ current, ADP: action 

potential duration, SERCA: sarco-endoplasmic reticulum Ca2+ ATPase, NCX: sodium-calcium exchanger. 

 

 

Changes in APD and shape may be considered since the cardiac AP’s immediate consequence 

is the generation of an intracellular Ca2+ transient and differences observed between the APs of 

the LV and RV may influence intracellular Ca2+ dynamics. The initial membrane depolarization 

triggers the activation of L-type Ca2+ channels (LTCC), allowing an inward current of Ca2+, which, 

in turn, promotes the release of Ca2+ from the SR through the ryanodine receptors (RyR) by CICR, 

originating the Ca2+ transient 24. Figure 1 shows the main differences between the RV and LV in 

the Ca2+ transient.  

 

The link between the initial membrane depolarization and the Ca2+ transient is the LTCC. There 

is a clear difference between the AP in both ventricles; however, the initial phase of the Ca2+ 

transient is not affected by these changes. Indeed, while some reports show an increase in LTCC 

protein expression in the RV 27, others report unchanged gene expression between ventricles 

29. Moreover, the Ca2+ currents (Ica) do not show differences between ventricles 29.  

 

Regarding RyR, there are no differences in Ca2+ concentration for half-maximal activation, the Hill 

coefficient, caffeine-sensitive ryanodine binding, or current density [39]. However, there are 

discrepancies in RyR expression in the RV, since some studies show unchanged protein 

expression, while others refer to lower expression [40]. More studies will be required to clarify 

these discrepancies.  

 

At rest, there is no difference in diastolic Ca2+ between the right and left ventricles [29,41]. 

However, although it seems that RyR expression and function are unchanged, it has been 

reported an increase in Ca2+ transient amplitude during systole in the LV [29,42], indicating a 

major Ca2+ release by the SR due to primary Ca2+ content [42]. A higher contraction force [36] 

and greater sarcomere shortening has been found in the LV than in the RV [29,36,41,43], which 

coincides with the increase in the transient amplitude since the more significant the Ca2+ release, 

the greater the contraction force. However, two previous studies found no changes in sarcomere 

shortening in rats [41,42]. Furthermore, at the molecular level, actin interacts differently with 
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myosin cross-bridges in the LV, allowing greater mobility of actin monomers and, hence, greater 

contractility [44,45], without changes in troponin I and T, myosin-binding protein C (MyBP-C), or 

the myosin regulatory light chain phosphorylation, between LV and RV [46]. On the other hand, 

the maximal shortening velocity is also slower in RV myocytes [29], which is related to decreased 

Ca2+ sensitivity in RV myofilaments [46–48]. However, greater myosin ATPase activity [49,50] 

and a faster cellular contraction in the RV have also been reported due to a larger proportion of 

heavy α-chain-containing myosin isozyme in the RV compared to the LV, which has a larger 

proportion of the slower β-chain [49]. All the expression changes between ventricles are 

summarized in Table 1.  

 

 
Table 2-1 Physiological differences between ventricles in myocyte function. 

Process Component Level 
RV change 
(Compared 
to LV) 

Model Reference 

Action 
potential 

INa 

Density Lower Dog 

[26] 

Expression 
(SCN5A,SCN1B and 4B) NC Dog 

Steady-state inactivation Higher Dog 

Recovery from inactivation Higher Dog 

AP Duration 
Higher Human, Dog, Rat, 

Mice, Human 
[29,30,32,34-
37] 

NC Guinea pig [38](24) 

Ito 

Current Higher Dog, Mice, Rat, 
Dog 

[28,30-32]  
 

Expression NC Rabbit, Mice [31,33] 

Inactivation constant NC Dog, Dog [30,32] 

ICa Current NC Mice [29] 

IKs 
Density Higher Dog [32] 

Expression NC Rabbit [33] 

IKr Density NC Dog [32] 
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IK1 
Expression NC Mice, Dog [30,31] 

Density NC Mice [29] 

ISS Density NC Dog, Mice [30,31] 

IKATP Expression Lower Guinea pig [38] 

CIRC 

LTCC 
Expression 

Higher Rabbit 
[27] 

NC Mice [29] 

Current NC Mice [29] 

RyR 

Activity NC Human [39] 

Sensitivity NC Human [39] 

Density NC Human [39] 

Expression 
NC Rabbit, Human [27,137] 

Lower Dog [40] 

Ca2+ transient 
Amplitude Lower Rat, Mice [29,42] 

Time to decay Higher Rat [36] 

SR 
Volume NC Pig [54] 

Ca2+ load Lower Rat [42] 

Diastolic Ca2+ Level NC Mice, Rat [29,41] 

Cell 
contraction 

Contraction force Lower Dog [36] 

Sarcomere shortening Lower Rat, Mice, Dog, 
Rat [29,36,41,43] 

Troponin I Phosphorylation NC Mice [46] 

Troponin T Phosphorylation NC Mice 
[46] 

MyBP-C Phosphorylation NC Mice 
[46] 

MRLC Phosphorylation NC Mice 
[46] 

Actin-Myosin 
binding Mobility Lower Mice, Rabbit [44,45] 
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Maximal shortening velocity Lower Mice 
[29] 

Myofilaments Ca2+ sensitivity Lower Rat, Mice 
[46-48] 

Myosine ATPase acivity Higher Rat, Rat 
[49,50] 

Myosine 
heavy chain Alfa: beta proportion Higher Rat [49] 

Cell 
relaxation 

SERCA 

Activity 

Lower Rat, Rat [41.42] 

Higher Rat [36] 

NC Mice [29] 

Expression 
Lower Rat [41] 

NC Rat, Rabbit [27,42] 

Phosphorilation Lower Rat [41] 

Affinity to Ca2+ Lower Rat [41] 

SERCA-PBL 
Ratio NC Rat 

[41] 
Stability complex Higher Rat 

NCX 

Expression Higher Rabbit [27] 

Rest-potentiation 
phenomenon Higher Rat, Mice [29,36] 

Cell 
energetics 

Mitochondria 
respiration 

Expression NC Rat [53] 

Activity NC Dog [52] 

Oxidative 
metabolism Expression NC Rat [53] 
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Fatty acid 
oxidation Expression NC Rat 

[53] 

Rate of 
oxidation Activity Lower Rat 

[53] 

Mitochondria 
content 

Citrate synthase activity Lower Rat 
[53] 

Mitochondria-myofibrils 
ratio Lower Pig [54] 

Mitochondria volume NC Pig [54] 

NC: no change 
 

 

For relaxation to occur during diastole, intracellular Ca2+ must decline, and the sarco/endoplasmic 

reticulum Ca2+-ATPase (SERCA) pump is the primary removal mechanism [24]. As illustrated in 

Figure 1, a more prolonged Ca2+ transient has been reported in RV myocytes than in LV myocytes 

[41,42], accompanied by decreased SERCA activity [41,42] and expression, as well as affinity to 

Ca2+ in the RV [41]. Phospholamban (PLB) is a critical SERCA inhibitor, but PLB phosphorylation 

relieves SERCA of its inhibition [51]. A previous study found that LV and RV present similar 

SERCA/PLB ratios but the RV’s SERCA-PLB complex is more stable than in LV [41]. The 

decreased SERCA activity in RV myocytes may allow more active participation of other Ca2+ 

removal mechanisms, leading to lower Ca2+ availability in the SR. This phenomenon might explain 

the decreased transient amplitudes and SR content [42] observed in RV myocytes when 

compared to LV myocytes. However, there are some discrepancies since faster relaxation has 

been reported in the RV [36] than in the LV, as well as no differences in SERCA and PBL activity 

29 and expression [27,42] between LV and RV.  

 

Another important Ca2+ removal mechanism in cardiomyocytes is the Na+/Ca2+ exchanger (NCX). 

Higher NCX protein expression has been found in RV than in LV [27] (Table 1), which might also 

explain the decreased SR Ca2+ availability, resulting in a decreased Ca2+ transient amplitude 

without changes in SERCA activity. However, regardless of its expression, NCX is more active in 

LV than in RV [36], promoting Ca2+ overload in the SR during the rest-potentiation phenomenon, 
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which is more prominent in the LV than in the RV [36]; thus, there are differences in the balance 

between Ca2+ entry and SR loading in the right and left ventricles. Notably, the mitochondrial Ca2+ 

uniporter and mitochondrial NCX contribute to Ca2+ handling in cardiac cells [25], but the function 

and expression of these systems remains unknown in RV cardiomyocytes.  

 

Otherwise, cell relaxation is a high energy-dependent process. Ca2+ removal against its 

concentration gradient by SERCA and the detachment of myosin heads from actin require an 

adequate ATP supply [24]. Mitochondria is the organelle responsible for energy production in ATP 

form. There is no change in respiratory components, oxidative metabolism, fatty acid oxidation, 

or mitochondria respiration between right and left ventricles [52,53]. However, the LV has a higher 

rate of oxidation and mitochondrial membrane potential. This finding has been understood as 

higher mitochondrial content, supported by a higher citrate synthase activity [53], a higher 

mitochondria-myofibrils ratio [54], and higher nitrosylated protein content in LV than in RV [53]. 

The mechanism that induces differential levels of mitochondrial biogenesis between the LV and 

RV is entirely unknown and could be a fertile research area in the future.  

 

2.3. Distinctions between right and left ventricle dysfunction  

In the vascular system, the RV has not received much research attention since 1943, when 

cauterization of the RV free wall in canine hearts did not change venous pressure [55]. 

Furthermore, the LV is more severely affected than the RV in heart disease. However, the medical 

field’s perception of the RV is changing from it being considered unimportant to it being an 

essential component of normal hemodynamics [56]. More recently, significant differences have 

been recognized in right and left heart-failure progression [11]. Although changes in the left 

ventricles of failing hearts have been thoroughly described the assumption that the same 

mechanism is involved in LV and RV failure has been challenged in recent decades. Physiological 

and structural differences between the two ventricles may explain the differences in the 

pathologies each ventricle faces, giving importance to underlying mechanisms that make them 

more susceptible or resistant to diverse insults.  

 

Differences between right and left ventricular infarction  
 

The compromised coronary artery predominantly determines the size and location of the infarction. 

Acute right ventricular infarction (RVMI) can occur when there is occlusion of the right coronary 
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artery (RCA), proximally to the takeoff of RV branches [57]. The RVMI is an infrequent event, 

occurring in one-third to one-half of patients presenting with inferior myocardial infarction; very 

rarely, it can occur in isolation [58].  

 

The term RV infarction may be somewhat misleading since acute RV ischemic dysfunction 

frequently has a faster recovery than LV infarction. Indeed, there is a deeply contrast between 

the effects of ischemia and reperfusion in RV and in LV, in which prolonged ischemia often leads 

to myocardial infarction. Levin and Goldstein proposed diverse reasons to explain LV’s lower 

vulnerability to infarction. First, oxygen demand is undoubtedly lower in the RV than in the LV, 

because of its much smaller muscle mass and lower afterload. Second, in the absence of severe 

RV hypertrophy or pressure overload, the coronary artery flow in the RV is given in both diastole 

and systole. Third, chronic RV failure attributable to RV myocardial infarction is infrequent. Fourth, 

there is greater availability of blood perfusion in the RV through the collateral flow from the left to 

right coronary arteries [59]. However, Heresi et al. used a sensitive assay to measure cardiac 

troponin I (cTnI), a myocardial infarction biomarker, and found a significant positive association 

between cTnI and a more severe PAH and worse clinical outcomes in patients with PAH [60], 

suggesting that the susceptibility of the RV to ischemic events is not completely understood. 

  

Differential mechanisms of right versus left pathological remodeling  
 

Cardiac hypertrophy is defined as an increase in cardiac mass manifested by increasing size, as 

well as morphological and functional alterations attributed to a physiological or pathological 

stimulus. Physical exercise is an example of a physiological stimulus, while a pathological 

stimulus is found in hypertension, diabetes, myocardial ischemia, and other conditions [61]. 

Cardiac hypertrophy is considered an adaptive response to increased activity or functional 

overload, and it is classified as eccentric or concentric. An increase in preload due to high blood 

volumes reaching the heart, usually observed in aortic regurgitation or endurance exercise, leads 

to eccentric hypertrophy. This represents a serial addition of sarcomeres, which increases of the 

ventricular chamber volume and the wall thickness. A higher afterload due to pressure overload 

in the ventricle leads to concentric hypertrophy. This represents a parallel addition of sarcomeres, 

which increases myocardial thickness and reduces the diameter of the ventricular chamber [61].  

 

Concentric hypertrophy is generally accompanied by remodeling to adapt to pressure overload 

and maintain a stable cardiac output. Next, remodeling progresses from an adaptive to a 
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maladaptive phenotype, with altered contractility that leads to cardiac failure [62]. Differences in 

LV and RV responses to pressure overload have been described [63,64]. The compensatory 

remodeling is restricted in RV versus LV. Inhibition of nitric oxide with L-NAME generates LV and 

RV hypertrophy, but the RV responds with dilation, dysfunction, and an increase in reactive 

oxygen species (ROS), which causes the inhibition of Hypoxia-inducible factor 1-α (HIF1α) and 

the suppression of angiogenesis, inducing chronic ischemia in the RV [64,65]. Moreover, a 

reduction in superoxide dismutase in the RV versus its increase in the LV has been observed [64]. 

Additionally, pressure overload in the RV in pulmonary artery banding (PAB) models leads to 

higher mortality and oxidative stress than pressure overload in the LV by aortic constriction. PAB 

models also produce more elevated hypoxia in the RV after surgery, with less capillary density 

and ischemia [66].  

 

Furthermore, mechanical stress on the ventricular wall due to pressure overload stimulates 

fibroblasts to differentiate into myofibroblasts that produce type II and III collagen in the LV and 

RV, contributing to cardiac failure [67,68]. However, differences in the distribution of extracellular 

matrix (ECM) protein and metalloproteinases in the LV and RV may be explained by a further 

ECM degradation pattern between ventricles [69], which could explain why effective antifibrotic 

therapies in LV failure are not effective in RV failure [70]. On the other hand, in chronic 

thromboembolic pulmonary hypertension, to adjust the RV afterload and wall stress, RV 

pathological remodeling and wall hypertrophy occur [71], and ECM biomarkers, such as matrix 

metalloproteinases 2 and 9, decrease, while tissue inhibitor of metalloproteinases-1 (TIMP-1) 

increases significantly [72]. Notably, treatment with a massive pulmonary embolus is applied to 

relieve the RV afterload (e.g., pulmonary artery endarterectomy, systemic thrombolytics, or 

percutaneous intervention), resulting in significant regression of pathological remodeling and RV 

hypertrophy [71].  

 

Studies have shown shared molecular pathways to hypertrophy and fibrosis between the LV and 

RV, such as TGF-β, Rho-ROCK, and MAPKs. However, differences in signaling have been 

observed in MAPKs [61,65]. Phosphorylated p38 (p-p38) MAPK increases in RV fibroblasts and 

mediates fibrosis induced by TGF-β and ventricular dysfunction, however, hypertrophy and 

changes in proinflammatory genes are not mediated by p-p38 MAPK [73]. In the LV, the role of 

p38 MAPK, specifically p38α, has been also described as a mediator of fibrosis and hypertrophy, 

but conversely, interleukin-6 is involving as a probable pathway to induce hypertrophy [74]. 

Furthermore, while the apelin receptor (APJ) participates in hypertrophy induced by pressure 
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overload and apelin prevents hypertrophy in the LV [75–77], the role of APJ in RV has not been 

elucidated [78]. 

  

Difference between RV and LV responses also depend on the stimulus. ROCK signaling mediates 

hypertrophy induced by metabolic alterations in the LV and by hypoxia in the RV [61], but also it 

induces hypertrophy in the LV and RV in pressure overload models, inducing p-ERK1/2 and 

GATA4 [66,79]. Studies have demonstrated angiotensin II's role through AT1R in LV hypertrophy 

due to pressure overload [80–82], whereas an increase in mRNA levels of angiotensin in the 

monocrotaline (MCT) model has been reported [83]; however, its role in RV has not been fully 

demonstrated. Angiotensin II is also involved in the induction of autophagy [81]. The role of 

autophagy in cardiac hypertrophy is controversial; however, basal autophagy would be essential 

for the preservation of cellular homeostasis, whereas excessive autophagy or its inhibition could 

aggravate hypertrophy. In different models, such as LV hypertrophy induced by pressure overload 

or metabolic dysfunction [84,85] and RV hypertrophy induced by monocrotaline-induced 

pulmonary arterial hypertension (MCT-PAH) or hypoxia [86,87], hypertrophy would be mediated 

by the induction of autophagy, while its inhibition could prevents hypertrophy [85].  

 

On the other hand, activation of proteasome has been observed in LVs exposed to pressure 

overload, which produces hypertrophy [88], similar to findings obtained in RVs [89]. However, 

another study performed using the pressure overload model in RVs observed a reduction in 

proteasome activity [90], this study was conducted 8-10 days after surgery contrarily to the 

previous study performed three weeks after surgery [89].  

 

Epigenetic mechanisms have also been identified in cardiac hypertrophy. Class I histone 

deacetylase inhibitors (HDACs) induce hypertrophy in the LV and RV [91,92], whereas class IIa 

HDACs prevent hypertrophy [91,93]. Unlike findings in the LV [94], inhibitors of HDACs aggravate 

RV hypertrophy induced by pressure overload [93,95]. Therefore, further studies are needed to 

better understand hypertrophy mechanisms in the LV and, mainly, in the RV.  

 

The inflammatory response also plays an essential role in heart failure progression by the 

activation of pro-inflammatory cytokines [96]. The increase in inflammatory mediators that can 

interfere with cardiac contractility and remodeling in PAH correlates to RV dysfunction [97]. While 

the effects of anti-inflammatory therapies in LV failure are unclear [98,99], they might be useful in 
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preventing RV failure since perivascular inflammation triggers RV inflammation in a vicious cycle 

that leads to RV failure [97].  

 

An overview of the similarities and differences between right and left ventricular failure  
 

The increase in LV afterload by an overload of pressure or volume is considered a determining 

cause of left heart failure (LHF). In contrast, pulmonary hypertension, pulmonary stenosis, chronic 

obstructive pulmonary disease, and tricuspid valve pathology produce similar consequences on 

the right side, inducing right heart failure (RHF) [100–102]. RHF could be acute or chronic. Acute 

RHF is caused by a suddenly increased RV afterload due to hypoxia or a pulmonary embolus 

[102,103] or decreased RV contractility in RV ischemia, myocarditis, or postcardiotomy shock 

[104]. On the other hand, chronic RHF results from the gradual increases in RV afterload 

produced by pulmonary hypertension [101,102], which promotes cardiac remodeling with 

increased RV mass, fibrosis, and hypertrophy of cardiomyocytes, analogous to the remodeling 

observed in LHF [105].  

 

As a further example of the interconnection between both ventricles, the prevalence of RV 

dysfunction increases with LHF progression [106], as well as RV function and RV–pulmonary 

artery coupling fail progressively across HF stages [107]. In a community-based cohort study, 

subclinical RV dysfunction was present in nearly 20% of elderly people and was associated with 

common HF risk factors. Among people without HF, lower RVEF was associated with HF and 

death independent of LVEF or N-terminal pro-BNP [107], suggesting that RV dysfunction plays a 

crucial and underestimated role in HF progression. RV dysfunction was observed in 48% [108] 

and 33% [109] of heart failure with reduced ejection fraction (HFrEF) and with preserved ejection 

fraction (HFpEF) patients, respectively, and HFpEF patients displayed greater right-sided 

chamber enlargement, higher RV diastolic pressure, and more severe contractile dysfunction 

compared to controls [109].  

 

Furthermore, in patients with LHF, the development of pulmonary hypertension and RV 

dysfunction is common, and they play an essential role in disease progression, morbidity, and 

mortality. The diagnosis of pulmonary hypertension aggravates the prognosis in HFpEF and 

HFrEF patients, and pulmonary hypertension is observed in approximately 75% of patients with 

HFpEF. Thereby, this prevalence is higher than in patients with HFrEF [100,110]. In a large 

community-based prospective cohort of 1,049 subjects with HF, pulmonary hypertension was 
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described as an independent and strong predictor of mortality [110]. Pulmonary hypertension was 

also defined as a decisive factor in post-transplant mortality because the significantly elevated 

levels of pulmonary vascular resistance in the post-operative period to which the donor's heart is 

exposed could trigger RV dysfunction [111].  

 

The requirements of oxygen, glucose absorption, and the glycolytic rate increase in both the LV 

and RV, reducing fatty acid metabolism [112]. An increased hemodynamic load causes the 

activation of a pattern of early response or the immediate-early genes c-fos and c-jun, followed 

by the induction of a ‘fetal gene program’ for the sarcomeric proteins and natriuretic peptides: 

atrial natriuretic peptide (ANP) and brain natriuretic peptide (BNP), whose expression is observed 

also in both ventricles [66,113].  

 

Mitochondrial dysfunction is an important and crucial mechanism in the development of heart 

failure [114]. Hypertrophy triggers the Warburg effect in the RV, shifting metabolism from aerobic 

to anaerobic, showing a decrease in glucose oxidation and increased uncoupled glycolysis and 

glucose uptake [115], as well as decreasing mitochondrial membrane potential and compromising 

ATP production [116]. Therefore, protecting mitochondrial function and metabolism has shown 

positive results in preserving RV function. On the other hand, glutamine antagonist [117] and 

sodium-glucose cotransporter 2 (SGLT2) inhibitors [118] positively affect cardiac performance, 

RV hypertrophy, and survival. Regarding fatty acid oxidation (FAO), the information is 

controversial since RV function improvement has been observed following FAO inhibition [119] 

and stimulation [120]. Improvement in mitochondrial fragility and membrane potential by activating 

SIRT3 through stilbene resveratrol administration improves RV function and decreases fibrosis 

and hypertrophy [43,121].  

 

In LV and RV failure, alterations in ECC and relaxation are observed. In the LV, diastolic 

dysfunction with a slower contraction-relaxation kinetic is produced, as well as loss of T-tubules, 

reduced SR density, and altered Ca2+ release from the SR. These changes were also described 

in RV failure, where loss of T-tubules, smaller and slower intracellular Ca2+ transients, reduction 

and disorganization of the RyR2 network, and reduction of SERCA have been observed in severe 

hypertrophy caused by MCT-PAH [62]. However, it has been reported that remodeling of the LV 

wall, which causes diastolic dysfunction, is compensated by an increase in the contraction-

relaxation kinetic in cardiomyocytes [122]. PAH-RV treated with resveratrol significantly improves 
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cell relaxation dynamics by enhancing SERCA activity and maintaining the mitochondrial energy 

supply [121].  

 

The role of Ca2+ signaling has been well demonstrated. Ca2+ binds to calmodulin (CaM), which 

activates calcineurin, a phosphatase that dephosphorylates NFAT in the cytosol, allowing its 

nuclear translocation to regulate the expression of pro-hypertrophic genes, such as the β-myosin 

heavy chain (β-MHC). Additionally, Ca2+/CaM activates Ca2+/CaM kinase II (CaMKII), which 

induces the nuclear export of histone deacetylase 5 (HDAC5), derepressing the pro-hypertrophic 

transcription factor Mef2 [123]. Mef2 has been implicated in the underlying mechanisms that 

cause a switch from compensated to decompensated hypertrophy in the RV; Mef2 increases in 

compensated hypertrophy and decreases during decompensation [124]. In the LV, the role of 

TGF-β and its signaling pathway, as a molecular switch has also been reported [65].  

 

2.4.  A clinical and experimental therapeutic approach to RV dysfunction  

As mentioned previously, patients with PAH develop RV remodeling due to the progressive 

increase in pulmonary vascular resistance and pulmonary artery pressure, leading to RV failure. 

Although RV failure is the leading cause of death in PAH patients, most PAH treatments (e.g., 

prostaglandin analogs, Ca2+-antagonists, endothelin receptor antagonists, and nitric oxide) target 

vascular abnormalities. Therefore, the amelioration of RV remodeling and dysfunction may 

represent an essential aspect of PAH therapy, but unfortunately, current therapies don’t improve 

RV function.  

 

Under the experimental therapeutic side, different research groups have focused on observing 

the effects of PAH treatment directly on RV function, mostly using the in vivo induction of PAH by 

MCT, PAB, or hypoxia. Table 2 summarizes the effects of different PAH treatments on RV 

remodeling and protection. Using recombinant human neuregulin (rhNRG-1), Adão et al. 

observed attenuation in the increased PLB phosphorylation and decreased mRNA expression of 

Col1a2, Col3a1, and ACTA1 caused by MCT-PAH in Wistar rats, as well as decreased passive 

tension in the rats’ isolated RV cardiomyocytes [125]. Treatment with rhNGR-1 also decreased 

the Fulton index scores, the cardiomyocyte cross-section area, and fibrosis caused by PAB-

induced PAH in Wistar rats [125]. During treatment of PAH caused by MCT in Sprague-Dawley 

rats, An et al. [126] observed that a maxingxiongting mixture (MXXTM, an effective Chinese 

medicine compound prescribed for pulmonary hypertension) reduced the protein expression of 
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RhoA and ROCK II, suggesting that it might improve RV hypertrophy by inhibiting the Rho-kinase 

signaling pathway in the treatment of pulmonary hypertension. Using a Hypoxia-induced PAH in 

vivo model, Dang et al. observed decreased myocardial and RV hypertrophy and collagen 

deposition, as well as the downregulation of collagen I and III genes and ACE, AngII, and AT1R 

proteins, when Sprague-Dawley rats were treated with Tsantan Sumtang, a traditional and 

commonly prescribed Tibetan medicine. Treatment with Tsantan Sumtang attenuated RV 

remodeling and fibrosis, likely through disruption of the ACE-AngII-AT1R equilibrium in the RV 

[127].  

 

 
Table 2-2 Treatment of PAH focused on RV remodeling and protection of its function 

Biological 
subject 

Treatment Experimental 
model 

Effect on RV compared 
with model group 

Reference 

Isolated skinned 
cardiomyocytes 
(Wistar rats) 

Recombinant human 
neuregulin-1 (rhNRG-
1) 

MC-induced 
PAH 

Decreased RV isolated 
cardiomyocyte passive 
tension 
 

[125] 

Wistar rats Recombinant human 
neuregulin-1 (rhNRG-
1) 

MC-induced 
PAH 

Attenuate the increase of 
phospholamban 
phosphorylation 
Attenuate the upregulated 
mRNA expression of 
Col1a2, Col3a1 and 
ACTA1 

[125] 

  PAB-induced 
pressure 
overload 

Decreased Fulton index, 
cardiomyocyte CSA and 
fibrosis 

 

Sprague-Dawley 
rats 

Maxingxiongting 
mixture 

MC-induced 
PAH 

Attenuate the upregulated 
protein expression of 
RhoA and ROCK II 

[126] 

Sprague-Dawley 
rats 

Tsantan Sumtang Hx-induced 
PAH 

Decrease RVHI, RV/TL, 
myocardial hypertrophy, 
and collagen deposition. 
Downregulate collagen I 
and III levels and 
hydroxyproline content 
Downregulated levels of 
ACE, AngII and AT1R 
proteins 
 
 

[127] 

Sprague-Dawley 
rats 

Ursolic acid MC-induced 
PAH 

Higher TAPSE and 
PAT/PET 
Prevented increase in 
RVSP 
Attenuated the increase of 
RVHI, RV myocardial cell 

[128] 
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size and cross-section 
area 
Attenuated the increased 
expression of Col1a1, 
Col3a1, TGFβ1 and Bax 
 

Sprague-Dawley 
rats 

Resveratrol MC-induced 
PAH 

Improved TAPSE, RV free 
wall thickness and 
contractility 
Decreased RV fibrosis 
and cardiomyocyte area 
and volume 
Decreased BNP, Tnnc1, 
Col1a1 mRNA levels 
Increased IL-10 and 
SIRT1 mRNA levels 

[43] 

Sprague-Dawley 
rats 

Nintedanib SU5416+Hx -
induced PAH 

Decreased RV 
hypertrophy 
Reduced RV total collagen 
content 
Reduced Col1a1, BNP 
and OPN mRNA levels 

[129] 

Wistar-Imamichi 
rats 

Imatinib MC-induced 
PAH 

Reduced RVH 
Reduced RV BNP mRNA 
expression and serum NT-
proBNP levels 

[130] 

 Sunitinib  Reduced RVH 
Reduced RV BNP mRNA 
expression and serum NT-
proBNP levels 

 

C57Bl/6J mice Riociguat PAB-induced 
pressure 
overload 

Attenuated the increase of 
RV end diastolic/systolic 
volume 
Reduced RV collagen 
content  

[131] 

 Sildenafil  Attenuated the increase of 
RV end diastolic/systolic 
volume 

 

Sprague-Dawley 
rats 

Mesenchymal stem 
cells 

SU5416+Hx -
induced PAH 

Reduced RV hypertrophy  
Attenuated the reduction 
of RV stroke volume and 
cardiac output 
Maintained RV 
contractility 
Reduced RV collagen 
content and 
cardiomyocyte 
enlargement 

[133] 

Wistar-Kyoto rats Macitentan SU5416+Hx -
induced PAH 

Reduced RVSP, TPVR 
and RV hypertrophy 
Increased cardiac output, 
TAPSE and RV dilatation 
 

[132] 
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Attenuated the increase of 
NPPA and NPPB 
expression 
Attenuated the increase of 
Col1a1 

 Tadalafil  Reduced RVSP, TPVR 
and RV hypertrophy 
Increased cardiac output, 
TAPSE and RV dilatation 
 
Attenuated the increase of 
NPPA and NPPB 
expression 
Attenuated the increase of 
Col1a1 

 

 Macitentan+tadalafil  Reduced RVSP, TPVR 
and RV hypertrophy 
Increased cardiac output, 
TAPSE and RV dilatation 
 
Attenuated the increase of 
NPPA and NPPB 
expression 
Attenuated the increase of 
Col1a1 and Col3a1 

 

Wistar rats Pterostilbene 
complexed with 
HPβCD 

MC-induced 
PAH 

Increased concentration of 
GSH and GSH/GSSG 
ratio 
Restored the activity of 
GSR, GST and GRx 
Reduced TBARS levels 
Increased expression of 
SERCA 

[134] 

Wistar rats Trapidil MC-induced 
PAH 

Increased GSH/total 
glutathione ratio 
Decreased NADPH 
oxidase activity 
Increased RV SERCA and 
ryanodine receptor protein 
content  

[135] 

Sprague-Dawley 
rats 

Cyclosporine A MC-induced 
PAH 

Increased RV mass 
Prevented mitochondrial 
disruptions 
Attenuated the increase of 
Casp3 and AIF protein 
levels 

[114] 

Sprague-Dawley 
rats 

17β-estradiol MC-induced 
PAH 

Reduced RV diameter, 
wall thickness, fibrosis, 
RV/LV+IVS and RV/BW 
ratio 
Improvement of TAPSE, 
RVFAC and RIMP 
Decreased serum BNP 
levels 

[138] 
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After treating of PAH caused by an MCT in vivo model with ursolic acid, Gao et al. observed the 

preservation of RV function and the attenuation of hypertrophy indexes. The expression of Col1a1, 

Col3a1, TGFβ1, and Bax, as well as fibrosis and apoptosis markers, also decreased [128]. 

Similarly, when using resveratrol, a phenolic compound with known cardioprotective effects, in an 

MCT-PAH in vivo model, Vázquez-Garza et al. observed improved RV function measured by 

tricuspid annular plane systolic excursion (TAPSE) technique and RV free wall thickness and 

contractility, and decreased RV fibrosis and cardiomyocyte area and volume, caused by the low 

mRNA expression of BNP, Tnnc1, and Col1a1, as well as increased IL-10 and SIRT1 mRNA 

levels [43]. These mRNA markers were also decreased after using nintedanib to treat PAH in a 

SU5416+Hypoxia in vivo model. Rol et al. observed a decrease in RV hypertrophy and collagen 

content, accompanied by reduced mRNA levels of Col1a1, BNP, and OPN [129]. Furthermore, 

Leong et al. observed reduced cardiac remodeling biomarker BNP mRNA levels and serum-NT-

proBNP levels after treating Wistar-Imamichi rats with imatinib and sunitinib in an MCT-PAH in 

vivo model [130].  

 

On the other hand, in a PAB in vivo model, Rai et al. observed the preservation of RV function by 

the attenuation of the increase in RV end-diastolic/systolic volume and collagen content after 

C57Bl/6J mice were treated with riociguat or sildenafil [131]. These compounds also reduced 

collagen production and secretion and the phosphorylation of Smad2 and Smad3 proteins when 

used to treat RV cardiac fibroblast stimulated with TGFβ1 in vitro. Therapy with macitentan also 

improved RV function and hypertrophy caused by PAB in Wistar-Tokyo rats [132].  

 

In a hypoxia-induced PAH model, Schmuck et al. observed that mesenchymal stem cells had a 

protective effect on RV function. A reduction in RV hypertrophy was observed, with an attenuated 

RV stroke volume and cardiac output, maintained RV contractility, reduced RV collagen content, 

and slowed cardiomyocyte enlargement [133].  

 

Post-stress conditions could increase ROS in the RV, a determinant factor in many diseases' 

progression and severity. Pterostilbene complexed with hydroxypropyl-β-cyclodextrin (HPβCD) to 

treat PAH induced by MCT in vivo, Lacerda et al. observed an increase in GSH concentrations 

and GSH/GSSG ratio, accompanied by restored Glutathione reductase, Glutathione-S-

transferase, and Glutaredoxin enzyme activity [134]. This treatment also increased the expression 

of SERCA. Similarly, using trapidil to treat PAH in a MCT in vivo model, Türck et al. observed 
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increased GSH/total glutathione ratio, decreased NADPH oxidase activity, and increased RV 

SERCA and RyR protein content [135]. The results of these studies suggest that oxidative stress 

and improving the RV's Ca2+ handling mechanisms may represent valuable targets to treat PAH.  

As mitochondria play a key role in heart pathophysiology, Lee et al. investigated the effect of 

cyclosporine A (CsA) in MCT-PAH in vivo [114]. Despite the increase in RV mass, CsA prevented 

the mitochondrial disruption caused by MCT and attenuated the increases in apoptotic protein 

Casp3 and Apoptosis Inducing Factor (AIF) levels. The combinatorial treatment with macitentan 

and tadalafil used by Mamazhakypoy et al. in Wistar-Kyoto rats with PAH induced by 

SU5416+Hypoxia improved RV function and decreased the expression of hypertrophy A-type 

natriuretic peptide precursor (NPPA), B-type natriuretic peptide precursor (NPPB), and fibrosis 

Col1a1 markers [132]. The results of these studies suggest that the use of combinatorial 

treatments or the addition of an RV-targeted therapy, such as CsA, might be a new therapeutic 

strategy in the treatment of PAH.  

 

Various clinical trials have been conducted to better understand or more effectively treat PAH. 

However, most of them managed cardiac improvement secondary to reduced pulmonary artery 

pressure instead of managing it as a primary objective. Clinical trials aimed at RV function have 

studied functional and structural improvement by measuring various parameters. Table 3 

summarizes the available clinical trial results with measures focused on RV function through 

RVEF, RV end-diastolic, -systolic volume (RVEDV and RVESV), mass, longitudinal strain, TAPSE, 

or Tei index parameters.  

 
Table 2-3 Clinical trials with aim in measuring RV function 

Clinicaltrials.gov 
identifier 

Trial Status Intervention RV outcome 
measures 

Results 

NCT03273387 Completed Trimetazidine Changes in RV 
Ejection Fraction 
after 3 months 

Improvement 
of RVEF 
(3.9 %) from 
baseline 

NCT03835676 Recruiting Treprostinil Effects on right 
ventricular 
structure and 
function using 
echocardiography 
Effects on right 
ventricular 
structure and 
function using 

No results 
reported 

https://clinicaltrials.gov/ct2/show/NCT03273387
https://clinicaltrials.gov/ct2/show/NCT03835676
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cardiac magnetic 
resonance 
imaging 

NCT02253394 Terminated (low 
enrollment)  

Ambrisentan plus 
Spironolactone 

Effect on cardiac 
output 

No results 
reported 

NCT04435782 Not yet recruiting JNJ-67896049 Change from 
baseline to week 
26 in RVSV, 
RVEDV, RVESV, 
RVEF, mass, 
RVGLS in 
participants will 
be assessed by 
pulmonary artery 
flow MRI. 

No results 
reported 

NCT02074449 Completed Treprostinil Change in RV 
coupling index 
between 
baseline, titration 
at 48-72 hours, 
and 3 months 

No results 
reported 

NCT01545336 Completed Anastrozole Tricuspid Annular 
Plane Systolic 
Excursion 
(TAPSE) from 
baseline to 3 
months 

7% change 
from baseline 
 

NCT02310672 Completed Macitentan Change from 
baseline in RVSV, 
RVEDV, RVESV, 
RVEF and mass 
to week 26 

Change of 
15.17 mL of 
RVSV, -6.22 
mL of 
RVEDV, -
16.39 mL of 
RVESV, 
10.14% of 
RVEF and -
10.10 g to 
week 26 

NCT02169752 Terminated (PI 
left National 
Jewish Health) 

Ambrisentan Improvement in 
RV 
myocardiotrain 
from baseline to 
1,3, and 6 months 

No results 
reported 

NCT03236818 Unknown ERA and PDE-5I 
(Sildenafil, Tadalafil, 
Bosentan, Macitentan) 

Change in RVEF No results 
reported 

NCT01083524 Completed Dichloroacetate Sodium Changes in RV 
size/function  

No results 
reported 

https://clinicaltrials.gov/ct2/show/NCT02253394
https://clinicaltrials.gov/ct2/show/NCT04435782
https://clinicaltrials.gov/ct2/show/NCT02074449
https://clinicaltrials.gov/ct2/show/NCT01545336
https://clinicaltrials.gov/ct2/show/NCT02310672
https://clinicaltrials.gov/ct2/show/NCT02169752
https://clinicaltrials.gov/ct2/show/NCT03236818
https://clinicaltrials.gov/ct2/show/NCT01083524
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NCT01246037 Unknown Bisoprolol Improvement of 
maladaptive 
remodeling of the 
RV wall and 
diastolic 
properties of RV 

No results 
reported 

NCT00742014 Suspended 
(absorption of 
oral sildenafil not 
consistent) 

Sildenafil Increase in end 
systolic elastance 
of the right 
ventricle from 
baseline 

No results 
reported 

NCT01148836 Completed Coenzyme Q-10 
 
Diatary supplement 

RV outflow and 
myocardial 
performance from 
baseline to 3 
months 

RV outflow 
from 11.3 to 
13.5 cm and 
performance 
ratio from 0.9 
to 0.7 

NCT01757808 Completed Ranolazine Change in RV 
echo parameters 

No results 
reported 

NCT03617458 Recruiting Metformin Change from 
baseline to week 
12 in RV 
myocardial 
muscle 
triglyceride 
content, TAPSE, 
RVEF, RV 
fractional area, 
RV diastolic 
function and RV 
free wall 
longitudinal strain 

No results 
reported 

NCT04062565 Recruiting Treprostinil Change in RV 
diastolic stiffness 

No results 
reported 

NCT02829034 Completed Ranolazine Change from 
baseline in RVEF 
to 26 weeks 

Change of 
7.56% from 
baseline 

NCT01839110 Completed Ranolazine Changes from 
baseline in RVEF 
to 6 months 

Change of 
5.8% from 
baseline 

NCT02939599 Terminated 
(Study was 
terminated early 
for strategic 
reasons. Only 
Part I of the 
study was 
completed.) 

QCC374 Change from 
baseline in RV Tei 
Index and RV 
fractional area at 
week 16 

Tei index 
change of 
0.84 and 
fractional 
area of 
23.91% 

https://clinicaltrials.gov/ct2/show/NCT01246037
https://clinicaltrials.gov/ct2/show/NCT00742014
https://clinicaltrials.gov/ct2/show/NCT01148836
https://clinicaltrials.gov/ct2/show/NCT01757808
https://clinicaltrials.gov/ct2/show/NCT03617458
https://clinicaltrials.gov/ct2/show/NCT04062565
https://clinicaltrials.gov/ct2/show/NCT02829034
https://clinicaltrials.gov/ct2/show/NCT01839110
https://clinicaltrials.gov/ct2/show/NCT02939599
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NCT02927366 Terminated 
(Study was 
terminated early 
for strategic 
reasons. Only 
Part I of the 
study was 
completed.) 

QCC374 Change from 
baseline in RV 
fractional area, 
Tei index, TAPSE  

Change from 
20.17 to 
20.70% of 
fractional 
area, 0.92 to 
0.89 of Tei 
index and 
TAPSE from 
1.88 to 1.79 
cm 

NCT00964678 Completed Carvedilol Change from 
baseline in RVEF 
and RVESV to 6 
months 

Change in 
RVEF of 
10.4% and 
RVESV of 
22.6 mL 

NCT03344159 Suspended 
(Covid 19 
pandemic) 

Spironolactone Change from 
baseline of RV 
wall stress, 
structure, function 
and area of 
fibrosis 

No results 
reported 

NCT02507011 Terminated Carvedilol Mean change in 
RVEF 

Change in 
RVEF of 10% 

NCT01174173 Completed Ranolazine Change from 
baseline in 
absolute RV 
longitudinal strain 
to 3 months 

Change in RV 
longitudinal 
strain from -
1.4 to 1.0% 

NCT02744339 Completed Riociguat Change from 
baseline in RVEF 
and RV volume to 
26 weeks 

No results 
reported 

NCT02102672 Unknown Trimetazidine Change from 
baseline in RV 
function to 3 
months 

No results 
reported 

NCT03648385 Recruiting Dehydroepiandrosterone Chance from 
baseline in RV 
longitudinal strain 
and RVEF to 40 
weeks 

No results 
reported 

NCT01042158 Completed Tadalafil and 
ambrisentan 

Change from 
baseline in RV 
mass and TAPSE 
to 36 weeks 

Change in RV 
mass from 
32.5 to 28 g 
and TAPSE 
from 2.2 to 
1.65 cm 

https://clinicaltrials.gov/ct2/show/NCT02927366
https://clinicaltrials.gov/ct2/show/NCT00964678
https://clinicaltrials.gov/ct2/show/NCT03344159
https://clinicaltrials.gov/ct2/show/NCT02507011
https://clinicaltrials.gov/ct2/show/NCT01174173
https://clinicaltrials.gov/ct2/show/NCT02744339
https://clinicaltrials.gov/ct2/show/NCT02102672
https://clinicaltrials.gov/ct2/show/NCT03648385
https://clinicaltrials.gov/ct2/show/NCT01042158
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NCT03145298 Recruiting Allogeneic human 
cardiosphere-derived 
stem cells 

Change in RV 
ventricular 
function 

No results 
reported 

NCT03362047 Recruiting Riciguat and macitentan Change from 
baseline in RV 
function and 
contractility to 12 
weeks 

No results 
reported 

NCT03449524 Terminated CXA-10 Change from 
baseline in RVEF 
to 6 months 

No results 
reported 

NCT01305252 Completed  Treprostinil inhalations 
and tadalafil 

Change from 
baseline in RVEF 
to 24 weeks 

Change of 
7.45% in 
RVEF 

NCT01917136 Completed 11C-acetate and 
[18F]Fluoro-2-deoxy-2-
D-glucose 

Change from 
baseline in RVEF 
to 6 months 

Change of 
7.56% of 
RVEF 

NCT00772135 Unknown Sildenafil citrate Change from 
baseline in RV 
pressure 

No results 
reported 

 

 

Among the therapeutic compounds studied for PAH treatment at clinical trials are anti-ischemic 

agents (e.g., trimetazidine and ranolazine), vasodilators (e.g., treprostinil, sildenafil, tadalafil, and 

riociguat), endothelin receptor antagonists (e.g., ambrisentan, macitentan, and ambrisentan), 

beta-blockers (e.g., bisoprolol and carvedilol), stem cells (allogeneic human cardiosphere-derived 

stem cells) and others. Some of these clinical trials report improvements in RVEF at different 

percentages: 3.9% after three months of trimetazidine treatment (NCT03273387), 10.4% after six 

months of carvedilol (NCT00964678) oral treatment, 10.14% after six months of macitentan 

(NCT02310672) oral treatment, 7.65% and 5.8% after six months of ranolazine (NCT02829034, 

NCT01839110) oral treatments, and 7.54% after six months of treprostinil inhalations combined 

with oral tadalafil treatment (NCT01305252). Besides, some clinical trials describe changes in 

TAPSE such as: 7% from baseline after three months of anastrozole treatment (NCT01545336), 

a decrease from 1.88 to 1.79 cm after four months of QCC374 therapy (NCT02927366) and a 

decrease from 2.2 to 1.65 cm after nine months of tadalafil and ambrisentan combinational 

treatment (NCT01042158). These changes reported in RVEF and TAPSE suggest an 

improvement of the RV function.  

 

Changes in RV volume parameters were also observed in different clinical trials. Treatment with 

macitentan caused changes in RVSV of 15.17 mL, RVEDV of -6.22 mL, and RVESV of 16.39 mL 

https://clinicaltrials.gov/ct2/show/NCT03145298
https://clinicaltrials.gov/ct2/show/NCT03362047
https://clinicaltrials.gov/ct2/show/NCT03449524
https://clinicaltrials.gov/ct2/show/NCT01305252
https://clinicaltrials.gov/ct2/show/NCT01917136
https://clinicaltrials.gov/ct2/show/NCT00772135
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(NCT02310672); besides, treatment with carvedilol caused a difference of 22.6 mL in RVESV 

(NCT00964678); these results were observed after six months of treatment with each compound. 

Along with these changes, improvements in RV mass were reported. Treatment with macitentan 

for six months caused a reduction of 10.10 g in RV mass (NCT02310672). Similarly, the 

combinatorial treatment with tadalafil and ambrisentan caused a change in RV mass from 32.5 to 

28 g after nine months of treatment (NCT01042158), indicating an improvement in right ventricular 

remodeling.  

 

As mentioned, most of the conducted clinical trials focus on enhancing cardiac function as a 

consequence of an improvement in pulmonary artery condition. The clinical trials mentioned here 

reported improvement in cardiac function with RV function parameters. Unfortunately, these 

clinical trials aimed at measuring RV function are not primarily focused on molecular parameters, 

such as mRNA or protein markers of RV damage, which could be helpful in achieving a better 

understanding of PAH improvement in humans.  

 

2.5. Final thoughts  

The ventricles have commonly been studied as individual entities; however, each ventricle must 

adapt its function to perform its respective role in coordination with each other. Structural 

differences between ventricles determine their physiological differences in function at the organ 

level. LV contraction involves radially constricting and longitudinally shortening the septum, while 

RV contraction is more passive since the RV’s free wall lies flat against the septum when LV 

contracts. The prolonged AP in the LV and the slower contraction velocity in the RV may be a 

mechanism to coordinate whole-organ contraction. Changes in ECC may compensate for the 

differences in muscle thickness and ejection pressure to allow ventricles to synchronize at the 

end of the systole. Furthermore, the discrepancies reported in changes at different stages of the 

ECC may be due to the heterogeneity within and between ventricles [26,31,136]. Physiological 

differences in the structure, function, and molecular adaptations of the LV and RV result in 

different responses to stressful stimuli. While LV thickness helps to support higher pressures, a 

thin RV wall is highly susceptible to increases in vascular resistance. A better understanding of 

the differences in cellular and molecular alterations in the LV and RV due to remodeling and failure 

may facilitate the development of more effective therapeutic approaches. This understanding is 

especially important for the RV, given that the mechanisms related to its dysfunction are not as 

widely studied as those that related to LV’s dysfunction.  
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Chapter 3 
 

3. Research question 
 

3.1. Rationale 

 

The myocyte is the functional unit of the cardiac muscle; the mechanisms needed to 

accomplish its function involve the action potential (AP), excitation-contraction coupling 

(ECC), and energetic supply. The AP allows the entry of extracellular Ca2+ to stimulate the 

release of this ion from the sarcoplasmic reticulum, increasing the intracellular Ca2+ that 

allows myofilament contraction in the ECC. Simultaneously, the raised cytosolic Ca2+ enters 

the mitochondrial matrix stimulating ATP production, which is going to be used in the 

cellular relaxation to remove cytosolic Ca2+ to the SR by SERCA, and to unbind actin and 

myosin filaments. The equilibrium between the elements comprising the Excitation-

Contraction-Energetic Coupling is needed for the proper functioning of the ventricular 

myocyte. 

 

PAH is the main cause of RV failure, the chronically increased pulmonary vascular 

resistance generates RV remodeling, altered bioenergetics, and RV dysfunction, among 

other alterations. A mechanism that has shown interesting results is the expression of 

SIRT3 since its overexpression reverses PAH phenotype; while SIRT3 knockout mice 

develop spontaneous PAH [1]. The participation of SIRT3 among CVDs is described as 

antihypertrophic, since SIRT3 directly deacetylates MnSOD blocking reactive oxygen 

species generation [2]. Besides, SIRT3 has been described as a regulator of mitochondrial 

activity, and ATP production [2].  

 

RES is one of the most studied phytochemical with cardioprotective effects; although it is a 

pleiotropic molecule, its antihypertrophic and antioxidant activity as well as its capacity to 

inhibit apoptosis has been linked to stimulation of SIRT1 and SIRT3 activities [3]. 
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3.1. Hypothesis 

 

The alteration in cellular bioenergetics caused by PAH alters the RV myocyte contractility 

function; thus, activation of sirtuin by RES prevents the excitation-contraction-energetic 

coupling (ECEC) impairment by preventing mitochondrial hyperacetylation. 

  

3.2. General objective 

 

To characterize the functional, structural, and cellular alterations caused by PAH in 

cardiac and lung tissue, and to evaluate and describe the mechanisms involved in the 

protective effect of RES, a sirtuin activator, on a monocrotaline-induced PAH rat model. 

  

3.3. Specific objectives 

  

 To characterize the functional and structural alterations caused by PAH and the 

protective effect of RES on a monocrotaline-induced PAH rat model. 

 To evaluate the protective effect of RES on the intracellular Ca2+ dynamics of the 

RV myocytes in PAH 

 To determine the mechanisms involved in the protection of the mitochondrial 
function of RES in RV myocytes in PAH 
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Chapter 4 
 

4. Resveratrol Prevents Right Ventricle Remodeling and 
Dysfunction in Monocrotaline-Induced Pulmonary Arterial 
Hypertension with a Limited Improvement in the Lung 
Vasculature 

 

Abstract 

Pulmonary arterial hypertension (PAH) is a life-threatening disease that is characterized by an 

increase in pulmonary vascular pressure, leading to ventricular failure and high morbidity and 

mortality. Resveratrol, a phenolic compound and a sirtuin 1 pathway activator, has known dietary 

benefits and is used as a treatment for anti-inflammatory and cardiovascular diseases. Its 

therapeutic effects have been published in the scientific literature; however, its benefits in PAH 

are yet to be precisely elucidated. Using a murine model of PAH induced by monocrotaline, the 

macroscopic and microscopic effects of a daily oral dose of resveratrol in rats with PAH were 

evaluated by determining its impact on the lungs and the right and left ventricular function. While 

most literature has focused on smooth muscle cell mechanisms and lung pathology, our results 

highlight the relevance of therapy-mediated improvement of right ventricle and isolated 

cardiomyocyte physiology in both ventricles. Although significant differences in the pulmonary 

architecture were not identified either micro- or macroscopically, the effects of resveratrol on right 

ventricular function and remodeling were observed to be beneficial. The values for the volume, 

diameter, and contractility of the right ventricular cardiomyocytes returned to those of the control 

group, suggesting that resveratrol has a protective effect against ventricular dysfunction and 

pathological remodeling changes in PAH. The effect of resveratrol in the right ventricle delayed 

the progression of findings associated with right heart failure and had a limited positive effect on 

the architecture of the lungs. The use of resveratrol could be considered a future potential adjunct 

therapy, especially when the challenges to making a diagnosis and the current therapy limitations 

for PAH are taken into consideration. 
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4.1. Introduction 

Pulmonary arterial hypertension (PAH) is a rare but progressive and often fatal pulmonary 

vascular disease [1]. PAH is characterized by a progressive increase in pulmonary vascular 

resistance and pulmonary arterial pressure, with secondary vascular and right ventricular (RV) 

remodeling, RV dysfunction, heart failure syndromes, and, finally, premature death [2]. Currently, 

approved therapies target three main pathways important in endothelial function: the prostacyclin 

and nitric oxide pathways, which are underexpressed, and the endothelin pathway, which is 

overexpressed in PAH patients [3]. PAH triggers a series of events on RV function, including 

activation of several signaling pathways that regulate cell growth, metabolism, extracellular matrix 

remodeling, and energy production [4, 5]. Right heart failure syndrome emerges in the setting of 

ischemia, alterations in substrate and mitochondrial energy metabolism, increased free oxygen 

radicals, increased cell loss, downregulation of adrenergic receptors, increased inflammation and 

fibrosis, and pathologic microRNA expression [4]. Current therapeutic schemes have not been 

able to regulate these mechanisms in the long term; therefore, there is a need for more successful 

strategies to manage right ventricular heart failure in the future [4]. 

 
Although the current treatment improves quality of life and survival [6, 7], a therapeutic approach 

to improve the RV function is lacking. Resveratrol (RES) is a phenolic compound with a known 

cardioprotective effect in several cardiovascular diseases [8]. However, its primary mechanisms 

of action have yet to be fully elucidated but include sirtuin modulation, reactive oxygen species 

(ROS) scavenging, and antioxidant mechanisms [9, 10]. The in vitro use of RES has been 

demonstrated to reduce oxidative stress and increase cell survival, inhibiting apoptosis and 

modulating the cell cycle in several cell lines [11]. RES has also been reported to have antifibrotic 

and anti-inflammatory effects in vivo [12]. This compound has been evaluated in some PAH 

animal models for its ability to decrease lung damage in the tissue or pulmonary trunk [13], but 

the molecular mechanism of cardioprotection afforded by RES remains only partially understood. 

Thus, in this study, the effect of RES in a PAH model on the lungs and ventricles was assessed 

in its ability to delay PAH progression. To achieve this, we performed an echocardiographic 

assessment to evaluate ventricular function, macroscopic and histologic changes, as well as 

contractile modifications, and biomarker expression in isolated cells. RES was demonstrated to 

be preferentially cardioprotective of the function and structure of the right ventricle, and it was 

shown to have a limited effect on the pulmonary vasculature. 
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4.2. Materials and Methods 

 
Murine Model of Pulmonary Hypertension.  

All animal studies were approved by the Internal Committee for Care and Handling of Laboratory 

Animals of the School of Medicine of the Tecnologico de Monterrey (Protocol no. 2017-006) and 

were performed following the Mexican National Laboratory Animal Health Guidelines (NOM  062-

ZOO1999). Experiments were performed on adult male Sprague–Dawley rats (Bioinvert, MX), 

weighing >300 g. Pulmonary hypertension was induced by a single subcutaneous injection of 

monocrotaline (MC) (60 mg/kg body weight) diluted in dimethylsulfoxide (DMSO, Sigma-Aldrich, 

St. Louis, MO, USA). DMSO was used with the same volume for both groups of control rats and 

only RES rats. Animals were kept in a controlled temperature environment with a 12 h light cycle. 

Water and food were given ad libitum. To assess the effect of RES (Trans-isomer, RyTLabs), we 

divided the specimens into four groups: control rats (CTRL, n = 12), monocrotaline-treated rats 

(PAH, n = 12), rats treated with MC and RES (20 mg/kg per day, by gavage) PAH+RES, n = 11), 

and only RES rats (20 mg/kg/day, by gavage) (RES, n = 13), from day 1 to day 42 after injection. 

All animals were observed for general appearance and respiratory symptomatology. Disease 

progression was characterized by anatomical postmortem data and echocardiography, which 

correlate strongly with the right heart catheterization measurements. 

 
Echocardiographic Assessment of Cardiac Function.  

Noninvasive, transthoracic cardiac ultrasonography was performed 35 days after MC/DMSO 

injection, with a Philips EnVisor Ultrasound (Philips Healthcare, Andover, MA) equipped with a 12 

MHz S-type transducer, under 1-3% sevoflurane anesthesia. After placing the animal on a thermal 

pad, with the chest shaved and using ultrasound transmission gel, standard views recommended 

by the American Society of Echocardiography were obtained. A parasternal short-axis view at the 

level of the great vessels was used to measure pulmonary artery flow, using pulse wave Doppler 

mode with a sample gate of 1.0 mm just proximal to the pulmonary valve. Here, we measured the 

pulmonary artery velocity time integral (VTI), pulmonary ejection time (ET), peak pulmonary flow 

velocity, and the pulmonary artery acceleration time (PAAT). A ratio between PAAT and ET was 

obtained, and the mean pulmonary artery pressure (mPAP) was estimated using the formula 

mPAP = 58:7 − 1:21 × PAAT. By combining pulmonary artery velocity time integral, pulmonary 

artery area, and heart rate, echocardiographically derived cardiac output was determined, as 

previously published [14]. RV free wall thickness was measured at end-diastole from the 
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parasternal long-axis view using M-mode. The apical four-chamber view was employed to 

measure the end-diastolic RV diameter and M-mode-derived tricuspid annular plane systolic 

excursion (TAPSE). Left ventricle (LV) diameters and fractional shortening (FS = diastolic LVID − 

systolic LVID/diastolic LVID × 100 [LVID (LV internal diameter)]) were measured with M-mode 

from the short-axis view at the level of the papillary muscles. Subsequently, the echocardiographic 

RV/LV end-diastolic diameter ratio was calculated and used as an assessment of RV enlargement. 

 
Histological Preparations.  

After 42 days of RES treatment, the specimens were euthanized. Hearts were quickly excised 

from the rats after being anesthetized with inhaled 5% sevoflurane and sodium heparin (1000 

U/kg). The heart and lungs were dissected and weighed. The RV and LV were identified and 

isolated for different preparations. The sections for histological findings were fixed in 4% (wt/vol) 

paraformaldehyde in PBS for at least 2 hours at room temperature, transferred to 70% ethanol, 

embedded in paraffin, and processed for hematoxylin/eosin (H&E) and Masson’s trichrome 

staining. Fibrotic index assessment was performed following previously published data [15]; in 

brief, microphotographs were acquired using an Imager Z1 Zeiss microscope with an AxioCam 

HRm and microphotograph processing with the AxioVision software. To assess fibrosis, we used 

a semiquantitative approach; after staining with Masson’s trichrome, we take microphotographs 

of the whole slide at 2.5x, and the image is then decomposed in at least seven fields at 5x. After 

the photos were taken, we quantified the number of blue and red pixels, and the results were 

recorded to make a ratio of blue%/red% using ImageJ software. Data correspond to the analysis 

of 2 blinded analysts and three different fields. Cardiomyocyte area was assessed using H&E 

slides. Microphotography of the papillary muscles was taken at 10x; only cells with a complete 

visible cytoplasm and central nuclei were considered. At least ten cells per photography were 

counted at two different levels. All slides were analyzed using an object carrier with a capacity for 

7 slides, for their respective batches. Regarding lung sections, the primary lung architecture was 

assessed for each group using the H&E-stained slides. Predominant findings included 

inflammatory infiltration and proliferation of the smooth muscular medial layer of the lung arterioles. 

We quantified the amount of these arterioles in seven random fields; vessels of an average 100 

μm were selected to analyze diameter, luminal area, and occlusion. Occlusion was assessed by 

at least seven measurements of the medial layer thickness for the average. 
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Cardiomyocyte Isolation.  

Ventricular myocytes were isolated following previously described methods [16]. The hearts were 

excised and mounted on a Langendorff apparatus and perfused with Tyrode medium (TM), in 

mM: 128 NaCl, 0.4 NaH2PO4, 6 glucose, 5.4 KCl, 0.5 MgCl-6H2O, 5 creatinine, 5 taurine, and 

25 HEPES, pH 7.4 at 37°C, for 5 min and digested by 0.1% collagenase type II (Worthington 

Biochemical, Lakewood, NJ) dissolved in TM. Afterwards, the RV and LV were dissected, and 

their cells mechanically disaggregated. Cardiomyocytes were rinsed with TM plus 0.1% albumin 

solution at increasing Ca2+ concentrations (0.25, 0.5, and 1 mM). Only rod-shaped cells were 

used in the studies. All the confocal measurements were acquired using a Leica TCS SP5 

confocal microscope equipped with a D-apochromatic 63x, 1.2 NA, oil objective (Leica 

Microsystems, Wetzlar, Germany). To assess cell volume, freshly isolated cardiomyocytes were 

incubated in TM with 5 μM calcein-AM (Life Technologies, Carlsbad, CA, USA) at room 

temperature (RT) for 30 min as previously described [17]. Then, cells were washed with a 

fluorophore-free and calcium-free solution and images were taken at 400 Hz, obtaining a stack of 

2D images of 1 μm section thickness every 1 μm in the z-axis, covering the whole cell depth. A 

488 nm wavelength was used to excite the fluorophore, and its emission was collected at 500-

600 nm. Cell volume was evaluated as previously described [18]. Freshly isolated cardiomyocytes 

were incubated in TM (1 mM Ca2+) with 10 μM Fluo-4 AM (Life Technologies, Carlsbad, CA, USA) 

for 45 min at RT. Afterwards, the cells were washed with a fluorophore-free solution, plated on 

laminin-covered glass coverslips and mounted in a superfusion chamber. Excitation and emission 

wavelengths were 488 nm and 500-600 nm, respectively. Cell shortening was evaluated under 

field stimulation (MYP100 MyoPacer Field Stimulator; IonOptix, Milton, MA). The cells were 

evaluated under field stimulation at 0.5, 1, and 2 Hz, and line-scan images were recorded along 

the longitudinal axis of the cell at 400 Hz with a one μm section thickness. Fluorescence data 

were normalized as ΔF/F0, where F is fluorescence intensity; all confocal microscopy images 

were analyzed using ImageJ. 

 

Western Blotting.  

Total heart protein from right ventricles (30 μg) was resolved on SDS-PAGE gel 15% and 

transferred onto a PVDF membrane at 300 mA for 2 hours and incubated with anti-Acetylated-

Lysine protein antibody (9441S, Cell Signaling) (1 : 2000). The membrane was washed three 

times for 10 min with PBS-0.5% Tween 20 and subsequently probed with an HPR-conjugated 

secondary antibody anti-rabbit IgG 1 : 5000 (sc-2004, Santa Cruz) for 2 hours at room 



RES prevents RV remodeling  54 
 

 
 

temperature. After washing three times for 10 min, the blots were developed with SuperSignal 

West Dura Extended Duration Substrate (Thermo Fisher Scientific, USA) and quantified by using 

a BioSpectrum 415 Image Acquisition System (UVP, Upland, CA, USA). Anti-GAPDH antibody 

(1 : 2000) (ab9484, Abcam) was used as a loading control. 

 
Real-Time Polymerase Chain Reaction (PCR) Analysis 

The total RNA from the tissue of the right ventricles was isolated using a TRIzol Reagent 

(15596026, Invitrogen). The purity of all samples was confirmed measuring their 260/280 nm 

absorbance ratio using a Take3 multivolume plate in a Synergy HT microplate reader (BioTek 

Instruments). The cDNA was reverse-transcribed from 1 μg of total RNA using the SensiFAST 

cDNA Synthesis Kit (BIO-65053, Bioline). The qPCR reaction was performed using the Sensi- 

FAST SYBR Lo-ROX Kit (BIO-94020, Bioline) in a Quant- Studio 3 RT PCR System (Thermo 

Fisher Scientific) and the data analyzed by the 2−ΔΔCt method to estimate each gene’s mRNA 

expression. The primers were synthesized by T4 Oligo (Mexico). All primer sequences for BNP, 

collagen 1, IL-1β, IL-10, troponin C, Sirt1, and HPRT as housekeeping genes are detailed in 

Supplementary Table 1. 

 
Supplementary Table  4-1 Primer sequences for real time q PCR in heart tissue 

Gene name Forward primer 5´-3´    Reverse primer 5´- 
HPRT  CGTGATTAGTGATGATGAACC  GAGCAAGTCTTTCAGTCCT 

BNP  CTCCAGAACAATCCACGAT   CTTGAACTATGTGCCATCTTG 

Collagen 1 GACTGTCCCAACCCCCAAAA   CTTGGGTCCCTCGACTCCTA 

IL1β  AAGCCAACAAGTGGTATTCTCCATG  GATCCACACTCTCCAGCTGCA 

IL10  GGTTGCCAAGCCTTGTCAGA   ACCTGCTCCACTGCCTTGCT 

Troponin C GAGCTGTCGGATCTCTTCCG   CGATTCGGCCATCGTTGTTC 

Sirt1  GAACCTCTGCCTCATCTA   TACTCGCCACCTAACCTA 

 

Reagents.  
 

All chemical reagents were purchased from Sigma-Aldrich (St. Louis, MO, USA) unless otherwise 

stated. 

 

Statistical Analysis.  
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Statistical data are presented as the mean ± SEM. Comparisons between means were made by 

unpaired Student’s t-test or one-way ANOVA followed by Dunnett’s, Tukey’s, or Bonferroni’s post 

hoc tests when appropriate to compare experimental groups. Differences were considered 

significant when p < 0:05. Data processing, graphs, and statistical analysis were performed with 

Graph- Pad Prism (V.5.01; La Jolla, CA, USA). 

 

4.3. Results 

 
Resveratrol Had a Limited Effect on the Development of a Monocrotaline-Induced PAH 
Changes in the Vascular Architecture of the Lungs and the Echocardiographic Pulmonary 
Artery Values.  

The study duration for this PAH model was 42 days as this was an adequate amount of time for 

phenotypic changes (i.e., cyanosis in the extremities and weight loss) to take place. An increase 

in the weight of the heart and lungs was identified as a specific macroscopic change. Compared 

to the untreated control group (CTRL) (1.4 ± 0.2 g), heart weight increased by 21% in the PAH 

group (1:7± 0:2 g) and 35% with 1:7± 0:3g for the PAH+RES group. Lungs weight followed the 

same trend: a weight increase of 2:0± 0:3g was reported for the CTRL group, 45% increase was 

observed for the PAH group (2:9± 0:3 g), and a 60% increase was seen for the PAH+RES group 

(3:2± 0:4 g). Normalized organ weight and the weight of each specimen showed the same trend 

(data not shown). There were no statistically significant changes in these values between the 

PAH+RES and PAH groups and no differences between the CTRL group and the group treated 

only with RES. To exclude other cardiovascular pathologies, systemic, systolic, and diastolic 

blood pressure and heart rate values were evaluated. No differences were observed between the 

groups (data not shown). The pathognomonic findings for lung vasculature in the PAH model 

included an increase in the muscularized arteries, an increase in the lumen diameter, and a 

concomitant decrease in luminal occlusion in the media layer. The changes were due to the 

proliferation of the smooth muscle cells and a slight increase in vessel diameter. Representative 

microphotographs can be seen in Figure 1(a). RES was unable to avoid the transformation of 

healthy vessels into muscularized arteries; however, it diminished the amount of them (i.e., an 

11.2-fold increase in the PAH+RES group and a 20-fold increase in the PAH group, representing 

a 56% decrease mediated by RES between these two groups), when compared with its effect on 

the CTRL group (Figure 1(b)). There was a reduced effect of RES on the vascular lumen diameter 

(Figure 1(c)). Although there was a noticeable increase of the PAH group compared to the CTRL 
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group, this value was not significantly decreased by RES, having 57:2± 2:3 μm (a 1.59-fold 

increase in the PAH group and a 1.47-fold increase in the PAH+RES group). This represented a 

4% decrease in terms of the effect of RES on the PAH phenotype (i.e., 73:5± 2:4 μm vs. 70:7± 

2:6 μm). Luminal occlusion followed a similar trend, with at least a 2.3-fold increase in the PAH 

group and a 1.9-fold increase in the PAH+RES group compared to CTRL; this represented a 13% 

decrease in occlusion due to the effect of RES when the PAH+RES and PAH groups were 

compared (i.e., 30:5± 0:9% vs. 26:6± 0:9%, respectively) (Figure 1(d)). The rodents treated only 

with RES showed no differences compared to the CTRL for all the variables. 

 

 
Figure 4-1There is a limited effect of RES exerted in the lung vessel histopathology structure. 
(a) Representative microphotographs of pulmonary blood vessels. PAH induced hypertrophy and 

proliferation of the tunica media; this effect is decreased by RES. 20x magnification; H&E staining. Arrows 

indicate the muscularized vessel wall. (b) Amount of muscular arteries in 7 random fields in lung tissue. (c) 

Diameter of pulmonary blood vessels. (d) Luminal occlusion by the media layer in lung arteries. The values 

are given as the mean and fold change ± SEM; ∗p < 0:05 vs. control; #p < 0:05 vs. PAH; n = 15 for CTRL, 

PAH, and PAH+RES; n = 11 for RES. 

 

These data correlate with the echocardiographic values pertaining to the pulmonary artery. 

Compared with the CTRL group, the PAAT decreased significantly in the PAH and PAH+RES 

groups (i.e., by 40% and 43%, respectively). The PAAT/ET ratio was seen to reduce in correlation 

with an increase in pulmonary vascular resistance in both groups, but the change was increased 

higher in the PAH group than in the PAH+RES group (29% and 25%, respectively). The mPAP 
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markedly increased in the PAH and PAH+RES groups (71% and 43%, respectively) compared to 

the CTRL group. The mPAP for both groups was estimated to be higher than 20 mmHg, but this 

change was without statistical significance (Table 1). 

 
Table 4-1 : Echocardiographic measurements of right ventricle outflow tract flow profiles. 
 CTRL (n = 15) PAH (n = 13) PAH+RES 

(n = 13) 
RES (n = 13) 

Heart rate (bpm) 315 ± 10 328 ± 18 328 ± 7 318 ± 6:4 
Pulmonary artery 
acceleration time (ms) 

35 ± 2:2 21±1:8∗∗ 20 ± 1:3∗ 31 ± 2:1# 

Ejection time (ms) 98:2± 5:1 82:9± 4:6 80:6± 4:6 87:5± 5:8 
PAAT/ET ratio 0:35 ± 0:02 0:25 ± 0:02∗ 0:26±0:02 0:35±0:01# 
Peak gradient (mmHg) 3:1± 0:3 3:2± 0:2 3:4± 0:4 3:5± 0:2 
Estimated mPAP 
(mmHg) 

21 ± 2 36 ± 2:2∗ 30 ± 1:1∗ 21 ± 1:7# 

PAAT: pulmonary artery acceleration time; ET: ejection time. All data are presented as the mean ± SEM. 

∗p < 0:05 vs. CTRL; #p < 0:05 vs. PAH. 

 
Resveratrol Treatment Improves Right Ventricular Remodeling and Function.  

The values found using TAPSE, a surrogate measurement of right ventricular performance, 

worsened significantly by 31% in the PAH group compared to the CTRL group. In contrast with 

PA hemodynamics, this value improved considerably by 46% in the PAH+RES group, compared 

to PAH. RV free wall thickness increased markedly by 60% in the PAH group compared with the 

CTRL group. However, in the treated PAH+RES group, RV free wall thickness decreased 

significantly by 25% compared with the PAH group. The end-diastolic diameter of the RV and the 

ratio of the end-diastolic diameter for the RV/LV increased significantly in the PAH group 

compared to the CTRL group. A significant difference was not observed for both parameters in 

the PAH+RES group compared to the CTRL group (Table 2). The effect of RES, at the microscopic 

level, on the tissues and isolated cells is depicted in Figure 2(a). To assess tissue remodeling, 

the ventricular wall sections were stained with Masson’s trichrome. A multiple-fold increase in 

fibrosis was observed in the RV in PAH. RES treatment kept the fibrosis at CTRL levels in the 

PAH+RES phenotype, while the effect of RES treatment alone was the same as that of the CTRL 

group. The LV in all groups remained unchanged (Figure 2(d)). 

 
Table 4-2 Echocardiographic measurements of right ventricle function. 

 CTRL (n = 15) PAH (n = 13) PAH+RES (n = 13) RES (n = 13) 
Right ventricle outflow tract (mm) 2:9± 0:09 3:6± 0:2∗ 3:3± 0:08∗ 3:4± 0:08∗ 

Right ventricle output (L/min) 0:19 ± 0:02 0:16 ± 0:02 0:18 ± 0:01 0:24 ± 0:02 
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TAPSE (mm) 1:9± 0:1 1:3± 0:1∗ 1:9± 0:1# 2:4±0:1∗,# 

RV wall thickness (mm) 1± 0:08 1:6± 0:12∗ 1:2± 0:11# 1:1± 0:09# 

RV diastolic diameter (mm) 3:4± 0:1 4:7± 0:2∗ 3:5± 0:2# 3:6± 0:2# 

RV systolic diameter (mm) 2:5± 0:2 3:1± 0:3 2:8± 0:3 2:5± 0:1 

LV posterior wall thickness (mm) 1:7± 0:08 1:8± 0:1 1:7± 0:09 1:6± 0:1 

LV diastolic diameter (mm) 5:8± 0:4 4:6± 0:1 5:5± 0:3 6:7± 0:3# 

LV systolic diameter (mm) 4± 0:6 2:7± 0:2 3 ± 0:2 3 ± 0:1 

RV/LV diastolic diameter 0:57 ± 0:07 1:04 ± 0:06∗ 0:65 ± 0:05# 0:53 ± 
0:02# 

TAPSE: tricuspid annular plane systolic excursion; RV: right ventricle; LV: left ventricle. All data are presented 

as the mean ± SEM. ∗p < 0:05 vs. CTRL; #p < 0:05 vs. PAH. 

 

 
Figure 4-2 RES reduces the fibrotic index and myocyte hypertrophy in RV of PAH-treated specimens. 
(a) Fibrotic index. Representative right ventricles stained with Masson’s trichrome of all treated groups (5x). 

Black arrows indicate the zones of fibrotic tissue. (b) Myocyte area. Representative cross-section 

cardiomyocytes from groups (H&E, 10x). (c) Cell volume analysis. Representative right ventricle 
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cardiomyocytes stained with calcein and analyzed by confocal microscopy. (d) Unchanged LV 

morphological features in the PAH model and the lack of effect of RES on these features. Fibrotic index, 

myocyte area, and isolated cell volume. All data have been normalized to RV CTRL mean values. The 

values are given as the mean and fold change ± SEM (n = 15 for CTRL, PAH, and PAH+RES; n = 11 for 

RES). The values are given as the mean and fold change ± SEM; ∗p < 0:05 vs. CTRL; #p < 0:05 vs PAH. 

 
 
 
Resveratrol Restored Right Ventricular Cardiomyocyte Structure and Contractile Function 
in Rodents with Pulmonary Arterial Hypertension.  

The cardiomyocyte area was analyzed using H&E-stained slides at the level of the papillary 

muscles. The PAH group had this parameter with at least a two-fold increase (600 ± 23 μm2) 

compared to the CTRL group (290 ± 11 μm2). The cardiomyocyte area decreased by 17% in the 

PAH + RES group (498 ± 17:8 μm2) compared to the PAH group (Figure 2(b)). In contrast, a 

difference between any of the groups was not observed in the LV myocyte area (Figure 2(d)). The 

cellular volume of the isolated RV cardiomyocytes in rodents with PAH assessed using confocal 

microscopy reflected a 1.7-fold increase compared to the CTRL group (34:8± 1:9 vs. 23:6± 1:1 fL, 

respectively). The PAH+RES group was seen to have a 13% decrease in volume compared to the 

PAH phenotype (26:8± 1:7 fL), and there was no statistical difference with the CTRL group (Figure 

2(c)). There were no differences observed between the LV groups (Figure 2(d)). These changes 

could indicate the prevention or delay of tissue remodeling exerted by RES. Taken together, these 

data prompted the analysis of functional cell shortening in the isolated cells. The effect of 

increased stimulation frequency on cell contractility in the RV and LV cells was evaluated. The 

cells were paced at 0.5, 1.0, and 2.0 Hz. The RV CTRL cells had respective values of 5:1± 2:4%, 

4:6± 2:4%, and 4:1± 1:7%. There were no changes in the RES-only group compared to the CTRL 

group (data not shown). In our animal model, the PAH group exhibited a contractility decrease of 

8% at 0.5 Hz, 18% at 1.0 Hz, and 39% at 2.0 Hz compared to the CTRL group. Cell shortening in 

all paces was demonstrated to be significantly improved in the PAH+RES group compared to the 

other groups. Compared to PAH in this regard, there was a respective increase of 59% for 0.5 Hz, 

71% for 1.0 Hz, and 148% for 2.0 Hz in the PAH+RES phenotype (Figure 3). 

 



RES prevents RV remodeling  60 
 

 
 

 
Figure 4-3 RES improves cardiomyocyte shortening isolated from RV, and had with on LV isolated 
cardiomyocytes.   
Percentage of cell shortening after 1 Hz stimulation in isolated cardiomyocyte from the (a) right ventricle 

and (b) left ventricle. The values are given as the mean ± SEM (∗p < 0:05 vs. control, #p < 0:05 vs. PAH; n 

= 26-44 cells from 2 animals for CTRL, n = 15-26 cells from 2-3 animals for PAH, and n = 19-61 cells from 

2-4 animals for PAH+RES). 

 

Inflammatory and Remodeling Effect of RES in RV Tissue from Specimens with PAH. 

 We performed qPCR from RV tissue to analyze the remodeling and inflammatory markers. We 

selected BNP, troponin C1 (Tnnc1), and collagen 1 to analyze the hypertrophy mediated by MC. 

For the inflammatory markers, we chose pro-inflammatory IL-1β and antiinflammatory IL-10. 

There was a significant RES-mediated decrease in the PAH+RES group of the following mRNAs 

compared to PAH phenotype: BNP (6:7± 1:02 vs. 15:7± 1:5), Tnnc1 (0:7± 0:5 vs. 5:5± 2:7), 

collagen 1 (1:7± 0:7 vs. 2:7± 0:5), IL-1β (3:2± 0:7 vs. 4:6± 1:7), and an increase in IL-10 (8:7± 1:5 

vs. 3:5± 1:6) (Figures 4(a)–4(e)). 
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Figure 4-4 RES modulates the decrease of tissue remodeling and inflammatory mRNA on the RV of 
PAH-treated specimens. 
qPCR analysis of RV from the tissue samples show (a) BNP, (b) troponin C, (c) collagen type 1, (d) IL-1β, 

and (e) IL-10. All data have been normalized to RV CTRL mean values. The values are given as the mean 

and fold change ± SEM (n = 4 for CTRL, n = 3 for PAH and PAH+RES, and n = 6 for RES). The values are 

given as the mean and fold change ± SEM; ∗p < 0:05 vs. control; #p < 0:05 vs. PAH. 

 

There Is a RES-Mediated Increase in SIRT1 in Treated PAH RV.  

We found an expected downregulation of SIRT1 mRNA in the RV of PAH phenotypic rats 

compared to CTRL. This decrease (0:5± 0:2) was abrogated by the treatment of RES in these 

specimens (0:8± 0:3)  (Figure 5(a)). To evaluate the effect of the decrease in SIRT1 expression, 
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we performed a western blot of the acetylation profile. Treatment of PAH with RES prevented the 

increased acetylation of the RV, remaining at the level of the CTRL group (Figure 5(b)). 

 

 
Figure 4-5 There is a decrease in the mediated SIRT1 deacetylation. 
(a) qPCR analysis of SIRT1 mRNA expression on heart tissue. (b) Representative western blot membrane 

of Ac lysine of heart tissue proteins and below the acetylation profile in heart tissue in fold change. For (a), 

n = 4 for all groups; for (b, n = 3 for all groups. The values are given as the mean and fold change ± SEM; 

∗p < 0:05 vs. control; #p < 0:05 vs PAH. 

 

4.4. Discussion and Conclusion 

The use of animal models, like the MC-induced PAH in rats has been an alternative to 

characterize and explore the physiopathology and therapeutics against PAH [19]. The majority of 

the literature has focused on relevant topics such as pulmonary changes in the smooth muscle of 

the vessels and the incidence of fibrosis [13, 20, 21]. However, it is important to highlight the lack 

of protocols focused on improving RV function, a critical parameter for outcome and survival [22]. 

An example of the clinical relevance of improving the ventricular function comes from the 

reversible effects after treating chronic thromboembolic pulmonary hypertension (CT-PH), where 
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careful removal of the thrombus reverses the compromised ventricular function and its remodeling. 

Therefore, there is a need to continue the development of coadjuvant treatments for RHF and 

improve their mechanisms of delivery [10, 22, 23]. A decision was made to address these issues 

by studying the underlying mechanisms associated with RES treatment on the cardiovascular and 

pulmonary system in a valid model of PAH. The use of RES as an adjuvant in a therapeutic setting 

owing to its multiple effects as a ROS scavenger, mitochondrial agent, and cell cycle modulator 

is ongoing and constitutes promising research [10]. Varying doses of RES [14, 24, 25] and 

administration routes [25–27] have been used for numerous therapeutic purposes and diseases. 

Several RES doses for PAH models have been described in the literature, and variable results 

have been reported [28]. The cause of this variation relates to the MC dosage, the initial weight 

of the specimen, and the duration of the study. 

 

For the model in this study, RES at a dose of 20 mg/kg/day by gavage was used, a dose that has 

been used elsewhere [29]. According to the findings of the current study, heart and lung weight 

increased in both the PAH and PAH+RES groups. The effect of RES was not significant, and this 

phenomenon has been reported in other research [13] and may be associated with several factors. 

An explanation for this is that a higher RES dosage is required for a macroscopic impact. 

 

Consistent and pathognomonic results were found for the vascular bed of the lungs for all groups 

treated with the PAH phenotype [30, 31]. RES had a minimal effect in reversing them, other 

authors found that RES had a limited antiremodeling effect on the lungs, and this effect was limited 

to the medial layer of the pulmonary trunk and did not impact the heart wall structure [13]. In the 

current study, RES had a partial effect on lung histopathology in the PAH+RES-treated group. 

Using a higher dose and improving the administration route (i.e., using nebulization therapy) could 

be an effective way of improving these results. 

 

The finding in the current study that RES had a limited effect on the lungs correlates with 

ultrasonographic evidence of PA. Echocardiography was chosen as it is a noninvasive tool that 

can be used to assess RV function. The current study demonstrated that it was a feasible 

technique that could be used in rats for a PAH evaluation, and this has also been demonstrated 

by other groups [32]. The PAAT and PAA- T/ET ratio are PA hemodynamic parameters that are 

highly susceptible to changes in pulmonary vascular resistance and impedance [33], and it 

shortens in correlation with an increase in systolic PAP and mPAP [34]. Although RES prevented 

the development of specific pathognomonic PAH characteristics, it was insufficient to elicit a 
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significant change in surrogate markers of increased mPAP. Chronic RV pressure overload has 

been shown to lead to a gradual change in RV phenotype, which ultimately resulted in RV-arterial 

uncoupling and subsequent functional deterioration [35]. A significantly low value of mPAP was 

found in the PAH group in the current research, and more importantly, an improvement of this 

parameter was reported for the PAH+RES group, suggesting that treatment with RES prevented 

systolic failure, commonly observed in the advanced stages of PAH. Interestingly, this value was 

even higher in the RES-only treatment group, which could indicate that this polyphenol not only 

prevents failure but is also a potential enhancer of RV function [35]. RV free wall thickness, an 

objective reflection of RV hypertrophy and remodeling [34], was markedly increased in rodents 

with PAH, which is consistent with remodeling secondary to pressure overload. Most importantly, 

and in contrast with the findings of the PAH group, RES treatment attenuated RV hypertrophy 

induced by high mPAP, and a significant difference with the CTRL group was not observed. This 

can be secondary to fewer fibrotic changes, which is consistent with previous in vitro research on 

the impact of RES on cardiac fibrosis [36]. An increase in the RV end-diastolic diameter was 

observed in the PAH model, and this increase was significant when compared to the untreated 

controls, reaching a ratio of ≥1, which is associated with an increased risk of adverse clinical 

events, while being a marker for poor prognosis [37]. Dilation and the increased ratio were not 

present in the PAH+RES group. Therefore, even with the increased mPAP identified in the 

PAH+RES group, the RV was able to endure it and prevent pathologic remodeling. A further study 

in this direction is to investigate the effect of RES on cardiac strain because it is possible that 

enhancement of these variables by RES could explain the increased capacity of RV to manage 

elevated pulmonary pressure. The LV echocardiography findings did not show any change 

associated with increased mPAP with RES treatment. Even though its diameter can decrease as 

a consequence of RV dilatation or the presence of pericardial effusion, this effect in the PAH 

groups was not seen upon analysis. One explanation for the absence of these findings and for 

negative ventricular interaction is that the model did not allow the development of PAH that was 

severe enough to cause pericardial effusion or result in higher values of mPAP. More research 

with a focus on echocardiographic changes is warranted to clarify the changes elicited by MC 

PAH in LV and LHF. 

 

Signs of increased tissue remodeling consistent with fibrotic changes were identified in the current 

research as previously reported [38, 39]. Interestingly, these changes focused on the right 

ventricles of MC-treated rats, while the RES treatment led to a tissue structure that was almost 

identical to that of the untreated controls. Right heart chambers differ from those on the left side, 



RES prevents RV remodeling  65 
 

 
 

even in terms of their embryology [40] and primary functions, both physiologically and 

hemodynamically [41]. 

 

RES decreased, or, at the very least, inhibited, the progression of fibrosis in the right ventricles of 

the PAH+RES group. This finding suggests that pressure on the heart decreased after treatment 

with RES, and this was the primary reason for validating it using an ultrasonographic assessment 

in the current research. RES-mediated molecular mechanisms involving TGF-β modulation [42, 

43] and its effect on the medial vascular layer have been associated with afterload pressure 

changes [44]. Other pathways have been described, such as a MC-induced upregulation of 

SphK1- mediated NF-κB activation, albeit not in the scope of our current study [45]. Accompanied 

by a decrease in tissue remodeling, changes in the myocyte area and isolated cell volume were 

found with RES treatment. Consistent with the lack of fibrotic changes in the LV, these effects 

were also absent in these chambers. The results showed that individual cell volume and the area 

in the left ventricular cells in all the studied groups increased in comparison with those in the 

healthy CTRL RV cells. Hypertrophic LV compensation has been reported in heart failure when 

the MC model was used and is associated with an increase in neurohumoral activation [46]. An 

interesting finding was that there were no differences between the LV groups (i.e., the PAH and 

PAH+RES groups). It could be speculated that remodeling changes in the LV could appear later. 

However, this study duration was twice as long as the typical duration of 21 days. Therefore, this 

is unlikely. Generally, PAH is characterized by an increase in pulmonary vascular resistance, 

which causes RV remodeling and leads to RHF. In the current PAH model, compromised RV 

function, myocyte hypertrophy, and isolated RV cardiomyocytes were identified. Changes in 

cellular contractility in the LV were not seen. Interestingly, while a decrease in RV fractional 

shortening by echocardiography [47] is well known, some studies reported an increase in cellular 

shortening after treatment with MC [48, 49], but this higher contraction force was not sustained at 

high- stimulation frequencies [48]; this was also observed in the current study (Figure 3). 

Consistent with these changes in hypertrophy in an inflammatory model like MC, we found 

increased levels of mRNA of the remodeling markers BNP, collagen 1, Tnn1c, the inflammatory 

IL-1β, and the anti- inflammatory cytokine IL-10. These markers have been reported previously 

for PAH [50, 51], while the cytokine IL-10 has been linked with the increase of fibrosis and TGF-

β [52]. RES treatment in PAH decreased the inflammatory markers and modulated a decrease of 

the remodeling effect (Figure 4). These results also correlate with the effect of RES-mediated 

SIRT1 upregulation, with a consequent decrease in the acetylation profile (Figure 5(b)). This has 
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been linked to mitochondrial dysfunction concomitant with ventricular dysfunction and heart failure 

[53]. 

 

The increase in myocardial stiffness, as a result of the overexpression of titin, has been proposed 

as a possible  explanation for contractile dysfunction [54, 55] since this large protein is responsible 

for the passive elasticity of the muscle. Additionally, some changes in calcium handling could be 

involved. For instance, in the PAH model, faster calcium transients concomitant with increased 

sarcoplasmic reticulum calcium content and phosphorylation of phospholamban were 

demonstrated. Moreover, calcium spark frequency was higher in the RV cardiomyocytes from 

rodents in the PAH group. In this regard, RES has been shown to upregulate the ratio of 

phosphorylated phospholamban and is accompanied by a significant improved sarcoplasmic 

reticulum calcium load. In the current study, the RES-treated group showed an increase in cellular 

shortening; this may have been due to an increase in myocyte stiffness as the RV energetic 

calcium handling might have been altered. Impaired mitochondrial function due to hypoxia in 

hypertrophy remodeling has been reported in PAH, which compromises the supply of energy to 

the tissues [56]. Furthermore, creatine kinase activity and expression have been demonstrated to 

decrease after MC treatment [57]. This downregulation has been linked to a compromise in 

ATP/ADP transport between the mitochondria and the myofilaments. RES, besides being a potent 

antioxidant, is known for its cardioprotective action as it preserves the mitochondrial function by 

regulating the activity of antioxidant enzymes by reducing ROS [58]. 

 

PAH remains a challenging disease owing to its high morbidity, mortality, and time to diagnose. 

Although current therapies are improving the quality of life and survival, there is a need to identify 

adjunctive treatments targeted on RV function. As a result, PAH continues to be revisited, and an 

increasing number of therapeutic approaches are evaluated annually. However, the current 

guidelines for pharmacotherapy primarily focus on the vascular effects [59]. Since the disease is 

usually diagnosed late, a large amount of structural damage in the RV has already taken place. 

Contrary to some models where RES has been reported to have an effect on the pulmonary trunk 

[13] and although using an inflammatory model such as MC, the findings of the current study 

demonstrated that RES improved the RV and had a limited positive effect on the lungs (Figure 6). 

This finding is crucial since RV function correlates with symptomatology and the prognostic 

survival of the patients. Focusing on comparative ventricular assessment and isolated cell 

function, the current study showed how RES-mediated mechanisms might be involved using this 

model. Some other mechanisms include activation of specific sirtuin pathways like SIRT3, the 
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modulation of cardiac energetics [53], and transcription factors relating to proliferation and the cell 

cycle [11]. Possible novel targets that focus on RV HF could become an exciting future scope for 

therapy. The multitargeted nature of RES, as an example of these polyphenolic compounds, holds 

future potential for novel approaches to this disease [60]. Ongoing research is needed to help 

characterize the molecular mechanisms and cell bioenergetics of these compounds in PAH and 

other cardiovascular conditions. 

 

 

 
Figure 4-6 Effects of resveratrol in the PAH phenotype. 

Monocrotaline-induced PAH is a disease characterized by a progressive remodeling of the pulmonary 

vasculature, as a consequence of excessive proliferation and migration of pulmonary artery endothelial and 

smooth muscle cells. With the progression of the disease, the increase of the mean pulmonary artery 

pressure leads to a chamber pressure overload in the right ventricle (RV). When the optimal RV-arterial 

coupling is lost, the RV systolic function cannot remain matched to the afterload, and subsequently, dilation 
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of the RV occurs, as well as diastolic dysfunction, secondary to myocardial fibrosis and sarcomeric stiffening. 

These changes ultimately lead to right heart failure and death. Even though the administration of resveratrol 

decreased the pathological remodeling of the pulmonary vasculature, it did not change the afterload for the 

RV (represented in the figure as a change in arrows’ thickness). Nevertheless, resveratrol was able to 

protect directly the RV, improving its function, evidentiated with microscopic changes: less fibrosis, 

decreased cardiomyocyte area and volume and better cell function, with increased cell shortening, 

increasing SIRT1-mediated deacetylation, and decreasing inflammatory and remodeling markers. The 

arrows in the PAH model indicate the changes compared to the CTRL group; the arrows in the PAH+RES 

model indicate the changes compared to the PAH group. 
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Chapter 5 

5. Resveratrol prevents right ventricle dysfunction, calcium 
mishandling, and energetic failure via SIRT3 stimulation in 
pulmonary arterial hypertension.  

 

Abstract  

Pulmonary arterial hypertension (PAH) is characterized by pulmonary vessel remodeling; 

however, its severity and impact on survival depend on right ventricular (RV) failure. Resveratrol 

(RES), a polyphenol found in red wine, exhibits cardioprotective effects on RV dysfunction in PAH. 

However, most literature has focused on RES protective effect on lung vasculature; recent finding 

indicates that RES has a cardioprotective effect independent of pulmonary arterial pressure on 

RV dysfunction, although the underlying mechanism in RV has not been determined. Therefore, 

this study aimed to evaluate sirtuin-3 (SIRT3) modulation by RES in RV using a monocrotaline 

(MC) induced PAH rat model. Myocyte function was evaluated by confocal microscopy as cell 

contractility, calcium signaling, and mitochondrial membrane potential (ΔΨm); cell energetics was 

assessed by high-resolution respirometry, and Western Blot and immunoprecipitation evaluated 

posttranslational modifications. PAH significantly affects mitochondrial function in RV; PAH is 

prone to mitochondrial permeability transition pore (mPTP) opening, thus decreasing the 

mitochondrial membrane potential. The compromised cellular energetics affect cardiomyocyte 

function by decreasing sarco-endoplasmic reticulum Ca2+-ATPase (SERCA) activity and delaying 

myofilament unbinding, disrupting cell relaxation. RES partially protects mitochondrial integrity by 

deacetylating cyclophilin-D, a critical component of the mPTP, increasing SIRT3 expression and 

activity and preventing mPTP opening. The preserved energetic capability rescues cell relaxation 

by maintaining SERCA activity. Avoiding Ca2+ transient and cell contractility mismatch by 

preserving mitochondrial function describes, for the first time, impairment in excitation-

contraction-energetics coupling in RV failure. These results highlight the importance of 

mitochondrial energetics and mPTP in PAH.  
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5.1. Introduction  

Pulmonary arterial hypertension (PAH) is a complex disease resulted from the interplay of several 

biological and environmental processes leading to pulmonary vasculature remodeling; therefore, 

pulmonary hypertension [1]. Consequently, the low-pressure, thin-walled, crescent-shaped RV 

has to overcome structural changes to accomplish its function and pump against such an 

increased afterload [2]. Therefore, RV hypertrophy is a necessary adaptation to preserve RV-

pulmonary arterial coupling by decreasing RV wall tension and increasing RV cardiomyocytes 

force-generating capacity [2]. Consequently, in early stages emerge as an adaptative remodeling; 

while at end-stage of the disease, it becomes a maladaptive remodeling [2]. Despite the 

publication of 41 randomized clinical trials in the past 25 years and the regulatory approval of 

multiple drugs delivered by four administration routes [3], there is no drug focused on improving 

RV performance or reduce inflammation [4]. Despite currently available therapies, PAH continues 

to have high morbidity and mortality [1]. A polyphenol from the stilbene family, 3,5,4'-

trihydroxystilbene Resveratrol (RES), has drawn researchers’ attention by its cardioprotective 

activity in other cardiovascular diseases [5]. Although RES acts as a pleiotropic agent in several 

conditions, it has an intrinsic antioxidant capacity, as well as an ability to regulate membrane 

receptors, kinases, and other enzymes [6–8]. In PAH models, RES improves lung functioning 

through its anti-proliferative [9], anti-oxidant [10], and anti-inflammatory properties [11]. More 

precisely, RES activates sirtuins, a relevant group of deacetylases that participate in the 

regulation of numerous cellular processes [12]. In the heart, sirtuin activation has been linked to 

the prevention of hypertrophy [13] and energetic dysfunction [14,15].  

 

Previously, we found the prevention of RV hypertrophy and cardiac fibrosis by RES in PAH, 

accompanied by a decrease in the RV acetylation profile [16]. However, the connection between 

these two mechanisms remains unclear. Progression to RV failure has been linked to 

mitochondrial dysfunction [17,18], as PAH generates a disruption in the mitochondrial structure 

[17], decreasing its oxidative capability [19] and diminishing ATP production [17,20]. The 

compromised cardiac energetics impair RV contractility by reducing creatine kinase expression 

[21], a key component in transferring energy to myofilaments. Thus, protecting mitochondrial 

function with cyclosporine A (CsA), which blocks mPTP opening by interacting with cyclophilin D 

(CypD), prevents mitochondrial disruption in PAH and preserves RV function [22]. CypD 

hyperacetylation is an essential trigger of mPTP opening [23], and its contribution to mitochondrial 

dysfunction and heart failure has been established in animal models [24] and humans [15]. 
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Notably, CypD acetylation is regulated by SIRT3 [23,24], a sirtuin stimulated by RES [12], which 

is associated with the loss-of-function polymorphism found in PAH patients [25].  

 

The search for additional therapeutic options for more effective PAH management has led to the 

development and approval of new drugs [26]; however, the available treatments focus on 

exclusively in managing pulmonary alterations [27]. Gaining a basic understanding of RV 

alterations through dysfunction, RV failure, and mechanisms that delay these changes may be 

helpful in developing new therapeutic strategies to improve PAH prognosis. Therefore, the aim of 

this study is to evaluate the extent of SIRT3 activation in the cardioprotection conferred by RES 

in the RV of a MC-induced PAH model.  

 

5.2. Materials and Methods  

Reagents  
 

All reagents were purchased from Sigma-Aldrich (St. Louis, MO, USA), unless otherwise is stated.  

 

Murine model of pulmonary arterial hypertension  
 

PAH was induced in male Sprague–Dawley rats (Bioinvert, Edo. de México, MX) weighing >300 

g by an single MC (PHL8925) dose (60 mg/kg, subcutaneous) diluted in dimethylsulfoxide (DMSO, 

472301), as previously reported [16]. Control group was treated with equivalent volume of DMSO. 

Animals were kept at 25°C with 12 h light/dark cycle. Water and food were given ad libitum. A 

group of MC-injected animals was treated with RES dissolved in water (20 mg/kg/day, intra 

gastric) during day 1 to 42 after MC injection (PAH-RES) [16]. The other groups were given 

equivalent volume of water (intra gastric). All animals were observed for general appearance and 

respiratory symptomatology. A group of control animals treated with RES during 42 days (20 

mg/kg/day, intra gastric) was evaluated.  

 

Histologic preparations  
 

As reported previously [16], after injection of sodium heparin (1000 U/kg), animals were 

anesthetized with 5% sevoflurane and heart and lungs were removed to be fixed in 4% (wt/vol) 

paraformaldehyde in PBS at room temperature for more than 2 hours. Afterwards, tissue were 

embedded in paraffin and stained with hematoxylin/eosin (H&E) and Masson’s trichrome. An 
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Imager Z1 Zeiss microscope with an AxioCam HRm was used and images were processed with 

the AxioVision software. Micrograph from the whole Masson’s trichrome stained slides were taken 

at 2.5x, then the image was decomposed in more than 7 fields at 5x. Fibrotic index was asses by 

quantification of blue and red pixels, using ImageJ (http://imagej.nih.gov/ij/, NIH, Bethesda, MD, 

USA) a blue%/red% ratio was made. Two blinded analysts performed the analysis and three 

different fields were analyzed. H&E micrograph from the papillary muscles were used to quantify 

cardiomyocyte area at 10x. An object carrier with a capacity for 7 slides were used to analyze all 

slides with their respective batches. Arterioles with smooth muscular medial layer proliferation 

were quantified in seven random fields of lung H&E micrograph, to analyze its diameter and 

occlusion vessel of 100 μm were selected. Occlusion was obtained by averaging more than seven 

measurements of the medial layer thickness.  

 

Cardiomyocytes isolation  
 

Ventricular myocytes were isolated modifying previous report [28]. Briefly, after animals were 

heparinized (1000 U/kg, intraperitoneal) and anesthetized with sevoflurane (1.5%-3%/1L/min, 

inhaled). Hearts were excised and mounted on a Langendorff apparatus to be perfused with 

Tyrode solution (Ty) (mM: 128 NaCl, 0.4 NaH2PO4, 6 glucose, 5.4 KCl, 0.5 MgCl-6H2O, 5 

creatinine, 5 taurine and 25 HEPES, pH 7.4) at 37 ºC for 5 min and digested by collagenase type 

II (0.1% in Ty) (Worthington Biochemical, Lakewood, NJ). Subsequently, RV was dissected and 

cells mechanically disaggregated. Cardiomyocytes were rinsed with 0.1% albumin in Ty solution 

at increasing Ca2+ concentrations (0.25, 0.5, and 1 mM). All the confocal measurements were 

acquired using a Leica TCS SP5 confocal microscope equipped with a D-apochromatic 63X, 1.2 

NA, oil objective (Leica Microsystems, Wetzlar, Germany). Only rod-shaped cells with visible 

striations were selected for the study. All records were analyzed using ImageJ 

(http://imagej.nih.gov/ij/, NIH, Bethesda, MD, USA).  

 

Cell shortening and Ca2+ handling in intact cardiomyocytes  
 

Cell shortening was evaluated in 0.5 Hz paced Ca2+ transient records where the scanned line was 

longer than the cell length, following previous report [29]. Briefly, a rectangular region comprising 

both cellular edges was selected and a threshold was set to distinguish the intracellular from the 

extracellular space, converting the image into binary. The cell border of the resulting binary image 

were compared to the border on the original record to ensure a close fit. The parameters 
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evaluated for cell shortening were time to peak shortening from fully cell rest length, and time to 

50% of relaxation from maximal shortening. ImageJ software (http://imagej.nih.gov/ij/, NIH, 

Bethesda, MD, USA) was used to process images. Intracellular Ca2+ signaling was measured as 

previously reported [28,30]. Recently isolated cardiomyocytes were incubated with 10 μM Fluo-4 

AM (F14201, Life Technologies, USA) (in Ty, 1mM Ca2+) for 45 min at 25°C. Later, cells were 

washed with fluorophore-free solution, plated on laminin (L2020)-covered glass coverslips and 

mounted in a superfusion chamber. Line scan images were recorded by the cell longitudinal axis 

(400 Hz, 1 μm section thickness) by confocal microscopy under 0.5 Hz field stimulation (MYP100 

MyoPacer Field Stimulator; Ion-Optix, Milton, MA, USA). Fluorophore excitation was 488 nm and 

emission window was 500-600 nm. β-adrenergic stimulation was assessed after 10 min of 100 

nM isoproterenol (16504) (ISO in Ty, 1mM Ca2+) perfusion at 1 Hz stimulation. Fluorescence data 

is shown as ΔF/F0, where F0 is average fluorescence intensity before field stimulation. To evaluate 

spark characteristics in freshly isolated myocytes, longitudinal cell axis with 100 nm pixel size 

records were taken at 1 Hz pace. Analysis was performed using imageJ software 

(http://imagej.nih.gov/ij/, NIH, Bethesda, MD, USA) with the Sparkmaster plugin [31].  

 

Mitochondrial membrane potential in intact cardiomyocytes  
 

Freshly isolated cardiomyocytes cells were incubated with 300 nM tetramethylrhodamine ethyl 

ester perchlorate (TMRE) (T669, Thermo Fisher Scientific, USA) for 30 min at 25°C (in Ty, 1mM 

Ca2+) [32]. After washing with a fluorophore-free and Ca2+-free solution, 2D images (1024 x 1024 

pixels, 400Hz, 1μm section thickness) were taken using 543 nm excitation and 555-700 nm 

emission window. Results were normalized to CTRL group as percentage. The degree of 

mitochondrion polarization was then expressed as TMRE intensity per-cell. As a negative control, 

cells were perfused with 0.8 μM cyanide m-chlorophenyl hydrazone (CCCP) (C2759) during 

10min (data not shown).  

 

Mitochondrial isolation  
 

Heart mitochondrial fractions were obtained according to the method described previously [33]. 

Briefly, heart was isolated and placed in an ice-cold buffer (SHE), containing (mM): 250 sucrose, 

10 HEPES and 1 EGTA, pH 7.3. After, only RV tissue was digested for 10 min using 0.12 mg of 

protease in cold SHE buffer and centrifuged at 800 x g. The homogenates were centrifuged at 

10000 x g for 10 min and then the resulting pellet was suspended in SH buffer containing (mM): 
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250 sucrose, 10 HEPES, pH 7.3 and free EGTA. Isolated mitochondria were suspended (0.6 

mg/ml) in respiration buffer containing (in mM): 125 KCl, 3 KH2PO4, 10 HEPES and pH 7.3.  

 

Mitochondrial function from RV in the PAH model  
 

For the respiratory studies, 0.1 mg/ml mitochondria in respiratory medium (140 mM K+-gluconate, 

5 mM KH2PO4, 2 μg/ml rotenone, 10 mM succinate, 10 mM Hepes pH 7.2) were evaluated during 

the respiratory states of no-phosphorylation (state 4), and phosphorylation (state 3, ADP added), 

and maximal respiratory activity (uncoupled with FCCP). Oxygen consumption was recorded 

using high-resolution respirometry (Oroboros instrument, Innsbruck, Austria) [32].  

 

Ca2+ retention capacity (CRC)  
 

mPTP opening sensitivity was evaluated in isolated mitochondrial by CRC. Mitochondria were 

incubated in a medium containing 0.3 μM Calcium Green-5N (C3739, Life Technologies, Carlsbad, 

CA, US), 10 mM succinate plus rotenone (10μg/ml), 200 μM ADP and 0.25 μg Oligomycin A. After 

5 minutes incubation, 10 μM of Ca2+ pulses were added every 3 min and fluorescence was 

recorded at 488 nm excitation and 500-600 nm emission. After enough Ca2+ loading a massive 

release of mitochondrial Ca2+ indicates mPTP opening. The amount of CaCl2 necessary to trigger 

this enormous Ca2+ release was used as an indicator of the susceptibility to mPTP opening due 

to Ca2+ overload [32].  

 

Protein extraction  
 

50 mg heart tissue was macerated using a Polytron PT1200 E (Kinematica AG, Switzerland) with 

500 μl of buffer SHE added with 1 mM phenylmethylsulfonyl fluoride (PMSF, P7626) and 1 mM 

dithiothreitol (DTT, D0632). Afterwards, the homogenate was centrifuged at 2000 rpm during 10 

min at 4°C. Protein was quantified in the supernatant by Lowry method using bovine serum 

albumin as standard.  

 

Western Blot  
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Protein were resolved on SDS-PAGE gel and transferred onto a PVDF membrane, which was 

incubated with primary antibody. The membrane was washed three times for 10 min with PBS-

0.5% Tween 20 and subsequently probed with an HPR-conjugated secondary for 2 hours at 25°C. 

After washing three times with PBS-0.5% Tween 20 for 10 min, the blots were developed with 

SuperSignal West Dura Extended Duration Substrate (TG268239, Thermo Fisher Scientific, 

Waltham, MA, US) and quantified by using a BioSpectrum 415 Image Acquisition System (UVP, 

Upland, CA, USA). Protein acetylation used 30 μg of isolated mitochondria in a 15% SDS-PAGE 

gel; to SIRT3 expression 15 μg of isolated mitochondria were used in a 12% SDS-PAGE gel; 

electrophoresis and transfer conditions were 105 V, 25°C, 2.5 h, and 300 mA, 4°C, 2 h, 

respectively to both. SERCA2, phospholamban (PLB), and D-glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) were quantified in the same blot. 40 μg of tissue homogenate were 

loaded in 12% SDS-PAGE gel. Electrophoresis and transfer conditions were 85 V, 25°C, 2 h, and 

350 mA, 25°C, 1.5 h, respectively. Primary antibody used were: anti-Acetylated-Lysine (9441S, 

Cell Signaling, Danvers, MA, US) (1:1000); anti-SIRT3 (D22A3, Cell Signaling, Danvers, MA, US) 

(1:2000); anti-SERCA (sc-8094, Santa Cruz Biotechnology, MA, US) (1:10000); anti-PLB (sc-

21923, Santa Cruz Biotechnology, MA, US) (1:1000). Anti-COX4 (4D11-B3-E8, Cell Signaling, 

Danvers, MA, US) (1:2000) 25 and anti-GAPDH (sc-25778, Santa Cruz Biotechnology, MA, US) 

(1:10000) antibodies were used as a loading control.  

 

Real-Time Polymerase Chain Reaction (PCR) Analysis  
 

Total RNA from right ventricles was extracted using TRIzol Reagent (15596026, Invitrogen, 

Carlsbad, CA, USA). Sample purity was confirmed measuring 260/280nm absorbance ratio using 

a Take3 multivolume plate in a Synergy HT microplate reader (BioTek Instruments, Winooski, 

USA). SensiFAST cDNA Synthesis Kit (BIO-65053, Bioline, London, UK) was used to reverse-

transcribe cDNA from 1 μg of total RNA. qPCR reaction was performed using the Sensi-FAST 

SYBR Lo-ROX Kit (BIO-94020, Bioline, London, UK) in a Quant-Studio 3 RT PCR System 

(Thermo Fisher Scientific, Waltham, TX, USA). Data was analyzed by 2−ΔΔCt method to estimate 

mRNA expression from each gene [15,34]. T4 Oligo (Mexico) synthesized primers. Primer 

sequences are detailed in Supplementary Table 1.  

 
Supplementary Table  5-1 qPCR primers sequences 

Gene name Forward primer 5’-3’ Reverse primer 5’-3’ 
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HPRT CGTGATTAGTGATGATGAACC 
 

GAGCAAGTCTTTCAGTCCT 
 

NCX GATGAGTGAGAAGAAAGCCCTGT ACGGTAGAGGGAATCGGATGA 

Sirt1 GAACCTCTGCCTCATCTA TACTCGCCACCTAACCTA 
 

Sirt5 GGGCTGGTGTTAGTGCG 
 

GGTTGGGTTCCTTGTTCC 
 

MCU GTTGTGCCCTCTGATGAC GAGTCCGAGATAGGCTTGA 

Hypoxanthine Phosphoribosyltransferase 1 (HPRT), Na+/Ca2+ exchanger (NCX), sirtuins 1 (Sirt1), sirtuins 
5 (Sirt5), mitochondria calcium uniplex (MCU). HPRT was used as housekeeping.  
 

 

Oxidative stress markers  

 

Free thiol groups were evaluated in 200 μg of isolated mitochondria incubated with 5,5-dithio-bis-

(2-nitrobenzoic acid) (DNTB, 300μM) (D8130), during 10 min at 25°C in darkness. After 10min 

centrifugation at 10000 rpm, supernatant was measured at 412 nm. Protein carbonyl content was 

assessed in homogenized tissue following assay kit (ab126287, Abcam, UK) instructions. 

Membrane lipid peroxidation was analysed by measuring the generation of thiobarbituric acid-

reactive substances (TBARS) as previously reported [35]. DNA oxidation was analysed by ELISA 

assay according to the kit manufacturer’s instructions (ab101245, Abcam, UK). The concentration 

of 8-hydroxy-20-deoxyguanosine (8-OHdG) was measured using a standard curve and 

expressed in nanograms per micrograms of DNA 36. Enzyme activities were evaluated in 

homogenized heart tissue. Catalase activity was measured by O2 production assessed by an 

electrode type Clark [36]. Briefly, 50 μg protein was added to phosphate buffer (KH2PO4 50 mM, 

pH 7.8) and 5mM H2O2 (quantified at 240 nm with an extinction coefficient of 43.6 M-1 x cm-1) 

addition started the reaction. Data were expressed as units per milligram of protein (U/mg). 

Aconitase activity was measured by monitoring cis-aconitate synthesis from citrate at 30 °C on 

240 nm. 150 μg protein was added to 1 ml of medium (100 mM KH2PO4, 0.01% Triton X-100, 

0.6 mM MnCl2, 0.2 mM NADP, and 1 mM citrate, pH 7.2). Enzyme activity is expressed as nmol 

x min-1 x mg-1, using cis-aconitate extinction coefficient (E240nm=3.6 mM-1 x cm-1). Superoxide 

dismutase activity was measured as previously reported 36. Briefly, 50 μg protein was added to 

phosphate buffer (50 mM KH2PO4, 1 mM EDTA, 10 mM Xanthine, 50 μM nitro-blue tetrazolium 

chloride (NBT), 1 U catalase, 1.5 U Xantina oxidase, pH 7.8). Oxidation of NBT by superoxide 

anion was measured at 560 nm. To measure Mn-SOD, 3 mM KCN was added. One activity unit 

was defined as 50% oxidation of NBT. Results were expressed as units per milligram of protein 

(U/mg).  
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Immunoprecipitation  
 

As described before15: isolated mitochondria from right ventricles (1 mg) were solubilized in 

buffer containing (in mM): 150 NaCl, 1 EGTA, Igepal 1%, 20 Tris-HCl, pH 7.2, protease inhibitor 

cocktail (Roche). Afterwards, they were clarified of endogenous IgG and incubated with 2 μg of 

mouse anti-CypD (ab110324, Abcam, UK), or the isotype IgG as control, 1 hour at 4°C in a rotator. 

The immunoprecipitation complexes were captured by adding 50% activated slurry of Protein G 

Sepharose beads (GE) to the solubilized protein and incubated overnight at 4°C in a rotator. 

Beads were centrifuged and washed thrice. Complexes were eluted in SDS-loading buffer prior 

to electrophoretic separation and subsequent western blot analysis.  

 

Statistics  

 

Data is presented as mean ± SEM. Statistical analysis and graphs were performed using 

GraphPad Prism software (V.5.01; La Jolla, CA, USA). Data were analyzed by one-way ANOVA, 

or two-tailed Student's t-test, to compare groups Dunns's post hoc test were performed when 

appropriate. Statistical significance was set at p< 0.05.  

 

Study approval  
 

All procedures performed in animals were supervised and approved by the Internal Committee 

for Care and Handling of Laboratory Animals of the School of Medicine of the Tecnológico de 

Monterrey (Protocols no. 2017-006 and 2019-019) and were performed following the Mexican 

National Laboratory Animal Health Guidelines (NOM 062-ZOO 1999).  

 

5.3. Results  

RES preserved right ventricular function with a limited effect on lung vasculature  
 

The PAH model requires 28–42 days to develop phenotypic changes in the lungs and heart [37]. 

Previously, it has been shown that heart alterations caused by MC target the RV and RES 

treatment improve RV function with a limited protective effect on pulmonary architecture [16]. In 
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addition, rats treated only with RES not showed differences compared to the control animals 

(without MC) for lung morphological parameters such a vessel lummen diameter, number of 

muscular arteries, luminal occlusion, neither RV histological characteristics (Supplemental Figure 

1). 

 

 

Supplementary Figure  5-1 Heart and lung structural comparison between control animals and RES-
treated control animals. 
Pooled data of muscularized arteries (A), luminal diameter (B) and occlusion (C) in lung tissue (H&E, 10x). 

Bar graph depicting the myocyte area (D) in RV. Data was normalized to CTRL mean values. All data are 

present as mean ± SEM. *p<0.05 vs CTRL calculated by t-test followed by Mann-Whitney test. 

 

RES prevents contractility alterations and improves Ca2+ handling  
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RV myocyte function was evaluated by characterizing cell contraction and Ca2+ dynamics to 

assess alterations in excitation-contraction coupling (ECC). Cell shortening was less efficient in 

the PAH group since time to peak shortening (Fig. 1B) and half relaxation (Fig. 1C) were 82% 

and 41% slower, respectively. RES treatment accelerated the time to peak shortening by 22% in 

PAH (Fig. 1B) and maintained the CTRL group’ time to half relaxation (Fig. 1C), indicating that 

RES treatment improved cell relaxation in PAH.  

 

Since intracellular Ca2+ dynamics orchestrates cell contractility, transient parameters were 

characterized. Transient amplitude (Fig. 1E) did not change between groups. However, in 

transient decay PAH group showed a 1.2-fold slower T50% than CTRL, while RES reduced this 

effect by 26% (Fig. 1F); however, no significant differences were shown in SERCA2/PLB ratio 

between PAH and PAH+RES groups (Fig. 1G), indicating that the improved T50% might have 

been due to increased SERCA activity rather than changes in its expression. Gene expression of 

other Ca2+ extrusion mechanisms, Na/Ca2+ exchanger (NCX) and mitochondria calcium uniplex 

(MCU), did not change between groups (NCX: CTRL=1±0.11, PAH=1.03±0.15, 

PAH+RES=0.86±0.12; MCU: CTRL=0.88±0.13, PAH=0.88±0.13, PAH+RES=0.96±0.15 

mRNA/HPRT).  

 

Ca2+ spark frequency (Fig. 1I) and amplitude (Fig. 1J) were measured as an indicative of RyR 

activity. No changes were observed between PAH and CTRL groups; thus, RyR activity was not 

affected. However, PAH-RES group had a higher spark amplitude than PAH group (0.96±0.06 

ΔF/F0 PAH, 1.3±0.09 ΔF/F0 RES+PAH, p<0.05), suggesting a higher SR Ca2+ content. 
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Figure 5-1 Characterization of cell contraction and Ca2+ dynamics in isolated RV myocytes. 

(A) Representative profile of cellular shortening. Average of time to peak shortening (B) (CTRL n=20 cells; 

PAH n=21 cells; PAH+RES n=45), and time to 50% relaxation (C) (CTRL n=18 cells; PAH n=17 cells; 

PAH+RES n=16). (D) Representative florescence profile of Ca2+ transient. Pooled data from Ca2+ transient 

amplitude (E), and T50% (F) (CTRL n=16 cells; PAH n=53 cells, PAH+RES n=69 cells). (G) Representative 

images and pooled data of western blot to SERCA2/PLB ratio; GAPDH was used as loading control (n=4). 

(H) Representative line scan images of treated groups, surface plots from selected sparks (doted square) 
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are above; below are shown line profiles from 2 μm regions of the selected spark (black marks in line scan 

images). Pooled data of Ca2+ spark frequency (I), and amplitude (J)(CTRL, n=46 cells, 3 animals; PAH, 

n=55 cells, 3 animals; PAH+RES, n=71 cells, 5 animals). CTRL (solid black line), pulmonary arterial 

hypertension (PAH, dotted line), and PAH treated with resveratrol (PAH+RES, solid gray line). Control 

(CTRL); pulmonary arterial hypertension (PAH); PAH treated with resveratrol (PAH+RES). All data are 

present as mean ± SEM. *p<0.05 vs CTRL, ap<0.05 vs PAH, calculated by 1-way ANOVA. cp<0.05 vs 

CTRL, calculated by 2-tailed t-test.  

 

 

RV myocytes were challenged after isoprenaline (ISO, 100 nM) perfusion to induce the β-

adrenergic response (β-AR), a highly energy-dependent state (Supplemental. Fig. 2). All groups 

were capable to increase Ca2+ transient amplitude and to reduce T50%. However, cell contraction 

failed to comply in PAH group, while RES-treated PAH prevented this Ca2+ transient and cell 

contractility mismatch.  
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Supplementary Figure  5-2 Characterization of RV myocytes Ca2+ transient in isolated RV myocytes. 
(A) Representative line scan images of Ca2+ transient before (baseline) and after β-adrenergic stimulation 

with 100 nM isoproterenol (ISO). Pooled data of Ca2+ transient amplitude (B), time to 50% decay (T50%, C), 

and time to peak (D) (CTRL n=115,48 cells and 4 animals; PAH n=51,36 cells and 3-4 animals; PAH+RES 

n=68,37 cells and 4 animals; baseline and ISO respectively). (E) Percentage of maximal shortening before 
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and after β-adrenergic stimulation (CTRL n=40,8 cells and 1-4 animals; PAH n=26,35 cells and 3-4 animals; 

PAH+RES n=54,36 cells and 4 animals; baseline and ISO respectively). Records were taken under 1 Hz 

pace. Control (CTRL); pulmonary arterial hypertension (PAH); PAH treated with resveratrol (PAH+RES). All 

data are present as mean ± SEM, unless otherwise stated. *p<0.05 vs respective CTRL, ap<0.05 vs 

respective PAH, bp<0.05 vs respective basal, calculated by 1-way ANOVA. 

 

RES prevents cellular energetics failure  
 

Since β-AR emphasizes the disruption of excitation-contraction-energetic coupling (ECEC) in 

PAH, mitochondrial function was evaluated in isolated myocytes and mitochondria from RV tissue. 

PAH compromises ATP production by altering mitochondrial functioning, as ΔΨm decreased by 

47% in PAH myocytes (p<0.001), while in RES-treated PAH, the control level was sustained 

(95.4±11.6%) (Fig. 2B). RV mitochondria from the PAH group also showed a 26% reduction in 

respiratory activity during state 3 of respiration (Fig. 2C) with no change in basal respiratory 

activity in state 4 (Fig. 2D), thus decreasing respiratory control ratio (2.1±0.19 CTRL; 1.5±0.15 

PAH) (Fig. 2E). In the PAH-RES group, mitochondria maintained respiratory control ratio (2±0.04) 

(Fig. 2E) by preserving the phosphorylation response (36.93±3.24 nmol O2/min∙mg CTRL; 

33.89±0.69 nmol O2/min∙mg PAH+RES) (Fig. 2C). Isolated mitochondria from the PAH group also 

showed increased mPTP, demonstrated by an 81% decrease in Ca2+ retention capacity (CRC), 

while RES treatment produced a 2.5-fold decrease in mitochondrial fragility in the PAH-RES group 

(Fig. 2F). The enhanced permeability was a consequence of mPTP opening since the effect is 

inhibited by CsA, a potent inhibitor of the mPTP (Mean ±SEM: CTRL = 216.7 ± 33.33, PAH = 

186.1 ± 45.24, PAH+RES = 186.7 ± 54.52; p=0.3831; n: 7, 6, 5 mitochondrial preparations, 

respectively).  
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Figure 5-2 Characterization of mitochondrial function from RV. 
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Representative images (A) and pooled data (B) from ΔΨm in isolated RV myocytes (CTRL n=66 cells and 

3 animals, PAH n=59 cells and 3 animals, PAH+RES n=25 cells and 2 animals). Mitochondrial respiratory 

states (C, D) and respiratory control ratio (E) of isolated mitochondria preparations (CTRL n=6, PAH n=5, 

PAH+RES n=6). (F) CRC from isolated mitochondria, in left image each arrow represents a 10 nmol CaCl2 

bolus (CTRL n=8, PAH n=5, PAH+RES n=4; ap<0.05 vs PAH, calculated by 2-tailed t-test). Control (CTRL); 

pulmonary arterial hypertension (PAH); PAH treated with resveratrol (PAH+RES). All data are present as 

mean ± SEM. *p<0.05 vs CTRL, ap<0.05 vs PAH, calculated by 1-way ANOVA.  

 

 

The involvement of oxidative stress in mitochondria permeability transitioning was also evaluated. 

As shown in Figure 3B, there was an increase in membrane peroxidation concomitant with 48% 

decrease in aconitase activity in the PAH group indicating an increased oxidant environment 

within the mitochondria. However, other antioxidant enzymes and oxidation in protein or DNA did 

not change in the PAH group (Fig. 3). RES treatment maintained the same level of aconitase 

activity as CTRL (97%; Fig. 3E) and increased mitochondrial superoxide dismutase (SOD) by 

36% compared to the PAH group (Fig. 3G), which is a direct target of SIRT3.  
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Figure 5-3 Oxidative stress markers in RV. 
Pooled data from free thiol groups in isolated mitochondria (A). Average of protein carbonylation (B), 

TBARS (C), 8-OHdG/total DNA ratio in RV tissue (D). Enzymatic activity of aconitase (E), catalase (F), 
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manganese superoxide dismutase (Mn-SOD, G), and copper-zinc superoxide dismutase (CuZn-SOD, H). 

Control (CTRL, n=4-7); pulmonary arterial hypertension (PAH, n=5-9); PAH treated with resveratrol 

(PAH+RES, 6-7). All data are present as mean ± SEM. *p<0.05 vs CTRL, ap<0.05 vs PAH, calculated by 1-

way ANOVA. 

 

 

RES decreases the acetylation of CypD  
 

To evaluate the extent of sirtuin activation by RES, the mitochondrial protein acetylation profile, 

SIRT3 expression, and acetylation of CypD were assessed. In Fig. 4A, the protein acetylation 

profiles of isolated mitochondria show a 59% increase in acetylated proteins in the PAH group, 

including a threefold increase in CypD acetylation (Fig. 4C). Protein acetylation was decreased 

by 13% in the PAH-RES group (p=0.5303 vs PAH); however, SIRT3 was 96% overexpressed 

(Fig. 4B). Importantly, CypD was a critical component of mitochondria permeability transitioning, 

as shown by the significant decrease of 51% (p=0.0581, vs PAH) in acetylation in the PAH-RES 

group (Fig. 4C), indicating the importance of SIRT3 in reducing mitochondrial permeability 

transitioning. There were no significant between-group differences in SIRT1 gene expression 

(CTRL = 0.89±0.08; PAH = 0.96±0.12; PAH+RES = 0.82±0.09), while SIRT5 decreased in both 

the PAH and PAH+RES groups (CTRL = 0.92±0.11; PAH = 0.43±0.08; PAH+RES = 0.45±0.071).  
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Figure 5-4 Protein acetylation and SIRT3 expression in RV. 

Representative image and pooled data of western blot to acetylated lysine (Ac-Lys) profile from isolated 

mitochondria (A) (CTRL n=5, PAH n=4, PAH+RES n=6). *p<0.05 vs CTRL unpaired 2-tailed t test. (B) 

Representative images and pooled data of western blot from isolated mitochondria against SIRT3, 

cytochrome c oxidase subunit 4 (COX-4) was used as loading control (CTRL n=6, PAH n=3, PAH+RES 

n=4). (C) Immunoprecipitation (IP) of cyclophilin D (CypD) followed by immunoblot analysis against Ac-Lys; 

acetylation signal was normalized to total CypD (CTRL n=3, PAH n=3, PAH+RES n=3). Control (CTRL); 

pulmonary arterial hypertension (PAH); PAH treated with resveratrol (PAH+RES). All data are present as 

mean ± SEM. *p<0.05 vs CTRL, ap<0.05 vs PAH, calculated by 1-way ANOVA.  
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5.4. Discussion  

The cardiovascular protective actions of RES in PAH have been reported in RV function [16,39]; 

however, the mechanisms involved have not been fully described. According to our results, PAH 

causes an energetic dysfunction in the RV myocyte by promoting the opening of the mPTP due 

to CypD hyperacetylation. The decreased energy supply impairs the highly energy-demanding 

processes involved in myocyte functions, such as cellular relaxation, by hampering SERCA 

activity and delaying myofibrils' unbinding. Treating this model with RES stimulates and 

overexpress SIRT3, which prevents mPTP opening by acting directly on CypD deacetylation. 

Preserving cellular energetics also preserves myocyte contraction and relaxation.  

 

RES improves cell relaxation and SERCA activity  
 

Intracellular Ca2+ oscillations orchestrates cell contraction-relaxation cycle during Ca2+ transient, 

since cytosolic Ca2+ interacts with troponin C allowing actin-myosin interaction.  

 

RV myocyte functioning was evaluated using confocal microscopy by assessing intracellular Ca2+ 

signaling and cell shortening. Characterization of the cellular contraction-relaxation cycle showed 

that PAH has a negative impact on the overall contraction-relaxation dynamic. Regardless there 

are not alterations in SR Ca2+ release synchronicity in Ca2+ transient, it takes longer to accomplish 

maximal shortening. Treating PAH with RES decreased time to maximal shortening possibly by 

increased myofilament Ca2+ sensitivity [40,41]; however, it does not fully normalize this parameter. 

Interestingly, relaxation dynamics showed the most significant changes. PAH considerably 

prolongs cell relaxation, while PAH under RES treatment keeps the relaxation rate similar to the 

CTRL group, a finding that has not been previously reported.  

 

Accordingly, major alteration in intracellular Ca2+ transient caused by PAH was a decreased 

SERCA activity caused by a decreased SERCA/PLB ratio. However, both increased [42] and 

decreased [43] SERCA activity has been reported, as well as no change in SERCA and PLB 

expression [42]. Although RES treatment did not change the SERCA/PLB ratio, it did increase 

intracellular Ca2+ removal, thus, SERCA activity.  

 

This behavior was replicated after stimulating the β-AR, a highly energy-demanding condition 

[44,45]. PAH showed the highest transient amplitude but the lowest cell shortening, while RES 

preserved the proportionality of Ca2+ released and cell contraction.  
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This effect might be related to a mismatch in the ECEC since it has been documented that creatine 

kinase (CK) expression is diminished in failing RV caused by PAH due to a decreased ATP supply 

[21,46,47]. Failing to meet the energetic demand, myofilament cross-bridge cycling is inhibited in 

finding shorter sarcomere lengths [21], compromising myocyte function. In this regard, the 

preservation of ATP production by RES preserves CK activity and an efficient ATP supply to 

SERCA, displaying improved cell contraction and relaxation.  

 

Additionally, PAH did not modify Ca2+ spark frequency, indicating intact RyR activity [48], unlike 

previous reports [42,43]. RES treatment also showed no changes in spark frequency and 

amplitude.  

 

RES preserves mitochondrial functioning and integrity  
 

Since major alterations caused by PAH reside among highly energy-dependent mechanisms, cell 

excitation and contraction must be tightly linked to the energy supply to ensure the proper 

functioning of the myocyte as a whole in an ECEC process. Since mitochondrial dysfunction has 

been identified as one of the mechanisms underlying heart failure [18,19,22,47], mitochondrial 

activity was evaluated in this model. In isolated myocytes, PAH compromises ATP production by 

decreasing ΔΨm, the electrochemical force needed for ATP production, decreasing the oxidative 

phosphorylation rate (state 3). Decreased phosphorylation response have been reported in RV 

by PAH [49–51]. The cardioprotective effects of RES on mitochondria have been described in 

several models [52–54]. Similarly, RES treatment preserved ΔΨm and respiratory chain activity 

in PAH. Even though the results obtained by mitochondrial respiration and fragility are evident 

when stimulating complex II, these same aspects have yet to be evaluated under NADH-

dependent respiration.  

 

Mitochondrial function preservation by RES in PAH could be related to decreased mitochondrial 

fragility. The loss of mitochondrial integrity by mPTP formation has been described as a main 

contributor to ventricular dysfunction in the right and left ventricles [22,55,56]. Most importantly, 

preventing mPTP opening using CsA has been shown to reduce RV dysfunction in PAH [22]. 

Mitochondrial Ca2+ overload in PAH, complemented by an increased oxidative environment within 

the mitochondria, makes them more prone to permeability transition [38,57]; however, unlike other 

reports58, no critical signs of proteins being modified by oxidative stress were observed, 
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indicating that the antioxidant system is capable of managing oxidative stress caused by PAH in 

this model.  

 

Although evident impairment in ΔΨm was found in this study, outright evidence from reduced 

cellular bioenergetics in this PAH model would be  measure ATP levels and evaluate the 

phosphocreatine system. However, it is well established that the ATP phosphorylation is 

particularly sensitive to decreases of mitochondrial membrane potential; for every 14 mV 

decrease in proton-motive force (equivalent to ΔΨm), the ATP/ADP ratio decreases by 10-fold 

[59]. Also, the mitochondrial membrane potential has been described as a crucial factor to 

generate rotational torque by the F0 nano-motor [60,61]. Thus, a decrease in this electrochemical 

force may impede ATP production. In this regard, the integrity of ΔΨm in PAH RV myocytes 

suggests a capable, energetic system to sustain the cardiac ECC.  

 

RES promotes the deacetylation of CypD by SIRT3 overexpression  
 

One of the mechanisms through which RES bestows its protective effects is the activation of 

deacetylases. In pulmonary arterial smooth muscle cells (PASMC), the protective effect of RES 

has been linked to expression and activity modulation of the cytosolic deacetylase SIRT [162,63]. 

Similarly, an increase in acetylated proteins was found in PAH RV myocytes [16,39], and the 

cardiac protection of RES through SIRT1 activation has been reported in different conditions 

[39,64–66]. Since PAH's effect is on mitochondrial function and activity, the expression of SIRT3 

and mitochondrial acetylome were evaluated to determine the extent of its involvement.  

 

The mitochondrial deacetylase SIRT3, which regulates mitochondrial function [67–70], is 

modulated by RES [12], and the rs11246020 polymorphism, associated with a ~30% loss of 

function, has been found to be overrepresented in patients with idiopathic PAH [25]. PAH showed 

an increase in the protein acetylation profile from mitochondria, similar to reports in PASMC [25]. 

RES treatment increased SIRT3 expression almost 3.5-fold; however, the acetylation profile did 

not decrease significantly from PAH levels. Regardless of this discrepancy, an important direct 

target of SIRT3, cyclophilin D (CypD) decreased by almost half its hypercetylation, diminishing 

the mitochondria's proneness to mPTP opening [15,23], thus preserving the cellular energetic 

state (Fig. 5).  
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Figure 5-5 Proposed mechanism of RES cardioprotection. 

Resveratrol stimulates SIRT3 activation and expression, which deacetylates CypD preventing mPTP 

formation and preserving ΔΨm, thus increasing ATP synthesis. The preserved mitochondrial function 

promotes high-energy demand process to occur, such as cellular relaxation and SERCA activity, preventing 

excitation-contraction-energetic coupling mismatch. Resveratrol (RES); L-type Ca2+ channel (LTCC); 

ryanodine receptor (RyR); sarco-endoplasmic reticulum Ca2+-ATPase (SERCA2); phospholamban (PLB); 

mitochondrial permeability and transition pore (mPTP); cyclophiline D (CypD); acetyl-group (Ac); sirtuin 3 

(SIRT3); mitochondrial membrane potential (ΔΨm). Created with BioRender.com.  

 

 

Furthermore, SIRT3 activity has been linked to the prevention of myocardial dysfunction. 

Treatment with honokiol, a potent SIRT3 activator, prevents and reverses ventricular hypertrophy 

[71], as well as preserves mitochondrial integrity and energetic capability [71,72]. The 

mechanisms involved still need to be elucidated; however, it has been found that SIRT3 prevents 

mitochondrial Ca2+ overload by regulating mitochondrial Ca2+ uptake, regulating the expression 

of mitochondrial Ca2+ uniporter and its main regulator MICU1. These data are relevant because it 

was established that MCU and the MICU1 promoter are regulated by SIRT3-dependent histone 

acetylation [73]. However, no change in MCU gene expression was found in this model.  

 

While SIRT3 activity has been identified as being involved in cardiovascular protection [74–78], it 

is not the only mechanism through which RES acts as a cardioprotective agent. Other sirtuins 

and enzymes, such as SIRT1, SIRT5, and AMPK [5,6,79], contribute to modulating the activation 
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or repression of a wide range of cellular components [5,6,79]. Furthermore, PAH pathogenesis is 

not caused by a single modification; according to the widely accepted “multiple-hit” hypothesis: 

inflammation, genetic determinants, and environmental factors are needed to develop the disease 

[80,81].  

 

Another important mechanism involved in modulating mitochondrial functioning that we did not 

explore thoroughly in this study is mitochondrial dynamics. The deacetylation of OPA1 by SIRT3 

has been described as a regulator of mitochondrial dynamics and plays a role in maintaining a 

competent mitochondrial population in the heart when it is under pathological stress [82]. While 

previous reports did not find changes in the gene expression of proteins involved in mitochondrial 

dynamics and biogenesis in PAH [83], it has been reported that RES promotes mitochondrial 

fission [84]. This phenomenon is needed to preserve mitochondrial function [85] and may be 

involved in ΔΨm preservation by RES in this model. However, the implications of mitochondrial 

dynamics in the progression of RV failure still need to be addressed; this phenomenon could be 

an interesting area of research in the future to elucidate new therapeutic targets in PAH.  

 

Although we found a strong relationship between preservation of mitochondrial function and CypD 

acetylation via SIRT3, loss and gain of function experiments can assess its definitive role in this 

model. The availability of deficient-SIRT3 mice face the challenge of PHA model development, 

since it has been reported that mice PAH models may not develop pulmonary hypertension, RV 

hypertrophy, and RV failure regardless pulmonary artery remodeling; besides, some of the 

models show spontaneously reverse of pulmonary hypertension once the inductor is not present 

[86,87].  

 

Clinical implications  
 

This study suggests that mitochondrial protection and cellular energetic preservation could be 

possible therapeutic targets to improve the PAH phenotype. The currently approved PAH 

medications decrease vascular remodeling by restoring the balance between vasoactive and 

vasodilator mediators [88]. However, researchers have begun to focus on mitochondrial disorders 

to develop new strategies. Molecules that prevent and reverse mitochondrial bioenergetic 

abnormalities in PASMC are being explored due to their ability to promote apoptosis, thus 

decreasing pulmonary vascular remodeling [89–92]; and in RV fibroblasts, reducing cardiac 

fibrosis in PAH [93]. Unfortunately, cardioprotective effects on RV muscle cells have not been 
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explored. Although RES' usefulness in treating cardiovascular diseases has been observed as 

an overall beneficial effect in diverse clinical trials, further research is needed to ensure sustained 

effectiveness in patients since its major disadvantage is its poor bioavailability [94]. No published 

studies have evaluated RES use in PAH patients. Finally, ECEC disruption is a phenomenon 

found in the right and left heart failure. Describing the underlying mechanism and identifying 

shared targets may be useful to recognize therapeutic strategies that can help to improve heart 

failure prognosis and care.  

 

5.5. Conclusions  

The present work assessed the alterations in RV myocytes caused by PAH and RES' protection. 

For the first time, we show that the development of PAH causes a mismatch in the ECEC: 

compromised mitochondrial functioning and altered ATP synthesis resulted in deficient cell 

relaxation and disrupted cell contraction. RES protects mitochondria integrity by decreasing CypD 

hyperacetylation and increasing SIRT3 expression and activity, preventing mPTP opening and 

preserving the ΔΨm. Maintaining cellular energetics preserves ECEC, ensuring the proper 

functioning of the myocyte as a whole. Understanding the mechanisms involved in the protection 

that RES confers on the RV in PAH could facilitate the development of new adjuvant therapies 

that improve the daily lives of PAH patients.  
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Chapter 6 

6. Conclusions 

6.1. Conclusions 

 
In this research document, we evaluated the protective effect of RES, a sirtuin activador, in a 

monocrotaline-induced PAH rat model. The study of this model allowed us to reach the following 

conclusions: 

 A daily dose of 20 mg/kg of RES during 42 days, had a limited effect in preventing the 

increase in pulmonary vascular resistance. 

 RES administration delayed the progression of RV failure by PAH, preventing myocyte 

remodeling, tissue fibrosis, and RV dysfunction.  

 Mitochondria from RES-treated PAH animals showed a reduced mitochondrial fragility and 

preserved mitochondrial activity. 

 RES protected mitochondrial integrity by SIRT3 stimulation, avoiding CypD 

hyperacetilation; thus, preventing mPTP opening. 

 Conserved mitochondrial energetic function by RES in PAH, prevented a mismatch in the 

ECEC, allowing the myocyte to perform its contractile function. 

 

The structural, functional, and molecular differences between ventricles that allow them to perform 

their function in a finely orchestrated manner, also determine their responses to stressful stimuli. 

Studying the alterations that lead to ventricular dysfunction helps to prepare a more efficient 

therapeutic approach, especially in RV dysfunction by PAH, since it is still a disease with high 

mortality and morbidity, due to long time to diagnose and the patient’s development of resistance 

to treatment.  

 

Despite ongoing research for new drugs in PAH, current treatment focus to decrease pulmonary 

resistance, regardless RV dysfunction determines symptomatology and patient’s survival. 

Thereby, dissecting the protection mechanisms in heart from PAH may allow the postulation of 

new adjuvant therapies such as RES to improve patient´s prognosis.  
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6.2. Future work 

 
Introduction 
 

While cardioprotective effects of RES had been described in diverse CVDs, it presents several 

disadvantages as is its poor solubility, photosensitivity, and rapid metabolism limiting its 

bioavailability and bioactivity. Although RES has a rapid absorption, finding a peak plasma 

concentration at 1 h after ingestion, and a second peak 5-6 hours later; RES metabolites 

exceeded free-RES plasma concentration by approximately 20-fold, even after doses up to 5 g 

[1], [2]. To overcome this disadvantages, it has been designed several nanoparticle formulations 

as RES carriers that improves its pharmacological characteristics [3]. Encapsulation or 

conjugation of RES using different platforms of nanotechnology-based carriers has showed to 

extends its plasma concentration, improves its pharmacokinetics effectiveness by resistance to 

liver metabolism, and enhances its anti-oxidant and anti-inflammatory properties [3].   

 

In our group, it has been developed a poly(lactic-co-glycolic acid) (PLGA) nanoparticle 

encapsulating RES with a particle size of 161± 18 nm, surface charge of -16.6 ± 3.5 mV, and drug 

loading of 15.8% (Figure 1). The biological evaluation of this nanotechnology-based carrier 

comprise an in vitro and an in vivo phase (Figure 2); in the first one, H9c2 cells will be exposed 

to hypertrophic stimuli and treated with PLGA-RES or free-RES. In this first step, several doses 

will be evaluated to determine the minimal dose to prevent hypertrophy. At this point, changes in 

protein acetylation profile, sirtuins expression, and mitochondrial function will be asses. In the 

second phase an in vivo model of PAH treated with PLGA-RES will be evaluated. PLGA-RES will 

be applied via intraperitoneal every third day during 28 days. At the end of the model development, 

the following parameters will be evaluated: RV function by echocardiography, protein acetylation 

profile and sirtuins expression by Western Blot, and mitochondrial function by high resolution 

respirometry and Ca2+ retention capacity.  
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Figure 6-1 Characterization of PLGA encapsulating RES nanoparticles. 
In FTIR analysis chart, the color in the dotted lines corresponds to the color of the functional groups of the 

molecules within the panel. PDI: polydispersity index. Figure by Omar Lozano.  
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Figure 6-2 Flow diagram for the evaluation of the nanocarrier PLGA-RES 

Schematic representation of the two evaluation phases of the RES carrier nanoparticle. PLGA: poly(lactic-

co-glycolic acid); RES: resveratrol; PAH: pulmonary arterial hypertension; ANG: angiotensin II; SS: saline 

solution; CRC: Ca2+ retention capacity.  
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Results 
 

A cellular model of hypertrophy in cardiomioblasts cell line H9c2, was used to evaluate the 

protective effect of RES. Cells were incubated with angiotensin (ANG) 1 µM during 48 h in a 

serum depleted medium. 2 hours after ANG addition, treatments of free RES and PLGA-RES 

were added in equivalent concentrations, after 48 hours incubation cellular area was assessed 

sing confocal microscopy. Preliminary results shows that RES preserves its antihypertrophic 

effects after encapsulation (Figure 3); however, more experiments are needed to obtain significant 

conclusions. 

 
Figure 6-3 Prevention of hypertrophy in H9c2 cells by free RES and PLGA-RES. 
(A) Representative images of H9c2 cells control (CTRL), treated with angiotensin (ANG), and treated with 

angiotensin and free RES (ANG+RES) or PLGA-RES (ANG+PLGA-RES). (B) Pooled data of H9c2 surface 

area normalized vs CTRL group, free RES and PLGA-RES were incubated at 10 µM of RES. (C) Surface 

area of H9c2 under different RES doses. Graphics shows media, n=2. 
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6.3. Translational potential 

 
Diverse clinical trials has been done using RES as an adjuvant therapy in diverse disease, like 

CVDs, diabetes, Alzheimer disease, obesity, cancer, and healthy volunteers; regardless the 

consistent beneficial effect found, a clear answer to RES applicability is still elusive. A small 

sample size, ethical considerations, interindividual variation, sex, and gut microbiota may limit 

data interpretation and RES bioavailability [4,5]. Still, the use of RES alone or in combination, has 

been proved to be reasonably well tolerated in humans to doses up to 5 g/day [6]; however, to 

extended periods of treatment the recommended dose is less than 1.5 g/day to avoid mild to 

moderate gastrointestinal adverse effects [7,8]. The suggested dose with beneficial effect in CVDs 

has been reported of 150 mg of RES daily [8]; however, a dayly dose of 10 mg during 3 months 

had shown to improve LV dysfunction after myocardial infarction [9]. To date, there are no clinical 

trials evaluating the protective effect of RES, which has been widely observed in in vivo and in 

vitro models. This could be an area of opportunity for the evaluation of this molecule and its clinical 

applicability as adjunctive therapy. 
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