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Abstract. Calcium can be regulated by mitochondria and also plays a significant role in mitochondrial 
pathways. Recent study showed mitochondrial protein changes in the right ventricle in pulmonary arterial 
hypertension, which affects calcium network at the same time. The specific objective of this study is to assess 
the pathway of calcium transport by permeable pore in mitochondria and investigate the regulation of 
mitochondrial proteins in order to find the connection between mitochondrial proteins and right ventricular 
dysfunction in PAH (pulmonary arterial hypertension). This literature-based review came out by searching 
articles in Pubmed and Science Direct. And the related flow chart is expressed by the form of PRISMA. There 
is a network between mitochondria and calcium through the transport chain called mitochondria permeability 
transition pore (MPTP) as well as different kinds of proteins that are located in the mitochondria. MPTP is a 
kind of mitochondria pore and can have conformational changes after protein phosphorylation or reaction 
between mitochondrial proteins to activate the apoptosis capase cascade process in cell death. In addition, 
MPTP can be activated by other mitochondrial protein like signal transducer activator of transcription3 
(STAT3) to activate cytochrome c in pro-apoptosis to initiate cell death at the same time. The most obvious 
finding from this study is the role of calcium regulation in therapeutic treatment in PAH patients, which 
suggest an imaginable role for calcium transporter like mitochondria calcium uniporter (MCU) promoting 
bio-markers in cardiovascular disease resulting from mitochondrial dysfunction. In addition, right ventricle is 
a target of PAH in which mitochondria in RV would play an essential role in pathways such as ATP production 
via mitochondria metabolism.  

Keywords: Pulmonary arterial hypertension; mitochondria permeability transition pore; signal transducer 
activator of transcription3; mitochondria calcium uniporter. 

1. Introduction 

PAH is a kind of pulmonary vasculopathy results from 
myocardial proliferation, apoptosis resistance, 
vasoconstriction and inflammation. PAH is characterized 
by a decreased cardiac index (< 2.5 L/min/m2 ) and 
increased right-sided, cardiac filling pressures, including 
right atrial pressure (RAP) ≥ 8 mmHg. What’s more, 
progressive anatomical distortion and enlargement of the 
RV were shown among 12% of PAH patients [64]. There 
are factors lead to right ventricular failure (RVF) and 
PAH: myocardial ischemia after reperfusion, 
mitochondrial oxidative metabolism shift and insufficient 
capacity to excessive transpulmonary gradient. In PAH, 
mitochondrial metabolism is activated and reversibly 
suppressed. There are kinds of anoxia and reoxygenation-
induced injuries in heart, especially in RV, such as 
phosphorylation, oxidative stress in mitochondria, and 
ADP exchange induce MPTP opening.  
RV dysfunction is shown to be associated with 
mitochondrial dysfunction. Mitochondria is a vital 

organelle that is involved in several important pathways 
for cellular function. Mitochondria is a central mediator 
in several metabolisms such as energy consumption and 
apoptosis pathways[55]. There is a connection between 
RV failure and mitochondrial regulation which acts as the 
source of ATP. The consumption of oxygen would 
decrease, which shows the ability to produce energy is 
connected with RV failure in PAH[6,24]. The 
mitochondria in RV is a useful target for PAH, and the 
dysfunction of mitochondria in RV could induce 
myocardial damage significantly. Present therapies focus 
on improving RV function including mitochondrial 
function for a higher survival rate[4].  
Calcium transport in mitochondria is a central pathway 
that is connected with MPTP. It is a mitochondrial 
transition pore that mediates cell death and 
cardioprotection targeting in PAH[2,56]. Mitochondrial 
permeability transition is a phenomenon that the inner 
membrane suddenly allows free passage of solutes up to 
1.5 kDa in size. Evidence indicated that the transition pore 
mediated by inner membrane and calcium threshold takes 
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part in mediating cardiac dysfunction and cell death, and 
causes the occlusion of pulmonary arterioles[55]. There 3 
components for MPTP structure: adenine nucleotide 
translocator (ANT), voltage-dependent anion channel 
(VDAC) and cyclophilin D[5]. Mitochondrial proteins 
mediates cell death and other processes by regulating 
those units. Additionally, MPTP has an excessive opening 
when oxidative stress and calcium overload happen, 
which leads to an uncoupling respiratory chain and a 
potential collapse to cause cell death, mitochondrial 
swelling, rupture and a morphology change to 
mitochondria[55,56]. 
There are four mitochondria proteins vary in RVF and 
PAH, which affect the opening of mitochondria 
permeability pore: cyclosporine A (CsA), signal 
transducer activator of transcription (STAT), glycogen 
synthase kinase (GSK) and dynamin-related protein 
(Drp1). CsA is a kind of MPTP blocker that mediates 
morphological change of mitochondrial, especially in 
RVF and RV morphology[12]. It is an MPTP related 
protein in mitochondria that reduces MCT- induced RV 
mitochondrial damage by inhibiting cyclophilin D. The 
inhibition produces the cardioprotection against ischemia-
reperfusion injury and post-myocardial infarction HF, 
which can be served as adjunctive therapy to PAH 
treatment. Second, Drp1 translocates from the cytosol to 
mitochondria when being activated by phosphorylation 
and has a binding partner in the outer mitochondrial 
membrane (OMM ) fission protein 1( Fis1). Then a 
multimeric fission apparatus will be formed to take part in 
mitochondria division. RV injury is mediated by the 
translocation. And 2 kinds of drugs Mdivi1 and P110 are 
used to inhibit ischemia-induced mitochondrial fission by 
blocking Drp1 action[64,65]. Third, the phosphorylation 
ratio of mitochondrial proteins also changes in RV 
dysfunction. STAT3 (signal transducer and activator of 
transcription 3) can mediate cell programmed death by 
ADP-mediated respiratory chain as well as cyclophilin D, 
which is a composition of MPTP[37]. There are STAT3 
and STAT5 which both have a cardioprotective effect but 
only STAT3 acts on the respiratory chain and the opening 
of MPTP. Different members in this family might be 
homologous but have different functions[58]. As an 
inhibitor of STAT3, Static decreases STAT3 
phosphorylation in both Tyr705 and Ser727 sites to 
downregulate the respiratory chain, which can mediate 
cell survival in RV failure in PAH[37]. Lastly, GSK3 
(glycogen synthase kinase 3) is a kind of enzyme in 
mitochondria to mediate cell survival by regulating the 
threshold of apoptosis[33]. Both GSK3 and its receptor 
have an opposite effect on different apoptotic pathways 
that GSK3 accelerates intrinsic apoptosis but regulate 
extrinsic pathway negatively[33]. Due to this, GSK3 
plays a role in mitochondrial integrity induced by 
oxidative stress in PAH[56]. What’s more, the rate of non-
phosphorylated GSK and phosphorylated GSK in Ser9 
influences MPTP in the aspect of its 2 subunits and 
opening threshold which is connected with reactive 
oxygen species (ROS)[29]. 
Providing the importance of calcium regulation by 
mitochondria in RV, this review aims to sum up  the 
calcium signaling system containing MPTP and MCU in 

mitochondria that are associated with RV hypertrophy 
and failure in PAH, and provide a framework for these 3 
mitochondria proteins to identify potential few future 
clinical therapies, which can suppress the overload of 
calcium in mitochondria and the resulting RV dysfunction 
in PAH[22,42]. Such molecular pathways like calcium 
transportation and mitochondrial dynamics change in RV 
and pulmonary vascular, which provides the possible 
treatment for both RV failure and PAH. 

2. Methods  

 

Fig.1 Methods 

3. Results 

There is an abnormal RV status in PAH, such as RV 
ischemia, which is a feature of pulmonary arterial 
hypertension (PAH) to contribute to RV failure. Evidence 
shows the RV failure in PAH increases the afterload, 
especially in PVR (pulmonary vascular resistance). In that 
reason, chronic RV pressure overload in PAH have the 
potential to trigger RV hypertrophy. With time, severe RV 
hypertrophy is able to cause RV dilatation and systolic 
dysfunction[64].  
Mitochondria is the key organism in PAH, which acts as 
the ‘powerhouse’ to produce the energy required for cell 
metabolism mainly by oxidative phosphorylation 
(OXPHOS). It also takes part in other metabolic processes 
like cell programmed death, innate immunity and calcium 
homeostasis. Evidence showed that in such RV ischemia 
in PAH, mitochondria have a morphology change and can 
mediate RVF through cell death when mitochondria 
protein varies[65]. 
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3.1 Calcium transportation related protein: 
MPTP and CsA 

Transportation of calcium plays a central role in the 
mitochondrial pathway, including the regulation of 
energy production, and myocardial cell death in RV and 
causes the occlusion of pulmonary arterioles in severe 
situations.  
MPTP is a non-selective channel[1] that can be activated 
by ROS dynamically and inhibited by CypD inhibitors 
like CsA. It is one of the factors of mitochondrial by 
regulating the opening of the channel after mitochondrial 
calcium metabolism[2]. The opening of MPTP is usually 
initiated by the mitochondrial permeability transition and 
could influence several pathways including the 
respiratory chain, the ATP synthesis, the potential 
collapse of IMM, mitochondrial swelling and sometimes 
apoptosis[3]. On the other hand, MPTP can be applied in 
disease prevention by targeting related mitochondrial 
proteins[4].  
MPTP can be divided into 3 parts functionally: voltage-
dependent anion channel (VDAC) in OMM, adenine 
nucleotide translocator (ANT) in IMM and cyclophilin 
D[5]. MPTP can be triggered by the increasing amount of 
calcium which is mediated by oxidative stress and 
decreasing ATP. Cyclophilin D is also a factor that 
activates MPTP opening. It binds with the F1-F0 ATP 
synthase. There is a kind of drug which can reduce the 
activity of MPTP by binding to cyclophilin D called 
cyclosporin A, which is also able to inhibit Casp3-
dependent apoptosis[6,7]. 
The calcium transport can be assessed by NXAL and 
VDAC (voltage-dependent anion channel). In NXAL 
transport, the amount of sodium will increase, which 
makes calcium alteration happen to initiate the redox 
metabolism[8]. MPTP could also lead to mitochondrial 
dysfunction, which is a major cause of cell death and 
mainly happened in necrosis development. ROS can gain 
from 3 pathways: respiratory chain, the activation of 
monoamine oxidase located in the mitochondrial outer 
membrane and the phosphorylation of cytosolic protein 
p66. The generation of ROS can be achieved from 
ETC[9,10]. In addition, ROS burst can cause cell death 
morphologically[11]. Firstly, in RV in PAH, ROS will 
make an effort to RV gap junction after the mitochondrial 
protein connexin43 targeted to PKC in mitochondrial 
inner membrane and the plasma membrane in the process 
of ETC. Secondly, the dysfunction of MPTP could lead to 
cell apoptosis and regulate the amount of calcium in some 
ways[12].  

3.2 Cell Programmed Death 
Calcium transport can control the opening of MPTP. The 
apoptosis can be mediated by MPTP in mitochondrial, 
which leads to the morphology change to support the heart 
failure in RV in PAH[17]. The ER-mitochondrial network 
also shows relevance in cell death with the attendance of 
calcium[18]. 
Apoptosis and necrosis are 2 processes in cell death. They 
can be triggered by death receptors on the cell surface or 
other mitochondrial proteins, which is to induce the 
activation of caspase to cut the aspartic acid 

residues[19,20,21]. In detail,the Apaf-1 signal will bind 
with cytochrome c to activate capase-9 in the process, 
which is a member of the intracellular cysteine protease 
family[22,23]. Both intrinsic and extrinsic pathways 
could lead to caspase, which has initiator caspase 
including capase-8 and -9 and -10 as well as effector 
capsase[22]. The receptor pathway is mainly regulated by 
RIP1(receptor interacting protein) and RIP3 which are 
serine kinases and are functional to targeting to acting 
area[11]. 
Apart from RIP, mitochondrial proteins are trigger factors 
in cell death as well. Both OMM (outer mitochondrial 
membrane) and IMM (inner mitochondrial membrane) 
take steps. OMM can mediate apoptosis through its 
permeabilisation while IMM performs a starting point of 
oxidative phosphorylation in electron transport with the 
participation of cytochrome c[25]. Besides, BAX can act 
as OMM components to influence necrosis and MPTP 
during mitochondrial fusion dynamically. 
The transmembrane gradient that triggers the opening of 
MPTP is generated by protons pumping in the process of 
substrate oxidation in the Kerbs cycle[11]. MPTP will 
impact in 2 general ways: the function of ATP and matrix 
swelling. Firstly, apoptosis might have a negative 
influence to stop DNA respiration and proteasome 
function of ATP while ATP still has a large amount in 
necrosis. Secondly, more water will be delivered into the 
matrix osmotically, which has a high amount of solute. 
Then matrix swelling happens. Being affected by this, the 
extra IMM will leave and OMM would be ruptured, which 
makes it possible for apoptogens to enter into the 
cytoplasm to activate the capase[11]. 
BCL-2 family has a pro-apoptosis effect which is made 
up of BAX and BAK and BH3 families. When BIM and 
BID in BH3 family deliver the signal to BAX and BAK, 
the conformational change of them shows a 
transmembrane domain in α-helix to initiate the 
permeabilisation of OMM and let the caspase happen[26]. 

3.3 Possible treatment: CsA 
CsA (cyclosporine A) is a MPTP blocker which down-
regulates MPTP opening and change the morphology of 
mitochondrial to play a role in PAH that is induced by 
MCT (monocrotaline)[42]. It is a factor that mediatse the 
level of right heart failure through the combination of 
MCT [42]. Acting as an MPTP blocker, the process of 
inhibition is effective to prevent reperfusion injury and 
myocardial infarction in RVF[43]. 
To prove the positive effect of CsA and the effect in the 
MCT-induced PAH model, 3 groups of mice were 
injected with 3 MCT levels according to a certain gradient: 
the NC group(normal saline), the MCT group (60mg/kg) 
and MCTCsA (10mg/kg/day) group. After a 4-week 
measurement, those mice were killed for the observation 
of their lung and heart tissues. Firstly, the degree of RVH 
(right ventricular hypertrophy) can be measured by 
recording the related weight of the ventricle septum ratio. 
Then, myocardial fibrilla hypertrophy can be compared 
by their BW (body weight) and the weight of the whole 
lung (TLW)[42]. Although the CsA treatment induced 
myocardial fibrilla hypertrophy even more by increasing 
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RV mass, it significantly reduced TLW (total lung weight) 
in the PAH model. What’s more, due to the influence of 
MCT in parts of integrity loss and the disruption of the 
membrane, substrates have different levels in those 
groups. Csp3 and AIF both have a higher level in MCT 
group than CsA group[42]. And such proteins like VDAC, 
ANT and cyclophilin D which is the consumption of 
MPTP would not change under the treatment of different 
CsA environments but have a conformational change in 
groups[44]. Therefore, CsA prevents MCT-induced 
mitochondrial damage significantly by reducing Casp3 
expressions without MPTP component (ANT, VDAC and 
cyclophilin D) change. 

3.3.1 Mitochondria dynamics proteins: Drp1 

The impaired coronary perfusion pressure caused the RV 
ischemia response by inducing Drp1 activation and 
translocation, which include increasing myocardial 
depolarisation and mitochondria swelling, mitochondrial 
fission and oxidative damage. Then Drp1-induced fission 
triggered the RV diastolic dysfunction as well as PAH 
impaired function[64]. Drp1 is activated by 
dephosphorylation in serine 637 or phosphorylation in 
serine 616 which reflects the pathologic rate of 
mitochondrial fission[63]. Then these proteins will 
accumulate together and bind with the binding partner on 
OMM called Fis1 due to the myocyte injury 
mechanism[61,62]. Finally, a multimeric fission 
apparatus is created in mitochondrial dynamics (Figure 2). 
 

 

Figure 2. RV ischemia response is achieved by the 
binding between Drp1 and its partner. Firstly, the 

dynamin protein triggers the phosphorylation in Ser616 
or dephosphorylation in Ser637. Then the activated Drp1 

translocates from the cytoplasm to the outer 
mitochondrial membrane. Finally the aggregation of the 

binding lead to excessive mitochondria fission in RV 
ischemia. 

3.3.2 Mitochondria dynamics proteins: GSK-3β in 
phosphorylation pathways 

GSK is a mitochondrial protein that is connected to 
calcium transport in PAH of the pulmonary vascular 
smooth muscle cells and RV myocytes through cell death 
and the regulation of MPTP opening[29,30,31]. It 
mediates apoptosis resulting from mitochondrial toxins, 
ceramide and oxidative stress. A recent report found that 

pharmacologic inhibition of GSK-3 reduced infarct size 
and improved postischemic function which provides the 
possibility for pulmonary hypertension treatment[60]. 
What’s more, GSK3 reduction by ER stress leads to 
mitochondrial dysfunction, which inhibits the opening of 
MPTP[31]. GSK3 is a kind of serine or threonine kinase 
that has α and β form ubiquitously. What’s more, it mainly 
acts in regulating glycogen synthesis by 
phosphorylation[30]. The phosphorylation of almost 50 
substrates can mediate several processes like metabolism 
apoptosis and gene expression[32].  
Apart from the receptor extrinsic pathway, mitochondrial 
integrity is disrupted by cell stress resulting from the 
apoptotic signaling pathway in cell death. Here, the cell 
death is mediated when mitochondrial pathway 
changes[31,33]. For example, the process of re-
oxygenation reduces the threshold of ROS to MPTP 
especially in depolarized mitochondrial[29]. What’s more, 
such mitochondrial swelling inhibits the activity of 
kinases, such as PKC and GSK-3β. GSK-3β has opposite 
actions in the apoptosis pathway, which can both have a 
positive and negative effect on signaling pathway [33]. 
GSK-3β has several mediators. Apart from PKB and 
mTOR signaling pathway, the activity of GSK-3β is 
regulated by its inhibitor extracellular signal-related 
kinase (Akt) through phosphorylating related residues[34]. 
Therefore, GSK is a kind of kinase that is activated by 
phosphorylation in serine9 to regulate MPTP for cell 
survival as well as gene expression while STAT is a 
transcription factor. GSK-3β can cause a protein-protein 
reaction to down-regulation to VDAC and ANT , which 
can regulate the activity of MPTP indirectly. However, 
STAT has the possibility to change MPTP directly when 
the potential of the mitochondrial membrane varies. It was 
also recognized as a factor in cell apoptosis after the 
depolarisation happens, which we will explain in the next 
part.  
GSK-3β takes part in Ca-induced MPTP opening in 
mitochondrial. MPTP opens when Ca influx with a large 
amount (510.0+_26.5μmol/mg), which is induced by 
cyclosporine. There are 3 groups of mice: LETO, OLEFT 
and TUD. Through the treatment of EPO (erythropoietin), 
GSK-3β can be phosphorylated. And the amount of GSK-
3β in nonphopsphorylated situations in OLEFT is higher 
than LETO group. Experiment showed that calcium 
needed before in the normal group is less than the 
counterpart which is treated by cyclosporin A[33], and the 
connection between GSK-3β and the needed calcium. 
Therefore, it is improved that GSK-3β would mediate 
MPTP by controlling calcium concentration. Then, the 
immunoblotting showed that the ratio of GSK and 
phosphorylated GSK is connected with the concentration 
of calcium in the process of MPTP opening. Additionally, 
this ratio can also influence 2 subunits of MPTP. The 
activated GSK-3β can form both ANT and VDAC to cut 
down the threshold of the permeable channel while the 
activity of the kinase will be decreased to accelerate the 
opening of MPTP after being phosphorylated at Ser9[33]. 
Therefore, the regulation of GSK-3β also plays a role in 
MPTP opening (Figure 3). 
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Figure 3. The induced apoptosis by increased phospho-
GSK3-to-total GSK3 ratio. Firstly, the Akt signal in glycolysis 

bind with receptor to increase the phosphorylation ratio of 
GSK, which would decrease the threshold when calcium is 
overload in RV reperfusion. Then the excessive opening of 
MPTP triggers cell death. The signalling apoptosis pathway 

increase mitochondria toxicity as well as cause oxidative stress 
to increase infarct size. 

3.3.3 Mitochondria dynamics proteins: STAT3 in 
phosphorylation pathways 

STAT is a mitochondrial protein that takes part in 
cardioprotective signaling pathways and regulates stress 
signals when acting as transcriptional molecules[35]. It 
locates in SSM (subsarcolelemmal) as well as IFM 
(interfibrillar) mitochondrial[36]. Different proteins in 
STAT family shares homologous properties but act with 
different functions in cardioprotection. For instance, 
STAT3 locates in interfibrillar cardiomyocyte 
mitochondrial while STAT5 is not. Additionally, STAT1 
and STAT3 can be detected in the mitochondrial of rat 
ventricular, which have similar proportions[37]. 
Mitochondrial STAT3 can be activated through the 
phosphorylation in tyrosine 705 as well as serine 727, 
which can be observed through immunoprecipitation, 
which usually mediate not only oxygen consumption 
through the respiratory chain that is stimulated by ADP 
and has a substrate of complex1 but also MPTP opening 
in mitochondrial[38].  
Due to the location of STAT3, the cardioprotection of 
STAT3 in mitochondrial can be achieved by the 
regulation of MPTP opening and the respiratory chain, 
especially to complex1. An experiment of STAT3-KO 
mice improved that 2 groups of mice tolerated calcium at 
a different level before MPTP opening[37]. 
The combination of cyclophilin D delays MPTP opening, 
as the cyclophilin D binds to cyclosporine A, which is a 
kind of MPTP inhibitor. Cyclophilin D attends the 
swelling of mitochondrial, but the level of STAT remains. 
In addition, Tom20 (translocase of the outer membrane 20) 
is another protein comes from mitochondrial and can bind 
with STAT3 including phosphorylated STAT3 to mediate 
the opening of MPTP [37]. Post-translational 
modification by phosphorylation and dephosphorylation 
plays a central role in the regulation of STAT3 activity 
while transcription. These kinds of modifications would 
influence complex1 and complex2 in the mitochondrial 
respiratory chain. The respiration which is activated by 

ATP with cmplex1 is reduced in STAT3-KO group while 
complex 2 remains in this process [38,40]. Experiments 
showed that the activity of complex1 and the consumption 
of oxygen can be mediated by mitochondrial STAT3. 
STAT3 may have a role in the prevention of MPTP 
opening as well, which is the main regulator of cell death 

and may be connected with cell survival in ischemia-
reperfusion[37].  
Stattic is a STAT3 inhibitor that dramatically down-
regulates the STAT3 phosphorylation in both Tyr705 and 
Ser727. The membrane potential of mitochondrial is 
affected by this inhibitor as well, which indicates that the 
toxic effect will not happen in mitochondrial[40]. 
Regarding the aspect of respiration, respiration activated 
by ADP we mentioned before will be down-regulated 
instead of the counterpart of basal respiration[38]. 

4. Discussion 

Experiments improved the connection between 
phosphorylation ratio and MPTP opening level. Here is 
the detailed mechanism that how GSK-3 phosphorylation 
inhibits the opening of MPTP [31]. Firstly, the glycogen 
pathway and other triggers GSK-3β phosphorylation 
which increases the ratio of phosphor-GSK-3β to 
nonphosphor-GSK-3β. Then there will have an infarct 
size limitation which increases the MPTP threshold to 
inhibit cell death in some ways[51]. On the other hand, 
experiments showed that a lower ratio could accelerate 
MPTP opening and necrosis [33]. Additionally, a GSK-
3β inhibitor can also regulate the process since it has a 
competitive effect with GSK-3β[31]. Apart from 
influencing the threshold, the phosphorylation ratio could 
also affect the sub units of MPTP, which means the Ser9 
phosphorylation can activate the combination between 
phospho-GSK-3β and ANT. Then the combination of 
cyclophilin D and ANT will be blocked due to this 
interaction[2,29,30]. Finally, MPTP opening is inhibited 
since cyclophilin D is blocked, which plays a role in 
increasing the calcium sensitivity of ANT. 
To sum up, the raising of Ca, ATP depletion and ROS 
burst will influence MPTP[2,29], which is induced by 
GSK-3β phosphorylation. When the effect comes to the 
threshold and ANT activity, cell death would happen and 
lead to connected cardiovascular diseases like RVH and 
RVF in PAH [33]. 
The most basic category of STAT is STAT3 and STAT5 
in this family, which both play roles in cardioprotection 
while only STAT3 exists in mitochondrial and losing 
STAT5 has a low possibility to affect PAH at a 
mitochondrial level[37]. What’s more, STAT1 and 
STAT3 might have opposing functions in cell death that 
STAT3 would down-regulate cell apoptosis and STAT1 
might accelerate that[49]. In our part, we mainly focus on 
STAT3 in this family as well as its inhibitor and another 
mitochondrial protein that combines with STAT3, which 
can both mediate the respiration chain and MPTP opening. 
Firstly, after the encoding of protein in the nucleus, 
STAT3 is then transported into the mitochondrial by 
Tom20 to play a role through a pathway that is dependent 
on Tom20. And during the process of transcription, the 
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post-translational modification can mediate STAT3 by 
phosphorylation. Among those 2 kinds of 
phosphorylation, which happens in Tyr705 is induced by 
a Janus kinase which is a kind of protein kinase and is 
responsible to accelerate molecular dimerization as well 
as transportation[37,39]. And this protein kinase can play 
roles indirectly to influence the respiration by targeting 
STAT3 in docking sites. Apart from that, the 
phosphorylation at Ser727 is able to regulate the rate of 
transcription of STAT3. But there is still a question about 
the precise degree of STAT3 phosphorylation[38]. Acting 
as a kind of motivator transcriptionally, STAT3 can also 
takes part in gene encoding which take place in the 
chondriome[37]. Secondly, the inhibitor of STAT3 has a 
negative effect on MPTP opening by STAT3 
phosphorylation. Different from the phosphorylation in 
Ser727, Stattic has 2 kinds of regulation in the Tyr 705 
site which can down-regulate phosphorylation in Tyr or 
decrease the amount of tyrosin directly[41]. Stattic acts in 
the mediation of respiration, especially in the process 
which is activated by ADP instead of basal respiration[38]. 
It is also improved that the inhibitor can accelerate the 
opening of voltage-dependent MPTP after reducing the 
threshold[50]. This can be achieved by the respiratory 
chain when only complex1 acts as the substrate. In the 
STAT3-KO group which had a STAT3 deletion, Stattic 
bound to STAT3 at the beginning and then change the 
potential of the channel, and finally down-regulated the 
opening[37]. This experiment showed that STAT3 has a 
great significance in cell survival since it can prevent the 
MPTP potential change through its binding to Stattic. 
 
CsA is potential in PAH which can not only prevent right 
ventricular failure due to RV hypertrophy[42] but also 
dramatically regulate MPTP opening and the 
conformational change of MPTP proteins[45]. CsA also 
acts as a blocker in MPTP opening which has an effect on 
reperfusion injury. This can be achieved by blocking the 
combination of CypD and ANT[48]. 
There is serious mitochondrial damage in RV in PAH 
which is induced by MCT. CsA reducse the expression of 
Casp3 to prevent damage. When PAH happens, it will 
lead to an increase in RV afterload as well as RVF which 
is mentioned before[44]. There may have a therapy for 
PAH by controlling RVF prevention or by regulating the 
artery pressure in the pulmonary in the future[42]. 
Apoptosis is proved to be a central factor in not only PAH 
but also RVF since PAH usually results from the 
apoptosis of smooth muscle cells in lung tissue and the 
apoptosis in RV myocardial leads to its failure[46,47]. 
What’s more, Casp3 which is induced by caspase-9 
mediates the apoptosis when MPTP opening in 
mitochondrial happens. Besides, Csp3 can be inhibited by 
CsA, which proves that RVF induced by MCT has a 
connection with caspase pathway which can be regulated 
by CsA[44] (Figure 4). As mentioned, mitochondrial 
could have dysfunction such as swelling and rupture due 
to the imbalanced MPTP and MCU complex in calcium 
transport, which could lead to RV hypertrophy in PAH. In 
this part, there will have kinds of target therapy of 
mitochondrial protein like CsA. And it is expected to a 
conventional PAH treatment to be a new strategy[44]. 

Additionally, the intervention of 2 drugs Mdivi-1 and 
P110 can prevent mitochondrial morphology change and 
protect membrane potential in ischemia-reperfusion in 
PAH by decreasing the expression of Drp1. And studies 
showed the treatment of Mdivi-1 as well as P110to 
myocardial cells can be subjected to IR injury and cardiac 
arrest. In RV ischemia-reperfusion, the excessive calcium 
and calcineurin will translocate from cytoplasm to 
mitochondria due to the activated MPTP opening. Then 
Drp1 is activated and bind with Fis1 to cause the 
morphology change to RV diastolic dysfunction. And in 
this process, studies have proved that both Mdivi-1 and 
P110 can effectively restore mitochondrial membrane 
potential and mitochondrial cristae integration and 
prevent mitochondrial swelling by preventing the 
translocation of Drp1 to mitochondria. 
In conclusion, right ventricular (RV) function determines 
prognosis in pulmonary arterial hypertension and 
accelerates PAH[64]. The level of several mitochondrial 
proteins changes in this process which influences the 
threshold of calcium-permeable pore to cause RV 
ischemia response including myocardial depolarisation, 
glycolysis, cell death and mitochondrial fission[12]. 
Proposed mechanistic pathways have been improved in 
future treatment such as CsA which is the inhibitor of the 
MPTP component[4], Mdivi1 which is a Drp1 inhibitor as 
well as P110 to block the binding between the dynamic 
protein and the fission protein[61,62]. 
However, there is still a limitation to those studies. Some 
drugs were not studied in vivo in MCT PAH like Mdivi1 
as well as some only affect PAH partly. In CsA rat groups, 
CsA prevented the myocardial damage by mediating the 
Casp3 process while there wasn’t a change to cyclophilin 
D, which is blocked by CsA in mitochondria[4]. 
Additionally, the thickness of the arterioles wall hasn’t 
changed by CsA which means it cannot reduce artery 
pressure. So a new treatment strategy is still expected in 
RV targeting therapy in PAH. 
 

 

Figure 4. CsA as a possible treatment in RV hypertrophy 
PAH by blocking capase-dependent pathway. 1-2, CsA blocks 
the combination of CypD and ANT to inactivate CypD. 3,the 
opening of MPTP is blocked after CypD inactivation, which 
inhibits the combination of APAF1 and cytochrome c. The 
capase pathway is therefore down-regulated to decrease the 

artery pressure in RV and PAH. 

 

 

 

https://doi.org/10.1051/bioconf/20225501018, 01018 (2022)BIO Web of Conferences 55
FBSE 2022

6



 

References 

1. Haworth R.A, Hunter D.R.(1979) The Ca2+-induced 
membrane transition in mitochondria. II. Nature of 
the Ca2+ trigger site. Arch. Biochem. Biophys. ; 
195:460–467. 

2. Halestrap A.P, Pereira G.C, Pasdois P. The role of 
Hexokinase in cardioprotection - mechanism and 
potential for translation. Br. J.Pharmacol. 2014  

3. Halestrap A.P. What is the mitochondrial 
permeability transition pore? J Mol Cell 
Cardiol .,46:821-31.  

4. Dong Seok Lee 1, Yong Wook Jung.(2018) 
Protective Effect of Right Ventricular Mitochondrial 
Damage by Cyclosporine A in Monocrotaline-
induced Pulmonary Hypertension. Korean Circ 
J.,1135-1144 

5. Crompton M, Costi A.(1988) Kinetic evidence for a 
heart mitochondrial pore activated by Ca2+, 
inorganic phosphate and oxidative stress. A potential 
mechanism for mitochondrial dysfunction during 
cellular Ca2+ overload. Eur. J. Biochem. , 178:489–
501. 

6. Daicho T, Yagi T, Abe Y, et al.(2009) Possible 
involvement of mitochondrial energy-producing 
ability in the development of right ventricular failure 
in monocrotaline-induced pulmonary hypertensive 
rats. J Pharmacol Sci .,111:33-43.  

7. Fournier N, Ducet G, Crevat A.(1987) Action of 
cyclosporine on mitochondrial calcium fluxes. J. 
Bioenerg. Biomembr. , 19:297–303.  

8. Palty R, Silverman WF, Hershfinkel M, Caporale T, 
Sensi SL, Parnis J, Nolte C, Fishman D, 
ShoshanBarmatz V, Herrmann S, et al.(2010) NCLX 
is an essential component of mitochondrial 
Na+/Ca2+ exchange. Proc. Natl. Acad. Sci. USA., 
107:436–441.  

9. Murphy MP.(2009) How mitochondria produce 
reactive oxygen species. Biochem J. ,417:1–13.  

10. Chen YR, Zweier JL.(2014) Cardiac mitochondria 
and reactive oxygen species generation. Circ 
Res. ;114:524–537.  

11. Elizabeth Murphy, Hossein Ardehali, Robert S 
Balaban, Fabio DiLisa, Gerald W Dorn 2nd, Richard 
N Kitsis, Kinya Otsu, Peipei Ping, Rosario Rizzuto, 
Michael N Sack, Douglas Wallace, Richard J 
Youle.(2016) Mitochondrial Function, Biology, and 
Role in Disease. Circ Res. ,10;118(12):1960-91. 

12. Kerstin B, Gerd H, Rainer S.(2011) Nuclear-encoded 
mitochondrial proteins and their role in 
cardioprotection. Biochim Biophys Acta. ; 
1813(7):1286-94. 

13. Kirichok Y, Krapivinsky G , Clapham DE. (2004) 
The mitochondrial calcium uniporter is a highly 
selective ion channel. Nature .,427, 360–364. 

14. Baughman JM et al.(2011) Integrative genomics 
identifies MCU as an essential component of the 

mitochondrial calcium uniporter. Nature 476, 341–
345 .  

15. Sancak Y et al.(2013) EMRE is an essential 
component of the mitochondrial calcium uniporter 
complex. Science .,342, 1379–1382 .  

16. Paillard M et al.(2018) MICU1 interacts with the D-
Ring of the MCU pore to control its Ca2+ flux and 
sensitivity to Ru360. Mol. Cell., 72, 778–785.  

17. Borillo, Matt M, Pearl Q, Mirko V, Christopher C, 
Michael M, Shabana D, Kimberlee F, Natalie G, 
Daniele A, Steven B, Asa B. G, Christopher G, 
Roberta A. G, etal.(2010 ) Pim-1 Kinase Protects 
Mitochondrial Integrity in Cardiomyocytes 
Gwynngelle A. Circ Res. ,16; 106(7): 1265–1274.  

18. Friedman, J.R., Lackner, L.L., West, M., 
DiBenedetto, J.R., Nunnari, J. and Voeltz, G.K. 
(2011) ER tubules mark sites of mitochondrial 
division. Science .,334, 358–362 

19. Narula J, Pandey P, Arbustini E, Haider N, Narula N, 
Kolodgie FD, Dal Bello B, Semigran MJ, 
BielsaMasdeu A, Dec GW, Israels S, Ballester M, 
Virmani R, Saxena S, Kharbanda S.(1999) Apoptosis 
in heart failure: release of cytochrome c from 
mitochondria and activation of caspase-3 in human 
cardiomyopathy. Proc Natl Acad Sci USA .,96:8144–
8149.   

20. Saraste A, Pulkki K, Kallajoki M, Henriksen K, 
Parvinen M, Voipio-Pulkki LM.(1997) Apoptosis in 
human acute myocardial infarction. 
Circulation .,95:320–323.  

21. Gustafsson AB, Gottlieb RA.(2007) BCL-2 family 
members and apoptosis, taken to heart. AM J Physiol 
Cell Physiol .,292:C45–51.  

22. Zou H, Li Y, Liu X, Wang X.(1999) An APAF1-
cytochrome c multimeric complex is a functional 
apoptosome that activates procaspase-9. J Biol 
Chem .,274:11549–11556.  

23. Halestrap AP, Kerr PM, Javadov S, Woodfield 
KY.(1998) Elucidating the molecular mechanism of 
the permeability transition pore and its role in 
reperfusion injury of the heart. Biochim Biophys 
Acta.,1366:79–94.  

24. Rosca MG, Hoppel CL.(2013) Mitochondrial 
dysfunction in heart failure. Heart Fail Rev .,18:607-
22.  

25. Chipuk JE, Moldoveanu T, Llambi F, Parsons MJ, 
Green DR.(2010) The BCL-2 family reunion. Mol 
Cell. ,37:299–310.  

26. Cheng EH, Wei MC, Weiler S, Flavell RA, Mak TW, 
Lindsten T, Korsmeyer SJ.(2001) BCL-2, BCL-XL 
sequester BH3 domain-only molecules preventing 
BAX- and BAK-mediated mitochondrial apoptosis. 
Mol Cell .,8:705–711.  

27. Hammerman PS, Fox CJ, Birnbaum MJ, Thompson 
CB.(2005) Pim and Akt oncogenes are independent 
regulators of hematopoietic cell growth and survival. 
Blood .,105:4477–4483.   

https://doi.org/10.1051/bioconf/20225501018, 01018 (2022)BIO Web of Conferences 55
FBSE 2022

7



 

28. Lilly M, Sandholm J, Cooper JJ, Kosikinen PJ, Kraft 
A.(1999) The Pim-1 serine kinase prolongs survival 
and inhibits apoptosis-related mitochondrial 
dysfunction in part through a bcl-2 dependent 
pathway. Oncogene .,18:4022–4031.   

29. Juhaszova M, Zorov DB, Kim SH, Pepe S, Fu Q, 
Fishbein KW, Ziman BD, Wang S, Ytrehus K, Antos 
CL, Olson EN, Sollott SJ.(2004) Glycogen synthase 
kinase-3 mediates convergence of protection 
signaling to inhibit the mitochondrial permeability 
transition pore. J Clin Invest .,113:1535–1549 

30. Nishihara M, Miura T, Miki T, Tanno M, Yano T, 
Naitoh K, Ohori K, Hotta H, Terashima Y, 
Shimamoto K.(2007) Modulation of the 
mitochondrial permeability transition pore complex 
in GSK-3-mediated myocardial protection. J Mol 
Cell Cardiol .,43:564–570 

31. Takayuki M, Tetsuji M, Hiroyuki H, Masaya To, 
Toshiyuki Y, Takahiro S, Yoshiaki T, Akifumi T, 
Satoko I, and Kazuaki S.(2009) Endoplasmic 
Reticulum Stress in Diabetic Hearts Abolishes 
Erythropoietin-Induced Myocardial Protection by 
Impairment of Phospho–Glycogen Synthase Kinase-
3–Mediated Suppression of Mitochondrial 
Permeability Transition.Diabetes.,58(12):2863-72 

32. Jope RS, Johnson GVW.(2004) The glamour and 
gloom of glycogen synthase kinase-3 (GSK3). 
Trends Biochem. Sci .,29:95–102.  

33. Eléonore B and Richard S. J.(2006) The Paradoxical 
Pro- and Anti-apoptotic Actions of GSK3 in the 
Intrinsic and Extrinsic Apoptosis Signaling 
Pathways.Prog Neurobiol.,79(4):173-89. 

34. Miki T, Miura T, Yano T, Takahashi A, Sakamoto J, 
Tanno M, Kobayashi H, Ikeda Y, Nishihara M, 
Naitoh K, Ohori K, Shimamoto K.(2006) Alteration 
in erythropoietin-induced cardioprotective signaling 
by postinfarct ventricular remodeling. J Pharmacol 
Exp Ther .,317:68–75 

35. Boengler K, Hilfifiker-Kleiner D, Drexler H, Heusch 
G, Schulz R (2008) The myocardial JAK/STAT 
pathway: from protection to failure. Pharmacol 
Therap .,120:172–185 

36. Boengler K, Stahlhofen S, van de Sand A, Gres P, 
Ruiz-Meana M, Garcia-Dorado D, Heusch G, Schulz 
R (2009) Presence of connexin 43 in subsarcolemmal 
but not in interfifibrillar cardiomyocyte mitochondria. 
Basic Res Cardiol 104:141–147 

37. Kerstin B, Denise H K, Gerd H, Rainer S.(2010) 
Inhibition of permeability transition pore opening by 
mitochondrial STAT3 and its role in myocardial 
ischemia/reperfusion.Basic Res Cardiol.,105(6):771-
85. 

38. Wegrzyn J, Potla R, Chwae YJ, Sepuri NB, Zhang Q, 
Koeck T, Derecka M, Szczepanek K, Szelag M, 
Gornicka A, Moh A, Moghaddas S, Chen Q, Bobbili 
S, Cichy J, Dulak J, Baker DP, Wolfman A, Stuehr D, 
Hassan MO, Fu XY, Avadhani N, Drake JI, Fawcett 
P, Lesnefsky EJ, Larner AC (2009) Function of 

mitochondrial Stat3 in cellular respiration. 
Science .,323:793–797 

39. Levy DE, Lee CK (2002) What does Stat3 do? J Clin 
Invest., 109:1143–1148 

40. Myers MG (2009) Moonlighting in mitochondria. 
Science .,323:723–724 

41. Goodman MD, Koch SE, Fuller-Bicer GA, Butler KL 
(2008) Regulating RISK: a role for JAK-STAT 
signaling in postconditioning? Am J Physiol Heart 
Circ Physiol .,295:H1649–H1656 

42. Dong S.L, Yong W.J .(2018) Protective Effect of 
Right Ventricular Mitochondrial Damage by 
Cyclosporine A in Monocrotaline-induced 
Pulmonary Hypertension. Korean Circ J., 
48(12):1135-1144. 

43. Humbert M, Morrell NW, Archer SL, et al.(2004) 
Cellular and molecular pathobiology of pulmonary 
arterial hypertension. J Am Coll Cardiol .,43:13S-
24S.  

44. Kinnally KW, Peixoto PM, Ryu SY, Dejean 
LM.(2011) Is mPTP the gatekeeper for necrosis, 
apoptosis, or both? Biochim Biophys 
Acta .,1813:616-22.  

45. Lim WY, Messow CM, Berry C. (2012)Cyclosporin 
variably and inconsistently reduces infarct size in 
experimental models of reperfused myocardial 
infarction: a systematic review and meta-analysis. Br 
J Pharmacol .,165:2034-43. 

46. Campian ME, Verberne HJ, Hardziyenka M, et 
al.(2009) Serial noninvasive assessment of apoptosis 
during right ventricular disease progression in rats. J 
Nucl Med .,50:1371-7.  

47. Zuo XR, Wang Q, Cao Q, et al.(2012) Nicorandil 
prevents right ventricular remodeling by inhibiting 
apoptosis and lowering pressure overload in rats with 
pulmonary arterial hypertension. PLoS 
One .,7:e44485.  

48. Crompton M, Costi A.(1988) Kinetic evidence for a 
heart mitochondrial pore activated by Ca2+, 
inorganic phosphate and oxidative stress. A potential 
mechanism for mitochondrial dysfunction during 
cellular Ca2+ overload. Eur J Biochem .,178:489-501.  

49. Xuan Y-T, Guo Y, Han H, Zhu Y, Bolli R (2001) An 
essential role of the JAK-STAT pathway in ischemic 
preconditioning. Proc Natl Acad Sci USA .,98:9050–
9055 

50. Rasola A, Bernardi P (2007) The mitochondrial 
permeability transition pore and its involvement in 
cell death and in disease pathogenesis. 
Apoptosis .,12:815–833 

51. Katakam PV, Jordan JE, Snipes JA, Tulbert CD, 
Miller AW, Busija DW.(2007) Myocardial 
preconditioning against ischemia-reperfusion injury 
is abolished in Zucker obese rats with insulin 
resistance. Am J Physiol RegulIntegr Comp 
Physiol .,292:R920–R926 

https://doi.org/10.1051/bioconf/20225501018, 01018 (2022)BIO Web of Conferences 55
FBSE 2022

8



 

52. Halestrap AP, Pasdois P.(1998) The role of the 
mitochondrial permeability transition pore in heart 
disease. Biochim Biophys Acta.,1366:79–94. 

53. Gu JJ, Wang Z, Reeves R, Magnuson NS.( 2009) 
PIM1 phosphorylates and negatively regulates 
ASK1- mediated apoptosis. Oncogene.,28:4261–
4271.  

54. Yamamura, A., Guo, Q., Yamamura, H., Zimnicka, 
A. M., Pohl, N. M., Smith, K. A., et al. (2012). 
Enhanced Ca2+-sensing receptor function in 
idiopathic pulmonary arterial hypertension. Circ. 
Res., 111, 469–481.  

55. Jennifer Q K, Jeffery D M.(2015) Physiological and 
pathological roles of the mitochondrial permeability 
transition pore in the heart. Cell Metab.,3; 21(2): 
206–214. 46:821–831. [PubMed: 19265700]  

56. Hengartner MO.(2000) The biochemistry of 
apoptosis. Nature ;407:770–776. 

57. Miyamoto S, Rubio M, Sussman MA.(2009) Nuclear 
and mitochondrial signalling Akts in cardiomyocytes. 
Cardiovasc Res.,82:272–285. 

58. Palmer JW, Tandler B, Hoppel CL (1977) 
Biochemical properties of subsarcolemmal and inter-
fifibrillar mitochondria isolated from rat cardiac-
muscle. J Biol Chem., 252:8731–8739 

59. Kwong JQ, Molkentin JD(2015). Physiological and 
pathological roles of the mitochondrial permeability 
transition pore in the heart. Cell Metab .,21:206-14.  

60. Tong H, Imahashi K, Steenbergen C, Murphy, 
E.( 2002) Phosphorylation of glycogen synthase 
kinase-3beta during preconditioning through a 
phosphatidylinositol-3-kinase-dependent pathway is 
cardioprotective. Circ. Res., 90:377–379 

61. Loson OC, Song Z, Chen H, Chan DC.(2013) Fis1, 
Mff, MiD49, and MiD51 mediate Drp1 recruitment 
in mitochondrial fission. Mol Biol Cell. .,24(5):659–
667. DOI: 10.1091/mbc.E12-10-0721  

62. Otera H, Wang C, Cleland MM, Setoguchi K, Yokota 
S, Youle RJ, Mihara K.(2010) Mff is an essential 
factor for mitochondrial recruitment of Drp1 during 
mitochondrial fission in mammalian cells. J Cell 
Bio.,191(6):1141–1158. DOI: 
10.1083/jcb.201007152 

63. Sharp WW, Fang YH, Han M, Zhang HJ, Hong Z, 
Banathy A, Morrow E, Ryan JJ, Archer SL.(2014) 
Dynamin-related protein 1 (Drp1)-mediated diastolic 
dysfunction in myocardial ischemiareperfusion 
injury: therapeutic benefits of Drp1 inhibition to 
reduce mitochondrial fission. FASEB J: official 
publication of the Federation of American Societies 
for Experimental Biology., 28(1):316–326. DOI: 
10.1096/fj.12-226225  

64. Lian T, Monica N, Jeffrey M, Asish D, Kimberly D, 
Snary, Danchen W, Kuang-Hueih C, Zhigang H, 
Willard W. S, Shelby K, Stephen L. A.(2017) 
Ischemia-induced Drp1 and Fis1-mediated 
mitochondrial fission and right ventricular 
dysfunction in pulmonary hypertension.J Mol Med 

(Berl).,95(4): 381–393. doi:10.1007/s00109-017-
1522-8.  

65. John J. R , Jessica H, Shelby K, Nathan D. H, Lindsay 
B, Lian T, Julia E. H, Amer M. J, Stephen L. A.(2015) 
Right Ventricular Adaptation and Failure in 
Pulmonary Arterial Hypertension.Can J 
Cardiol. ,31(4): 391–406. doi: 10. 
1016/j.cjca.2015.01.023.  

 

 

https://doi.org/10.1051/bioconf/20225501018, 01018 (2022)BIO Web of Conferences 55
FBSE 2022

9


