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Inhibitors of Mitochondrial Dynamics
Mediated by Dynamin-Related Protein
1 in Pulmonary Arterial Hypertension

Fan Xiao, Rui Zhang and Lan Wang*

Department of Pulmonary Circulation, Shanghai Pulmonary Hospital, Tongji University School of Medicine, Shanghai, China

Pulmonary arterial hypertension (PAH) is a chronic, lethal pulmonary disease characterized
by pulmonary vascular remodeling. It leads to malignant results, such as rupture of
pulmonary arterial dissection, dyspnea, right heart failure, and even death. Previous
studies have confirmed that one of the main pathological changes of this disease is
abnormal mitochondrial dynamics, which include mitochondrial fission, fusion, and
autophagy that keep a dynamic balance under certain physiological state. Dynamin-
related protein 1 (Drp1), the key molecule in mitochondrial fission, mediates mitochondrial
fission while also affecting mitochondrial fusion and autophagy through numerous
pathways. There are various abnormalities of Drp1 in PAH pathophysiology, including
Drp1 overexpression and activation as well as an upregulation of its outer mitochondrial
membrane ligands. These aberrant alterations will eventually induce the development of
PAH. With the process of recent studies, the structure and function of Drp1 have been
gradually revealed. Meanwhile, inhibitors targeting this pathway have also been
discovered. This review aims to shed more light on the mechanism of Drp1 and its
inhibitors in the abnormal mitochondrial dynamics of PAH. Furthermore, it seeks to provide
more novel insights to clinical therapy.
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INTRODUCTION

Pulmonary arterial hypertension (PAH) is a chronic pulmonary disease characterized by abnormal
mitochondrial dynamics (Paulin and Michelakis, 2014). According to the 6th World Symposium on
PAH, the definition of it is an abnormal elevation of the resting mean pulmonary arterial pressure
>20 mmHg with a pulmonary vascular resistance >3 Wood Units (WU) (Simonneau et al., 2019).
The mitochondria of PAH pulmonary artery smooth muscle cells (PASMCs) suppress glucose
oxidation and decrease cytoplasmic glycolysis, inhibiting the Krebs cycle and ETC complexes.

Abbreviations: AMPK, the activated protein kinase; CaMKII, Ca2+/calmodulin-dependent kinase; Cdkl, cyclin dependent
kinase 1; Drpl, dynamin-related protein 1; Dyn2, GTPase dynamic-2; ER, the endoplasmic reticulum; FIS1, mitochondrial
fission protein 1; GED, the GTPase effector domain; INF2, inverted formin 2; IR, ischemia-reperfusion injury; Mff, mito-
chondrial fission factor; Mfn, mitofusin; MiD49/51, mitochondrial dynamics protein of 49 and 51 kDa; OMM, outer mi-
tochondrial membrane; OPA1L, optic atrophy protein 1; PAH, pulmonary arterial hypertension; PASMCs, pulmonary artery
smooth muscle cells; PINK1, PTEN induced putative kinase 1; PKA, protein kinase A; PKB, protein kinase B; ROCK, Rho-
associated coiled-coil-containing protein kinase; RV, right ventricular; RVSP, right ventricular systolic pressure; PVR, pul-
monary vascular resistance; SUMO, the small ubiquitin-like modifier; TMZ, trimetazidine; VR, the variable region.
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Meanwhile, it triggers membrane ion channel inhibition and an
increase in intracellular calcium. As a result, the increased
calcium as well as the decreased glucose oxidation both
directly lead to the PAH PASMC:s proliferation (Sutendra and
Michelakis, 2014). To validate this process, Jason Boehme’s team
created a specific ovine PAH model in which the model PASMCs
displayed hyperproliferation after a change in mitochondrial
metabolism (Boehme et al, 2016). After that, Paulin and
Michelakis (Paulin and Michelakis, 2014) showed that
abnormal mitochondrial metabolism is one of the critical
mechanisms generating PASMC hyperproliferation in PAH
and the central link between mitochondrial metabolism shift
and mitochondrial dynamics change. The mitochondrial
dynamics include mitochondrial fission, fusion, and autophagy
which keep a dynamic balance under a physiological state (Paulin
and Michelakis, 2014). In addition, mitochondrial fission
accompanies cell division and promotes cell proliferation
(Marsboom et al., 2012). As a result, increased mitochondrial
fission and decreased mitochondrial fusion and autophagy in
PAH promote PASMC mitosis, which leads to PASMC
hyperproliferation and apoptosis resistance. Dynamin-related
protein 1 (Drpl) is the key molecule in mitochondrial
dynamics. It mediates mitochondrial fission while also
affecting mitochondrial fusion and autophagy through
numerous pathways (Ryan et al, 2015). Drpl is overexpressed
and overactivated in PAH pathophysiology, as well as its outer
mitochondrial membrane (OMM) ligands, which bind to and
recruit Drpl to mitochondria. These aberrant alterations will
eventually induce the development of PAH (Friedman et al.,
2011; Marsboom et al., 2012; Chen et al., 2018; Tian et al., 2018).
The structure and function of Drpl have increasingly been
elucidated as research has progressed. At the same time, many
inhibitors of pathway targets have been found, like the small
molecule GTPase inhibitor, the inhibitor of Drpl activation, the
inhibitor of outer mitochondrial membrane ligand, etc. (Qi et al.,
2013; Parra et al., 2017; Joshi et al., 2019; Sunada et al., 2021).
Some Drpl inhibitors have shown significant effects in PAH
preclinical and clinical trials, such as restoring mitochondrial
function and inhibiting the PAH development (Parra et al., 2017;
Tian et al.,, 2018; Zhuan et al., 2020; Wu et al., 2021). Presently,
however, Drp1 inhibitors are mostly discussed in the context of
cancer and nervous system disorders, with little clinical research
on PAH (Reddy, 2014; Han et al., 2021; Dhapola et al., 2022). This
review seeks to shed more light on clinical therapy for PAH and to
provide novel points.

DYNAMIN-RELATED PROTEIN
1-MEDIATED MITOCHONDRIAL
HOMEOSTASIS AND DYNAMICS IN
PULMONARY ARTERIAL HYPERTENSION

Mitochondria, or highly dynamic organelles, play a key role in cell
function. Mitochondria maintain mitochondrial quality control
and normal cellular function via mitochondrial fission, fusion,
and mitophagy. As a result, disordered mitochondrial dynamics

Drp 1 Inhibitors in PAH

lead to numerous diseases (Saito and Sadoshima, 2015). It’s well
known that Drpl plays a major role in mitochondrial fission.
Hypoxia or other factors increase Drpl overexpression in
mitochondria, but mitofusin (Mfn) expression, which mediates
mitochondrial fusion, decreases. Drpl promotes mitochondrial
fission and mitophagy while inhibiting mitochondrial fusion.
PAH will develop as a result of such pathological alterations
(Friedman et al., 2011; Parra et al,, 2017).

Mitochondrial Homeostasis and Dynamics
Mitochondria remove faulty or superfluous components by
mitochondrial ~ fission ~ and  mitophagy. = Meanwhile,
mitochondrial biogenesis creates new mitochondria. These
procedures help to maintain the mitochondrial quality and
function (Saito and Sadoshima, 2015). Initially, mitochondrial
fragmentation occurs as a result of mitochondrial damage and a
decrease in ATP production. When mitochondrial damage
occurs, the AMP-activated protein kinase (AMPK) is
immediately activated, causing phosphorylation of the
mitochondrial fission factor (Mff), which recruits Drpl to
drive mitochondrial fission (Ingerman et al, 2005; Toyama
et al, 2016). Then, faulty mitochondrial fragments are then
removed primarily by mitophagy, which is mediated by PTEN
induced putative kinase 1 (PINKI)-Parkin-Mfn2. Parkin is
recruited to faulty mitochondria and boosts their degradation
via autophagy (Narendra et al., 2008). Parkin is also controlled by
PINK1-dependent phosphorylation, which results in Parkin
ubiquitination and activation. At the same time, PINKI1
induces Drpl to be activated. It implies that mitochondrial
fission and mitophagy occur simultaneously (Pryde et al,
2016). After the degradation of damaged mitochondria,
surplus mitochondrial fragments are fused via the regulations
of mitofusins (Mfnl and Mfn2) and optic atrophy protein 1
(OPA1). Mfn primarily mediates OMM fusion, whereas OPA1
requires Mfn1 to mediate mitochondrial inner membrane fusion
and control the formation of the mitochondrial crest (Dasgupta
et al, 2020). Likewise, PINK/Parkin regulates Mfn post-
translational modifications, including phosphorylation and
ubiquitination, and suppresses its activation (Gegg et al., 2010;
Friedman et al., 2011). The mitochondrial dynamic homeostasis
was shown in Figure 1A.

Dynamin-Related Protein 1-Mediated
Mitochondrial Fission in Mitochondrial

Dynamics

Mitochondrial fission is vital for maintaining mitochondrial
morphology and distribution. In physiological conditions,
mitochondrial fission is localized to the mitochondrial
midzone (Kleele et al., 2021). This procedure is accompanied
by the progress of mitosis. The Drpl-regulated fission burst can
evenly distribute organelles into daughter cells (Marsboom et al.,
2012). There are two steps involved: mitochondrial contraction
and mitochondrial division. Both are considered to be mediated
by Drpl and the classical GTPase dynamic-2 (Dyn2), in which
Drpl plays a major role (Roux et al., 2010; Friedman et al., 2011).
On one hand, researchers suggested the endoplasmic reticulum
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FIGURE 1 | (A) Mitochondrial dynamic of mitochondrial homeostasis. Mitochondrial dynamics maintain a balance between mitochondrial fusion and fission in order

to ensure that mitochondrial metabolism functions properly. Mitochondrial fusion is regulated by Mfn1 and Mfn2, and OPA1. Mfn primarily mediates OMM fusion,
whereas OPA1 requires Mfn1 to mediate mitochondrial inner membrane fusion and control the formation of the mitochondrial crest. On the other hand, mitochondrial
fission is mediated by DRP1 and its adapter proteins Fis1, Mff, and MiD49/51. Moreover, faulty mitochondrial fragments are primarily removed by mitophagy
mediated by PINK1-Mfn2-Parkin to maintain the quality and function of mitochondria. Drp1, dynamin-related protein 1; FIS1:, mitochondrial fission protein 1; Mff,
mitochondrial fission factor; Mfn, mitofusion; MiD49/51, mitochondrial dynamics protein of 49 and 51 kDa; OPA1, optic atrophy protein 1; PINK1, PTEN induced putative
kinase 1. (B) Drp1 mediate mitochondrial dynamic in PAH. Drp1, dynamin-related protein 1; Mfn, Mitofusin; PINK1, PTEN-induced putative kinase 1; OMM, out
mitochondrial membrane; PASMC, pulmonary artery smooth muscle cell; CDK1, cyclin-dependent kinases; PAH, puimonary artery hypertension.
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(ER) may be associated with mitochondrial constriction
(Friedman et al., 2011). It wraps mitochondria early in the
stage of mitochondrial fission. Meanwhile, it determines the
fission sites where ER-bound inverted formin 2 (INF2)
induces activated Drpl assembly, resulting in mitochondrial
contraction and fission (Friedman et al., 2011; Korobova et al.,
2014). Inactive Drp1 is a cytoplasmic monomer, that is, activated
by post-translational modification and GTP hydrolysis
(Ingerman et al., 2005). Actin filaments would attract activated
Drpl to the fission site via a highly dynamic interaction (Hatch
et al, 2016). After that, by affecting Drpl/actin interaction
characteristics, OMM proteins may access to actin-bound

Drpl and couple with it (Hatch et al, 2016; Kleele et al,
2021). Actin filaments would thus cause early mitochondrial
constriction, allowing Drpl-induced subsequent constriction
(Korobova et al, 2013). On the other hand, in vitro
experiments showed that Drpl just had the function of
contracting the membrane (Roux et al.,, 2010). By comparison
with Drpl, early research has demonstrated that Dyn2 promotes
membrane division (Lee et al., 2016). However, Fonseca et al.
(2019), found that the mitochondrial fission/fusion could proceed
normally in mouse fibroblasts with all three mammalian dynamin
proteins genes knocked out, as well as cells with knockdown of
Dyn2 only (Fonseca et al., 2019). Only Drpl knockdown
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inhibitsleads to inhibits mitochondrial fission and increased
mitochondrial fusion. It is further proved that Drpl plays a
key role in mitochondrial fission, and Dyn2 protein is not a
necessary protein for it.

Dynamin-Related Protein 1-Mediated
Mitochondrial Dynamics in Pulmonary
Arterial Hypertension

Under physiological settings, mitochondria not only maintain
dynamic homeostasis but also maintain the quality of
mitochondria and physiological function via mitochondrial
fission, fusion, and mitophagy (Sabouny and Shutt, 2020).
However, during mitochondrial dysfunction, Drpl mediates
mitochondrial peripheral fission to remove stressed and
damaged mitochondria. A recent study (Kleele et al., 2021)
demonstrated that the primarily OMM protein that recruited
Drpl became Fisl in peripheral fission. Additionally, the
daughter mitochondria lacked nucleoids and would be
degraded by PINK/Parkin-dependent mitophagy (Kleele et al,
2021).

In the PAH models induced by medicines or hypoxia,
researchers found an increase in mitochondrial fragments and
a decrease in functioning mitochondria stimulated by Drpl
overexpression, which showed as the inhibition of aerobic
glucose metabolism and aberrant glycolysis (Boechme et al,
2016; Parra et al., 2017; Tian et al., 2018; Dai et al., 2021).
These results could confirm that Drpl upregulation in PAH
enhances mitochondrial fission. Furthermore, in other
research, the Drpl phosphorylation was altered, leading to a
rise in Drpl activity. PAH affected the molecules that regulate
Drpl activity, such as the increase in PINK1 and CDK1/Cyclin B,
prompting Drpl to be more active (Marsboom et al, 2012;
Linging et al, 2021). On one hand, the increased mitosis
triggered by CDKl/cyclin B promotes PASMC proliferation
and the development of PAH (Pal-Ghosh et al., 2021). On the
other hand, upregulated PINK1 promotes PASMC proliferation
via the PINK1/Parkin-mediated mitotic phagocytosis pathway
(Linging et al, 2021). Simultaneously, increased PINK1
activation can result in Mfn2 phosphorylation and
degradation, which inhibits mitochondrial fusion and leads to
proliferation (Dasgupta et al, 2021). It
demonstrates that disrupting mitochondrial homeostasis
mediated by increased Drpl causes the genesis and
progression of PAH (Figure 1B).

excessive cell

ROLE OF DYNAMIN-RELATED PROTEIN 1
FOR MITOCHONDRIAL FISSION IN
PULMONARY ARTERIAL HYPERTENSION

As previously stated, Drpl is the vital factor of mitochondrial
fission, which is activated when Drp1 is recruited to the OMM to
create a contractile ring (Ingerman et al., 2005). Various factors
influence this process, including Drpl structure, Drpl activity
regulation, and, in particular, OMM proteins that recruit Drpl.

Drp 1 Inhibitors in PAH

Structure of Dynamin-Related Protein 1 for

Mitochondrial Fission

Drpl, also known as dynamin-like proteins, belongs to the
dynamin family (gene Dnml in yeast, gene DLP1 in rats, gene
Drpl1 in nematodes and mammals, etc.) (Praefcke and McMahon,
2004). Dnml/Drpl is composed of three components: the
polymerization form, the key domain, and its function in
mitochondrial division. First, Dnm1/Drpl occurs in numerous
forms in living cells and maintains a dynamic balance between
these forms (Strack and Cribbs, 2012). Inactive Dnm1/Drpl
exists in the cytoplasm in a monomer structure (Ingerman
et al, 2005). When activated, it self-assembles into dimers,
tetramers, and higher-order oligomers. Meanwhile, the Dnm1/
Drpl tetramer is the most common form in the cytoplasm,
whereas the oligomer is primarily located in the OMM
(Michalska et al., 2018). Second, according to previous studies,
Dnml/Drpl is like a dynamin in that contains some vital
domains: a GTPase domain, a middle assembly domain, a
highly variable region (VR), and a GTPase effector domain
(GED) (Mears et al., 2011; Strack and Cribbs, 2012) These
domains promote Drpl self-assembly and localization to the
OMM (Ingerman et al., 2005; Strack and Cribbs, 2012). Zhu
et al. (2004) and his team built up some Drpl mutants and
revealed that the middle assembly domain and GED mainly
regulated the intramolecular interaction and promoted the
formation of Drpl oligomers. And they found that the GED is
also important in regulating the GTPase domain activity, which
could hydrolyze GTP (Zhu et al., 2004). However, the VR actsin a
totally different way. It aids Drpl localization in the OMM by
interacting with Drp1’s OMM ligands (Strack and Cribbs, 2012).
Finally, as reported in many prior studies, Elena Ingerman
proposed that the Dnm1/Drpl self-assembly works as a switch
to trigger mitochondrial constriction and fission (Ingerman et al.,
2005). Drp1 oligomers are ring or spiral polymers that bind to
OMM ligands and are assembled on the OMM (Ingerman et al.,
2005; Strack and Cribbs, 2012). Furthermore, the oligomers’
diameter is suitable for mitochondrial contraction, promoting
contraction and fission (Ingerman et al., 2005).

Drpl level is increased in PAH, enhancing mitochondrial
fission and increasing the production of mitochondrial
fragments. Parra et al. (2017) built up a chronic-hypoxia-
induced cell PAH model (Parra et al., 2017); Tian et al. (2018)
built up a monocrotaline (MCT)-induced rat PAH model (Tian
etal., 2018). Drpl overexpression was seen in both models, as was
an increase in mitochondrial fragmentation. Meanwhile, the
PASMCs in the models displayed hyperproliferation and
disordered metabolism. It might be caused by an increase in
Drpl levels, which disrupts the balance of mitochondrial fission/
fusion. To put this conclusion to the test, both models were
treated with inhibitors or siRNA. The mitochondrial metabolism
function was then restored, and PASMC hyperproliferation was
inhibited. In addition, the hyperoxia-induced neonatal rat model
displayed bronchopulmonary dysplasia, which was followed by
PAH (Dai et al, 2021). Meanwhile, they found an increase in
Drpl expression at the beginning of alveolar development in
neonatal rats. While the treatment of inhibitors could decrease
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the level of Drpl and protect against PAH development. In
summary, the Drpl is a critical factors in the development of
PAH. Drpl inhibition, on the other hand, will result in the
reduction of PAH.

Regulation of Dynamin-Related Protein 1

Activity for Mitochondrial Fission

Drpl activity is primarily regulated post-translationally by
phosphorylation, sumoylation, and ubiquitination (Nakamura
et al., 2006; Guo et al, 2017; Han et al., 2020). First of all,
phosphorylation is the major regulation of Drpl activity, which
mediates its activation/inactivation. According to previous
studies, Drp1’s major phosphorylation sites are Ser585, Ser616,
and Ser637, which are primarily regulated by protein kinase A
(PKA), PINKI, cyclin dependent kinase 1 (Cdk1)/Cyclin B, Ca**/
calmodulin-dependent kinase (CaMKII), Rho-associated coiled-
coil-containing protein kinase (ROCK), and other protein kinases
(Taguchi et al., 2007; Brand et al., 2018; Han et al., 2020; Ko et al.,
2021). Additionally, Cdk1/Cyclin B works as a mitotic initiator,
controlling the G2/M phase transition. Therefore, mitochondrial
fission accompanies cell-cycle progression from G2 to mitosis.
While mitosis is inhibited, the rate of mitochondrial fission would
decrease (Marsboom et al., 2012). Secondly, it was demonstrated
that Drpl sumoylation, which is mediated via small ubiquitin-
like modifier (SUMO) proteins, protects Drpl from degradation
at sites where mitochondrial division occurs. Meanwhile, it may
facilitate Drp1 binding with OMM (Wasiak et al., 2007; Guo et al.,
2017). For example, it has been found that SUMO-1-ylation of
Drpl increases Drp1’s interaction with the OMM (Wasiak et al.,
2007). While Guo et al. (2017) discovered that SUMO-2/3-lyation
of Drpl decreases Drpl’s binding to Mff (Guo et al, 2017).
Finally, Drpl ubiquitination may adversely influence the activity
and/or stability of Drpl. Membrane-associated RING Finger
Protein 5 (MARCH-V), a new protein in the mitochondria
that combines with Mfn2 and Drpl and promotes Drpl
ubiquitin. Its overexpression leads to a decrease in
mitochondrial fission (Nakamura et al., 2006).

In PAH PASMCGs, Drpl activation (phosphorylated on
Ser616) is increased. According to Marsboom et al, Drpl
activation in PAH is primarily controlled by Cdkl/Cyclin B,
which is increased in PAH (Marsboom et al., 2012). At the same
time, since CDK1 is involved in mitosis, the increased
mitochondrial fragmentation caused by increased Drpl
activation is accompanied with an increase in PASMC cell
proliferation in PAH. As a result, PASMCs make
hyperproliferation and becomes resistant to apoptosis (Pal-
Ghosh et al., 2021).

Outer Mitochondrial Membrane Ligand of
Dynamin-Related Protein 1 for
Mitochondrial Fission

As mentioned above, Drpl is mainly located on the OMM by
binding with OMM ligands. Fis1 was the first OMM ligand found.
The appropriate assembly, membrane location, and function of
Dnm/Drpl-containing complexes during yeast mitochondrial

Drp 1 Inhibitors in PAH

fission were all dependent on the yeast gene FIS1, which
scientists discovered could code the novel OMM protein Fisl
(Mozdy et al., 2000). While Fis1 is less important for mammalian
mitochondrial fission, Osellame et al. (2016) confirmed that
mitochondrial networks did not change if Fisl was removed
from cells (Osellame et al., 2016). Whereas many studies have
found Fisl is involved in mitophagy and cell apoptosis, a decrease
in Fisl expression would reduce mitophagy and cell death (Lee
et al., 2004; Shen et al, 2014). In mammalian cells, Drpl is
recruited to OMM by several ligands, including Fisl, Mff, and
MiD49/MiD51. However, any single ligand depletion did not
have a significant effect on mitochondrial fission but only on
mitochondrial elongation (Loson et al., 2013). On the contrary,
overexpression of these ligands would accelerate mitochondrial
fission (Loson et al., 2013). When Drpl recruitment to the
mitochondrial surface, Liu and Chan (2015) found MIff is a
critical adaptor that selectively associates with higher order
oligomers of Drpl on the OMM. Meanwhile, Mff upregulation
causes mitochondrial fission to be elevated (Liu and Chan, 2015).
After that, Palmer et al. found that MiD49/MiD51 had more
Drpl recruitment activity than Mff and Fis1, it could recruit both
high and low oligomers of Drp1 (Palmer et al., 2011). Moreover,
Yu et al. (2021) confirmed that the different assembly state of
Drpl oligomerization in turn affect the aggregation of OMM
ligands, and the balance of mitochondrial dynamics (Yu et al,
2021).

In PAH, Drpl ligand expression is abnormally elevated,
promoting mitochondrial fission and drive hyperproliferation
and apoptosis resistance (Chen et al., 2018). On the other
hand, Joshi et al. (2019) confirmed that mitochondrial fission
was primarily mediated by Drp1/Fisl in a disease condition that
favored illness onset. Meanwhile, the inhibitors’ disruption of
Drpl and Fisl binding may act against the pathogenesis of PAH
(Joshi et al., 2019).

INHIBITORS OF DYNAMIN-RELATED
PROTEIN 1 IN PULMONARY ARTERIAL
HYPERTENSION

According to the different stages of Drpl in mitochondrial
fission, its inhibitors target the appropriate locations, such as
the kinase responsible for Drp1 activation; the GTPase domain of
Drpl; the OMM ligand combined with Drpl, and so on (Mo
et al., 2019; Duan et al.,, 2020; Sunada et al., 2021). The Drpl
pathway can be inhibited by several inhibitors, which reduce
mitochondrial fission and delay or even reverse PAH (Joshi et al.,
2019). Inhibitors of Drpl pathway was listed at Table 1.

Inhibitors of Dynamin-Related Protein 1
Activation

As previously stated, Drpl activation is regulated by serine
phosphorylation, which is regulated by Cdkl/Cyclin B, CaMK
II, ROCK, and additional kinases. Meanwhile, as the cell cycle
progresses from G2 to mitosis, this process is also occurring.
According to the findings of Marsboom et al. (2012), it is possible
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to decrease PASMC hyperproliferation by inhibiting the cell cycle
during PAH (Marsboom et al, 2012). As a result, CDK1
inhibitors reduce mitochondrial fission and PAH. RO-3306 is
a typical CDK1 inhibitor, and high doses of RO-3306 have been
shown to extend and block the G2 phase of mitosis (Sunada et al.,
2021). As Paraghamian asserts, RO-3306 inhibits cell
proliferation by inducing cell stress and apoptosis, which
result in G2 phase arrest (Paraghamian et al, 2020). In
summary, by preventing Drpl activation and inducing cell
cycle arrest at G2 phase, RO-3306 could prevent
mitochondrial fission and PAH development. On the other
hand, KN-93, which is also noteworthy, is the typical inhibitor
of CaMKII. By inhibiting CaMK II activation, it may prevent
Drpl phosphorylation and reverse mitochondrial fragmentation
(Wong et al,, 2019; Yang et al., 2021). In vitro studies showed that
PASMC growth and migration were inhibited by KN-93
(Huetsch et al., 2020). Marsboom et al. (2012) compared RO-
3306 and KN93 (Marsboom et al., 2012). RO-3306 is more
effective than KN-93 in lowering intracellular calcium, while
KN-93 is more effective at preventing Drpl phosphorylation.

In addition, ROCK is also the critical molecule in the
activation of Drpl. It mediates Drpl phosphorylation at
serine-616 by RhoA, resulting in Drpl localization at
mitochondria (Brand et al., 2018). Moreover, ROCK inhibitors
may suppress mitochondrial fission and apoptosis through
preventing Drpl activation (Zhang et al., 2019). Fasudil is one
of its typical inhibitors, which has been approved in clinical
treatment. In PAH rats, Fasudil and its derivative, Fasudil
dichloroacetate, could prevent PAH development by reversing
right ventricular systolic pressure (RVSP) and right ventricle
hypertrophy index (RVHI), preventing pulmonary vascular
remodeling, and also RV hypertrophy and fibrosis, and
decreasing inflammatory factor expression (Wenshu et al,
2018; Qi et al, 2019; Liu et al., 2022). In clinical treatment,
Fasudil revealed a similar effect in PAH patients that decreased
pulmonary vascular resistance PVR and PAP, as well as increased
mean cardiac output and mixed venous oxygen saturation (Li
et al., 2009; Kojonazarov et al., 2012; Fukumoto et al., 2013; Jiang
et al., 2014; Xiao et al., 2015). Furthermore, it could improve the
acute hemodynamic changes in CHD-PAH patients (Ruan et al.,
2019). The manner of Rho/Rock pathway regulating Drpl
activation showed in Table 1.

Inhibitors of Dynamin-Related Protein 1

GTPase Activity

Drpl inhibitors, such as Mdivi-1 and P110 are the Drp1 selective
inhibitors which target the GTPase domain (Qi et al., 2013; Duan
et al., 2020). Zhuan’s team discovered that Mdivi-1 suppressed
mitochondrial fragmentation in hypoxia PASMC and lowered
both mPAP and PVR in hypoxic rats (Zhuan et al, 2020).
Furthermore, Mdivi-1 treatment of PAH mice reduced right
ventricular hypertrophy, the thickness of pulmonary arterioles,
muscularized arteries, and PASMCs proliferation in Feng W’s
study (Feng et al., 2021). In other researches, both Mdivi-1 and
P110 inhibited cell proliferation, promoted mitochondrial fusion,
preserved right ventricular (RV) function, and RV reversed

Drp 1 Inhibitors in PAH

ischemia-reperfusion injury (RV-IR) in PAH rats (Tian et al,
2017; Tian et al., 2018). They’re different, though. Mdivi-1’s
allosteric and aggregation-blocking effects on Drpl do not
directly influence the Drpl GTPase domain, but rather
DNM2’s (Smith and Gallo, 2017). However, P110 acts directly
on the Drpl GTPase domain. Su et al. showed that it blocked the
junction site of Drp1/Fisl, but not on other GTPases. From the
part of the function, Mdivi-1 can promote mitochondrial
dynamics while also inhibiting the oxygen consumption and
ROS production of mitochondrial complex I in a reversible
way, a process known as antioxidation (Bordt et al., 2017).
This process is independent of Drpl, and does not affect
mitochondrial glycolysis and fusion (Dai et al, 2020). P110
inhibits GTPase, preventing Drpl from moving to the
mitochondria, improving mitochondrial structure and
function, and decreasing right ventricular diastolic pressure
(Tian et al., 2017).

Recently, Wu et al. (2020) discovered the novel GTPase
inhibitors, Drbitorl and Drbitorl a, which bind to the GTPase
domain but had no effect on the Drp1/Fisl complex. Using RV-
IR models, Drpitorl and Drpitorla keep the diastolic function of
the RV in check. In a recent preclinical study, the researchers (Wu
et al.,, 2021) demonstrated that Drpitorla inhibits mitochondrial
fission and cell proliferation in human PAH PASMC. Meantime,
it reduced pulmonary artery medial thickness, prevented RV
hypertrophy, and promoted RV function.

Inhibitors of Dynamin-Related Protein 1

Ligands

Fisl is the main ligand for Drpl in pathological conditions. There
have been two widely used Fisl inhibitors. Another inhibitor is the
ROS-scavenging mitochondrial antioxidant SS-31, which has been
shown in several studies to have an effect on mitochondrial
dynamics (Thenacho et al., 2021). Prior studies have shown that
SS-31 may reduce oxidative stress and eliminate ROS (Zhu et al.,
2018). Furthermore, it also suppressed apoptosis suppression and
remolded mitochondria (Campbell et al., 2019). LPS-stimulated BV-
2 cells showed overexpression of Fisl and more fragmented
mitochondrial network. Fisl levels dropped and mitochondrial
fission was avoided after cells were treated with SS-31. In
addition, a considerable reduction was also seen in mitochondrial
fragmentation (Mo et al., 2019). In a mice model of PAH induced by
transverse aortic constriction, SS-31 restored RV fibrosis and
pulmonary injury biomarkers. As a result, its treatment efficiently
reduces the mice’s PAH progression (Lu et al., 2016).

Drpl has an essential role in PAH pathogenesis, which is
strongly linked to mitochondrial dynamics. It also mediates
mitochondrial fission, as well as mitochondrial fusion and
mitophagy. The study of Drpl’s various pathways in
mitochondrial dynamics (such as Drpl phosphorylation
activation, decomposition of GTP to Drpl self-assembly, and
Drpl binding ligand localization to mitochondria) can inhibit
mitochondrial fission and reverse the process of PAH
development by targeting relevant targets and pathways.
Inhibitors of Drpl phosphorylation activation and GTPase are
now the focus of a further in-depth investigation. However, other
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inhibitor targets lack more PAH model experiments. It’s an
unexplored area in the study of PAH therapy, and additional
scientific investigation is needed.
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