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Pulmonary arterial hypertension (PAH) is a multifactorial and progressive disorder. This
disease is characterized by vasoconstriction and vascular remodeling, which results
in increased pulmonary artery pressure and pulmonary vascular resistance. Although
extensive studies have been carried out to understand the etiology, it is still unclear
what intracellular factors contribute and integrate these pathological features. Heat
shock protein 90 (Hsp90), a ubiquitous and essential molecular chaperone, is involved
in the maturation of many proteins. An increasing number of studies have revealed direct
connections between abnormal Hsp90 expression and cellular factors related to PAH,
such as soluble guanylate cyclase and AMP-activated protein kinase. These studies
suggest that the Hsp90 regulatory network is a major predictor of poor outcomes,
providing novel insights into the pathogenesis of PAH. For the first time, this review
summarizes the interplay between the Hsp90 dysregulation and different proteins
involved in PAH development, shedding novel insights into the intrinsic pathogenesis
and potentially novel therapeutic strategies for this devastating disease.

Keywords: pulmonary arterial hypertension, heat shock protein 90, soluble guanylate cyclase, AMP-activated
protein kinase, pathogenesis, novel therapeutic options

INTRODUCTION

Pulmonary arterial hypertension (PAH) is a life-threatening condition characterized by high
blood pressure in the arteries that flow from the heart to the lung. Different from systemic
hypertension, a decreased compliance of the pulmonary arterial system and progressive narrowing
of the pulmonary arteries are the key features of PAH. These features are mainly caused by
vasoconstriction and vascular remodeling, which eventually lead to high right ventricular (RV)
afterload, RV failure, and ultimately death (Tuder et al., 2013).

PAH is defined by a mean pulmonary artery pressure (PAP) > 20 mmHg at rest, a normal
capillary wedge pressure ≤ 15 mmHg, and a pulmonary vascular resistance ≥ 3 Wood units
(Simonneau et al., 2019). The prevalence and geographic distribution of PAH vary based on disease
type and etiology. Although worldwide prevalence remains unclear, the estimated incidence of PAH
normally ranges from 2.0 to 7.6 cases per million adults per year, and its prevalence varies from 11
to 26 cases per million (Thenappan et al., 2018). To date, PAH still remains relatively incurable
despite the significant signs of progress in the disease awareness, development of diagnostics, and
therapeutics. Moreover, this debilitating disease is accompanied by high morbidity with a 1-year
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mortality rate of 15–20% and a poor median survival of 7 years
(Benza et al., 2010; Thenappan et al., 2010). Hence, it is
paramount to find efficient PAH therapies to improve long-term
outcomes for PAH patients.

The pathogenesis of PAH is complicated. The traditional
view supports that elevated PAP is caused by the imbalance
of endogenous vascular factors such as nitric oxide (NO),
prostacyclin, endothelin, and thromboxane (Budhiraja et al.,
2004; Dunham-Snary et al., 2017). Clinically, high PAP
is the primary symptom to be dealt with, which is the
major strategy for current therapy, i.e., diuretics, calcium
channel blockers, anticoagulants, inhaled NO donors, and
targeted therapy including soluble guanylate cyclase (sGC)
stimulators, phosphodiesterase-5 inhibitors, endothelin receptor
antagonists, and prostacyclin analogs. However, all these
strategies, mainly focusing on vascular relaxation with little
emphasis on vascular remodeling, are gradually running into
drawbacks and bottlenecks such as drug resistance, systematic
hypotension, and unsatisfactory long-term use, although they
could improve patient’s functional capacity and hemodynamics
when used alone or in combination (Galie et al., 2016).
Growing evidence supports that vascular remodeling plays an
important role in the pathogenesis of PAH (Humbert et al.,
2004; Rabinovitch, 2012). Recent studies have highlighted the
mechanisms on regulating proliferative vascular remodeling and
thus advanced our understanding of PAH pathogenesis from
novel genetic and epigenetic factors to cell metabolism and DNA
damage (Thompson and Lawrie, 2017). Vascular remodeling is
mainly characterized as abnormal proliferation and migration
of pulmonary artery smooth muscle cells (PASMCs). These
abnormal phenotypes in pulmonary vascular cells under PAH
result in vasoconstriction and loss of elasticity of vascular wall,
which eventually leads to increased PAP, RV hypertrophy, and RV
overload. Accordingly, many attempts and efforts to treat PAH
through inhibiting vascular remodeling have been performed
(Dai Z. et al., 2018; Dai and Zhao, 2019). Accumulating evidence
suggests that bromodomain and extra-terminal motif (BET)
is implicated in the pathogenesis of PAH. More promisingly,
RVX208, a clinically available BET inhibitor, has been shown
to improve hemodynamics and reverse pulmonary vascular
remodeling without attenuation of RV hypertrophy or mortality
in animals with PAH (Dai and Zhao, 2019). Furthermore,
previous studies have shown that hypoxia-inducible factor-2α

signaling is activated in lung tissues from patients with PAH and
distinct rodent PAH models. More importantly, pharmacological
inhibition of hypoxia-inducible factor-2α has been shown to
reduce obliterative pulmonary vascular remodeling in hypoxia-
exposed rats (Dai Z. et al., 2018). However, in other studies,
inhibition of vascular remodeling alone is not able to rapidly
decrease blood pressure, the primary and acute symptom of
PAH, which in turn promotes a change of vascular status and
leads to a failure of PAH treatment (Shimoda and Laurie, 2013;
Liu et al., 2018; Shi et al., 2018). In this regard, heat shock
protein 90 (Hsp90) chaperone machinery has emerged as a
promising axis that can simultaneously regulate the expression of
multiple aberrant proteins implicated in PAH development and
progression (Taipale et al., 2010; Paulin et al., 2011).

HEAT SHOCK PROTEIN 90

Heat shock proteins (HSPs are a collection of conserved
families of proteins that are induced by various cellular and
environmental stresses such as high temperature, hypoxic
damage, and oxidative stress (Young et al., 2004). Traditionally,
many HSPs have also been known as molecular chaperones due to
their essential roles in processes involved in maintaining cellular
protein homeostasis, including facilitating protein folding and
transportation and maintaining mature structures and functions
of proteins (Javid et al., 2007). Hsp90, a unique family of HSPs
with a molecular weight of 90 kDa, is a class of evolutionarily
conserved and abundant molecular chaperones that mediate
many fundamental cellular processes (Zhao et al., 2005; Schopf
et al., 2017). In general, Hsp90 accounts for 1–2% of the total
cellular protein under non-stressful conditions, and its level
rises up to 4–6% in response to stressful conditions (Taipale
et al., 2010; Finka and Goloubinoff, 2013). So far, four isoforms
have been discovered for Hsp90 in humans (Sreedhar et al.,
2004): Hsp90α, Hsp90β, glucose-regulated protein 94, and tumor
necrosis factor receptor-associated protein 1. Both Hsp90α and
Hsp90β reside in the cytosol. However, the expression of Hsp90α

is induced upon cellular stresses, whereas Hsp90β is constitutively
expressed. GRP94 is located in the endoplasmic reticulum, and
tumor necrosis factor receptor-associated protein 1 is present in
the mitochondria.

Structure of Heat Shock Protein 90
The structural and molecular characteristics of Hsp90 have
been systematically reviewed elsewhere (Li and Buchner, 2013;
Hoter et al., 2018; Li et al., 2020). Only a brief description
is provided in this review. Hsp90 exists as a homodimer. The
monomer comprises of four domains (Figure 1): an N-terminal
dimerization domain (NTD), a charged region (CR) of a variable
length, a middle domain (MD), and a C-terminal domain (CTD)
(Ali et al., 2006; Pullen and Bolon, 2011; Street et al., 2011). The
four domains are flexibly linked. The domain organization is
conserved from bacteria to humans except for the CR domain,
which is only present in eukaryotic Hsp90. The NTD binds
adenosine triphosphate (ATP). Interestingly, several conserved
residues of the ATP-binding site in NTD form a “lid” that closes
over the nucleotide-binding pocket in the ATP-bound state but is
open in the ADP-bound state (Ali et al., 2006). These residues are
essential for the ATPase activity of Hsp90, which is indispensable
for the chaperone cycle and binding client proteins. The CR
domain is highly charged and has a variable length and amino
acid composition, suggesting increased flexibility and dynamics
to cope with the crowded environment in eukaryotic cells (Shiau
et al., 2006; Tsutsumi et al., 2009). The MD of Hsp90 contains
crucial catalytic residues for forming the composite ATPase site,
which interacts with the γ-phosphate of ATP and thus promotes
ATP hydrolysis (Meyer et al., 2003; Huai et al., 2005). Moreover,
the MD contributes to the interaction sites for client proteins and
some co-chaperones (Meyer et al., 2003, 2004; Huai et al., 2005).
For instance, the co-chaperone Aha1 binds with MD to modulate
the active conformation of the catalytic loop, which consequently
stimulates the ATPase activity of Hsp90 (Meyer et al., 2004).
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FIGURE 1 | Domain structure of Hsp90 family members in humans.
Schematic representation of the domain structure of Hsp90 isoforms together
with the biological functions of each domain.

The CTD is responsible for the inherent dimerization. Moreover,
following the CTD is a highly conserved pentapeptide, MEEVD,
which serves as the docking site for the interaction with co-
chaperones containing tetratricopeptide repeat clamp (Scheufler
et al., 2000; Ratzke et al., 2010).

Conformation Dynamics of Heat Shock
Protein 90
Extensive structural studies revealed that the Hsp90 chaperone
cycle could be divided into distinct conformations, which seem
to be in a dynamic equilibrium (Shiau et al., 2006; Mickler
et al., 2009). In the apo state (Figure 2), Hsp90 adopts an open
V-shaped form predominantly, termed “open conformation”
(Graf et al., 2009). Then, binding and hydrolysis of ATP drives
the conformational changes and leads to the formation of the
first intermediate state, in which the ATP lid is closed, but
the NTD are still open (Hessling et al., 2009). The unfolded
substrates are recognized by co-chaperones and loaded onto
Hsp90 during this process (Genest et al., 2019). Subsequently,
Hsp90 ATPase activity is triggered by co-chaperone Aha1 along
with the dissociation of other co-chaperones such as Hsp70 and
Hop. This promotes the closure of the Hsp90 homodimer. Now,
Hsp90 is in the “closed conformation” (Li et al., 2013). Then, the
dimerization leads to the formation of the second intermediate
state, in which the MD repositions and interacts with the NTD.
The ATP hydrolysis is catalyzed in this fully closed state, resulting
in substrate folding. The following opening of the NTD of the
Hsp90 dimer restores the initial “open conformation” (Shiau
et al., 2006; Hessling et al., 2009).

Functions of Heat Shock Protein 90
In cells, Hsp90 is involved in diverse cellular processes, including
protein folding, maturation, post-translational modification,
recognition, degradation, signaling transduction, cell cycle,
and cellular differentiation (Taipale et al., 2010; Hoter et al.,
2018). Several published articles have extensively reviewed the
roles of Hsp90 in protein folding, maturation, and preventing
protein aggregation (Shiau et al., 2006; Taipale et al., 2010;
Kirschke et al., 2014; Genest et al., 2019). Recently, the post-
translational modifications of Hsp90 have gained an increasing
significance. These modifications include phosphorylation,
acetylation, nitrosylation, and methylation. Interestingly, these
covalent modifications influence the chaperone activity of
Hsp90 and, thus, the maturation of client proteins (Mollapour
and Neckers, 2012). One widely accepted hypothesis on the

recognition of Hsp90 for its clients is that Hsp90 recognizes
certain conformations or the stability of selected clients rather
than its primary sequence (Falsone et al., 2004; Muller et al.,
2005). However, further studies still need to resolve this
conundrum in the future. Several reports have shown that Hsp90
is also required for facilitating protein degradation through
involvement in the ubiquitin–proteasome pathway mediated by
the carboxyl terminus of Hsp70-interacting protein (Goasduff
and Cederbaum, 2000; Fan et al., 2005; Xia et al., 2007). The
clients of Hsp90 have been shown to associate with a large
number of signaling pathways, such as protein kinases and
steroid hormone receptors (Sato et al., 2000; Kazlauskas et al.,
2001; Theodoraki and Caplan, 2012; Boczek et al., 2015). Hence,
Hsp90 seems to be essential in the maturation and protection
of the protein functions as a key chaperone implicated in cell
signaling. Many of the client proteins chaperoned by Hsp90 are
essential for the progression of various diseases, including cancer,
Alzheimer’s disease, and other neurodegenerative diseases, as
well as viral and bacterial infections (Zuehlke et al., 2018; Li
et al., 2020). Hence, it has been proposed that targeting Hsp90
is an effective way of combating a large range of diseases (Den
and Lu, 2012). Interestingly, the functions of Hsp90 isoforms
were also dramatically affected by the stages of the cell cycle and
differentiation, which differ in the level of cellular ATP (Nguyen
et al., 2013; Echeverria et al., 2016). As mentioned earlier, ATP
binds to the NTD of Hsp90, and the hydrolysis of ATP provides
energy for its functions. Therefore, competitively inhibiting
the ATP-binding process with Hsp90 inhibitors has gained
significant attention in disease treatment, and several Hsp90
inhibitors have entered clinical trials currently (Li et al., 2020).

Inhibitors of Heat Shock Protein 90
In the past two decades, Hsp90 has received tremendous attention
from medicinal chemists, and thus, extensive efforts have been
made in developing various Hsp90 inhibitors (Figure 3) via
different experimental approaches (Xiao and Liu, 2020). The
first generation of Hsp90 inhibitors is natural products such
as geldanamycin, radicicol, and their derivatives. 17-AAG was
derived from geldanamycin. It was the first Hsp90 inhibitor
to enter the clinical trial in 1999. NVP-AUY922 was the
first resorcinol based small-molecule Hsp90 inhibitor through
high-throughput screening and structure-based optimization.
BIIB021, a purine analog identified from the Hsp90 and ATP
cocrystal structure studies, was the first non-geldanamycin
small-molecule Hsp90 inhibitor to enter the clinical evaluation.
SNX-5422 bearing a benzamide scaffold was identified by a
chemo-proteomics based screening approach and entered the
clinical trial in 2008. Unfortunately, none of these inhibitors
has been approved up to date, although many have been
tested in clinical trials (Xiao and Liu, 2020). The lack of
drug-like properties, organ toxicity and/or drug resistance
are the main obstacles for preventing these Hsp90 inhibitors
from reaching the market. Hence, improving drug selectivity
is considered as a practical strategy for minimizing drug
toxicity. GRP94-selective inhibitors were first developed based
on the lowest similarity with the other three Hsp90 isoforms.
Given the cocrystal structures of radicicol bound to Hsp90α
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FIGURE 2 | Hsp90 chaperone cycle. Open conformation state is likely to be the most efficient at binding client proteins. Addition of ATP altering the relationship
between the NTD and MD, resulting in a transient NTD/MD conformation. Co-chaperones assist in loading client proteins onto Hsp90. Aha1 increases Hsp90
ATPase activity, contributing to the closing of the NTD. Client proteins would remain bound due to the hydrophobic surfaces still present on the MD and CTD. Client
proteins are folded during the process of NTD closure. Finally, nucleotide hydrolysis results in the very compact ADP state and the release of client proteins. Open
conformation of the Hsp90 NTD is restored for the next chaperone cycle.

FIGURE 3 | Structures of Hsp90 inhibitors.

and Hsp90β and two different amino acid residues at the
ATP binding sites, a series of Hsp90β selectively targeted
inhibitors were developed. Up to now, Hsp90 inhibitors in either
clinical or preclinical evaluations have been mainly developed

for cancer therapy, however, none has reached the market.
In this context, new indications, as well as new chemical
structures, should be considered during the development of novel
Hsp90 inhibitors.
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HEAT SHOCK PROTEIN 90 IN
PULMONARY ARTERIAL
HYPERTENSION

As a ubiquitous chaperone, Hsp90 has received much attention
due to its important roles in cancer biology, regulating
proliferation, growth, differentiation, adhesion, invasion,
metastasis, angiogenesis, and apoptosis. Thus, Hsp90 is probably
one of the best-studied HSP proteins (Wu et al., 2017). Recently,
several reports suggested the involvement of Hsp90 in the
pathogenesis of PAH, especially in vascular remodeling, although
the precise pathogenesis mechanisms of PAH remain to be
elucidated (Sakao and Tatsumi, 2011; Wang et al., 2016;
Boucherat et al., 2017, 2018). Studies have shown that the
level of Hsp90 was increased in both plasma and membrane
walls of pulmonary arterioles from PAH patients (Wang et al.,
2016). Moreover, Hsp90 inhibitor 17-AAG has been shown
to improve pulmonary vascular remodeling via suppressing
the excessive proliferation and migration of PASMCs (Wang
et al., 2016). Notably, findings indicate that the accumulation
of Hsp90 in PASMC mitochondria was a hallmark of PAH
development and a key regulator of mitochondrial homeostasis
contributing to vascular remodeling in PAH (Boucherat et al.,
2018). Not surprisingly, cytosolic Hsp90 stimulates PASMC
proliferation by stabilizing key signaling proteins involved in
PAH development and progression. Moreover, study results
demonstrated that the mitochondrial accumulation of Hsp90 in
PASMCs of PAH contributes to their proliferation and survival
under environmental stresses and thus promotes vascular
remodeling (Boucherat et al., 2018). Herein, accumulation of
Hsp90 in mitochondria represents a feature in PAH vascular
remodeling and thus may be a weakness to exploit. Gamitrinib,
a small molecule designed to target selectively Hsp90 in
mitochondria, was associated with antiproliferation activity
in preclinical models with no overt organ or systemic toxicity
(Kang et al., 2009). It was demonstrated that targeted inhibition
of mitochondrial Hsp90 with Gamitrinib reversed pulmonary
vascular remodeling and improved cardiac output in two PAH
models without noticeable toxicity (Boucherat et al., 2018).
Thus, pharmacological inhibition of Hsp90 is a promising
avenue to improve the clinical outcomes of patients with PAH,
and drugs that target Hsp90 in mitochondria will show more
advantages in PAH treatment (Boucherat et al., 2018). However,
the specific mechanisms of Hsp90 in PAH pathogenesis still
remain to be illuminated, although it is clearly relevant to
PAH development. Unexpectedly, Hsp90 is implicated in
regulating the function of many proteins essential for the PAH
development and progression, such as sGC and AMP-activated
protein kinase (AMPK).

Heat Shock Protein 90 and Soluble
Guanylate Cyclase
sGC, as the best established NO physiological receptor, is a
heterodimer made up of similar α and β subunits (Derbyshire
and Marletta, 2012; Childers and Garcin, 2018; Kang et al.,
2019). The binding of NO to sGC heme prosthetic group

results in the synthesis of the second messenger cyclic
guanosine monophosphate, establishing the NO–sGC– cyclic
guanosine monophosphate signaling pathway, which is essential
for maintaining cardiovascular health (Stasch et al., 2011).
Accordingly, substantial experimental data have suggested the
impaired sGC activity in the pathogenesis of PAH (Schermuly
et al., 2008; Ghofrani and Grimminger, 2009; Stasch et al., 2011;
Dasgupta et al., 2015). Interestingly, sGC expression, especially
sGC β1, was upregulated compared with control subjects in
the PAH patients’ pulmonary arterial tissue samples as well as
experimental animal models of PAH (Schermuly et al., 2008).

Hsp90 was reported to associate with several heme proteins
and influence their functions, stabilization, maturation, and
activities (McClellan et al., 2007). In 2003, Hsp90 was first
reported to associate with sGC. Subsequent studies identified
the effects of Hsp90 on sGC-mediated vascular relaxation by
regulating the stability of sGC (Yetik-Anacak et al., 2006;
Nedvetsky et al., 2008). Remarkably, a myriad of works on how
Hsp90 regulates sGC function has been carried out in the last
decade, and the related research progress was also summarized
(Ghosh and Stuehr, 2017). Therefore, we mainly present a brief
overview to provide their basic results for understanding the
Hsp90 impact on sGC under physiological and pathological
conditions. Hsp90 regulates sGC, involving the association of
Hsp90 MD with two regions of sGC, by a dual mechanism
(Papapetropoulos et al., 2005; Dai et al., 2019). On the one hand,
Hsp90 drives heme insertion into apo-sGC β1 after forming a
complex. Once heme insertion is complete, Hsp90 dissociates
from sGC β1, which partners with sGC α1 to form a mature
and functional sGC heterodimer. On the other hand, apo-sGC β1
associates with Hsp90 much more strongly than sGC α1, which
prevents the formation of heme-free and non-functional sGC
heterodimer (Dai et al., 2019). It is well established that oxidative
stress, which plays a major role in the development of pulmonary
vascular remodeling and a consequent increase of pulmonary
pressure, can cause the oxidation of the sGC heme resulting in
desensitization to NO signaling (Shah et al., 2018). NO stimulates
the insertion of heme in apo-sGC-β1, the dissociation of Hsp90
from the complex, and the association of sGC-α1 to form the
active enzyme (Ghosh et al., 2014). It seems that impaired NO
and the upregulation of Hsp90 in PAH break the insertion of
heme into sGC-β1 and the equilibrium between apo-sGC-β1 and
holo-sGC-β1 (Ghosh et al., 2014; Dai et al., 2019). However, how
this equilibrium is managed remains to be elucidated. In this
way, the activity of sGC heterodimer may be impaired despite
the elevated sGC level under pathophysiology of PAH. Given that
dysregulation of the sGC signaling pathway has been associated
with PAH and cardiovascular disease, several stimulators and
activators of sGC have been developed as therapeutics. The
heme-dependent sGC stimulators and the heme-independent
sGC activators have distinct mechanisms of action (Follmann
et al., 2013). sGC stimulators share a dual mode of action:
they synergize with endogenous NO, and furthermore, they
are also capable of directly stimulating the mature sGC in a
manner that is independent from NO. In contrast, sGC activators
increase enzymatic activity of the oxidized heme or heme-
deficient apo-sGC without relying on NO. The pharmacologic
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FIGURE 4 | Overview of the important roles of Hsp90 in the regulation of sGC and AMPK involved in the pathogenesis of PAH. Hsp90 drives heme insertion into
apo-sGCβ after the complex of Hsp90 and apo-sGCβ formation. Meanwhile, Hsp90 also prevents apo-sGCβ’s premature interaction with sGCα to form a heme-free,
non-functional sGC heterodimer. Hsp90 dissociates from sGCβ once heme insertion is complete, allowing holo-sGCβ to partner with sGCα and to form a mature
and functional sGC heterodimer. AMPK is a client of Hsp90, and Hsp90 interferes with the function of the AMPK complex by mediating the phosphorylation of AMPK
in PASMCs. Activation of AMPK in PAECs assists the complex formation between eNOS and Hsp90, promoting eNOS-mediated NO production.

sGC activators were found to mimic all the changes in sGC
β1 protein associations and consequent increase in the sGC
heterodimer formation (Dai et al., 2019). Thus, inhibition of
Hsp90 may further enhance the efficacy of sGC activators to treat
PAH by increasing the levels of heme-free sGC (Figure 4).

Heat Shock Protein 90 and
AMP-Activated Protein Kinase
AMPK is a heterotrimeric complex consisting of a catalytic
subunit α (α1 and α2) and two regulatory subunits β and γ

and primarily regulates the energy homeostasis in eukaryotes
(Ross et al., 2016). AMPK activity requires phosphorylation
of Thr172 in the activation loop of the kinase domain. In
a cellular context, liver kinase B1 and calcium/calmodulin-
dependent protein kinase β have been identified as the two major
upstream kinases capable of phosphorylating Thr172, which
is critical for significant activation of AMPK (Willows et al.,
2017). As a nutrient sensor, AMPK is critical for lung function
and involved in many lung diseases, especially PAH (Ibe et al.,
2013). Recent studies suggest that inhibition of AMPK prevents
the development of PAH via decreasing vascular remodeling
characterized by abnormal PASMC proliferation and migration
(Dai J. et al., 2018). The concentrations of phosphorylated AMPK
in PASMCs of PAH and hypoxic mouse PASMCs appeared
to be elevated. Moreover, compound C, an AMPK inhibitor,
prevents hypoxia-induced PAH in vivo (Ibe et al., 2013). Also,
this study suggests that AMPKs α1 and α2 play differential roles
in the survival of PASMCs during hypoxia (Ibe et al., 2013). The

activation of α1 prevents apoptosis, whereas the activation of
α2 stimulates autophagy, both of the effects promoting PASMC
abnormal proliferation. These results show that inhibition of
AMPK phosphorylation presents a possible therapeutic strategy
in the treatment of PAH.

Previous reports have shown that Hsp90 selectively interacts
with and stabilizes key signaling proteins to regulate cell
survival and proliferation via preferentially interfering with their
metabolic balance (Schopf et al., 2017). Accordingly, several
investigators have focused on the interaction between Hsp90
and AMPK, and results demonstrate that Hsp90 chaperones
regulate cell metabolism via mediating the activation of AMPK
(Zhang et al., 2012). Furthermore, Hsp90 interacts with AMPK
and maintains its kinase activity, which in turn is required
for the phosphorylation of AMPK and its substrate, acetyl-
CoA carboxylase (Zhang et al., 2012). Hsp90 inhibitors reduced
the enzymatic activity of AMPK by inhibiting the complex
formed by Hsp90 with AMPK. Moreover, dissociation of the
γ subunit from AMPK triggered by Hsp90 inhibitor weakens
the stability of the heterotrimeric complex, as the direct Hsp90
inhibition disassembles the AMPK-Hsp90 complex and liberates
the α subunit from the AMPK complex, resulting in the
decline of enzymatic activity and phosphorylation of acetyl-
CoA carboxylase (Zhang et al., 2012). Therefore, the effects of
Hsp90 inhibition in PAH therapy are likely to depress the AMPK
signaling pathway (Figure 4).

As previously mentioned, the impairment of NO production
has long been considered to be associated with the pathogenesis
of PAH (Ghofrani and Grimminger, 2009; Stasch et al., 2011).
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FIGURE 5 | Proposed mechanism graph shows that the combination of Hsp90 inhibitors and sGC activators may lead to better treatment of PAH via relaxing blood
vessels and inhibiting vascular remodeling.

Validated data indicate that endothelial NO synthase (eNOS)
generates NO as a homodimer in the presence of heme. Hsp90
associates with eNOS to form a complex, which stimulates
the production of NO (García-Cardeña et al., 1998). Previous
studies demonstrate that Hsp90 plays an important role in the
maintenance of eNOS dimer structure and function (Chen et al.,
2014). Moreover, inhibition of Hsp90 or silencing of Hsp90
causes the eNOS dimer to dissociate into monomers and exposes
Ser1179 and Thr497 on the monomers to various phosphatases,
resulting in eNOS dephosphorylation and degradation. Structure
studies showed that Hsp90 associates with the oxygenase
domain of eNOS in which eNOS also associates with many
kinds of different cofactors or substrates, such as Heme,
tetrahydrobiopterin (BH4), and L-arginine (Balligand, 2002;
Chen et al., 2017). In fact, Hsp90 uniquely regulates eNOS
through specifically changing a few eNOS cofactor affinity,
such as reduced nicotinamide adenine nucleotide phosphate
and calcium (Ca2+)/calmodulin (Chen et al., 2017). Meanwhile,
sufficient study data confirm that mitochondrial dysfunction
in pulmonary arterial endothelial cells (PAECs) decreases the
cellular ATP levels and Hsp90 chaperone activity, resulting in a
reduced interaction between Hsp90 and eNOS in cardiovascular
disorders (Sud et al., 2008). Hence, the eNOS activities and NO
generation were decreased despite the overall elevated Hsp90
level in PAH. Interestingly, some research results suggest that
AMPK activity is essential for eNOS activation via promoting
the association between eNOS and Hsp90 (Schulz et al., 2005;

Figure 4). In contrast, pharmacological or molecular inhibition
of AMPK did not alter the level of eNOS phosphorylation
(Schulz et al., 2005; Chen et al., 2009). Also, clinically relevant
concentrations of metformin, as a most commonly used AMPK
activator, activate eNOS and NO bioactivity in an AMPK-
dependent manner (Davis et al., 2006). Taken together, although
divergent findings exist, Hsp90 may play a significant role in PAH
by interacting with AMPK and eNOS pathways. More research is
needed to understand the effects of Hsp90 in PAH development.

Various studies have shown that overexpression of Hsp90 was
related to many diseases such as cancer and chronic degenerative
diseases (Richardson et al., 2011; Fuhrmann-Stroissnigg et al.,
2017). However, the studies that focused on the relationships
between Hsp90 accumulation and PAH development are limited,
and the underlying roles of Hsp90 in the occurrence and
progression of PAH remain unclear. Our review is the first to
propose the possible mechanisms of Hsp90 in the pathogenesis of
PAH by comprehensively summarizing the interactions of Hsp90
with sGC and AMPK signaling pathways (Figure 4).

PROSPECTIVE OF HEAT SHOCK
PROTEIN 90 IN PULMONARY ARTERIAL
HYPERTENSION TREATMENT

Hsp90 levels and activities vary in different cell lines during
the development of PAH. It was shown that the level and
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activity of Hsp90 were increased in PASMCs, leading to abnormal
proliferation and migration of PASMCs and, thus, vascular
remodeling eventually (Wang et al., 2016; Boucherat et al.,
2018). In PAECs, the intracellular ATP level decreased due
to mitochondrial dysfunction. This results in reduced activity
of Hsp90, which in turn leads to the uncoupling of the
interaction between eNOS and Hsp90, and decreased eNOS
activity and NO production, resulting in further pulmonary
vasoconstriction (García-Cardeña et al., 1998; Sud et al., 2008;
Boucherat et al., 2018). The combined physiological changes
increase PAP and pulmonary vascular resistance, aggravating the
condition of PAH patients.

Supported by long-term efficacy data and the latest European
Society of Cardiology/European Respiratory Society guidelines,
combination therapy is now regarded as the standard of
care in PAH management and is becoming used widely in
clinical practice (Galie et al., 2016; Lajoie et al., 2016; Burks
et al., 2018). In this review, we summarized the multifaceted
roles of Hsp90, such as the effects on sGC and AMPK,
in PAH treatment. Based on the current situation and our
new findings on the role of Hsp90 in PAH development,
we speculate that the combination of Hsp90 inhibitors and
sGC activators may provide significant benefit to PAH patients
clinically (Figure 5).

CONCLUSION

In summary, an increasing body of evidence has supported
Hsp90 as a potential pathogenic factor in the development
of PAH. It is known that PAH is a highly complicated and

progressive disease, and no single drug has been consistently
demonstrated to be efficient for patients with PAH. Combination
therapy has shown potential advantages in long-term outcomes
and achievements of predefined treatment goals. Therefore,
regulators with vasodilation effect via sGC activation and vascular
remodeling regulation effect by Hsp90 inhibition will provide
more advantages and potentialities. Further elucidating the
mechanisms of Hsp90 related pathways in the development of
PAH will be essential for developing novel specific and safe
therapies for this devastating disease.
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