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Abstract 

Pulmonary arterial hypertension (PAH) is a fatal and enigmatic disease of the 
pulmonary circulatory system for which there is currently no cure. The intricate 
pathogenesis of PAH poses a barrier to identifying novel therapeutic targets, 
resulting in high morbidity and mortality rates. To identify potential drugs or 
biomarkers from the bench to the bedside, there is a need to expand the current 
knowledge of the pathogenesis of PAH. Alternative therapies and treatment 
strategies may slow down the progression of this disease, but a complete cure 
requires uncovering the underlying novel mechanisms. Emerging epigenetics-
based studies are paving the way for understanding the pathophysiology of 
several complicated disorders, such as cancer, peripheral hypertension, and 
asthma. Thus, epigenetic studies may help to comprehend the multifaceted nature
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of PAH. This chapter compiles the current knowledge and emerging therapeutic 
and biomarker potential of epigenetic factors, such as DNA methylation, histone 
modifications, and noncoding RNAs, in PAH. As no animal models can fully 
recapitulate human PAH features, we highlight the emerging microfluidic lab-on-
a-chip (LoC) technology as an excellent model for the disease and testing 
therapeutics.
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Abbreviations 

ABCA1 ATP binding cassette 1 
APOA4 Apolipoprotein A4 
BER Base excision repair 
BMPR2 Bone morphogenetic protein type II receptor 
BRDP Bromodomain-containing protein 
CAP Concentrated ambient particles 
ChIP Chromatin immunoprecipitation 
COPD Chronic obstructive pulmonary disease 
DNMT DNA methyltransferase 
ELISA Enzyme-linked immunosorbent assay 
HDAC Histone deacetyl transferases 
HME Histone modifying enzymes 
IL Interleukins 
LoC Lab-on-a-chip 
MBD Methyl CpG binding 
MCT Monocrotaline 
OoC Organ-on-a-chip 
PAC Pulmonary arterial cells 
PAEC Pulmonary endothelial cells 
PAH Pulmonary arterial hypertension 
PARP Poly (ADP-ribose) polymerases 
PASMC Pulmonary arterial smooth muscle cell 
PDGF-BB Platelet-derived growth factor B 
PH Pulmonary hypertension 
PPI Protein–protein interactions 
PVOD Pulmonary veno-occlusive disease 
RAAS Renin–angiotensin–aldosterone system 
RISC RNA-induced silencing complex 
RSRS Renal sodium retention system 
RVLM Rostral ventrolateral medulla
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SAM S-adenyl methionine 
SMC Smooth muscle cell 
SNS Sympathetic nervous system 
TET Ten-eleven translocation 
TGF Transforming growth factor 
TLR Toll-like receptors 
TNF Tumor necrosis factor 
UHRF Ubiquitin-like, containing PHD and RING finger domain 
VEGF Vascular endothelial growth factors 

14.1 Introduction 

Pulmonary arterial hypertension (PAH) is a chronic cardiovascular condition 
characterized by vascular remodeling that ultimately results in right heart failure 
and death [1, 2]. Current therapeutics have primarily concentrated on addressing 
issues with the pulmonary vasculature and abnormal signaling pathways such as 
those involving prostacyclin, endothelin 1, and nitric oxide. The goal of these 
therapies is to alleviate the burden on the right side of the heart by reducing afterload 
[3, 4], yet a universally effective drug is under investigation. The leading causes of 
PAH are multifactorial and intricate, such as endothelial cell dysfunction [5], smooth 
muscle cell hyperproliferation [6], vascular inflammation, and immune 
dysregulation [7], germline mutations [8], and many others. Existing combination 
therapies can slow down the progression of the disease, but remain incurable 
[9]. Thus, there is an unmet need to understand this disease mechanism to discover 
effective drugs for therapeutic purposes. 

Pathobiological research, diagnostic, and treatment strategies for PAH have 
advanced significantly, although the most precise mechanism is still enigmatic 
[10]. The involvement of aberrant cell signaling, genetics (mutations), and environ-
mental variables, such as hypoxia, viral infections, and anorectic agents in the 
pathogenesis of PAH has been the subject of much exploration. But less emphasis 
has been paid to the relationship between epigenetics and PAH [11]. Epigenetics 
may be a potential pharmacological target since compelling data indicates that 
epigenetic mechanisms play a critical role in the pathogenesis of PAH [11– 
14]. Therefore, targeting epigenetic processes may offer a promising avenue for 
pharmacological interventions. However, the field of epigenetics investigates 
alterations in gene expression that can be inherited without changes to the DNA 
sequence [15]. The three primary mechanisms of epigenetics are DNA methylation, 
histone modification, and microRNA (miRNA) regulation. These processes play 
significant roles in modulating gene expression and regulating cellular activity 
[16]. Some miRNAs including miR-34a [17], miR-17–92 [18], and miR-212-5p 
[19] were identified as potential therapeutic targets in PAH. Despite the crucial role 
of epigenetics in the pathogenesis of PAH, the role of histone modification and DNA



methylation in this condition has received relatively little research attention 
[11]. Moreover, a new class of RNAs called circular RNAs (CircRNAs) is emerging 
as diagnostic and therapeutic agents in various diseases including PAH [20]. Thus, 
targeting epigenetics in PAH could open the door to addressing many unanswered 
questions. However, understanding disease mechanisms and evaluating therapeutic 
effectiveness rely heavily on the fidelity of animal models. Unfortunately, no animal 
models have been identified that can replicate fully the pathophysiology of PAH in 
humans [21]. Modern scientific advancements have produced a rapid and resilient 
microfluidics-based technology that has the potential to connect traditional cell 
cultures, animal models, and human subjects, thereby bridging the gap between 
them [22]. One of the most promising advancements in this field is the lab-on-a-chip 
(LoC) technology, combined with tissue engineering and organ-on-a-chip (OoC) 
technology [23]. Together, these technologies can accurately emulate human patho-
biology and evaluate the efficacy of drugs [24, 25]. In concert with a state-of-the-art 
microscope imaging system, this might be a revolutionary approach for unraveling 
the mystery of a putative PAH mechanism in humans. This chapter aims to provide 
an overview of the functions and mechanisms of epigenetic regulators in the 
development of PAH, and their potential therapeutic targets. Furthermore, this 
chapter will discuss the potential of microfluidics-based lab-on-a-chip (LoC) 
technologies for PAH research. 
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Fig. 14.1 The role of epigenetic mechanisms in the pathogenesis of PH
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14.2 Targeting Epigenetics in PAH 

Epigenetics refers to the investigation of heritable changes in phenotype that do not 
involve changes in DNA sequences. There are three primary epigenetic mechanisms: 
histone modifications (such as acetylation and methylation), noncoding RNA 
(including microRNA and long noncoding RNA), and DNA methylation, all of 
which can activate or deactivate genes [26, 27]. A brief overview of these three 
mechanisms will be discussed later in this chapter. 

We depicted the role of epigenetic mechanisms in the pathogenesis of PH in 
Fig. 14.1. DNMT (DNA methyltransferase) is used to catalyze and maintain DNA 
methylation. The TET (ten-eleven translocation) proteins can block DNMT. 
Histones found in the nucleosome’s N-terminal tails can be acetylated, deacetylated, 
methylated, and other posttranslational changes. The epigenetic reader BRD4 
(bromodomain-containing protein 4) can identify the acetylated lysine residues on 
histone tails. Mature miRNA is incorporated into the RISC (RNA-induced silencing 
complex) to mediate target mRNA destruction or translation inhibition. These three 
epigenetic variables have a significant impact on PAH and pulmonary vascular 
remodeling (dysfunction of key vascular cells such as pulmonary artery endothelial 
cells (PAECs), smooth muscle cells (PASMCs), and fibroblasts). PAECs play a 
critical role in regulating thrombosis and inflammation. PASMCs contribute to 
increase in vascular resistance in pulmonary hypertension [27, 28]. Besides, vascular 
extracellular matrix (ECM) remodeling and homeostasis are regulated by 
fibroblasts [29]. 

14.2.1 DNA Methylation 

In 1948, the major epigenetic DNA methylation was first discovered by Rollin 
Hotchkiss while preparing calf thymus. He found a modified version of the nucleo-
tide cytosine and stated that it existed naturally in DNA [30]. This finding led to the 
hypothesis that this fragment of the DNA was 5-methylcytosine (5 mC) [30]. In 
1980s, numerous studies showed that DNA methylation, which involves a methyl 
group addition to the DNA molecule at the fifth carbon of the cytosine ring in a CpG 
dinucleotide sequence, is a critical mechanism for gene regulation and a major 
epigenetic factor controlling gene activities in eukaryotes [31]. The process of 
DNA methylation is catalyzed by a family of enzyme known as DNA 
methyltransferases (DNMTs), during which a methyl group from S-adenyl methio-
nine (SAM) is transferred to fifth carbon of cytosine [32]. The enzymes DNMT3a 
and DNMT3b are known as de novo DNMT as these can transfer the methyl group 
into a naked DNA molecule while the DNMT1 functions by copying the methylation 
pattern of the DNA during replication [33]. There are three classes of enzymes 
known as writers, erasers, and readers, which are involved in establishment, recog-
nition, and removal of DNA methylation, respectively. The addition of methyl 
groups to cytosine residues is catalyzed by writers, whereas the modifications and 
removal events are done by erasers, and lastly, readers are responsible for



recognizing and binding these methyl groups to induce subsequent gene expressions 
[33]. The three DNMT members (DNMT1, DNMT3a, and DNMT3b) catalyze the 
methylation event. These enzymes have unique expression patterns even though 
they are structurally similar [34]. The native DNA methylation pattern is conserved 
by DNMT1, often referred to as the maintenance DNMT. During DNA replication, 
DNMT1 binds to the replication fork and localizes to the newly synthesized 
hemimethylated DNA strand, where it mimics the original methylation pattern 
[35, 36]. DNMT3a and DNMT3b are unique when compared to DNMT1, as these 
when overexpressed can methylate both the synthetic and native DNA [37], and thus 
they are also known as de novo DNMT due to their capability of methylating naked 
DNA. The key property that differentiates DNMT3a from DNMT3b is the pattern of 
their gene expression [33]. DNA demethylation can be categorized into either 
passive or active forms. During cell division, inhibition of the DNMT1 leads to 
low levels of methylation overall, as the newly synthesized cytosine residues remain 
unmethylated [33]. However, active demethylation can occur in both dividing and 
non-dividing cells, where the 5mC is regressed back to a naked cytosine by enzy-
matic reactions [38, 39]. During demethylation, a series of enzymatically catalyzed 
chemical reactions occur, with subsequent oxidation or deamination of the 5mC to a 
product, which is further identified by the base excision repair (BER) pathway 
[40]. There are some other proposed mechanisms of active demethylation, for 
example, one of the suggested mechanisms is driven by the TET enzymes, in 
which these enzymes catalyze the addition of a hydroxyl group to the methyl 
group of 5 mC forming 5 hmC [41, 42], which is reverted back to a naked cytosine 
by two other separate processes such as iterative oxidation of 5 hmC or 5 hmC 
deamination by AID/APOBE complex (activation-induced cytidine deaminase/apo-
lipoprotein B mRNA-editing enzyme) [43]. 
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There are three different protein families known as the MBD protein, the UHRF 
(ubiquitin-like, containing PHD and RING finger domain) proteins and the zinc-
finger proteins that can recognize DNA methylation. Some of the proteins of the 
MBD family are the MBD1, MBD2, MBD3, MBD4, and MeCP2 [44]. There is a 
methyl CpG binding (MBD) domain conserved in the MBD proteins. This domain 
has a high affinity for single methylated CpG sites [45]. MBD3 and MBD4 exhibit 
atypical characteristics among the MBD proteins. MBD3 lacks the ability to directly 
bind to DNA due to a mutation in the MBD domain [46], while MBD4 binds when it 
recognizes a mismatched guanine residue with thymine, uracil, or 5-fluorouracil 
[47–49]. Conversely, MeCP2 plays a double function by acting as both a transcrip-
tional repressor and participating in the maintenance of DNA methylation [33]. The 
UHRF family has multi-domain proteins such as UHRF1 and UHRF2 which uses a 
SET- and RING-connected DNA binding domain to bind the methylated cytosine 
residues [50]. During DNA replication, this protein family primarily binds to the 
DNMT1 and maintains DNA methylation by projection it to a hemimethylated DNA 
[51, 52]. The final set of methyl binding proteins uses a zinc-finger domain to bind 
the methylated DNA. This family consists of Kaiso, ZBTB4, and ZBTB38 
[53, 54]. These domains are unique as both Kaiso and ZBTB4 have binding affinities



for a sequence motif that lacks methylcytosine [55], where Kaiso can also bind to 
two successive methylated CpG sites [56]. 
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DNA methylation plays a crucial role in gene regulation and transcriptional 
silencing [57]. In particular, when DNA is hypermethylated in regions of the genome 
that contain a high density of CpG sites (known as CpG islands), this is often 
associated with transcriptional repression [58]. In a study of PH, where the pulmo-
nary arterial smooth muscle cells (PASMCs) were isolated from fawn hooded rats, a 
diminish in the SOD2 gene expression was observed. These observations were also 
seen in the plexiform lesions of PH [14, 16]. It was later demonstrated that when 
CpG islands are selectively hypermethylated in both the promoter and the intronic 
regions of the SOD2 gene, the expression is reduced by approximately 50% 
[14]. Another study claimed that epigenetic regulation was influenced by the 
hypermethylation of the GNLY genes, specifically in the case of pulmonary veno-
occlusive disease (PVOD) [59]. Some of the key biological pathways, where DNA 
methylation is involved in epigenetic regulations are the sympathetic nervous system 
(SNS), renin–angiotensin–aldosterone system (RAAS), and renal sodium retention 
system (RSRS) [60]. The SNS system plays a key role in the pathophysiology and 
pathogenesis of hypertension [61], whereas the RAAS contributes to the occurrence 
of the disease [62]. 

A vast amount of data suggests that DNA methylation has an integral contribution 
in pulmonary vascular remodeling in PAH. In a study, where some of the genes such 
as the ATP binding cassette 1 (ABCA1), adiponectin (ADIPOQ), and apolipoprotein 
A4 (APOA4) were detected in PAH patients, the authors saw that ABCA1 was 
majorly hypermethylated, indicating that the metabolism of cholesterol might be 
related with PAH [63]. Some of the key genetic risk factors of heritable PAH 
(HPAH) is the heterozygous loss of function (LOF) mutation in the BMPR2 gene 
[64]. A study performed bisulfite sequencing to determine the DNA methylation 
profile of the BMPR2 gene and found that this gene was hypermethylated in the 
HPAH patients, whereas the wild type allele was more hypermethylated when 
compared to the aberrant allele [64]. In another study, a group investigated and 
demonstrated that when rodents with PAH were administered with monocrotaline or 
exposed to hypoxia, the global DNA methylation increased in their lungs [65]. Their 
data shows the upregulation of the enzyme DNMT3b in both rodent models and 
PAH patients. Also, the authors showed that knockout DNMT3b-/- rats, suffered 
from severe pulmonary vascular remodeling and regular inhibition of DNMT3b 
caused proliferation of PASMCs as a response to deprivation of the platelet-derived 
growth factor-BB. Overall, their study reveals that DNMT3b mediates the patho-
genesis of PAH coupling epigenetic regulations with vascular remodeling [65]. 

Pulmonary hypertension shares common risk factors with hypertension, such as 
age, obesity, alcohol consumption, drugs, etc. Evidence suggests that variations 
DNA methylation is associated with these factors [66, 67]. A study demonstrated 
that alcohol consumption enhances the DNA methylation of the ADD1 gene pro-
moter, thus increasing the hypertension susceptibility [68]. Furthermore, a study 
claimed that differential variability in methylation can influence obesity. After 
analyzing genome wide methylation profiles of CpG sites in both obese and lean
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individuals, the authors found a significant number of differential methylated CpG in 
obese cases [66]. Age is also a common risk factor in both PH and hypertension, and 
genome wide methylation studies of CpG sites showed that approximately 28.8% of 
the CpG sites were associated with age and around 7.9% CpG sites were capable to 
predict age, making this association between DNA methylation strong and ubiqui-
tous [67]. In addition, a cross-over trial, with human exposure to concentrated 
ambient particles (CAP) showed that these particles diminished methylation of 
toll-like receptors (TLR4) and Alu [69]. 
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14.2.2 Histone Modification 

Histones are protein that is basic in nature and contains high abundance of arginine 
and lysine residues, located in nuclei of eukaryotes [70]. These proteins play 
essential roles in protecting DNA from becoming tangled and in process being 
damaged [71]. There are five known histone proteins, among which H1 and H5 
are the linker histones, while H2, H3, and H4 are core histones [70]. Nucleosomes 
are higher order structures that wrap 146 base pairs of DNA around core histone 
proteins [16]. Histones are key proteins that maintain the chromatin structure and 
influence long-term gene regulations [72]. Even though the chromatin exhibits a 
compact structure, histone modifications result in the chromatin losing its compact-
ness [73]. Histone acetylation, ubiquitylation, and histone methylation process take 
place at the N-terminal where acetylation and methylation processes are carried out 
by acetyltransferases and methyltransferases, respectively [73]. The discovery of 
histone H1 and histone H3 phosphorylation was made in regard to the condensation 
of the chromosomes during meiosis [73]. 

Histone modifying enzymes (HME) carry out the posttranslational modifications 
of histone tails and thus can regulate gene expression. These enzymes (Table 14.1) 
can be categorized in two ways, as writers (induce modifications) and as erasers 
(revert modifications). Apart from the common modifications stated above, some of

Table 14.1 Some of the known histone modifying enzymes 

Process of 
modification 

Methylation Histone methyltransferase Histone demethylase 

Ubiquitination Ubiquitin ligase Deubiquitinating enzyme 

Phosphorylation Protein kinase Protein phosphatase 

Acetylation Histone acetyltransferase Histone deacetylase 

ADP ribosylation Poly ADP-ribose 
polymerase 

(ADP-ribosyl) hydrolases ARH-1& 
ARH3 

Proline isomerization Fpr4 Fpr4 

Sumoylation E3 sumo ligase Sumo specific protease 

O-GlcNAcylation O-GlcNAc transferase O-GlcNAcase



the other histone modifications including SUMOylation, ADP ribosylation, 
O-GlcNAcylation, and proline isomerization [74–77].
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In epigenetic mechanisms, it is integral for the HMEs to collaborate with other 
cofactors which involve numerous protein–protein interactions (PPI). Furthermore, 
these histone modifying enzymes can form functional complexes by interacting with 
non-histone proteins [78]. The activity of these enzymes is crucial, as any imbalance 
in their activity along with the change in the compactness of the chromatin is 
associated with several diseases including the vascular remodeling in pulmonary 
arterial hypertension [79]. Some of these enzymes can also be used as potential drug 
targets against PAH. For example, SAHA, a broad spectrum histone deacetylase 
(HDAC) inhibitor drug, has demonstrated the ability to decrease the migration of 
monocyte induced by fibroblasts, suggesting that such HDAC inhibiting drugs 
reduce vascular inflammation [13]. 

Amongst the five histone proteins, H3 maintains the chromatin structure in 
eukaryotes. Modifications of the N-terminal H3 tail by adding acetyl or methyl 
groups to arginine or lysine residues can be done post-translations. Also, phosphor-
ylation of the serine or threonine residues is possible [72]. Gene expression can 
affect the methylation pattern of lysine-9, as this residue is hypermethylated when 
the gene expression decreases while it gets monomethylated when the gene gets 
activated [65]. The acetylation of H3 lysine residues is carried out by the enzyme 
histone acetyltransferase. Such acetylation events may associate with hypertension 
as they induce the glial cell line-derived neurotrophic factor [80]. This factor is key 
for the survival of dopaminergic neurons and can be followed up with melatonin 
treatment [80]. The neurons expressing melatonin can give input to the neurons of 
the rostral ventrolateral medulla (RVLM), which can regulate the sympathetic 
outflow to blood vessels. In humans, a dysfunctional RVLM can act as a mechanism 
to promote hypertension [81]. Post acetylation, the histone proteins are more acces-
sible to the RNA polymerase due to losing structural compactness [82]. Thus, this 
enables the adjacent genes to get transcribed. Furthermore, bromodomain-containing 
proteins (BRDPs) can bind with these acetylated histones and recruit chromatin-
modifying factors and induce transcription [83]. 

There are three families of enzymes that regulate histone modifications, out of 
which the histone deacetyl transferases (HDACs) family is the most researched in 
regard to PAH [84]. This enzyme family contains a highly conserved domain and 
maintains the equilibrium of lysine acetylation by removing acetyl groups in 
histones. One of the very first studies on HDACs and their association with PAH 
reported that when PAH was induced by hypoxia in bovine models, the phenotype of 
the pulmonary adventitial fibroblasts showed abnormality in the activity of class I 
HDACs. The authors also reported that these fibroblasts had an increased levels of 
proteins due to an elevation in the activity of the class I HDAC [85]. In another 
study, observation of the human idiopathic PAH lung homogenates showed that out 
of six screened HDACs, the expression levels of HDAC1 and HDAC5 were elevated 
[13]. Boucherat and colleagues demonstrated that in PAH patients, the HDAC6 gene 
is upregulated in the lungs, in the pulmonary endothelial cells, distal pulmonary 
arteries, and PASMCs [86]. The MEF2 transcription factor family is known to be



linked with class II HDACs and plays a crucial part in cardiovascular development, 
wherein HDACs maintain transcriptional inactivity of MEF2s [87]. In PAH, the 
nucleus of pulmonary arterial endothelial cells experiences an abundant accumula-
tion of HDAC4 and HDAC5, which causes a suppression of MEF2’s transcriptional 
activity [88]. 
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14.2.3 Crosstalk of DNA Methylation with Histone Modification 

It is difficult to find concrete data on how epigenetic mechanisms influence pulmo-
nary hypertension (PH), but several hypotheses claim that they have substantial roles 
in initiation, advancement, and establishment stages of PH [89]. Usually, in case of 
eukaryotes, histone proteins are bound with DNA to help package the molecule into 
small nuclear pockets. The N-terminal of the amino acids in the histones is chemi-
cally modified by process like acetylation, methylation, phosphorylation, and 
ubiquitination [33]. The DNMTs usually target the CpG sites and methylate the 
DNA to repress gene expression [33]. The histone modifications that lead to tighter 
packaging of DNA induce gene repression. DNMT1 and DNMT3a enzymes are 
associated with the histone methyltransferase SUV39H1 that inhibits gene 
expressions [90], while DNMT1 and DNMT3b interact with histone deacetylases 
to condense the DNA more tightly represses transcription [91]. In areas with active 
transcription, DNA methylation is removed by the TET enzyme, and inhibition of 
DNMT binding to the unmethylated CpG sites is done by the histone tails containing 
H3K4me3 [33]. DNA methylation and histone modifications are crucial epigenetic 
mechanisms involved in the development of PAH. The subsequent section provides 
a detailed explanation of their roles in this context. 

14.2.4 DNA Methylation and Histone Modifications as Therapeutic 
Targets of PAH 

PAH becomes severe as it progresses, eventually causing right ventricular failure 
and death. The therapies available at present are not effective enough to reverse the 
disease and therefore result in high mortality and morbidity [92]. Hence, it is an 
utmost challenge and requirement to develop newer therapeutics for treating PAH. 
There are several therapeutic targets to treat PAH, such as drugs targeting estrogen 
signaling, drugs against growth factors, or even drugs targeting properties like 
epigenetic modifications and DNA damage [92]. PAH can influence DNA damage 
as it is associated with oxidative stress and inflammation [93]. Recently, the drug 
Olaparib which is approved for ovarian cancer has been in clinical trials to treat PAH 
[92]. This study is sponsored by Laval University, and their drug is under a 
preclinical study targeting to inhibit DNA damage and poly (ADP-ribose) 
polymerases (PARP) where they have claimed that PARP1 inhibition is cardio 
protective and can also reverse PAH disease conditions in an animal model [94]. It 
has been reported that PARP1 expression and activation levels are elevated in



PAH-PASMCs and PAH distal PAs [95]. This particular study also showed that in 
PH rats induced with both hypoxia and MCT, the PARP1 inhibiting drug veliparib 
was successful in reversing the PAH conditions [95]. Another drug that is being 
clinically studied is Apabetalone, which targets epigenetic modifications. This drug 
targets the inhibition of bromodomain-containing protein 4 (BRD4), which plays a 
significant role in the pathogenesis of PAH. Their results indicate that BRD4 
inhibition can also reverse the disease conditions in animal models [96]. According 
to a study conducted in 2015, patients with PAH have more expression of the BRD4 
gene in their distal PAs and PASMCs [97]. They also claimed that such 
overexpression of the BRD4 gene results in multiplication of the PASMC [97]. 

14 Targeting Epigenetics in Pulmonary Arterial Hypertension 233

14.2.5 MicroRNAs (miRNAs) 

MicroRNAs (miRNAs), firstly discovered in 1990s, are type of small regulatory 
molecules consisting of 18 to 24 nucleotides [98, 99]. The involvement of miRNAs 
in development and diseases is being perceived firmly over time due to their gene 
regulatory roles, conservation among species, and clear understanding of their 
mechanism of functions based on sequence complementarity [100–102]. The devel-
opment of high-throughput technologies, computational methods, and experimental 
techniques enhanced the discovery process of miRNAs [98]. According to an 
estimation, there is around 1000 miRNAs in human genome with targeting potency 
of one-third of the entire human genes [103, 104]. MiRNAs can be generated singly 
or as a cluster from any part of the human genome through transcriptional machin-
ery, irrespective of coding or noncoding regions [98]. A single miRNA can have 
multiple targets while sometimes multiple miRNAs can work together to regulate the 
same target, indicating their gene regulatory network attribute [98]. MiRNAs are 
generated and processed in a multi-step fashion, taking together several molecular 
players [105]. After originating from nucleus, miRNAs come to the cytoplasm and 
exert their functions [105]. MiRNAs are known to play a role in the development and 
progression of various human diseases, such as different types of cancers, neuronal 
development disorders, cardiovascular diseases, and skin diseases. Particularly, 
miRNAs have been widely studied in pulmonary hypertension [106–108]. 

MicroRNAs are associated with PAH [109, 110]. Aberrant miRNA expressions 
contribute to the abnormal remodeling of vascular cells, including adventitial fibro-
blast (AdvFB) migration, PASMC proliferation, and PAEC dysfunction in PAH 
[111]. Incomprehension of miRNAs role in complex cellular networks blocks the 
way to developing new drugs targeting pathological pathways [112]. The miRNA, 
miR-34a is a promising candidate for regulating the development of PAH. Reducing 
of its expression leads to elevated proliferation of PASMC, while overexpression 
produces the opposite effect [17]. Silencing of the miR-17–92 in smooth muscle 
cells (SMCs) induces PAH in mice [18]. Recently, miR-212-5p, an anti-proliferative 
miRNA, was suggested as a potential therapeutic target. Here, miR-212-5p was 
shown to be consistently and selectively elevated in both animal and human models 
of PAH [19]. Another study reported that miR-30a could be a promising miRNA for

https://www.sciencedirect.com/topics/medicine-and-dentistry/microrna


therapeutic targets [113]. Overexpression of miR-483 can suppress the PAH gene, 
resulting in the development of PAH. This finding indicates that miR-483 may serve 
as a potential disease biomarker and a target for therapeutic interventions [114]. In a 
recent review, it was found that miR-29, miR-124, miR-140, and miR-204 are 
crucial miRNAs that share a common expression pattern in both human and animal 
models [112]. However, several studies have previously documented the list of 
miRNAs that are dysregulated in PAH [106, 112, 115–117]. 
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14.2.5.1 MiRNAs as a Therapeutic Target for PAH 
In PAH, miRNA-based therapy is still in its infancy due to several limitations, such 
as miRNA mimics/antagonist, animal models, and instability of RNA molecules 
[117, 118]. However, miRNAs have a shorter length with known and conserved 
sequences and can target multiple genes within a network. Also, miRNAs have 
potential preclinical evidence against human diseases. So miRNA could be a 
promising therapeutic target molecule [106, 112]. Currently, four clinical trials 
related to miRNA and PAH studies have been discovered while searching https:// 
clinicaltrials.gov/ (searched on November 9, 2022). The study (NCT00806312, 
completed) evaluated the expression and implications of miRNA profiles and 
inflammation markers in PAH patients. The study (NCT04489251, recruiting) 
looked into the miRNA and TGF pathways in pediatric PAH patients. The results 
of the other two studies were either withheld or unknown. 

14.2.6 Long Noncoding RNAs (lncRNAs) 

In the past, some DNA was regarded as “junk DNA” because it was ubiquitously 
transcribed but did not encode proteins; its functions were also unknown [119]. With 
the advent of the human genome project, however, the activities of these proteins 
were uncovered. This essential protein is referred to as “non-coding RNAs” 
(ncRNAs), which play a key role in protein-coding gene expression as well as 
several complex biological processes and disease progressions [120]. However, 
ncRNAs have been classified into two heterogenous subclasses: small ncRNAs 
with 15–200 nucleotides (nt) and long ncRNAs (lncRNAs) >200 nt long. There 
are thousands of ncRNA have been identified in the eukaryotic genome [121– 
123]. This section will give an overview of lncRNAs, what role they play in PAH, 
and how they might be used to find potential therapeutic targets. In the 1990s, the 
first lncRNAs were discovered using deep-sequencing and microarray technology. 
The importance of understanding the role of lncRNAs in epigenetic silencing and the 
evolution of multicellular organisms readily became increasingly apparent 
[124]. LncRNAs vary in size, structure (which resembles a flexible scaffold), and 
functions [125]. Their synthesis takes place in the nucleus via similar processes to 
mRNA transcription. LncRNAs are transcribed mostly by RNA polymerase II, but 
also by other polymerases [126]. Interestingly, lncRNAs can act in either the nucleus 
or the cytoplasm; hence, they are also classed as nuclear or cytoplasmic 
lncRNAs [127].

https://clinicaltrials.gov/
https://clinicaltrials.gov/
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Based on recent classification, lncRNAs include long intergenic noncoding 
RNAs (lincRNAs) [128], natural antisense transcripts (NATs) [129], intronic 
lncRNAs, bidirectional transcripts [130, 131], sense lncRNA, enhancer RNA 
(eRNA) [132], and circular RNA (circRNAs) [133]. Nearly all recognized lncRNAs 
are similar to mRNA, but they have fewer exons, are less abundant, are nuclear-
localized, and are not evolutionarily conserved [134–136]. They are capable to 
interact with DNA, RNA, and proteins [127]. Recent research has demonstrated 
that lncRNAs play a wide range of functions in cellular processes, including 
regulation of mRNA stability/turnover, chromatic architecture, and interference 
with posttranslational modification in the cytoplasm [137]; some of them can also 
translate into short polypeptides [138, 139]. A recent study also indicated that 
lncRNAs have a role in the development of various human diseases, including 
neurological, cancerous, and cardiovascular disorder [140]. 

14.2.6.1 LncRNAs in PAH 
The pathogenesis of PAH is significantly influenced by lncRNAs, which exhibit 
differential expression patterns in pulmonary vascular cells such as PAECs and 
PASMCs. This differential expression leads to vascular remodeling and the 
subsequent development of PAH [141]. PASMC dysfunction is primarily attributed 
to various signaling pathways, including but not limited to PDGF, TGF-β, Wnt, 
hedgehog, estrogen, Notch, PI3K/AKT/mTOR, and MAPK signaling, as well as 
apoptotic pathways, hypoxia, and the influence of noncoding RNAs (lncRNAs and 
miRNAs) [142]. The platelet-derived growth factor B (PDGF-BB), a 
pro-inflammatory cytokine, was shown to be elevated in the lungs of PAH patients 
[143, 144]. Intriguingly, PDGF has a strong link with PASMCs proliferation 
[145]. However, lncRNA H19, a highly evolutionarily conserved maternally tran-
scribed lncRNA, has been observed to be overexpressed in cancer patients cells 
when stimulated by TNF- α, IL-1, IL-6, TGF-1, and PDGF-BB [146, 147]. Several 
studies suggest that H19 plays a crucial role in the origin of PAH by increasing the 
proliferation of PASMCs, whereas decreasing H19 expression inhibits the develop-
ment of PAH [148]. How precisely PDGF modulates H19 is currently unknown. 
Therefore, additional research is required to establish H19 as an efficacious PAH 
therapeutic target [141]. 

PAH’s pathogenesis also involves endothelial dysfunction, where lncRNAs play 
a crucial role in the dysregulation process. In particular, dysregulation of lncRNAs 
has been implicated in the pathogenesis of chronic thromboembolic pulmonary 
hypertension (CTEPH), a subtype of PAH that is caused by chronic pulmonary 
embolism. Analysis of microarrays has identified 185 differentially expressed 
lncRNAs in CTEPH tissue when compared to healthy controls. Among these 
lncRNAs, NR_001284, NR_036693, NR_033766, and NR_027783 were signifi-
cantly altered [149]. The MIR22 host gene (MIR22HG), MIR210HG, H19, 
MALAT1, and MEG9 lncRNAs were differentially expressed in endothelial cells 
in response to hypoxia, based on NGS studies [150]. Another lncRNA (TYKRIL) 
can stimulate the growth of PASMC. An ex vivo study using precision-cut lung 
slices (PCLS) demonstrated that TYKRIL knockdown can reverse pulmonary



vascular remodeling. These findings suggest that TYKRIL may serve as a promising 
therapeutic candidate [151]. Smooth muscle enriched long noncoding RNA 
(SMILR) was also identified as a promising treatment target, as it is substantially 
expressed in PAH patients [152]. However, understanding the role of lncRNAs in 
the pathogenesis of PAH and CTEPH may lead to the identification of new diagnos-
tic and therapeutic targets for these conditions. However, further research is needed 
to fully elucidate the molecular mechanisms underlying the dysregulation of 
lncRNAs in these diseases. 
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14.2.6.2 Therapeutic Application of lncRNAs in PAH 
LncRNAs have a functional correlation with many human diseases, in particular 
PAH. Dysregulation of lncRNAs induces cell proliferation, leading to disease 
formation. As a result, this could be used as a promising biomarker or as a tool for 
personalized disease treatment. A study reported that, in the Chinese population, 
lncRNA MALAT1 (rs619586 A > G) has been found to be associated with a 
reduced risk of developing PAH, indicating its potential as a biomarker [153]. Stud-
ies have reported that BC-819 (BioCancell Therapeutics Inc.), which is a double-
stranded DNA plasmid containing diphtheria toxin under the H19 gene promoter 
regulation, can decrease the size of bladder tumors in mice [154]. 

A phase II clinical study involving patients with non-muscle-invasive bladder 
cancer reported that combining BC-819 with Bacillus Calmette-Guerin (BCG) led to 
an improvement in patient condition [141]. However, there are some potential 
drawbacks to studying lncRNAs as a promising drug target identification for cardio-
vascular diseases, specifically PAH. Although much research has been implemented 
in search of potential lncRNAs, therapeutic development is still in the early phases. 
RNA-based drug stability, an effective mode of delivery, establishing the secondary 
structure of lncRNAs, regulating off-target effects, and altering patient-specific 
dosages are typical challenges [155]. 

14.2.7 Circular RNAs (circRNAs) 

The earliest evidence of any form of circular RNA (circRNA) molecule was reported 
when Diener found genome of viroids causing disease in potato plants in 1971 
[156, 157]. The viroids, consisting of single-stranded and closed RNA molecules, 
were further confirmed by several studies in the 1970s. Interestingly, various types 
of circular RNAs were reported so far across different life forms (from plant viruses 
to humans) [158]. Nigro et al. confirmed a type of circular RNA transcript in human 
cells for the very first time while studying a tumor suppressor gene [159]. As 
experimental and computational challenges existed during the earlier studies, 
circRNAs coming from transcription process were thought to be splicing artifacts 
in most of the cases [160]. But the advancement of next-generation sequencing 
technologies and bioinformatics tools in the recent times made it possible to identify 
large numbers of circRNAs in different species [20, 158, 160]. Salzman et al. were 
the first to apply high-throughput RNA sequencing technology (RNA-seq) to detect



circRNAs in the human body in 2012 [133]. These current approaches of circRNA 
discovery are further equipped with advanced experimental techniques for valida-
tion, functional characterization, and mechanistic study of circRNAs [20]. 
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CircRNAs, unlike their linear counterparts, have covalently closed loop and 
single-stranded structure generated from a kind of non-canonical splicing called 
back splicing [20, 158, 160]. Majority of these circRNAs are widely and abundantly 
expressed in eukaryotes including humans and other mammals [161, 162]. This 
circularized chemical structure also provide higher stability, causing greater abun-
dance compared to the linear mRNAs [163]. CircRNAs are mainly endogenous and 
show high level of conservation and specificity in tissue types and development 
stages [164–168]. Circular RNAs are classified into three primary categories based 
on the biochemical processes involved in their formation: exonic circRNAs 
(EcircRNAs), intronic circRNAs (CiRNAs), and exon-intron circRNAs 
(EIciRNAs). The major biogenesis mechanisms include intron pairing-driven circu-
larization, lariat-driven circularization, RBP/trans-factor-driven circularization, 
cis-regulation based on variable circularization [133, 162, 167–175]. Though 
EcircRNAs are found mostly in cytoplasm, EIciRNAs and CiRNAs are predomi-
nantly reside in nucleus [20, 158, 173, 176]. Several groups also studied circRNAs 
degradation mechanisms in the recent times [176–180]. CircRNAs act as a novel 
class of genomic regulators by playing significant roles in various biological and 
physiological processes [20, 158, 160]. The most predominant function of circRNAs 
is to regulate target gene expression by competing with a type of noncoding RNA 
called micro RNAs (miRNAs) [165, 181]. Moreover, they can interact with RNA 
binding proteins (RBP) or other proteins; work as translational regulators or protein 
scaffolds, regulate transcription, post transcription or alternate splicing; participate in 
translation of peptides or proteins; and involve in N6-methyladenosine (m6A) 
modification of RNAs [20, 160, 182, 183]. 

14.2.7.1 CircRNAs in PAH 
The dysregulated expression of circRNAs has been linked to the pathogenesis, 
progression, and development of numerous human diseases, including cancer, 
diabetes, neurodegenerative disorders, and cardiovascular diseases [20, 157, 
183]. Specifically, circRNAs showed significant level of involvement in different 
forms of pulmonary hypertension (PH), e.g., pulmonary arterial hypertension 
(PAH), idiopathic pulmonary arterial hypertension (IPAH), hypoxia-induced pul-
monary hypertension (HPH), and chronic thromboembolic pulmonary hypertension 
(CTEPH). CircRNA profiling studies have been conducted on clinical samples such 
as blood and lungs of PH patients, as well as PH rodent and in vitro models, resulting 
in identification of some differentially expressed circRNAs related to PH [184– 
191]. Pulmonary vascular cells, e.g., PASMCs, are impacted by regulatory effects of 
circRNAs which eventually lead to pulmonary vascular remodeling [187–198]. Fur-
thermore, circRNAs have been shown to cause functional abnormalities in PAECs 
and result in right ventricular (RV) remodeling in PH [20, 158, 160]. CircRNAs are 
found to be overexpressed in PH condition in most of the instances leading to 
mechanistic effects at molecular level [20, 158, 160]. One example of a differentially



expressed circRNA related to PH is circ-CALM4, which has been found to be 
upregulated in the lungs of HPH mice. It regulates PASMC pyroptosis induced by 
hypoxia through circ-Calm4/miR-1243p/programmed cell death protein 6 signaling 
and also regulates the proliferative properties of PASMCs through the miR-337-3p/ 
Myo10 signaling axis [192, 196]. Another circRNA, hsa_circ_0016070, has been 
found to be overexpressed in the lungs of COPD-PAH patients and enhances 
PASMC proliferation through miR-942/CCND1 [197]. In contrast, 
hsa_circNFXL1_009 is downregulated in blood samples of COPD-PAH patients 
and hypoxic PASMCs and has been shown to play regulatory roles in the prolifera-
tion, migration, apoptosis, and potassium channel activation of PASMCs 
[199]. Additionally, hsa_circ_0046159 is upregulated in the blood of CTEPH 
patients and exerts regulatory roles through the predicted mechanism of the 
hsa_circ_0046159/miR-1226-3p/ATP2A2 axis. Circ-GSAP has been demonstrated 
to be linked with the development and unfavorable outcomes of IPAH and is 
downregulated in PBMCs and lung tissues of IPAH patients, as well as in lung 
tissues of monocrotaline-PAH rats, SU5416/hypoxia-induced PAH rats, and hyp-
oxic PMECs [195]. 
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CircRNAs are considered promising biomarkers in different disease conditions 
due to their stability and abundance [20]. Circ-006848 and circ-GSAP are examples 
of circRNAs that have been identified as potential diagnostic biomarkers for PH. For 
instance, Circ-006848 is overexpressed in PAH patients serum and has been shown 
to be a useful tool in predicting the diagnosis of right ventricular hypertrophy (RVH) 
in these patients [200]. RVH is a common complication of PAH and is associated 
with a poor prognosis. Therefore, identifying biomarkers that can accurately predict 
RVH in PAH patients is important for early diagnosis and management of the 
disease. On the other hand, circ-GSAP is downregulated in the PBMCs of IPAH 
patients, and this has been found to correlate with the development of IPAH as well 
as poor clinical outcomes associated with IPAH [195]. IPAH is a severe form of 
PAH, identifying diagnostic and prognostic biomarkers for IPAH is crucial for early 
diagnosis, appropriate treatment, and improved outcomes. Current progress in the 
field of RNA therapeutics and the relevant attractive properties (stability, conserva-
tion, specificity, and abundance) make circRNAs a very promising group of thera-
peutically potential molecules [20, 158, 160]. Though there is still no evidence of 
any clinical trials regarding circRNA therapeutics, this promise is being further 
strengthened by different layers of studies (in vitro, in vivo, and clinical) [20]. 

14.2.8 Microfluidic Based LoC Technology 

Uncovering disease mechanisms is key to developing diagnostic tools and new 
therapeutic targets. Rapid and resilient technology is needed to simplify complex 
disease phenomena. Microfluidics technology has emerged together with tissue 
engineering, microfabrication, and Lab-on-a-Chip (LoC) methods to build ultra-
precise models to study various aspects of molecular biology, cell, and synthetic 
biology research [201]. This emerging technology reduces chemical consumption,



minimizes cost, and provides rapid, reliable, and high-throughput screening 
[202, 203]. This technology can potentially fill the gaps between conventional cell 
cultures, animal models, or human subjects in various fields, particularly in biomed-
ical research and drug development [22]. Furthermore, recently developed organ-on-
a-chip (OoC) systems combine biology with microtechnology [23] that replicates the 
organ’s physiological environment, allowing researchers to study organ-level 
responses to drugs, toxins, or diseases without the need for animal models [24, 25] 
The advent of OoC technology facilitates the building of on-a-chip devices: heart-
on-a-chip [204], lung-on-a-chip [205, 206], animal-on-a-chip [207], and body-on-a-
chip [208]. These on-a-chip systems mimic biological function and allow for 
precision sciences. For example, Michas and colleagues recently engineered a 
microfabricated living cardiac pump on a chip mimicking the human ventricular 
chamber [209]. This new generation of sophisticated systems leverages the benefit of  
studying a replicated human organ in a tissue-chip model with structurally, biologi-
cally, and biomechanically similar functions [209]. 
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14.2.8.1 Promising LoC Study with PAH 
Advancement of modern science integrated micro total analysis system (μTAS), 
microfluidic LoC, and bio-microelectromechanical systems to develop new tools to 
investigate complex disease mechanisms. Several research groups focused on 
designing microfluidics devices to study pulmonary hypertension for potential 
therapeutic intervention. One such device, constructed by Lee and colleagues, is a 
microfluidic diagnostic tool integrated with an electrochemical assay system to 
rapidly identify pulmonary hypertension-associated biomarkers including fibrino-
gen, adiponectin, low-density lipoprotein, and 8-isoprostane [210]. To understand 
the vascular phenomenon, such as endothelial cell morphology and proliferation, 
Bogorad et al., described a 3D printed tissue-engineered microvessel model [211]. A 
microfluidic cell stretch device showed stretch stress that facilitates cell proliferation 
in PAH [212]. One elegant study described the fabrication process to create a near-
ideal miniature vascular structure mimicking human’s healthy and stenotic blood 
vessels using 3D printing system [213]. This method can overcome the limitation of 
conventional 2D wafer-based soft lithography or other biofabrication processes 
[214–216]. However, an advanced ultra-precise 3D printing fabrication process 
and a conceptual “PAH-chip” design is described later in this section. 

Some other promising microfluidics devices have recently been developed to 
study PAH. Al-hilal and colleagues recently reported PAH-on-a-chip, simulating 
five human pulmonary artery layers: luminal, intimal, medial, adventitial, and 
perivascular. PAH-on-a-chip resembles human PAH pathophysiology enabling the 
growth of different types of pulmonary arterial cells (PAC) including endothelial, 
smooth muscle, and adventitial cells without altering their phenotypes. Disease-
affected PAC cells generally migrate to their designated layers, this phenomenon 
exactly showed in an experiment with “PAH-on-a-chip” [217], which validates the 
device’s accuracy and ability to recapitulate human pathophysiology. However, a 
critical phenomenon was observed in PAH patients where women are affected more 
by PAH but survive longer than men, known as “sex-paradox” [218–220]. The key



mechanism of this sex disparity is unknown; however, it is interesting that both sexes 
follow the same treatment plan but vary in response. The reason could be the 
unavailability of screening tools and animal models. Moreover, the gold standard 
in vitro assays is insufficient to recapitulate the intricate cellular interaction [221]. In 
one study, male and female cells were separately loaded into a PAH-on-a-chip and 
demonstrated that the chip accurately mimics human PAH. So, this chip might be 
useful for detecting sex hormones and therapeutic impacts on PAH progression 
[217, 222]. This PAH-chip has also demonstrated promising capabilities in testing 
the effectiveness of the anti-PAH drug including fasudil (a Rho kinase inhibitor). 
The results were shown consistency with the in vivo studies using both Sugen-5416-
plus-hypoxia (SuHx) and monocrotaline (MCT) rat model of PAH [223] as well as 
in patients with PAH [224]. This indicates that the chip could serve as a valuable tool 
to investigate the effectiveness of other anti-PAH drugs such as ASK-1 inhibitor 
[225], GS-44421731, or TGF-β trap therapeutics [226]. 
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Another PAH-chip was developed to study pulmonary endothelial and smooth 
muscle cells by monitoring functional and transcriptomic changes [21]. The study 
was performed using a combination of BMPR2 (bone morphogenetic protein type II 
receptor) knockdown and hypoxia (2% O2). BMPR2 is a type of rare genetic 
mutation that can be initiated by various factors (e.g., hypoxia, inflammation) 
[227] and can increase the susceptibility to PAH [228]. PAH-chip data showed 
that combination treatment significantly increased the proliferation of pulmonary 
artery smooth muscle cells (PASMCs) compared to separate treatments, similar to 
the effect observed in static cell culture [229]. A receptor tyrosine kinase inhibitor 
(10 μM of imatinib mesylate) was used to inhibit the proliferation. This demonstrates 
PAH-chip can measure therapeutic effectiveness. This sophisticated PAH-chip has 
the potential to trigger PAH diseases and evaluating their response to various 
possible treatments, leveraging studies on pulmonary vascular remodeling and 
drug target analysis [21]. By providing a platform to investigate cellular interactions 
and responses to potential therapies, this advanced chip technology can significantly 
improve our understanding of PAH and potentially lead to more effective treatment 
strategies in the future. 

14.2.8.2 Microfluidic Chromatin Immunoprecipitation (ChIP) Assays 
for Epigenetic Study 

Epigenetics refers to altering gene expression without changing the DNA sequence. 
Epigenetic factors play a key role in regulating cellular processes like stem cell 
pluripotency/differentiation and tumorigenesis [15]. Epigenetic regulators such as 
DNA methylation, histone modifications, and noncoding RNAs (micro or miRNA) 
are the potential PAH drug targets [230]. Epigenetic mechanisms can be effectively 
investigated using chromatin immunoprecipitation (ChIP), which require millions of 
cells, making it challenging to conduct large-scale studies due to the need for many 
human or animal models [15]. Presently, the common approach is to use animal 
models to assess a drug’s  efficacy or probe the possible disease mechanism. Various 
rodent models, including genetically modified mice and those induced by chronic 
hypoxia, Sugen-5416-plus-hypoxia (SuHx), and monocrotaline (MCT), are



frequently employed in PAH research [217, 231]. However, these animal or cellular 
models have limitations in fully replicating the pathophysiology of human PAH, 
hindering their ability to demonstrate disease severity, histopathology, and 
sex-related differences in response to therapy [222, 231–234]. A new approach 
has emerged, shifting the paradigm in PAH research. Microfluidic ChIP assays 
offer the potential to study PAH without the reliance on animal models [235]. Recent 
studies have shown that microfluidics device enable quick, sensitive, and high-
throughput testing with a significantly reduced number of cells (only 2000 cells 
are required) [236]. Additionally, combining sonication and immunoprecipitation 
(IP) in the same device has improved the accuracy of the assay. This method enables 
the testing of just 100 cross-linked cells for ChIP or 500 pg of genomic DNA for 
methylated DNA IP in only one hour [237]. In PAH research, miRNAs have been 
identified as promising therapeutic target molecules (as discussed earlier). However, 
the challenge lies in the divergence of miRNA expression patterns between human 
PAH and animal models [112]. To overcome all the barriers, future miRNA based 
therapies and interventions might rely on organ-chip systems that better mimic the 
human PAH phenotype. 
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14.2.8.3 Quantification of Endothelial Cells of PAH by LoC Method 
Early diagnosis of PAH reduces disease progression and identifies effective 
treatments. Developing early diagnostic tools will save lives and increase the quality 
of life. Various molecular and cellular biomarkers have been studied in PAH patients 
to gain insights into disease progression and potential therapeutic interventions. 
Among these biomarkers, cellular biomarkers, such as endothelial progenitor cells 
(EPC) and circulating endothelial cells (CEC), are potential candidates to study the 
progression of PAH disease and therapeutic intervention as they contribute to 
vascular repair and remodeling [238]. There are some challenges to study of these 
cells such as the endothelial dysfunction and EPC number are inversely correlated 
[239, 240]; how the EPC promotes vascular repairment is still unclear [241]. There-
fore, cell isolation and accurate quantification are necessary to explore PAH disease 
mechanisms and therapeutic targets. Standard techniques, such as enzyme-linked 
immunosorbent assay (ELISA) and polymerase chain reaction (PCR), make it 
relatively simple to measure molecular biomarkers; nevertheless, it is difficult and 
time-consuming to isolate and quantify cellular biomarkers (EPCs and CECs) using 
standard methods such as flow cytometry, magnetic bead-based techniques, and 
colony-forming assays [242, 243]. Furthermore, the quantification of EPC in PAH 
patients is highly inconsistent [244, 245], showing either an increase [244, 246], 
decrease [247–249], or no-change [248, 250] compared to the healthy controls. To 
overcome this problem, disposable microfluidics chips, “EPC capture chip” [242] 
and “CEC capture chip” [251], were designed to trap and count the EPCs and CECs 
with amazingly small amounts of whole blood (200–400 μL) without sample 
pre-preprocessing. The reliability of these chips was validated using flow cytometry, 
resulting in a strong correlation (EPCs, R= 0.83; CECs, R = 0.89). These innovative 
capture chips could serve as a robust method for measuring, monitoring, and 
screening samples from PAH patients, as well as those with other cardiovascular



and neurodegenerative diseases [252] and cancer [253]. The development of accu-
rate and reliable microfluidic chips represents a significant advancement in PAH 
research and has the potential to revolutionize disease diagnosis, monitoring, and the 
discovery of targeted treatments. These microfluidic devices offer new possibilities 
for understanding disease mechanisms, identifying biomarkers, and eventually 
improving patient outcomes. As technology continues to evolve, we can expect 
even more sophisticated and precise microfluidic solutions that will continue to drive 
progress in PAH and other areas of medicine. 
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Fig. 14.2 A conceptual PAH-chip model. (a) A prototype design displaying the various 
components of a chip, such as a cell loading chamber, reservoirs, cell growth and counting 
chambers, channels, and waste chamber. (b) Multiple chips can be combined into one for concur-
rent sample loading. (c) Multiple replicate analyses are possible on a single chip; here showed 
12 chips 

14.2.8.4 Conceptual Model Design for a PAH-Chip 
A straightforward conceptual “PAH-chip” model (Fig. 14.2a) is presented to 
describe how a microfluidic chip is designed and also briefly explains the printing 
and fabrication process using cutting-edge 3D printing technology. This model 
“PAH-chip” contains four chambers, each of which has the same size (radius, 
r = 100 μm and depth, d = 50 μm). However, the dimensions of other components 
(such as the channel, reservoirs, cell loading zone, and outlet to release waste) are not 
shown, as this is simply a conceptual model. Based on the experimental model and 
other requirements, design customization is feasible. These chips can be made for 
simultaneous loading and screening. For example, Fig. 14.2b design includes four 
chips under platform (or one chip) that can be simultaneously used for four different 
sample/cell types. The “PAH-chips” device allows the growth of three major types



of PAC cells simultaneously in one chamber. These PAC cells are endothelial cells, 
smooth muscle cells, and adventitial cells [217]. 
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One advantage of using the “PAH-chips” device is that it allows researchers to 
study the interactions between these three types of cells in a controlled environment 
that closely mimics the in vivo conditions of the pulmonary arterial system. Addi-
tionally, the device allows for one chamber to be used as a control, which enables 
researchers to compare the behavior of cells in the experimental chamber to that of 
cells in the control chamber. However, multiple replicates analysis is also possible 
using the model design in Fig. 14.2c, which reduces time and provides consistent 
and rapid experiment. By using ‘PAH-chips’, researchers can better understand the 
complex interactions between different types of PAC cells and identify promising 
therapeutic targets for pulmonary arterial diseases. Notably, conventional and 
standardized approaches (such as flow cytometry and colony-forming assay) are 
employed to isolate and quantify cells, which is challenging and time-consuming 
[242, 243]. Advanced microfluidics-based approaches can solve this limitation, as 
discussed earlier in this section. 

Making a “PAH-chip” starts with the design of a 3D model. The “PAH-chip” 
prototype can be designed using an open-source CAD (computer-aided design) 
program (e.g., AutoCAD, Fusion 360). An ideal microfluidics device comprises of 
an inlet (cell loading), reservoir (flow turbulence control), chambers, and an outlet 
(waste) to expel by-products. Here, the design is similar to Fig. 14.2a. Next, the 
designed CAD model (e.g., stereolithography file format) needs to be transferred to a 
slicer software (e.g., DeScribe, Nanoscribe, Germany) in order to make the 3D 
printing compatible file format (e.g., GWL, Nanoscribe, Germany). Recently, an 
ultra-high precision two-photon polymerization (2PP)-based 3D printer (e.g., 
Nanoscribe, Germany) offers a powerful platform to print micro- to meso-level 
structures. However, after printing, polydimethylsiloxane (PDMS) can be used to 
construct a PDMS-based microchip. PDMS (a prepolymer and cross-linker at a 10:1 
(w/w) ratio) is a widely used elastomer in the field of microfluidics and lab-on-a-chip 
devices. However, the ratio could be changed based on necessity. These devices are 
produced based on experimental specifications, testing, and they often require 
modification (multiple generations of a device) for the desired outcome. The general 
microfabrication process has already been established by Jeff Hasty’s lab [254] and 
other pioneered microfluidics research groups in pulmonary hypertension [21, 212, 
217, 255]. 

In the last 20 years, most microfluidic devices were designed using photolithog-
raphy, which was initially developed for the semiconductor industry [254]. In recent 
years, the 3D printing of microfluidic devices and molds of microfluidic devices 
have gained popularity because of the preciseness and complexity of structures that 
can be printed [256]. Microfluidic devices for bacteria are often challenging to 
produce due to the small size of bacteria. In addition, devices that monitor 
multiple-sized cells (e.g., bacteria and plant cells) can be challenging to produce 
accurately using photolithography. However, 3D printing provides the accuracy and 
speed to make these types of structures at a relatively low cost. For example, the 
Butzin lab’s 3D microfab facility [257] has recently built several new microfluidic



devices to monitor bacteria, bacteria–plant interactions, and accurately and quickly 
count cells or particles precisely and reliably regardless of size and shape (data not 
shown). 
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Recently, microfluidics coupled with an advanced microscope system (e.g., 
Nikon Eclipse Ti2 inverted fluorescence) has shown great success. Live cell imag-
ing, single cell analysis, and cell tracking have already been implemented in antibi-
otic resistance studies [258–260] and other prominent research including single cell 
immunology [261], cancer cell trapping [262], and host–microbe interaction at 
single cell level [263]. This integrated knowledge might help to create a better 
microfluidic system and data analysis platform to probe disease mechanisms and 
potential drug target identification. 

14.2.8.5 Current Limitation of Microfluidic-Based LoC Study in PAH 
Although some microfluidic studies were employed to explore pulmonary hyperten-
sion, several notable gaps were highlighted in each study. An organ-chip model can 
mimic human pathophysiology, albeit there is not much work showing the applica-
tion of therapeutics using chip methods. Some microfluidic devices were built using 
conventional 2D wafer-based methods; however, they could not accurately recreate 
the in vivo 3D model [242]. Sato and Costa’s research team examined shear stress to 
comprehend the dynamics and nature of hypertension and thrombosis. They pro-
posed further customization of their device may aid in clearly understanding the 
PAH mechanism [212, 213]. Numerous microfluidics research concentrated on 
certain aspects of cardiovascular function, including angiogenesis [264, 265], trans-
port properties [266–268], shear stress [269], cancer metastasis [270], and hemody-
namics [271]. Based on the current knowledge, an integrated organ-on-a-chip model 
with cutting-edge tissue engineering, 3D printing, and microfabrication technologies 
may facilitate the exploration of the complex processes behind pulmonary hyperten-
sion and the identification of effective therapeutic targets. 

14.3 Conclusion 

Epigenetic studies in concert with PAH have steadily increased in recent times. 
Clinical and experimental data suggested that the plasticity of epigenetic changes in 
PAH could be a plausible candidate for future research and therapeutic development. 
Indeed, microfluidic LoC technology has the potential to offer a novel study design 
mimicking human pathobiology to resolve the current constraints in PAH studies. 
Epigenetics, in conjunction with microfluidic LoC technology, is perhaps the most 
useful research in unraveling the mystery of PAH pathogenesis and identifying 
novel drugs to treat this chronic progressive cardiopulmonary disease. 
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