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  In memory of Professor Jan Herget: 

A Legacy of Passion and Dedication in  
Pulmonary Circulation Research 

 

 
 
 

This special issue was prepared in 
commemoration of the five-year death anniversary of a 
remarkable personality in pulmonary circulation research, 
and an outstanding physiology teacher and mentor, 
Professor Jan Herget, M.D. (March 16, 1945 Prague - 
March 14, 2019 Prague).  

Jan Herget entered the international scientific 
scene with his methodological paper on how to 
catheterize the pulmonary artery in the intact rat [1]. This 
method is still the gold standard for assessing pulmonary 
circulation in this animal model. It heralded his lifelong 
interest, essentially a hobby, of "playing" in the lab with 
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how things could be done. Until his last days, he spent at 
least as much time in the lab as he did in his office.  

He then contributed significantly to the 
discovery of various factors influencing the development 
of pulmonary hypertension, e.g. the effect of perinatal 
insults [2-6]. A number of his papers contributed to 
elucidating the role of oxygen radicals [7-13], mast cells 
[14-17], macrophages [18] and changes in the connective 
tissue of the pulmonary vascular wall  [7,16,19-21], as 
well as the interaction of these factors, in the 
development of pulmonary hypertension. He also 
collaborated on the practical application of pulmonary 
circulation knowledge for the purposes of lung 
transplantation [22,23].  

In 1984-1999, together with Prof. Jiří Widimský 
Sr. (1925-2020), Jan Herget was the main organizer of 
four international conferences "Pulmonary Circulation" in 
Prague. Especially those that took place during the 
communist regime in Czechoslovakia (1984 and 1988) 
were extremely difficult to organize, but they were also 
invaluable for the isolated Czechoslovak scientific 
community.  

His lifelong scientific contributions to the field 
of pulmonary circulation were recognized in 2011 by the 
American Thoracic Society with the Robert F. Grover 
Award (Figure 1).  

Jan Herget was a passionate teacher of both 
undergraduate medical students and PhD students (on 
average, he “produced” one PhD graduate every 
year). He cared a lot about his beloved Alma Mater, the 
2nd Medical Faculty of Charles University in Prague. For 
13 years, he served as its vice dean for research and 
international cooperation. He also participated in the 
establishment of the Grant Agency of the Czech Republic 
and thus the whole system of grant funding in the Czech 
Republic after the end of the communist regime in 1989.  
He was active on the Board of the European Society of 
Respiratory Physiology and Pathology in the first half of 
the 1990s (before its merger into the emerging European 
Respiratory Society). For decades, he was an active 
member of the editorial board of this journal. 

But the most important thing that Prof. Herget 
had been always appreciated for by his subordinates, 
colleagues and students was his honest, unpretentious and 
humble commitment to science without any concern for 
his own promotion. His greatest concern was that his 
students would eventually outgrow him. He devoted a 
great deal to this priority, but he has set the bar high for 
his followers. He died full of ideas shortly after his 
beloved wife Hana.  

The issue is composed of the works of scientists 
closely associated with Jan - his students, friends, and 
collaborators, both those at his home Department of 
Physiology at the 2nd Faculty of Medicine of Charles 
University in Prague - Motol, as well as the international 
ones.  

In addition to the authors, other friends and 
colleagues of Jan Herget have generously contributed to 
this volume by helping with the review process. Of those, 
I would like, with their permission, to thank Andrea 
Olschewski, Kurt Stenmark, Ivan McMurtry, Ken Weir, 
Stephen Archer, and Hikmet Al-Hiti. Still other experts 
willingly participated in the review process even without 
their previous close personal experience with Jan Herget 
(e.g., Drs. Aaronson, Dřevínek, Melenovský, Kittnar, 
Wearing, Sedmera, Svatoň, Merkus).  

After a personal remembrance of Jan's former 
PhD student Ivana Kawiková, the issue opens with a 
review article by Drs. Thenappan and Weir on the role of 
the gut microbiome in the mechanism of pulmonary 
hypertension [24], and a primary publication by Lorna 
Moore and colleagues on the effect of hypoxia on the 
fetus [25]. The choice of these seemingly disparate topics 
came about because Ken Weir and Lorna Moore were 
Herget's colleagues during his one-year fellowship 
funded by the B. Francis Parker Foundation at 
the Cardiovascular and Pulmonary Research 
Laboratory at the University of Colorado in 1984. This 
pair of papers is complemented by a review by Stephen 
Archer et al. [26] on the mechanisms of hypoxic 
pulmonary vasoconstriction (also co-authored by Ken 
Weir, once Stephen Archer’s mentor).  

Next is a review by Ošťádal and colleagues on 
sex differences in cardiac tolerance to oxygen deprivation 
[27]. Prof. Ošťádal had been Jan Herget's friend and 
collaborator since their beginnings together in Prof. 
Otakar Poupa's laboratory in the 1960s. Although their 
professional paths soon diverged (Herget focused on 
pulmonary circulation and Ošťádal on myocardium), the 
collaboration continued (e.g. in the Center for 
Experimental Research of Cardiac and Vascular Diseases, 
jointly established by them in 1998) and showed that the 
mechanisms of ischemic cardioprotection (Ošťádal) and 
hypoxic pulmonary hypertension (Herget) have 
surprisingly much in common. Another strong research 
group at the Centre was led by Prof. Luděk Červenka, 
whose team is featured in this issue with a short 
communication on sex-linked differences in cardiac 
atrophy after heart transplantation [28]. These two 
articles illustrate that the Center explicitly focused on sex 
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differences long before they became mainstream in 
biomedical research. Prof. Herget contributed 
significantly to this trend [4,13].  

Towards the end of the 1980s, Prof. Herget’s 
group turned their attention to the lifelong consequences 
of perinatal insults on the pulmonary circulation 
[2-6]. They showed that, consistent with the then new 
Barker hypothesis [29], hypoxia acting at the time of 
birth, but not later in life, has a lifelong, irreversible 
effect on pulmonary vasoconstrictor reactivity, which 
likely contributes to the development of pulmonary 
hypertension in adulthood. This idea was taken up 
especially by the group of Prof. Jean-François Tolsa in 
Lausanne, focusing on the possible mechanisms of this 
effect [30-33]. This group’s contribution in this issue [34] 
further develops this topic and also marks the 25th 
birthday of the Neonatal Research Laboratory at the 
University of Lausanne (October 1st, 1999).  

Examples of the close interdisciplinary 
collaboration necessary for today's science are 
represented in this issue by the contributions of 
histologists Kamila Procházková & Jiří Uhlík [35] and 
biophysicist and cell biologist Lucie Bačáková (and her 
team) [36]. Herget's collaboration with both of these 
teams, including the prematurely deceased colleagues 
Jana Novotná (1954-2016), Václav Pelouch (1941-2010) 

and Luděk Vajner (1954-2018), was key to Herget's 
series of publications on the role of changes of 
extracellular matrix, particularly collagens, in the 
development of pulmonary hypertension [7,19-21]. These 
are summarized in a review by Bačáková et al. in this 
issue.  

Herget's students are represented in this issue by 
the works of Drs Koubský [37] and Kawiková et al. 
[38]. Both articles well illustrate that guiding and 
mentoring PhD students in physiology and 
pathophysiology of pulmonary circulation can ultimately 
be a good preparation for successful work even in fields 
not necessarily directly related to the pulmonary vascular 
bed (pediatric cardiology for K. Koubský and even 
psychiatry in the case of I. Kawiková).  

We have prepared this issue in the belief that 
individual personalities matter in science. May this 
commemoration of the legacy of the outstanding 
personality of Jan Herget contribute to a better 
understanding of the pathophysiology of his favorite 
pulmonary circulation and, in general, to the further 
advancement of his beloved science.  

Václav Hampl 
Department of Physiology 

Second Faculty of Medicine  
Charles University in Prague

 

 
Fig. 1. Jan Herget (right) and Robert F. “Bob” Grover during the American Thoracic Society Robert F. Grover Award ceremony in 
Denver, CO, on May 17, 2011.  
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Jan Herget’s impact on the field of pulmonary hypertension  

and beyond 
 
 

In this Special issue of Physiological Research, 
we celebrate the life and work of Professor Jan Herget 
(1945-2019). He was a pathophysiologist focused on the 
responses of pulmonary circulation to hypoxia, which is 
highly relevant to common conditions, such as left heart 
failure or lung diseases. Jan, alias “Honza", pioneered 
experimental testing of the concept that events at early 
life may shape the course of a disease in adulthood. The 
topic has become intensively studied many years later, 
particularly concerning such complex organs as the brain 
or microbiota. In addition to being recognized as  
a significant player in his field, Honza was a genuinely 
enthusiastic teacher and supportive mentor. He also 
served for over two decades as the Head of the 
Department of Physiology at the 2nd Medical School of 
Karlova Universita in Prague and also as the Vice-Dean 
for Research and International Relations.  

In 1968, after graduating from the Pediatric 
Medical School (today 2nd Medical School), Honza 
joined the laboratory of Professor Otakar Poupa to pursue 

his Ph.D. training at the Department of Pathological 
Physiology. However, as Allen Saunders said and John 
Lennon sang, "Life Is What Happens When You're Busy 
Making Other Plans", on August 21st, 1968, 
Czechoslovakia was occupied by the Soviet Union and its 
allies, and Jan’s mentor left the country promptly, as did 
many others, and could not return until after 1989 when 
the communist regime collapsed. Another outstanding 
physiologist became the head of the Department, Prof. 
Jiří Křeček, but he was removed after a short time for 
political reasons. These blows must have been 
challenging for a young trainee, but Jan continued 
pursuing science and searching for his research identity. 

At the end of 1970s, Honza spent almost a year 
in the laboratory of Professor Gwenda R. Barer at 
Sheffield University in the U.K. where he studied the role 
of hypoxia on pulmonary circulation. That hypoxemia 
causes vasoconstriction in lungs, in contrast to 
vasodilation in systemic circulation, was discovered in 
1940’s [1]. 

 

 
 
Jan Herget (right) with his colleague Ken Weir from the University of Minnesota (left) and  their trainee, Vaclav Hampl (middle) at the 
Pulmonary Circulation Conference in Warsaw, Poland in June 2006. 
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Professor Barer contributed tremendously to 
understanding how  hypoxia affects pulmonary arteries in 
acute and chronic settings [2]. Honza’s stay in her lab 
was very productive and they became life-long friends. 
Professor Barer visited Prague on several occasions. She 
was like Agatha Christie’s Miss Marple: mind sharp as  
a laser, kind and compassionate, and unassuming.  

In 1982, Honza received the Parker B. Francis 
Fellowship that enabled him to spend one year in the 
National Jewish Center For Immunology 
and  Respiratory Medicine in  Denver, Colorado (today 
called National Jewish Health) with  Robert Grover and 
John T. Reeves, two reknown high altitude physiologists 
and physicians. Whenever he spoke about Denver, his 
face lit up.  

Shortly after returning to Prague, Honza became 
an Associate Professor and set up his independent lab 
focused on mechanisms of pulmonary hypertension. The 
assigned space was within a shabby underground of the 
old orphanage building at Ke Karlovu in Prague.  A thin 
door separated the lab from the loud voices of 
construction workers and heaps of tools scattered on the 
corridor. Behind the doors, the world was neatly 
organized. The labyrinth of four interconnected rooms 
housed a large hypoxic chamber designed by Honza,  
a perfusion pump for studies on isolated lungs, a new 
marble stand for a beautiful, ancient mechanical balance, 
and some old wooden desks for two trainees (Vaclav 
Hampl and Ivana Kawikova) and a technician (Ruzena 
Ticha). The unforgettable aroma encompassed the old 
wall’s sweat, odor from lab rat cages, coffee made in  
a beaker sitting above a Bunsen burner, and Honza’s 
tobacco pipe. Behind the cellar windows was the world of 
communistic regime slowly crumbling away, while inside 
were done thought-provoking experiments on  
a remarkably skinny budget [3-8]. 

As a graduate and a faculty member of the 
Pediatric Medical School, Honza emphasized the need to 
view human health or diseases in the context of events 
during critical developmental stages. He followed steps 
of Professors Babak, Krecek, and others who founded the 
Pediatric Medical School in Prague with the notion that 
children are not small adults. The clinical observations 
were there, but there was no experimental evidence. 
Honza designed a landmark experiment where pregnant 
rats were placed into hypoxic chambers and were kept 
there until their offspring were ten days old. After placing 
the animals into the normoxic air, the animals recovered 
from hypoxia and had comparable pressure in pulmonary 
circulation as control mice unexposed to perinatal 
hypoxia. However, when these animals were re-exposed 

to acute hypoxia in adulthood, their responses were more 
severe than in animals born in normal air.  The 
mechanism of this intriguing effect of early childhood 
events on the adaptation process in adulthood is not yet 
fully understood. Honza published 126 papers and his 
work helped clarify how chronic hypoxia influences 
pulmonary vascular remodeling and the role of various 
cellular and molecular factors in this process. 

Honza’s laboratory, or rather a den, was 
separated from the rest of the nearby Department of 
Pathophysiology and offered a refuge of openness, trust, 
and enthusiasm for research and teaching. Honza, his 
friend and colleague Martin Vizek, and several scientists 
from the Czechoslovak Academy of Sciences (such as 
Bohuslav Ostadal, known as “Boja,” who served for five 
years as a Director of Institute of Physiology, Academy 
of Sciences of the Czech Republic) continued nourishing 
the legacy of systematic work, open-mind and tolerance 
fostered by Otakar Poupa (1916-1999), a Chair of the 
Department in 1961-1968. Professor Poupa was  
a physician-scientist, artist, philosopher, and a founding 
member of the interdisciplinary community of 
cardiology-oriented scientists, the so-called  “Prague 
School [9]. His charismatic and insightful leadership 
influenced them, even though it was only early in his 
research career.  In 1968, Professor Poupa contributed to 
formulating the manifesto “2000 Words,” which 
expressed widespread frustration with the Communist 
regime and became a symbol of the reform movement 
Prague Spring 1968. The manifesto provoked a strong 
reaction from the establishment, and after the Warsaw 
Pact Army invaded Czechoslovakia, Professor Poupa and 
several other influential scientists emigrated in order 
avoid grave consequences (e.g., Karel Rakusan, an 
internationally respected physician-scientist who left 
Prague for Ottava, Canada). It was brave to leave 
everything behind and reinvent himself abroad in the 
sixth decade of his life, but Professor Poupa used to say 
that those who stayed behind and continued doing 
something meaningful were at least as courageous, if not 
more. Professor Poupa continued to follow events in the 
Czechoslovak research community from his new home in 
Goteborg, Sweden, but news about him was very 
sporadic and filtered by the Iron Curtain. He stood once 
on the border of Czechoslovakia, wanting to enter his 
homeland where his mother was passing away, but the 
entry was denied. We can only imagine how far Honza 
would fly under the mentorship of the man who 
established the field of comparative cardiology. 

Then came 1989, and with it, the regime was 
changed. It was finally possible to freely cross the border, 
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to say what was on the mind, the military service was not 
obligatory anymore. The latest became critical for the 
Department of Pathophysiology because the army 
vacated barracks where the university’s male students 
received military training. These buildings were near the 
main hospital campus of the Pediatric Medical School in 
Prague-Motol.  Honza was critical in claiming these 
buildings for the medical school and creating an adjacent 
campus for pre-clinical fields. Who cared that the walls 
were as thin as paper? It was a significant step forward.  

How did Honza affect other research 
areas?  About a decade after the study on the effects of 
perinatal hypoxia  [3-8], Paul Paterson published a paper 
demonstrating that exposure of dams to an infectious 
stimulus affects the behavior of their offspring in 
adulthood [10], which models phenotype of autism [11] 
and schizophrenia [12]. Altogether, these papers opened  
a new avenue to studies on neurodevelopmental disorders 
and may bring biological foundations to the socio-
economic findings of the British birth cohort studies, 
which revealed the long-lasting impact of early childhood 
socio-economic conditions [13].  

Honza’s legacy continues also through his 
trainees. His mentoring was well-thought-through. He 
had well-defined goals and visualized a path towards 
reaching them. His expectations were realistic, and he 
provided as much support for his trainees as 
possible.  There was always an air of informality, 
friendship, and generous space for self-realization. Honza 
was multifaceted, and when something was needed but 
was missing, he went on the limb and got it done. His 
trainees were around him and learned by osmosis. To 
name at least the trainees from the cellar on the street Ke 
Karlovu, Vaclav Hampl became an outstanding 
researcher in pulmonary circulation, and that per se was 
not a tiny deed at times when so many left science. He 
also became the youngest rector of Karlova Universita in 
its almost seven hundred-year history, served in this 
function for eight years, then went on to become Senator 
for another five years while never leaving the lab bench 
and medical students. He shaped graduate education at 
the University and supported research by facilitating 
multiple, long-lasting infrastructure projects funded by 
the European Union, e.g., BIOCEV. Meanwhile, Ivana 
Kawikova tackled some other unknowns related to 
metabolism in the immune system or the role of the 
immune system in neuropsychiatric diseases. Honza 

equipped her with interdisciplinary thinking [3,4], 
encouraged her to develop solid foundations in 
pathophysiology through teaching and instructed her on 
communicating complex problems to various audiences. 
This preparation became a real asset while building 
bridges between distant disciplines such as immunology 
and psychiatry. With Martin Vizek they also opened the 
path to Sweden for her and encouraged her to reach out to 
Otakar Poupa, who then quickly adopted her as his 
informal advisee and friend.  

The careers of several other Honza's PhD 
students continued towards successful clinical work 
(Bíbová, Mizera, Ošťádal, Šnorek, Lachmanová, 
Šedivý,…), clinical-academic combination (Vytášek, 
Chovanec, Al-Hiti, Koubský,…) [14,15], or health care 
management (Hodyc, Šnorek).   

If there is something like the river Styx, we can 
imagine elegant Professor Poupa and always energetic 
Honza gazing curiously into our world and cheering any 
success of anyone from their teams. They must have 
danced happily when they saw the recent opening of a 
modern Theoretical Institute building on the campus of 
2nd Medical School of Charles University in Prague. All 
scientists are finally at the same place! Collaborating and 
teaching together! And somewhere, there is likely also 
Jan Evangelista Purkinje, a man who founded the first 
two independent institutes of physiology in the world– 
the first one in Wroclaw, Poland, and the other one in 
Prague. One hundred and seventy years later, Charles 
University has five medical faculties (each with  
a department of physiology and pathophysiology) and 
a Faculty of Science (also with a department of 
physiology), and the Czech Academy of Sciences has the 
Institute of Physiology. Honza was a remarkably 
functional part of this web, and it is an honor to raise  
a glass, blow a kiss in his direction and whisper: “Thank 
you!”.  
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Summary 
Pulmonary arterial hypertension is characterized by perivascular 
and systemic inflammation. The gut microbiome influences the 
host immune system. Here we review the emerging preclinical 
and clinical evidence that strongly suggests that alterations in the 
gut microbiome may either initiate or facilitate progression of 
established pulmonary arterial hypertension by modifying the 
systemic immune responses. We also briefly review the 
relationship between the gut microbiome and preeclampsia, 
a vascular disease also characterized by inflammation.  
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Introduction 
 

Pulmonary arterial hypertension (PAH) is 
characterized by remodeling of the pulmonary 
vasculature causing reduced pulmonary arterial 
compliance (PAC) and increased pulmonary vascular 
resistance (PVR), ultimately resulting in right ventricular 
failure and death [1]. PAH remains as a fatal disease with 
a median survival of only 5-7 years and an in-hospital 
mortality of 6 % [2,3]. Current therapies are 
predominantly pulmonary vasodilators, which increase 
exercise capacity modestly and reduce hospital admission 

but are expensive and not curative [1]. Sotatercept,  
a novel fusion protein that traps activin and growth 
differentiation factors involved in the proliferation of 
pulmonary arterial smooth muscle cells in PAH, was 
recently approved by the Food and Drug Administration 
[4]. It is the only approved antiproliferative therapy for 
the treatment of PAH. Sotatercept also only improves 
exercise capacity and reduces time to clinical worsening. 
It is not curative and its effect on survival is unknown. 
Thus, there is an unmet need for better therapies for PAH 
to improve survival.   

 
Inflammation and PAH 

 
Inflammation plays a pivotal role in the 

pathogenesis of PAH [5]. PAC decreases early in the 
pathogenesis of PAH before there is an increase in the 
PVR [6]. This loss of vascular compliance correlates with 
extracellular matrix remodeling and fibrosis in the 
pulmonary vessels, which is linked to chronic 
perivascular inflammation and immune dysregulation [7]. 
Clinical and experimental evidence supports the role of 
inflammation in PAH [5]. Abnormalities in both adaptive 
and innate immunity occur in PAH. Clinically, PAH is 
associated with autoimmune diseases, including 
scleroderma and systemic lupus erythematosus, and 
infectious diseases, such as human immunodeficiency 
virus and schistosomiasis infection [1]. There is 
perivascular accumulation of inflammatory cells 
including macrophages, T cells, and B cells in the 
pulmonary arteries in PAH patients[5]. Increased serum 
cytokine levels in patients with PAH are associated with 
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increased mortality and reduced right ventricular function 
[8, 9]. Patients with PAH have increased serum 
autoantibody levels such as antinuclear antibodies [5]. 
The lower number of circulating Natural Killer cells is 
associated with poor survival in PAH patients, suggesting 
that they have a protective role [10].  

Several preclinical studies prove a cause-and-
effect relationship between inflammation and PAH. PAH 
can be induced experimentally in animals by exposure to 
various immune stimuli, including human 
immunodeficiency virus, schistosomiasis, and interleukin 
(IL)-6 overexpression [5]. Depletion of inflammatory 
macrophages in chronic hypoxic calves and rats prevents 
remodeling of the pulmonary vascular extracellular 
matrix and pulmonary hypertension (PH) [5]. Athymic 
rats deficient in T-cells and B-cells develop pulmonary 
vascular disease in response to Sugen and hypoxia [11]. 
Immune reconstitution of the athymic rats with regulatory 
T cells (Tregs) reduces the severity of PH caused by 
Sugen and hypoxia [11]. An imbalance of CD4 helper 
T-cell subsets occurs in PAH lungs. While there is  
an increase in TH1, TH2, and TH17 CD4 helper T-cells 
that induce inflammatory responses, Tregs, which have 
anti-inflammatory effects, are decreased [11]. Finally, 
autoantibodies from monocrotaline rats cause PH in naïve 
rats, supporting the importance of abnormal B-cells in the 
pathogenesis of PAH [5].  

 
Gut microbiome and immune dysregulation 

 
The gut microbiome consists of trillions of 

bacteria, viruses, and fungi. The individual gut 
microbiome composition and functionality are 
determined by geographic factors, drugs, diet, exercise, 
and genetics [12-15]. The gut microbiome regulates many 
physiological functions in the host including immune 
regulation, the intestinal mucosal barrier, energy 
homeostasis, xenobiotic metabolism, vitamin synthesis 
and degradation, and neurological development amongst 
others [16]. Detrimental changes in the intestinal 
microbial community structure and function is called 
dysbiosis, which can lead to immune dysregulation and 
chronic systemic inflammation [17]. The gut microbiome 
influences the host immune system through several 
different mechanisms. Increased bacterial translocation 
and release of endotoxins, due to dysbiosis, trigger 
activation of macrophages through upregulation of  
Toll-like receptor 4 (TLR4) and T cells including TH1, 
TH2, and TH17 CD4 helper T cells [18-21]. In addition, 

the gut microbiome can impact the host immune system 
through release of bacterial metabolites. Some of these 
metabolites such as short chain fatty acids (SCFA-
acetate, butyrate, and propionate) have a beneficial, anti-
inflammatory effect, including activation of Treg cells 
through G-protein-coupled receptors (GPCR), and 
through epigenetic modifications induced by inhibiting 
histone deacetylase [17,20,21]. Alternatively, some 
metabolites like Trimethylamine N-oxide (TMAO) can 
have a proinflammatory effect through activation of 
macrophages and T cells [22]. Thus, either an increase in 
the pathogenic bacteria, or a decrease in beneficial 
bacteria, in the gut can dysregulate the immune 
homeostasis, leading to chronic systemic inflammation. 
Gut dysbiosis is linked to the immunopathogenesis of 
numerous chronic inflammatory diseases including 
atherosclerotic vascular disease, obesity, diabetes mellitus 
(both type 1 and 2), depression, alcoholic and 
nonalcoholic steatohepatitis, multiple sclerosis, and 
chronic lung allograft rejection among others [17]. 

 
Gut microbiome and PAH (A Gut-Lung 
Axis) 

 
There are several compelling and evolving 

observations that suggest that the inflammation in PAH is 
initiated by intestinal dysbiosis and altered circulating 
microbial products (Fig. 1).  
 
 

  
Fig. 1. Gut dysbiosis initiates or facilitates progression of 
pulmonary arterial hypertension by modifying systemic immune 
responses. 
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We and others have recently shown that PAH 
patients have a proinflammatory gut microbiome and 
altered circulating microbial metabolites. Compared to 
healthy controls, PAH patients had a less diverse and  
a more proinflammatory gut microbiome with reduced 
relative abundance of beneficial anti-inflammatory taxa 
and increased relative abundance of pro-inflammatory 
taxa, and lower plasma levels of anti-inflammatory 
microbial metabolites (SCFAs and secondary bile acids) 
and higher plasma levels of pro-inflammatory microbial 
metabolites such as TMAO [23,24]. Consistent with the 
circulating microbial metabolite levels, PAH patients 
have fewer copies of some of the gut microbial genes that 
produce anti-inflammatory microbial metabolites and  
a lower relative abundance of some of the species 
encoding these genes. PAH patients also have enrichment 
of species with microbial genes that encode the 
proinflammatory microbial metabolite trimethylamine 
[23,24]. Moreover, serum TMAO levels in PAH patients 
are associated with disease severity and poor prognosis 
[25,26].  

Bacteriophages or phages are viruses that infect 
bacteria. By infecting the gut bacteria, phages can 
increase or decrease the abundance of the host bacteria or 
alter the functionality of the host bacteria without  
a change in their relative abundance. Thus, phages can 
indirectly be linked to chronic systemic diseases through 
their interaction with the host gut bacteria. In addition to 
abnormal gut bacteria, PAH patients also have altered gut 
bacteriophages with enrichment of Enterococcal, and 
relative depletion of Lactococcal phages compared to 
healthy subjects [24]. The increase in Enterococcus 
phage in PAH is associated with increased relative 
abundance of the pro-inflammatory Enterococcus taxa in 
PAH patients [24].  

While human association data does not prove 
a direct cause-and-effect relationship between PAH and 
gut dysbiosis, preclinical data suggest a mechanistic role 
for gut dysbiosis in PAH. Preclinical animal models of 
PH exhibit gut dysbiosis. Wistar rats treated with Sugen 
and chronic hypoxia to cause PH demonstrate gut 
dysbiosis on taxonomy-based analysis with increased 
Firmicutes and decreased Bacteroidota [27]. The normal 
Firmicutes/Bacteroidetes (F/B) ratio helps to maintain 
intestinal homeostasis. Thus, altered F/B ratio, both 
increased and decreased, is considered as a marker of gut 
dysbiosis. In this animal model, serum acetate (an anti-
inflammatory SCFA) levels are lower. Interestingly, gut 
microbiota modification with antibiotic treatment 

significantly suppresses the vascular remodeling, right 
ventricular hypertrophy, and increase in the right 
ventricular systolic pressure in Sugen/hypoxia rats, 
suggesting a causative role for gut dysbiosis in the 
pathogenesis of PAH [28].  

Similarly, alteration of the circulating microbial 
metabolites either prevents or regresses pulmonary 
vascular remodeling in preclinical animal models. In  
an hypoxic rat model of PH, administration of butyrate,  
an anti-inflammatory SCFA predominantly derived from 
the gut microbiome, prevents and regresses hypoxia-
induced pulmonary vascular remodeling, increase in right 
ventricular systolic pressure, and right ventricular 
hypertrophy [29]. Mechanistically, butyrate reduced 
infiltration of alveolar and interstitial macrophages in the 
lungs [29]. Parallel to this, reduction in circulating levels 
of TMAO, a proinflammatory bacterial metabolite, 
reduces right ventricular hypertrophy and pulmonary 
vascular remodeling in the monocrotaline-induced rat 
model of PH and the hypoxia-induced mouse model of 
PH through decreasing macrophage production of 
cytokines and chemokines [30]. 

There are also several compelling 
circumferential observations that suggest that the immune 
dysregulation and perivascular inflammation in PAH is 
initiated by intestinal dysbiosis and a greater burden of 
the circulating microbiome and microbial products. First, 
the pulmonary vascular macrophages encounter a greater 
burden of microbial products from the gut in 
experimental PH and in patients with liver disease and 
portopulmonary hypertension [31]. Serum endotoxin 
levels are elevated in both experimental PH and human 
PAH. Monocrotaline-induced PH rats have increased gut 
permeability, increased circulating levels of endotoxin in 
the portal vein, and increased circulating levels of soluble 
CD14, a marker of macrophage activation, in the 
systemic venous blood [32]. The increase in serum 
endotoxin levels is associated with upregulation of TLR4, 
the main receptor for endotoxin, in pulmonary arterial 
smooth muscle.  

Common bile duct ligation (CBDL) in a rat 
recapitulates human pulmonary vascular disease related 
to cirrhosis [31]. Our prior work described an increased 
medial thickness and loss of lumen in the resistance 
pulmonary arteries in CBDL rats compared with sham 
animals [31]. In this experimental model, circulating 
endotoxin levels are elevated, which in turn recruit and 
activate pulmonary intravascular macrophages. 
Endotoxin released from the gut bypasses the liver 
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through the portosystemic shunts resulting from cirrhosis 
and portal hypertension, avoiding hepatic uptake and 
inactivation, passes through the right heart, and enters the 
pulmonary vasculature. In the lungs the endotoxin 
activates macrophages, leading to pulmonary 
arteriovenous malformations, capillary dilatation, and 
proliferative arteriopathy of the distal pulmonary arteries. 
Treatment of CBDL rats with the antibiotic norfloxacin 
decreases pulmonary intravascular macrophage 
accumulation and reduces pulmonary vascular 
remodeling [33]. Likewise, depletion of the pulmonary 
intravascular macrophages in the CBDL rats prevents, as 
well as reverses, the pulmonary vascular changes [31].  

This pathological mechanism has also been 
described in PH associated with congenital porto-
systemic shunts in the Abernathy malformation. Patients 
with the Abernethy malformation often develop 
pulmonary vascular disease, including portopulmonary 
hypertension and hepatopulmonary syndrome [34]. 
Increased systemic endotoxin levels are described in PAH 
associated with the Abernethy malformation [35]. 
Importantly, correction of the portosystemic shunt in 
patients with Abernethy malformation reverses PAH, 
suggesting a causative role for the gut-lung axis in the 
pathogenesis of PAH [35]. Likewise, patients with 
cirrhosis, who undergo a trans-jugular intrahepatic 
portosystemic shunt, are more likely to develop 
portopulmonary hypertension [36]. Patients with 
idiopathic PAH and heritable PAH have increased serum 
levels of endotoxin and soluble CD14 compared with 
healthy controls [32]. In patients with PAH, the increase 
in serum CD14 levels parallels the increase in serum 
endotoxin levels. Furthermore, patients with PAH have 
increased blood TLR4 expression compared with healthy 
controls [37]. Mutations in the bone morphogenic protein 
receptor II (BMPR II) signaling pathway underlie 80 % 
of heritable PAH but disease penetrance is only 20 %, 
suggesting a requirement for additional triggers [38]. 
Chronic administration of lipopolysaccharide causes PH 
in Bmpr2+/- mice but not in littermate controls, 
signifying that endotoxin-induced inflammation can be  
an important cofactor for disease penetrance [39]. 
Interestingly, a recent bidirectional Mendelian randomi-
zation study demonstrates a causal relationship between 
nine specific gut bacterial taxa and PAH [40].  

Taken together, all these observations, strongly 
suggest that gut dysbiosis either initiates PAH or 
facilitates progression of already established PAH by 
modifying systemic immune responses (Fig. 1).  

Gut dysbiosis and PAH – cause or conse-
quence?  

 
Chronic right heart failure (RHF) from PAH is 

seen in conjunction with increased intestinal congestion, 
reduced bowel perfusion, increased intestinal 
permeability and gut dysbiosis. If RHF can cause gut 
dysbiosis, then markers of gut dysbiosis should correlate 
with poor right ventricular function. The Shannon 
diversity index is a measure of the number of species 
living in a habitat (richness) and their relative abundance 
(evenness). There is no relationship between Shannon 
diversity index and various measures of right ventricular 
function [23]. Conversely, the Shannon diversity index 
correlates only with the measures of pulmonary vascular 
disease [23]. More importantly, modification of the gut 
microbiome with antibiotics or alteration of the 
circulating microbial metabolites in preclinical models, 
can prevent or regress pulmonary vascular modeling 
[28,29,41]. Alteration of the gut microbiome with 
intermittent fasting improves right ventricular function in 
the monocrotaline rat model of PH [42]. These clinical 
and preclinical data support the thinking that gut 
dysbiosis in PAH is less likely to be due to right 
ventricular failure.  

 
Targeting gut dysbiosis to treat PAH 

 
There is persuasive basic and clinical science 

evidence in favor of modulating the gut microbiome  
to treat PAH. Modulation of the gut microbiome may  
not only reduce pulmonary vascular remodeling but  
may also improve right ventricular function. There are 
several ways to regulate the gut microbiome. Fecal 
microbiota transplant (FMT), which involves transfer  
of fecal microbiota from an healthy individual into  
the recipient patient, has proven to be a clinically  
effective approach to treat patients with recurrent 
Clostridioides difficile infection [43]. FMT is also 
currently being evaluated as a treatment approach  
for patients with chronic inflammatory conditions 
including ulcerative colitis [44] and malignant  
melanoma that is resistant to immune-therapy [45,46]. 
Unlike treatment of recurrent Clostridioides difficile 
infection, which responds to a single treatment of fecal 
microbiota transplantation, to change the established 
dysbiotic intestinal microbiota community structure and 
functionality in a chronic disease, multiple sequential 
administrations of microbiota or preconditioning with 
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antibiotics will be required. This approach is called 
microbiota transplant therapy. Alternatively, prebiotics 
(oral fermentable fibers) increase serum levels of  
anti-inflammatory SCFAs, such as butyrate. In a recent 
pilot clinical trial, fermentable fiber supplementation 
reduced systemic blood pressure [47]. Finally, increasing 
intake of the anti-inflammatory bacterial metabolite 
butyrate (postbiotics) is an alternate option to target the 
gut microbiome-lung axis in PAH.  

 
Preeclampsia and gut microbiome 

 
Preeclampsia is a life-threatening pregnancy 

disorder characterized by systemic hypertension  
and proteinuria after 20 weeks of gestation [48]. 
Preeclampsia shares many factors in common with PAH. 
Both vascular disorders initiate with vascular endothelial 
cell dys-function followed by vascular stiffness  
and elevated vascular pressures [48]. The etiology of 
preeclampsia is not completely understood. Early onset 
preeclampsia has been linked to placental ischemia  
from inadequate angiogenesis leading to oxidative stress, 
chronic inflammation, maternal vascular endothelial 
dysfunction, systemic vascular stiffness, and hyper-
tension [49]. Increased levels of serum 
lipopolysaccharide released from bacteria has been 
speculated to play a role in the development of 
preeclampsia [50]. Like PAH, interestingly, gut dysbiosis 
has been ass-ociated with preeclampsia. Compared to 
healthy individuals in early, middle, and late pregnancy, 
those with preeclampsia in late pregnancy have a higher 

relative abundance of pathogenic bacteria, Clostridioides 
perfringens and Solobacterium moorei and a lower 
relative abundance of beneficial anti-inflammatory 
bacteria, Coprococcus catus [51]. Similarly, the relative  
abundance of the butyrate-producing anti- 
inflammatory genus Odoribacter is inversely related to 
systemic blood pressure in obese pregnant patients  
[52]. In a two-sample Mendelian randomization  
study, the anti-inflammatory probiotic taxa, Bifido-
bacterium had a protective role against development of 
preeclampsia [53].  

 
Conclusion 

 
Evolving preclinical and clinical evidence 

demonstrates that gut dysbiosis and altered circulating 
microbial metabolites are drivers of perivascular 
inflammation in PAH, either initiating or accelerating 
already established pulmonary vascular remodeling in 
PAH. Hence, modulating the gut microbiome is  
a promising novel treatment paradigm in the management 
of PAH.  
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Summary 
The fetus develops normally in a hypoxic environment but 
exaggerated hypoxia late in pregnancy is a worrisome sign often 
observed in hypertensive disorders of pregnancy, placental 
insufficiency, or fetal growth restriction (FGR). Serial fetal 
biometry and the cerebroplacental ratio (CPR, calculated as the 
middle cerebral artery [MCA] / the umbilical artery [UmbA] 
pulsatility indices [PI]), are commonly used to indicate fetal 
“brain sparing” resulting from exaggerated fetal hypoxia. But 
unclear is the extent to which a low CPR indicates pathology or is 
a physiological response for maintaining cerebral blood flow. We 
studied 31 appropriate for gestational age (AGA) pregnancies at 
low (LA, 1670 m) or high (HA, 2879 m) altitude, given the 
chronic hypoxia imposed by HA residence, and 54 LA women 
with a clinical diagnosis of FGR. At week 34, the MCA PI was 
lower in the LA-FGR than the LA-AGA group but lower still in the 
HA-AGA compared to either LA groups due to a trend toward 
higher end-diastolic velocity (EDV). We concluded that the lower 
MCA PI was likely due to greater cerebral vasodilation in the 
HA-AGA group and an indication of physiological versus 
pathological fetal hypoxia. Future reporting of serial MCA and 
UmbA values and their determinants along with the CPR could 
improve our ability to distinguish between physiological and 
pathological fetal brain sparing. 
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Hypoxia plays a central role during prenatal life. 
During 1st-trimester embryogenesis and placental 
development, fetal epithelial-derived trophoblast cells 
invade maternal uterine tissue and plug the maternal  
spiral end-arterioles, making the amniotic cavity 
extremely hypoxic [1]. The very low resultant tissue  
pO2 (<20 mmHg) is thought favorable for preventing 
reactive oxygen species production and damage to 
developing tissues [2]. Trophoblast plugs are removed 
after the completion of placentation late in the  
1st trimester, enabling a pronounced rise in uterine artery 
(UtA) blood flow and oxygen, as well as other nutrient, 
delivery to the developing fetus.  

Chronic hypoxia later in pregnancy is  
a worrisome sign commonly observed in hypertensive 
disorders of pregnancy, placental abruption or other signs 
of placental insufficiency, or fetal growth restriction 
(FGR). These conditions are not only associated with 
increased perinatal morbidity and mortality but also 
greater susceptibility to cardiovascular and other diseases 
later in life for both mother and child. Therefore, indices 
of fetal hypoxia are an important means for identifying 
pregnancies at increased risk. Such indices include 
elevated resistance indices obtained by Doppler 
ultrasound for the UtA, umbilical (UmbA), middle 
cerebral arteries (MCA), and the ductus venosus; serial 
fetal biometry measures indicative of slowed or restricted 
growth; and reduced birth weight after adjusting for 
gestational age and sex [3]. Of these, birth weight is the 
least sensitive since it alone cannot discriminate between 
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babies who are constitutionally small versus those who 
are growth restricted, nor can it identify those who are 
constitutionally small but have been subject to fetal 
hypoxia. While birth weight percentiles continue to be 
used, especially since they are only such measure avail-
able in many parts of the world, the use of serial fetal-
biometry and vascular resistance measures are preferable 
as they can be monitored over time and therefore provide 
a timelier means for clinical management.  

The commonly used vascular resistance indices 
are the systolic to diastolic ratio (S/D, calculated as the 
peak systolic [PSV] to end-diastolic velocity [EDV]), the 
pulsatility index (PI, calculated as the [PSV-EDV] 
divided by the mean flow velocity throughout the cardiac 
cycle or TAM), and the resistive index (RI, calculated as 
PSV-EDV divided by the PSV). These indices describe 
the velocities or mean velocities observed, using Doppler 
ultrasound, of the middle cerebral artery which serves as 
a major source of blood flow to the brain and of the 
umbilical artery which describes the velocity profile of 
blood returning to the placenta when propelled by the 
fetal heart. These indices play key roles in the 
surveillance, diagnosis, and clinical management of 
suspected FGR and are particularly useful for 
distinguishing early (< 32 weeks) versus late  
(≥ 32 weeks) suspected FGR [3]. Early FGR cases 
generally show increased UtA and UmbA PI due to 
placental insufficiency, whereas late-gestation FGR are 
more often marked by redistribution of cerebral blood 
flow to favor the cerebral circulation or “brain sparing” 
and calculated as the MCA PI/UmbA PI [3]. Given that 
the estimated fetal weight (EFW) may be insufficient for 
diagnosing FGR, a low cerebroplacental ratio (CPR) is 
commonly used as an index of brain sparing due to 
exaggerated fetal hypoxia. 

The multiple physiological factors contributing 
to brain sparing have been extensively reviewed 
elsewhere [4]. The question being addressed in this short 
communication is whether a low CPR necessarily 
indicates pathology or whether it may also be a physio-
logical response by which the fetus maintains cerebral 
blood flow under conditions of chronic maternal hypoxia. 
Studies at high altitude (HA, conventionally defined as  
> 2500 m or 8250 ft as that is where maternal arterial 
oxygen saturation [SaO2] measurably declines), provide  
a means to answer this question since pregnant women at 
such altitudes necessarily experience chronic hypoxia. 
However, even though average birth weight falls  
~100 gm/1000 m elevation gain and FGR is appro-
ximately 3-fold more common at HA [5], some HA 

babies are appropriate for gestational age and sex (AGA). 
Therefore, we address the question of whether hypoxia 
prompts fetal brain-sparing in the absence of FGR by 
comparing CPR values in clinically diagnosed FGR 
pregnancies at low altitude (LA, <1670 m) to those 
observed in healthy, LA- and HA-AGA pregnancies. 
Additionally, since the CPR is a ratio of two ratios and 
therefore affected by several factors, chiefly the MCA 
and the UmbA PSV and EDV, we ask which of these 
CPR determinants differed in the three groups.  

Our study measured CPR and its key determi-
nants in 31 healthy women experiencing uncomplicated 
AGA pregnancies at LA (Denver, Colorado [1670 m]), 
27 AGA pregnancies at HA (Summit and adjacent 
Colorado counties [2879 m]), and 54 LA (Denver) 
women with a clinical diagnosis of FGR based on 
repeated EFW values below the 10th percentile for 
gestational age and sex. All studies were performed in 
accordance with the 2000 Declaration of Helsinki, with 
approval from the Colorado Multiple Institutional Human 
Subjects Review Committee, and all Doppler ultrasound 
exams were conducted by the same ultrasonographers. 
The LA- and HA-AGA pregnancies were studied at 
pregnancy weeks 20 and 34 (20.2 ± 0.8 and 20.8 ± 1.0, 
34.7 ± 1.4 and 34.3 ± 1.2 at LA and HA, respectively), 
whereas data from LA-FGR women were only available 
at week 34 (34.0 ± 2.0). Information collected in all three 
groups included maternal demographics (age, pre-
pregnancy body mass index [BMI]), obstetric history 
(gravidity, parity), fetal biometry, CPR (averaged from 
both UmbA and MCA), and delivery characteristics 
(vaginal or Cesarean section delivery, gestational age at 
birth, birth weight, infant sex and ponderal index). 
Additionally, maternal hemoglobin (Hb), SaO2, average 
right and left UtA diameter, time-averaged mean blood 
flow velocity (TAM) for calculating total UtA blood, and 
the average PI were measured at pregnancy weeks 20 and 
34 in LA- and HA-AGA groups as previously described 
[6]. The same variables except for UtA blood flow, 
UmbA PSV and EDV were recorded in LA-FGR women 
at week 34. Further details concerning these LA- or  
HA-AGA and LA-FGR groups are available elsewhere 
[7,8]. Comparisons between two groups were conducted 
using student’s t-tests and among the three groups by 
one-way analysis of variance with post-hoc comparisons 
to identify the specific groups whose values differed. 
Statistical significance was assessed as a p value < 0.05 
and trends noted when the 0.05 < p < 0.10. All 
comparisons were conducted using Graph Pad Prism 
version 10.2.3. 
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Table 1. Subject characteristics 
 

Variable LA-AGA HA-AGA LA-FGR P value 
n 31 27 54  

Maternal characteristics    

Age, yr 32.0 + 4.7a 32.0 + 4.3a 28.1 + 4.9b <0.0001 
European ancestry, % 74 [56, 86]  100 [88, 100] 80 [68, 89] b <0.01 
Parity, no. 1.6 + 0.6 1.5 + 0.7 1.8 + 1.0 NS 
Pre-pregnant BMI, kg/m2 23.2 + 2.8 23.5 + 3.2 24.4 + 4.6 NS 
SaO2, wk 34, % 97.4 + 1.3 94.7 + 1.3 -- <0.0001 
Hb, wk 34, gm/dL 13.0 + 2.6 13.5 + 1.5 -- NS 
Wk 20 UtA diam, cm 0.31 + 0.08 0.29 + 0.07 -- NS (0.08) 
TAM, cm/s 35 + 12 34 + 13 -- NS 
blood flow, ml/min 356 + 166 264+ 102 -- <0.05 
PI 0.82+ 0.17 0.84 + 0.29  NS 
Wk 34 UtA diam, cm 0.34 + 0.08 0.32 + 0.08 -- NS 
TAM, cm/s 42 + 11 47 + 15 -- NS 
blood flow, ml/min 429 + 175 469+ 243 -- NS 
PI 0.66+ 0.18 0.65 + 0.24 0.72 + 0.21 NS 
C-section, % 16 [7, 33] 36 [21, 54] 35 [22, 50] NS 

Fetal characteristics, wk 20    

MCA PSV, cm/s  26.5 + 4.0 25.4 + 4.4 -- NS 
EDV, cm/s  5.8 + 0.7 6.4 + 1.6 -- NS 
PI 1.60 + 0.37 1.38 + 0.12 -- <0.01 
UmbA PSV, cm/s  35.1 + 5.9 33.2 + 4.9 -- NS 
EDV, cm/s  9.1 + 3.6 9.6 + 2.8 -- NS 
PI 1.36 + 0.18 1.25 + 0.16 -- <0.05 
CPR 1.18 + 0.25 1.12 + 0.17 -- NS 
EFW, gm 351 + 58 356 + 56 -- NS 

Fetal characteristics, wk 34    

CPR 2.08 + 0.47 1.80 + 0.53 1.94 + 0.53 NS 
CPR < 1.08 (no.) 0 [0, 12] 6 [1, 27]  6 [2, 15] NS 
EFW, gm 2444 + 301a 2412 + 2653a 1878 + 222b <0.0001 

Infant characteristics     

Birth weight, g 3460 + 436a 3141 + 328b 2442 + 410c <0.0001 
Male sex, % 55 [38, 70] 54 [36, 70] 33 [22, 46] NS (0.07) 
Ponderal index, kg/cm3 2.68 + 0.27a 2.54 + 0.26a 2.40 + 0.25b <0.001 
Gest. age at birth, wk 39.7 + 1.1a 39.1 + 1.5a 37.6 + 1.4b <0.0001 
Preterm, % 3 [0, 16] 14 [6, 31] 15 [7, 28] NS 
<10th percentile, % 0 [0.9, 1.0] 11 [4, 27] 52 [38, 67] <0.0001 
<5th percentile, % -- 3 [0.2, 18] 22 [12, 38] <0.01 

 
Abbreviations: AGA, appropriate-for-gestational-age and sex; BMI body mass index; CPR, cerebral placental ratio; C-section, Cesarean 
section; EDV, end-diastolic velocity; EFW, estimated fetal weight; Hb, hemoglobin; HA, high altitude; LA, low altitude; MCA, middle 
cerebral artery; no, number; PSV, peak systolic velocity; PI, pulsatility index; SaO2, arterial oxygen saturation; TAM, time-averaged 
mean; UtA, uterine artery; Wk, week. Mean + standard deviation or 95% confidence intervals in brackets. Different superscripts 
indicates the specific groups whose values differed using post-hoc tests for results obtained using one-way analyses of variance. 
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The LA-FGR women were younger and more 
often self-identified as being of non-European ancestry 
than LA- or HA-AGA women but similar in parity, 
gravidity (data not shown), and pre-pregnant BMI 
(Table 1). Compared to LA-AGA pregnancies, the  
HA-AGA had lower SaO2, higher Hb, and lower UtA 
blood flow at week 20 due to a trend toward smaller 
vessel diameter, but UtA blood flow parameters were 
similar at week 34. UtA PI was similar in LA-AGA and 
HA-AGA women at week 20 and in all three groups at 
week 34. The frequency of Cesarean-section delivery was 
also similar in all three groups. 

With respect to fetal characteristics, those in the 
HA-compared to the LA-AGA group had lower week 20 

MCA and UmbA PI values, but changes were 
proportionate such that the CPR values did not differ 
(Table 1). At week 34, the UmbA PSV, EDV, and  
PI values were similar among all three groups but there 
were considerable differences in the MCA PSV, EDV, 
and PI values (Fig. 1). Specifically, the LA-FGR group 
tended to have lower MCA PSV and EDV than the  
LA-AGA, a trend toward lower values than the  
HA-AGA, and higher MCA PI than the HA-AGA but no 
differences in the CPR or the percent with CPR values 
below the cutoff value of 1.08 (Table 1) [9]. Of note, the 
MCA PI values in the HA-AGA fetuses were lower than 
those seen in either the LA-AGA or LA-FGR groups 
(Fig. 1 and Table 1). 

 
 

Fig. 1. Lefthand panels: Pregnant 
women were studied at week 34 
who resided either at low (LA, 
<1670 m, n=31), high altitude 
(HA, 2879m, n=27) with fetal 
weights that were appropriate for 
gesta-tional age and sex (AGA) 
and in 55 LA women with a clinical 
diagnosis of fetal growth restriction 
(FGR). Fetuses in the LA-FGR 
tended to have lower middle 
cerebral artery (MCA) peak systolic 
velocity (PSV) and lower end-
diastolic velocity (EDV) than the 
LA-AGA group, as well as a trend 
toward lower EDV compared to 
HA-AGA babies. The MCA pulsa-
tility index (PI) was lower in the 
HA-AGA fetuses than in either the 
LA-AGA or -FGR groups. Righthand 
panels: The umbilical artery 
(UmbA) PSV and EDV values were 
similar in the LA- or HA-AGA 
groups at week 34, as were the PI 
values in all three groups. Filled 
circles designate LA-AGA, open 
circles HA-AGA, and x's LA-FGR 
groups. 
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EFW was similar in the LA- and HA-AGA 
groups at pregnancy weeks 20 and 34 but, as expected, 
both groups had higher values at week 34 than  
those observed in the LA-FGR cases (Table 1). Birth 
weights and ponderal indices were highest in the  
LA-AGA, moderately reduced in HA-AGA, and lowest 
in LA-FGR groups, with corresponding differences seen 
in the frequencies of birth weights below the  
10th or 5th percentiles. There was a trend toward fewer  
male LA-FGR babies but no differences in  
gestational age at delivery or the percentage of preterm 
births (Table 1). 

We interpreted these study findings as showing 
that differences in fetal growth evident at week 34 or  
at birth were not accompanied by alterations in the 
UmbA’s PI or its PSV or EDV components, but  
were paralleled by changes in the MCA PSV, EDV  
and PI. Moreover, these MCA parameters appeared to 
differ in physiological versus pathological reductions  
in fetal growth; specifically, whereas the MCA PI  
was the same in the LA-FGR and LA-AGA pregnancies, 
the HA-AGA had a lower MCA PI due to a trend  
toward higher EDV. While it must be acknowledged  
that neither PSV, EDV nor PI truly measure vascular 
resistance given that by definition vascular resistance is 
blood pressure divided by blood flow, the lower PI  
and trend toward higher EDV in HA-AGA group 
suggested that the lower MCA PI resulted from greater 
cerebral vasodilation. 

Our understanding of how a fetus can maintain 
normal growth under conditions of chronic hypoxia is 
limited by the technical difficulties encountered for 
directly measuring fetal cardiovascular function in vivo as 
well as to the fact that chronic hypoxia is usually 
accompanied by some other pregnancy complication such 
as preeclampsia or placental insufficiency [4]. Given such 
limitations, we considered that a comparison of the non-
invasive fetal vascular resistance parameters obtained by 
Doppler ultrasound in clinically-diagnosed FGR versus 
AGA yet chronically hypoxic babies would be useful for 
differentiating between fetal brain-sparing indicative of 
adaptive or physiological responses to hypoxia versus 
that seen in pathological conditions associated with 
stillbirth and perinatal loss [10]. HA studies have the 
unique advantage of being able to examine the 
mechanisms by which the fetus responds to chronic 
hypoxia in the absence of overt pathology. Studies at HA 
provide several lenses through which physiological 
versus pathological fetal responses to chronic hypoxia 

can be distinguished since HA birth weights vary due to 
1) the increased frequency of FGR but also the existence 
of AGA fetuses and also to 2) the operation of natural 
selection that has resulted in genetic protection from 
altitude-associated FGR in multigenerational HA 
populations (Tibetans and Andeans) versus HA 
newcomers [11-14]. The present study conducted in 
Colorado LA and HA residents suggested that a strategy 
distinguishing physiological from pathological fetal 
hypoxia is a reduction in the MCA PI due, in part, to 
higher EDV relative to the PSV that, in turn, helps defend 
cerebral blood flow. Speculatively, this preference on the 
part of the fetus for sending more blood to the brain as 
opposed to the placenta suggests a possible role for 
hypoxic vasoconstriction. Future studies are required to 
determine, however, such a mechanism as well as 
investigations in multigenerational HA populations to 
determine if lower MCA PI values and other indices of 
physiological brain sparing are present and, if so, whether 
genetic factors are involved. 

The strengths of our study stemmed from the 
availability of subjects residing at either LA or HA within 
sufficient proximity that Doppler ultrasound studies could 
be performed by the same ultrasonographers at each 
location. While our study was not designed to evaluate 
the mechanisms by which the HA fetuses sustained  
a lower MCA PI and possibly greater cerebral blood 
flow, our observation of lower PI in the MCA and UmbA 
at week 20 indicated that altitudinal differences were 
already present by mid-gestation. Since cord blood Hb 
values were similar in the LA- and HA-AGA groups 
(15.3 ± 1.8 versus 15.5 ± 2.3 g/dL, respectively; p=NS) 
and there were no relationships between Hb and the MCA 
or UmbA vascular resistance parameters, the lower PIs at 
HA did not appear to be due to altitudinal differences in 
blood viscosity. But our study also had several 
limitations. One was that 3rd trimester measurements 
were only available at week 34 for the LA-FGR group, so 
early FGR or that present by week 32 could not be 
studied. Another was that not all the babies with a clinical 
diagnosis of FGR met Delphi criteria [15] since only  
52 % weighed less than the 10th percentile at birth.  

We concluded that the brain sparing seen in the 
high-altitude AGA fetuses indicated that indeed, fetal 
brain-sparing can occur in the absence of FGR. 
Therefore, while convenient, reliance on a low CPR for 
diagnosing FGR could be misleading insofar as it might 
not detect more subtle changes in the MCA PSV or EDV 
flow velocity parameters. Given the difficulties inherent 
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in making direct measurements of fetal MCA or UmbA 
vascular resistance, we suggest that reporting serial MCA 
and UmbA PSV, EDV, and PI along with the CPR 
measurements in future studies could improve our ability 
to distinguish between physiological and pathological 
fetal brain sparing.  
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Summary 
Hypoxic pulmonary vasoconstriction (HPV) rapidly and reversibly 
matches lung ventilation (V) and perfusion (Q), optimizing 
oxygen uptake and systemic oxygen delivery. HPV occurs in small 
pulmonary arteries (PA), which uniquely constrict to hypoxia. 
Although HPV is modulated by the endothelium the core 
mechanism of HPV resides in PA smooth muscle cells (PASMC). 
The PASMC’s mitochondrial oxygen sensor lies within the electron 
transport chain (ETC) and includes NDUFS2 in ETC Complex-I. 
PASMC mitochondria respond to hypoxia by varying production of 
reactive oxygen species (ROS) and hydrogen peroxide in 
proportion to alveolar oxygen tension. Hypoxic ROS inhibition 
results in a state of reduction which triggers a redox-mediated 
inhibition of oxygen-sensitive, voltage-gated, potassium 
channels, including Kv1.5 and Kv2.1. Kv channel inhibition 
depolarizes the PASMC, opening of large-conductance calcium 
channels (CaL), elevating cytosolic calcium and activating the 
contractile apparatus. HPV is strongest in small PAs where 
sensors (hypoxia-responsive mitochondria) and effectors 
(oxygen-sensitive K+ channels) are enriched. Oxygenation at 
birth reverses fetal HPV, contributing to the rapid neonatal drop 
in pulmonary vascular resistance (PVR). A similar mitochon- 
drial-K+ channel sensor-effector mechanism exists in the ductus 
arteriosus (DA), however in DASMC it is oxygen-induced 
increases in mitochondrial ROS that inhibit DASMC K+ channels, 
causing DA constriction. Atelectasis and pneumonia elicit HPV, 
which optimises V/Q matching, increasing systemic oxygenation. 
Whilst HPV in response to localized hypoxia in a single lung lobe 
does not increase PA pressure; global airway hypoxia, as occurs 

with altitude or sleep apnea, causes pulmonary hypertension. 
HPV can be inhibited by drugs, including calcium channel 
blockers, or used to maintain a dry operative field during single 
lung anesthesia for lung surgery. HPV does not normally cause 
lung edema but excessive, heterogenous HPV contributes to high 
altitude pulmonary edema. HPV is suppressed in COVID-19 
pneumonia by a SARS-CoV-2 mitochondriopathy. HPV is 
a component of the body’s homeostatic oxygen sensing system. 
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Introduction 
 

Hypoxic pulmonary vasoconstriction (HPV) was 
reported first in 1894 by Bradford and Dean [1], and 
subsequently more precisely described by von Euler and 
Liljestrand [2]. In the Bradford and Dean paper hypoxic 
stimulation was achieved by transient asphyxia (a form of 
global airway hypoxia), whereas in the more definitive 
work of von Euler and Liljestrand the lung was ventilated 
with hypoxic gas mixtures (Fig. 1). These authors 
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concluded “The experiments seem to warrant the 
conclusion, that the regulation of the pulmonary blood 
flow is mainly mediated by a local action of the blood 
and alveolar gases leading to an adequate distribution of 
the blood through the various parts of the lungs 
according to the effeciency [sic] of aeration.” [2]. 

 
 

 
 
Fig. 1. Original description of HPV by von Euler and Liljestrand: 
Experiments were performed in a cat under chloralose 
anesthesia. The uppermost trace shows pressure in left auricle, 
the middle trace pulmonary arterial pressure, and the lower trace 
shows systemic blood pressure. The cat received artificial 
respiration and the thorax was open. Time scale is in units of 30 
seconds. 
Note point 6, which reflects hypoxic ventilation. HPV is rapid in 
onset, fully reversible, and not associated with significant 
changes in systemic blood pressure. 
1. Oxygen (room air) 
2. 6.5 % CO2 in oxygen 
3. Oxygen (room air) 
4. 18.7 % CO2 in room air 
5. Oxygen (room air) 
6. 10.5 % oxygen in nitrogen (hypoxia)  
7. Oxygen (room air).   
Reproduced with permission from [2]. 

 
 
HPV has long intrigued physicians and 

physiologists perhaps because it is involved in so many 
physiologic and pathologic events in life, including the 
transition of the fetal circulation at birth (withdrawal of 
HPV), the regulation of ventilation/perfusion matching to 
optimize systemic oxygenation in normal lungs, 
counteracting intrapulmonary shunting of blood in 
pneumonia and atelectasis, and mediating the pulmonary 
hypertensive response to ascent to altitude. When 
excessive and heterogenous, HPV also contributes to high 

altitude pulmonary edema (HAPE). Loss of HPV, 
whether caused by drugs that are pulmonary vasodilators 
or due to infectious agents, as occurs with COVID-19 and 
coronavirus infection [3], can exacerbate systemic 
hypoxia by causing V/Q mismatch and intrapulmonary 
shunting (perfusion of unventilated lung segments). 

At the heart of HPV is the unique ability of 
small pulmonary arteries (PAs) (<400 µm diameter) to 
constrict to hypoxia. Virtually all systemic arteries (and 
large PAs) relax upon exposure to hypoxia [4-6]. We 
have made the case that intrapulmonary arteries (PA)s are 
part of the body’s homeostatic oxygen sensing system 
(HOSS), a system which includes the carotid body, 
ductus arteriosus, and fetal placental arteries [7]. These 
specialized HOSS tissues each initiate changes in 
vascular tone and/or neural output that serve to optimize 
systemic oxygen delivery. For example, at altitude the 
type 1 cells within the carotid body trigger 
hyperventilation to increase oxygen uptake from rarefied 
air. Likewise, at birth the ductus arteriosus SMC 
constrict, achieving functional DA closure which diverts 
blood from the right ventricle (RV) into the pulmonary 
circulation of the new ventilated lung. Simultaneously, 
with the first breath, the neonatal PASMC relax as the 
lung’s fetal hypoxic milieu is replaced with the oxygen-
rich neonatal environment. The withdrawal of HPV 
relaxes the pulmonary circulation, preparing it to receive 
the RV output at low PA pressure. One could argue that 
systemic arteries, by dilating to hypoxia, also contribute 
to optimizing systemic oxygen delivery in states of 
hypoxia and thus may too be considered part of the 
HOSS. The tissues of the HOSS (at least the type 1 cell 
carotid body, DASMC, PASMC) all use mitochondria as 
oxygen sensors and ion channels, notably potassium and 
calcium channels, as effector mechanisms [7].  

It should be noted that the HOSS, as originally 
described [7], uses conserved mitochondrial-ROS-ion 
channel signalling pathways in specialized tissues to 
rapidly (in seconds) elicit adaptive responses to 
counteract hypoxia. However, there are equally important 
response to hypoxia that occur more slowly in response 
to hypoxia in most tissues. These transcriptional 
responses are often initiated by redox triggers (including 
ROS) but are mediated by transcriptional regulators, such 
as hypoxia inducible factors like HIF-1α [8] and prolyl 
hydroxylases. These transcriptional hypoxic responses 
onset more slowly and are sustained throughout exposure 
to hypoxia. The HIF-1α pathways interact with the 
mechanism of HPV. For example, patrial deficiency of 
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HIF-1α in mice impairs acute HPV (specifically 
impairing hypoxia-induced depolarization and K+ current 
inhibition in PASMC from HIF-1α heterozygous 
knockout mice) and inhibits chronic hypoxic pulmonary 
hypertension [9]. Moreover, the acute mitochondrial 
oxygen sensing pathway is involved in regulation of  
HIF-1α. For example, in pulmonary arterial hypertension 
there is normoxic activation of HIF-1α due to epigenetic 
silencing of mitochondrial superoxide dismutase 2, which 
reduces production of mitochondrial-derived hydrogen 
peroxide [10]. Normoxic activation of HIF-1α, whether 
spontaneous or achieved by cobalt exposure, rapidly 
activates dynamin related protein 1 (Drp1) in human 
PASMC which triggers mitotic mitochondrial fission, 
changes mitochondrial redox control [11] and promotes 
the hyperproliferation of PASMC. Thus, there is intera-
ction between acute mitochondrial-redox mechanisms of 
oxygen sensing in the HOSS and longer-term 
transcriptional responses to hypoxia both in HOSS tissues 
and less specialized tissues. 

HPV has certain hallmarks which any proposed 
mechanism must address. HPV is rapid in onset, 
beginning within seconds of exposure to even mild 
airway hypoxia [12,13]. Moreover, although HPV can be 
sustained for pronged periods [14], it is rapidly reversible 
when airway hypoxia is relieved. HPV is also dependent, 
in large part, on influx of extracellular calcium [15]. 
However, there is also evidence for a role for hypoxia-
induced release of intracellular calcium and activation of 
rho kinase in triggering HPV, see review [16]. Although 
many endothelium-derived vasodilators (notably nitric 
oxide (NO), prostaglandins) and vasoconstrictors 
(notably endothelin) attenuate and enhance HPV, 
respectively, HPV can be elicited in PA rings denuded of 
endothelium or even in isolated PASMC [17]. 
Nonetheless, the magnitude of HPV is clearly augmented 
by inhibition of nitric oxide synthase [18,19] or 
cyclooxygenase [20]. 

 
The cellular electrophysiology of HPV 
 

In 1992 a partnership between the Weir-Archer 
lab and the laboratory of Professor Joe Hume made the 
first demonstration that hypoxia inhibited the outward  
K+ currents of canine PASMC, leading to membrane 
depolarization. This hypoxic inhibition of IK was unique 
to PASMC and did not occur in canine renal arterial 
SMCs [21]. In PASMC voltage-gated potassium channels 
(Kv) maintain a resting membrane potential of ~ -60 mV. 

The membrane potential is set by a tonic efflux of 
positively charged potassium ions down a concentration 
gradient of ~ 140 mM (intracellular) to 5 mM 
(extracellular). The resulting negative membrane 
potential decreases the open state probability of voltage-
gated, L-type calcium channels (CaL). With hypoxic 
PASMC depolarization CaL have more and longer 
openings and extracellular Ca2+ enters the PASMC, 
traveling down a 20,000:1 extracellular:intracellular  
Ca2+ gradient, reviewed in [22]. The resulting increase in 
cytosolic calcium triggers vasoconstriction, which is 
subsequently reinforced by Rho-kinase-mediated 
phosphorylation of myosin light chain, which mediates 
calcium sensitization contributing to a sustained phase of 
pulmonary arterial vasoconstriction [15,21]. Based on 
this cellular electrophysiology, performed using the 
whole-cell patch clamp technique, it is not surprising that 
the pulmonary circulation in isolated perfused rat lungs 
constrict in response to the Kv channel inhibitor,  
4-aminopyridine [23]. Moreover, HPV is inhibited by 
CaL inhibitors, like nifedipine and verapamil, while it is 
enhanced by CaL agonists like BAYK8644 [15,24]. 

 
Molecular electrophysiology of HPV 
 

After identification of the role of K+ channels in 
HPV a search began to obtain molecular precision in 
specifying which of the many candidate Kv channels  
(or other channels, like TASK channels) was involved. 
Ultimately a key role for Shaker channels, notably  
Kv1.5, and Kv2.1 [25,26], was identified. Subsequently 
we showed that a Kv1.5 knockout mouse had reduced 
HPV [27]. However, there is evidence for involvement of 
other classes of K+ and Ca2+ channels in the mechanism 
of HPV [28], including two-pore acid sensitive  
K+ channels (TASK) [29,30]. TASK-1 channels are 
active at very negative membrane potentials and 
contribute to regulation of the resting membrane potential 
in PASMC and may also modulate the sensitivity of 
membrane potential to acid-base disturbances [31]. 
However, TASK-1 is not essential for HPV in murine 
PAs, since HPV persists in TASK-1 knockout mice and 
in the presence of a chemical TASK-1 inhibitor (A293) 
[32]. Nonetheless, mutations in the gene encoding TASK, 
KCNK3, predispose to WHO Group 1 pulmonary 
hypertension (pulmonary arterial hypertension, PAH) in 
transgenic rats [33] and humans [34].  
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The mitochondrial electron transport chain (ETC) is  
an O2-sensor in DA and adult PA SMC [35,36].  

One of the earliest papers to identify a potential 
role for the mitochondrial ETC in HPV was by Rounds 
and McMurtry [37]. They found that five substances that 
blocked different steps of oxidative ATP production  
(10 mM azide, 1 mM cyanide, 1 mM dinitrophenol,  
5 or 10 µM antimycin A, or 0.5 µM rotenone) trigger 
pulmonary vasoconstriction, which like HPV, was 
inhibited by the calcium channel blocker, verapamil [37]. 
Subsequently we showed rotenone and antimycin did 
indeed mimic hypoxia but do not achieve this by causing 
bioenergetic depletion, rather they inhibit normoxic ROS 
production, thereby regulating redox-sensitive potassium 
channels in a manner mimicking authentic hypoxia 
[38,39]. 

The ETC conducts electrons from donors 
derived from Krebs’ cycle (NADH and FADH2), down  
an electrochemical gradient to molecular O2 (Fig. 2). 
These donors transfer electrons to Fe-S clusters, within 
the quinone chambers (Q-site) of Complex I and III. One 
such Fe-S center, NADH dehydrogenase [ubiquinone] 
iron-sulfur protein 2 (NDUFS2) in Complex I, is a source 
of oxygen-sensitive, mitochondrial-derived ROS (Fig. 2) 
and is implicated in O2-sensing in adult PASMC and 
carotid body type-1 cells [17,40]. During electron transfer 
~1-3 % of electrons leak from Q-sites, such as NDUFS2 
in Complex I and the Rieske Fe-S center in Complex III 
[41,42]. More contemporary measurements of electron 
leakage from the ETC suggest that electron leak 
comprises < 0.5 % of total electron flux under normal 
conditions [43-45]. 

 
 

 
 
Fig. 2. Mitochondrial O2-Sensing in PASMC: In adult, normoxic, PASMC mitochondria generate superoxide from NDUFS2 in ETC 
Complex I. This is dismutated to hydrogen peroxide by superoxide dismutase 2 (SOD2). Hydrogen peroxide diffuses to plasmalemmal 
Kv channels which it oxidizes and opens. Inset on right: In normoxia, the resulting hyperpolarization of the SMC membrane potential 
decreases the opening of large conductance, voltage-gated calcium channels (CaL), lowering [Ca2+]i and relaxing tone. In hypoxia the 
pathway reverses, causing HPV. It is unknown if this pathway is conserved in fetal PASMC.  
 

 
Uncoupled electron leak generates superoxide 

anion (O2
•). O2

• is rapidly changed by mitochondrial 
superoxide dismutase 2 (SOD2) into H2O2, which serves 
as a diffusible, redox signaling molecule, connecting ETC 
function to cellular electrophysiology (Fig. 2). 
Mitochondrial ROS control vascular tone by regulating 
the gating kinetics of redox-sensitive ion channels, such 
as the voltage-gated potassium channel, Kv1.5, and 
enzymes, such as rho kinase [25,36,46-49]. In adult PA 
and fetal DA, inhibitors of ETC Complex I (rotenone) or 

Complex III (antimycin A) mimic hypoxia’s opposing 
effects on ROS production and vascular tone 
[36,39,41,50-52]. Like hypoxia, inhibitors of ETC 
Complex I (rotenone) and -III (antimycin A) inhibit  
K+ currents and cause PA constriction [39]. The parallel 
effects of hypoxia and ETC inhibitors on subcellular 
signaling (K+ channel opening in DASMC versus 
inhibition in PASMC) and vascular tone (DA 
vasodilatation versus PA vasoconstriction) suggest  
a role for mitochondrial spatial heterogeneity in  
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the opposing PA and DA O2-responses. The effects of 
hypoxia and ETC inhibitors are mimicked by reducing 
agents (e.g., duroquinone). Conversely, oxidants (e.g., 
diamide) mimic oxygen and increase IK while causing 
pulmonary vasodilatation [46].  

 
Molecular Identification of the O2 sensor in HPV: 
Identification of NDUFS2 as a mitochondrial O2 sensor 
in adult PASMC 

In 2019 we used a targeted proteomic strategy in 
mitochondria derived from adult rat PAs vs renal arteries 
(RAs), which dilate to hypoxia, to show that NDUFS2 is 
essential for acute O2-sensing [17]. We isolated 
mitochondria from PA vs RA SMC and performed ETC 
complex pull-down by immunocapture to resolve the  
45 ETC Complex I proteins. NDUFS2 expression was 
greater in PASMC vs RASMC. Small inhibitory RNA 
targeting NDUFS2 (siNDUFS2), selectively inhibited 
normoxic ROS production and suppressed HPV without 
altering responses to other vasoconstrictors or the 
function of RASMC. We also showed that isolated 
mitochondria derived from normoxic lungs were 
producing hydrogen peroxide during normoxia and the 
media surrounding these mitochondria inhibited HPV, 
when infused into an isolated lung bioassay model. We 
also found that redox-sensitive Ndufs2 cysteine residues 
within the lung were reduced during hypoxia and showed 
that both hypoxia and reducing agents caused functional 
inhibition of ETC-I. Thus, we concluded that NDUFS2 is 
an O2-sensor in ETC Complex I of adult PASMC and 
regulates the downstream effector mechanism by 
generating ROS which are converted to hydrogen 
peroxide [17]. Although mitochondria were not initially 
believed to be oxygen sensors in the carotid body, this 
position has been revised. López-Barneo et al. in 2015 
demonstrated that knockdown of a component of ETC 
Complex I, Ndufs2, selectively eliminated O2 sensing in 
the mouse carotid body [40], much as occurs in rats in 
which Ndufs2 in the lung is depleted in vivo by siRNA, in 
which HPV is selectively inhibited [17]. 

 
Regional heterogeneity in the expression of O2 sensitive 
K+ channels 

The pulmonary circulation displays heteroge-
neity in the distribution of ion channels along its length. 
The proximal PASMC (derived from conduit arteries that 
display no vasoconstriction or weak vasoconstriction in 
response to hypoxia) are enriched in large conductance, 
calcium-sensitive, K+ channels (BKCa) whereas the 
resistance PASMC, the site of HPV, are enriched in Kv 

channels. Moreover, Kv1.5 and Kv2.1, two key  
O2-sensitive channels, account for much of the  
O2-sensitive current in resistance-level PASMC [25].  
HPV occurs in this Kv-enriched resistance PA portion of 
the pulmonary vasculature, in part, because resistance 
PASMCs preferentially express these O2-sensitive  
Kv-channels [53]. This work was subsequently confirmed 
and extended by the group of Dr. Jason Yuan, who also 
noted the electrophysiologic heterogeneity of PASMC, 
which they showed partially relates not only to 
differential expression and function of Kv channels but 
also to regional differences in intrinsic mechanisms 
involved in regulating cytosolic calcium [54]. 

 
Mitochondrial diversity in pulmonary versus 
systemic arteries 
 

We have studied the role of mitochondrial 
heterogeneity in the opposing O2-responses in adult  
PA versus systemic arteries. The composition of mito-
chondrial ETC megacomplexes I and III differs between 
adult PA (which constrict in hypoxia) and adult renal 
arteries (RA), which relax in hypoxia) [5]. In renal artery 
SMC (RASMC), hypoxia increases mitochondrial ROS 
and Kv current, leading to RA relaxation; whilst the 
opposite occurs in PAs [5]. Complex I inhibitors also 
elicit opposing ROS responses and hemodynamic 
changes in PA vs RA (constriction vs relaxation) [5], 
illustrating that acute changes in ETC complex function 
can generate opposing ROS signals and vasomotor 
responses in adult arteries. Compared to RASMC, adult 
PASMC mitochondria also have lower O2-consumption 
rates (OCR), a more depolarized mitochondrial 
membrane potential (∆Ym), and higher rates of normoxic 
mito-chondrial ROS production. These functional 
differences in mitochondria are associated with lower 
expression of several ETC Complex I and Complex III 
subunits and higher expression of the H2O2-generating 
enzyme, mitochondrial SOD2 [5] in PASMC vs. 
RASMC. This spatial ETC heterogeneity confers upon 
adult PASMC a unique ability to vary ROS in proportion 
to PO2, which is key to O2-sensing. We propose that 
heterogeneity in ETC Complex structure and function 
underlies opposing O2-sensing in adult PA vs RA [5].  

 
Controversies in the mechanism of HPV 
 

The role of mitochondria as oxygen-sensors is 
generally accepted, as is the hypothesis that ETC-derived 
ROS regulate the downstream ion channel effector 
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pathway (the gating of K+ and CaL channels) that elicit 
vasoconstriction [38,39,55]. This fits nicely with the 
original Redox hypothesis of HPV published by Archer, 
Will, and Weir in 1986 [56]. However, disagreement 
persists as to whether, in adult PAs, physiologic levels of 
hypoxia (anoxia is not a stimulus for HPV) increase or 
decrease ROS/H2O2 levels [28,57-61]. Some groups, 
notably the Schumacker group at Northwestern 
University, Chicago, have shown that hypoxia increases 
mitochondrial ROS production, which they attribute to  
an hypoxic inhibition of the distal ETC, particularly at 
ETC Complex III [59,60]. They propose that inhibition of 
the distal ETC by hypoxia causes a net reduction of sites 
within the proximal ETC. The addition of electrons due 
to distal ETC inhibition and retrograde electron flux 
serves to increase electron leak from the proximal ETC 
and react with O2 to form ROS. In contrast, our group, 
consistent with findings by the Wolin group [55,62-64], 
finds that PASMC ROS production increases in direct 
proportion to PO2 and decreases with hypoxia. 
Production of ROS (including the major signalling 
molecule, hydrogen peroxide) falls in hypoxia due  
a reduced rate of electron flux (and a related decrease in 
electron leak) caused by decreased availability of 
molecular oxygen, the ETC’s terminal electron acceptor 
[7]. It appears the hypoxic fall in ROS is associated with 
a reduction in oxygen consumption rate (OCR). We 
recently showed for example that siNDUFS2, which 
eliminates HPV and reduces ROS, reduces OCR in 
PASMC [17]. We also believe that reduced availability of 
O2 as an acceptor of the leaked electrons may contribute 
to reduced ROS in hypoxia, although our data suggest 
this reflects inhibition of antegrade electron flow, rather 
than enhanced retrograde electron flow. 

This direct relationship between PO2 and ROS 
production is evident in other tissues in the HOSS, such 
as the ductus arteriosus (DA) in which ROS in DASMC 
increase with rising PO2 at birth [52,65]. A direct 
relationship of ROS and PO2 is also seen in non-HOSS 
tissues, like the heart. When the heart is studied in  
a Langendorff model and ROS are measured from the 
cardiac surface using enhanced chemiluminescence, ROS 
levels fall from a normoxic baseline during global cardiac 
ischemia and then increase far above baseline with 
reoxygenation, accounting for the reperfusion phase  
of myocardial ischemia-reperfusion injury [66]. This 
oxygen-induced rise in ROS in cardiac ischemia-
reperfusion injury is largely due to mitochondrial fission 
mediated by dynamin related protein 1 (Drp1) in cardiac 
myocytes [67]. Although we find a direct relationship 

between PO2 and ROS production, Lopez-Barneo's 
laboratory found the opposite relationship in type 1 cells 
of the carotid body in a study where they identified the 
role of Ndufs2 in response to hypoxia in these cells [40].  

The basis for the discrepancies between those 
that find hypoxia to be an oxidized state with high ROS 
[59,60] versus those that report hypoxia is a reduced state 
with low ROS [7,61] remains unclear. However, we have 
identified and reported several methodological 
discrepancies amongst groups related to the use (or lack 
of use) of: (i) freshly isolated PASMC from resistance 
arteries and isolated perfused lungs (ii) focus on 
physiologic hypoxia (versus anoxia), (iii) attention 
to/reporting of pH and PCO2, and (iv) performing 
dynamic and accurate ROS measurement in subcellular 
compartments [68]. The proposal that hypoxia is  
a chemical state of reduction (not oxidation), is supported 
by the observations that the opposing effects of hypoxia 
on PA versus systemic vascular tone (constriction versus 
dilation) and the opposing effects of hypoxia on cellular 
electrophysiology in PASMC versus systemic arterial 
SMC are mimicked by reducing agents (such as dithio-
threitol), and not reproduced by exogenous administration 
of ROS and oxidants [5,50]. Any proposed mechanism of 
HPV should be judged by the degree to which it accounts 
for the physiological core properties of HPV, notably the 
response onset should be rapid (as HPV onsets within  
a few breaths of hypoxia) [13], reversible (like HPV), and 
should not induce edema [68]. A unifying theory for 
oxygen sensing should also (in our view) “account for 
the opposing effects of hypoxia on tone in the pulmonary 
circulation (constriction) versus the ductus arteriosus 
and systemic vasculature (vasodilatation)” [68]. 

We acknowledge that the use of ETC inhibitors 
like rotenone and antimycin A to study redox signaling is 
suboptimal as the effects of these agents may be 
confounded by the possibility that they inhibit 
mitochondrial metabolism. Therefore, Brand et al. 
developed electron leak suppressors [43], S1QEL and 
S3QEL. S1QEL prevents electron leak and superoxide 
production (both in the forward and reverse direction of 
electron flux) from site IQ in ETC Complex 1 [45]. We 
recently used S1QEL to study oxygen sensing in the 
DASMC and showed that S1QEL, but not S3QEL, 
reversed oxygen-induced constriction, but not 
phenylephrine constriction, in rabbit DA rings. S1QEL 
did not inhibit mitochondrial metabolism or ETC 
Complex I activity [69]. Moreover, in human DASMC, 
S1QEL and rotenone inhibited oxygen-induced increases 
in cytosolic calcium, a surrogate for DA constriction [69]. 
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In future studies of oxygen sensing the use of these 
electron leak suppressors should be considered. 
 
Oxygen sensing in the ductus arteriosus and 
fetal PA  
 

The DA is a vital fetal vessel that shunts 
placentally oxygenated blood from the PA to the aorta, 
bypassing the unventilated fetal lung. The simultaneous, 
opposing, O2-responses of the fetal PA and DA at birth 
achieve two goals required for transition from placentally 
oxygenated fetus to air-breathing neonate: 1) perfusion of 
newly ventilated lungs and 2) elimination of right to left 
shunting. This miracle of birth occurs flawlessly in term 
infants but often fails in prematurity, promoting 
congenital heart diseases, such as patent ductus arteriosus 
and persistent pulmonary hypertension of the newborn 
(PPHN). The PA and DA have different embryologic 
origins, mesodermal lung buds vs left 6th branchial arch, 
respectively, but we do not fully understand the 
molecular basis for their opposing O2-responses. 
Although functional DA closure is modulated by the 
endothelium (reinforced by withdrawal of vasodilatory 
prostaglandin E[70] and increases in the vasoconstrictor, 
endothelin-1 [71]), human DAs constrict to O2 in the 
absence of endothelium [72] and despite blockade of the 
endothelin pathway [48]. The core of the DA’s O2-sensor 
mechanism resides in DASMC [48,72].  

In unpublished, preliminary data we examined 
the opposing effects of oxygen on intracellular calcium  
(a surrogate for vascular tone) in fetal DA vs PA SMC 

harvested from term rabbits measured using confocal 
imaging and the calcium indicator, Cal-520AM. These 
DASMC and PASMC were isolated from the same rabbit 
kits and grown under identical hypoxic conditions, 
(PO2~40 mmHg), to mimic the fetal oxygen condition) 
(Fig. 3). DASMC respond to normoxia with a rise in 
[Ca2+]i, which triggers contraction, whilst PASMC have  
a fall in [Ca2+]i, favouring relaxation (Fig. 3). It is 
noteworthy, although only a preliminary finding, that 
elimination of NDUFS2 (achieved using siRNA) inhibits 
the effects of oxygen in fetal DASMC without altering 
the effects on fetal PASMC, perhaps indicating different 
mitochondrial sensors within these two types of SMC 
(Fig. 3).  

This opposing response to oxygen is nicely 
imaged in a preliminary microCT study of fetal rabbits, 
which demonstrates that within 15 minutes of birth (and 
breathing oxygen) the DA is functionally occluded by 
vasoconstriction while the adjacent pulmonary circulation 
is vasodilated (Fig. 4). We speculate that this spatial 
heterogeneity in O2-responses in adjacent fetal arteries, 
which is intrinsic to their respective SMCs, reflects 
mitochondrial heterogeneity. The term “mitochondrial 
spatial heterogeneity” refers to differences in quantity 
and/or structure of mitochondrial proteins between fetal 
PA and DA. The fact that ETC inhibitors and redox 
agents mimic hypoxia and exert opposing effects on both 
ROS production and vascular tone in the DA and PA, 
further supports the contention that mitochondrial spatial 
heterogeneity underlies opposing PA vs DA responses. 

 
 

  
Fig. 3. Oxygen increases [Ca2+]i DASMC and lowers [Ca2+]i in PASMC in term, fetal rabbits. A) Oxygen increases cytosolic calcium in 
fetal rabbit DASMC and reduces cytosolic calcium in fetal rabbit PASMC, isolated from the same kit. B) Oxygen-induced increases in 
cytosolic calcium in fetal DASMC are inhibited by small inhibitory RNA (siRNA) targeting NDUFS2. C) Oxygen-induced reductions in 
cytosolic calcium in fetal PASMC are not affected by siNDUFS2. D) siNDUFS2 was equally effective in reducing NDUFS2 mRNA 
expression in both cell types.  
**, *** p<0.01 and <0.001, respectively. These preliminary data support a role for NDUFS2 as a DA O2-sensor but also suggests that 
fetal PASMC may have an alternate sensor for normoxia-induced PA vasodilation. The two blue bars in panel B do not significantly differ 
from each other statistically; further supporting the interpretation of this preliminary study as showing siNDUFS2 does not alter the 
oxygen induced fall in PASMC calcium. n=1 DASMC and 1 PASMC cell culture from 1 rabbit kit; data points are individual cells. 
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Fig. 4. Contrast-enhanced microcomputed 
tomography (micro-CT) demonstrates the 
opposing effects of oxygen on the DA vs the 
pulmonary circulation in newborn, term rabbits. 
A-B In situ maximum intensity projection (MIP) 
micro-CT images taken after perfusion of fetal 
rabbit kits with an intravascular contrast agent 
(a mixture of 25 % barium sulfate and 3 % 
gelatin), via injection of the agent into the 
beating left ventricle. In panel A, acquired 
during hypoxia, the DA is widely patent (connec-
ting the PA to the aorta). The fetal DA is  
<0.5 mm in diameter. In panel B, acquired 
within 20 minutes of breathing 100 % O2, the 
DA is constricted and functionally closed. C-D Ex 
vivo MIP micro-CT images after dissection of 
heart and lungs from the same (C) hypoxic and 
(D) normoxic rabbit kits, indicating the perfusion 
of the newly ventilated lung vasculature and 
pulmonary circulation. Note the vasodi-latation 
of the pulmonary circulation in normoxia. Micro-
CT scans were conducted using VECTor4CT 
(MILabs B.V., Utrecht, Netherlands) preclinical 
tri-modality ima-ging platform. 
 
 
 
 
 
 
 
 

 
In contrast, downstream portions of the  

O2-sensing pathways are similar in PA and DA. For 
example, Kv channel inhibitors, like 4-aminopyridine,  
cause concordant vasoconstriction in both PA and DA 
[5,36], whilst CaL inhibitors cause concordant 
vasodilatation [73,74]. Moreover, PA [25] and DA [36] 
utilize similar ion channels for O2-responses, including 
Kv1.5 and Kv2.1.  

 
HPV in lung diseases 

 
Pneumonia, atelectasis HPV optimizes systemic 

PO2 in people with atelectasis, pneumonia, COPD, and 
asthma by optimizing V/Q mismatch and reducing 
intrapulmonary shunting (Table 1, reproduced with 
modification from [68]). In these conditions, HPV 
decreases perfusion of the hypoxic lung segments, 
shunting blood to better oxygenated lung segments. HPV 
rapidly reverses upon resolution of pneumonia or once 
atelectasis resolves (as occurs upon removal of a mucous 
plug or with lung expansion by incentive spirometry). 
The intensity of HPV varies between individuals and is 
reduced in certain diseases. HPV can also be reduced or 
augmented by medications (Table 1). Calcium channel 
blockers, like nifedipine or verapamil, reduce HPV [75]. 
This can result in hypoxemia due to increased 
intrapulmonary shunting. For example, patients with 

WHO Group 3 pulmonary hypertension due to COPD, 
when given nifedipine (20 mg) suffered a fall in arterial 
PO2 (52 to 47 mmHg) related to impaired V/Q matching 
[75]. In contrast, inhaled NO, though a potent pulmonary 
vasodilator, does not reduce, and may even enhance V/Q 
matching, because this gas only enters well-ventilated 
lung segments (where HPV is not active). In contrast, 
intravenous vasodilators usually decrease V/Q matching 
by relaxing PAs that perfuse poorly ventilated lung 
segments [76]. In an ex vivo perfused, rabbit lung model, 
Walmrath et al. showed that while intravenous PGI2 
reduced mean PA pressure, it also increased shunt 
fraction (to ~60 %). In this same study, inhaled NO 
caused a similar beneficial decrease in mPAP but did not 
impair V/Q matching (i.e., the shunt fraction remained 
~25 %) [76]. 

 
Impaired HPV in COVID-19 pneumonia  
 

Our group showed that infection with a murine 
coronavirus, MHV-1, cause a murine pneumonia which 
mimics SARS-CoV-2 pneumonia in patients [3]. The 
suppression of HPV and systemic hypoxemia in this 
mouse model can be partially reversed by administration 
of the CaL opener, BAYK8644 (Fig. 5). HPV is also 
suppressed in patients with COVID-19 pneumonia [77]. 
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Table 1. The role of HPV in respiratory diseases 
 

Disease Role of HPV Treatment References 

High altitude 
pulmonary edema 
(HAPE) 

Exaggerated HPV; over perfusion of 
non-constricted pulmonary 
vasculature 

The calcium channel blocker nifedipine 
reduces the incidence of HAPE from 63 to 
10 % 

[78,79,92,93] 

Asthma HPV maintains V/Q balance during 
acute bronchoconstriction 

Intravenous isoprenaline decreases mPAP in  
an isolated perfused rat lung model of asthma 
(by 3-5 mmHg) 

[92,94-96] 

Chronic obstructive 
pulmonary disease 
(COPD) 

HPV is reduced, however the residual 
HPV response improves V/Q balance 
and systemic oxygenation 

In COPD patients Almitrine (100mg/day),  
a drug that enhances HPV, increases PaO2 
from 52 to 59 mmHg. In COPD patient with 
pulmonary hypertension and respiratory 
failure prostacyclin IV is a nonselective 
vasodilator that causes mild hypoxemia. 

[92,97-99] 
[100]  

Pneumonia Diversion of blood flow away from 
the diseased lobe(s) of lung optimizes 
systemic PO2 

Pneumonia impairs HPV in experimental 
models. In COPD patients with hypoxic 
exacerbations, intravenous prostaglandins 
increase systemic hypoxemia, consistent with 
the adverse effects of suppressing HPV 

[92,97,100-
102] 

Acute Lung Injury 
(ALI)/Acute 
Respiratory Distress 
Syndrome (ARDS) 

HPV is reduced in ALI however the 
residual HPV improves V/Q balance 
and reduces shunting 

In an ovine model of ARDS inhibition of 
inducible NOS restores HPV, increases 
PaO2/FiO2, and decreases shunt fraction 

[92,97,103,104] 

COVID-19 
pneumonia 

HPV is suppressed in an MHV-1 
murine model of COVID-19 
pneumonia 
HPV is also suppressed in patients 
with COVID-19 pneumonia [77] 

BAYK8644 (an opener of CaL channels) 
enhances HPV 

[3] 

 
Modified and reproduced from [68] 
 
 

We showed that the SARS-CoV-2 virus (and its 
proteins) directly attack the mitochondria in human and 
rodent PASMC, leading to impaired oxygen sensing and 
reduced HPV [3]. Indeed, this effect is seen with other 
coronaviruses too, including HCoV-OC43 and MHV-1. 
SARS-CoV-2 infections downregulate expression of ETC 
Complex I and ATP synthase genes and upregulate 
apoptosis-inducing genes. In additional to the adverse 
transcriptional effects of coronaviruses on mitochondria 
we demonstrated direct protein-protein interactions 
between viral proteins and key components of the 
mitochondrial ETC that are relevant to oxygen sensing. 
For example, in normal human PASMC, lentiviral 
transduction with SARS-CoV-2’s M or Nsp9 proteins 
inhibits HPV [3]. This is SARS-CoV-2 
mitochondriopathy is directly relevant to HPV in vivo. 
For example, in a murine model of COVID-19 

pneumonia, created by infection of mice with the murine 
coronavirus MHV-1, HPV is suppressed and  
a ventilation-perfusion mismatch lowers systemic 
oxygenation, much as occurs in patients with COVID-19 
pneumonia [77]. BAY K8644, a calcium channel agonist, 
increased HPV and improved systemic oxygenation in 
this murine COVID pneumonia model. This SARS-CoV-
2 mitochondriopathy also causes mitochondrial apoptosis 
in airway epithelial cells, contributing to diffuse alveolar 
damage in COVID-19 pneumonia (illustrated in Fig. 6) 
[3].  

 
Excessive HPV in High Altitude Pulmonary 
Edema (HAPE) 
 

While HPV is largely beneficial, excessive and 
spatially heterogenous HPV can be harmful, as is the case 
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in HAPE [78,79] (Table 1). Rapid ascent to high altitude 
without acclimation triggers a non-cardiogenic 
pulmonary edema that manifests as cough, dyspnea, and 
reduced exercise performance, within 2-5 days of ascent  
to altitudes exceeding 2500 m [80]. In people with 
HAPE, excessive HPV stresses and distends the more 
proximal arterial walls ultimately rupturing the basement 
membrane and disrupting the alveolar-capillary barrier 
[81]. Hypoxia also inhibits alveolar fluid clearance within 
the lung by inhibiting sodium exchangers, thereby 
decreasing sodium transport and reducing the lung’s 
ability to reabsorb fluid [81]. Evidence that excessive 
HPV promotes HAPE comes from a study of simulated 
rapid ascent to altitude. Dehnert et al found that 
individuals with the strongest HPV response are most at 
risk of HAPE. They exposed 421 healthy Caucasians to 
hypoxia (simulating their elevation to 4500 m over  
24 hours). 13 % of subjects with exaggerated HPV 
(systolic PA pressure in hypoxia 51±6 mmHg on echo 
Doppler, n=4/39) developed HAPE within 48 hours. 
Subjects with milder HPV (systolic PA pressure at 
altitude of 33±5 mmHg) did not develop HAPE [82]. 
Likewise, in a rabbit model of ascent to altitude, 

suppression of HPV (using acetazolamide) reduced 
HAPE [83]. HAPE is also reversible with supplemental 
oxygen and rapid descent from altitude [84] and in the 
short term can be treated or prevented by inhibitors of 
HPV, such as nifedipine or sildenafil, while descent is in 
progress [85]. 

 
Pulmonary hypertension 
 

There is an intersection between pulmonary 
arterial hypertension (WHO Group 1 PH) and HPV. In 
some regards, the pulmonary circulation in people or 
animals with Group 1 PH behaves as if there were  
a failure of oxygen sensing, meaning that despite normal 
FiO2 pathways are activated as if the lung were hypoxic. 
We refer to this normoxic elevation of pulmonary 
vascular tone, with downregulation of oxygen-sensitive 
Kv channels and normoxic activation of HIF-1α, as  
a state of pseudohypoxia, reviewed in [86]. A human 
condition exemplifying the role of dysregulated oxygen 
sensing in pulmonary hypertension was brought to our 
attention by our late colleague, Dr John Newman,  
a pioneering expert in high altitude pulmonary

 
 

 
 

Fig. 5. Suppression of hypoxic pulmonary vasoconstriction in a murine coronavirus model of COVID-19 pneumonia. Loss of HPV may 
contribute to hypoxemia in COVID-19 pneumonia. Here the effects of coronavirus infection on HPV are studied in a murine model created 
by MHV-1 infection at days 4–6. (n=4 for male Ctrl, n=4 for male MHV-1, n=5 for female Ctrl, n=3 for female MHV-1). Micro-CT images 
acquired using a VECTor4CT scanner. The CT scans show lung consolidation in MHV-1 infected mice. The histology insets (on right) show 
inflammatory infiltrates in the MHV-1 infected lungs. Reduction in oxygen saturation occurs in both male and female mice with MHV-1 
pneumonia. C) Representative RV pressure traces and mean data show that HPV is suppressed in MHV-1 mice. There was no significant 
increase in RV systolic pressure with hypoxia in MHV-1 infected mice, in contrast to the robust rise in RVSP (HPV) in uninfected mice. 
D) Intraperitoneal treatment with the CaL agonist BAYK8644 significantly augmented HPV (defined as the increase in RVSP in response to 
hypoxia) in both control and infected mice. (n=8 for Ctrl, n=7 for MHV-1). E) Bay K8644 (1mg/kg IP) increases O2 saturation. (n=9 for Ctrl, 
n=7 for MHV-1). The higher O2 saturations in this panel (vs panel B) reflect the fact these mice were being mechanically ventilated with 
room air (versus spontaneous breathing of room air in panel A). *P<0.05, **P<0.01, ***P<0.001. Reproduced with permission from [3]. 
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Fig. 6. Proposed mechanism by which SARS-CoV-2 mitochondriopathy contributes to hypoxemia in COVID-19 pneumonia. SARS-CoV-2 
mitochondriopathy causes diffuse alveolar damage (DAD) and hypoxemia in part by inducing apoptosis (left) in airway epithelial cells 
and in part by suppressing HPV in PASMC (right). A) Viral replication floods the cell with viral proteins. B) In airway epithelial cells 
some viral proteins target the mitochondria transition pore complex (MTPC) proteins which permeabilizes the membrane (MMP) and 
leads to leak of apoptosis mediators, like AIF and cytochrome c, resulting in apoptosis. C) In PASMC viral proteins interact with 
components of ETC Complex I, the site of O2-sensing, and impair HPV. D) The consequences of this mitochondriopathy include 
impaired HPV, which inappropriately floods capillaries in infected segments with blood, exacerbating capillary leak by promoting V/Q 
mismatch. Excessive apoptosis damages the alveoli and contributes to DAD. The loss of HPV combined with AEC apoptosis exacerbate 
systemic hypoxemia in coronavirus pneumonia syndromes, including COVID-19 pneumonia. In addition, there is profound mitochondrial 
fission and bioenergetic impairment which contribute to the lung injury (not shown in this figure). Reproduced with permission from [3]. 
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hypertension and respirologist who worked at Vanderbilt 
University [87]. After hearing of the impaired oxygen 
sensing and spontaneous pulmonary hypertension in 
fawn-hooded rats (FHR), which relates to their normoxic 
activation of HIF-1α [88], Dr. Newman acquainted our 
group with Chuvash disease. People with Chuvash 
disease, named for a mid-Volga River region in Russia, 
have enhanced HPV, polycythemia and pulmonary 
hypertension, despite normal inspired oxygen levels [89]. 
Chuvash disease results from a missense mutation within 
the von Hippel-Lindau (VHL) gene which impairs VHL’s 
ability to interact with the α-subunits of hypoxia 
inducible factors (HIF-1α and HIF-2α). Normally, HIF is 
hydroxylated by prolyl hydroxylases, marking these 
proteins for ubiquit-ination by VHL, which ultimately 
leads to their proteasomal degradation. The Chuvash 
VHL mutation impairs this degradation pathway resulting 
in normoxic HIF stabilization and paradoxical normoxic 
transcription of HIF-regulated genes during normoxia, 
including erythropoietin [89-91]. Thus, patients with 
Chuvash PH are afflicted by a failure of oxygen sensing 
and aspects of this are seen in in patinets with WHO 
Group 1 PH.  

FHR, like Chuvash patients, develop mild 
polycythemia with age and manifest normoxic activation 
of HIF-1α. However, in FHR the syndrome does not 
relate to a VHL mutation; rather the state of 
pseudohypoxia reflects epigenetic silencing of 
mitochondrial SOD2 by DNA methyltransferase [10]. 
Interestingly in FHR, as in residents of high altitude, the 
signal transduction of acute HPV is downregulated, 
meaning that despite adverse pulmonary vascular 
remodeling and pulmonary hypertension the acute 
response to hypoxia (the magnitude of HPV) is depressed 
in FHR, compared to control rats. 

It is a pleasure to contribute this review of the 
mechanisms of oxygen sensing to an issue of the journal 
published in honor of Dr. Jan Herget. Jan had an intense 
interest in the effects of hypoxia on the pulmonary 
vasculature, both acute and chronic. Over 30 years, 
between 1985 and 2015, he was an author on 21 papers 
dealing with the pathophysiologic mechanisms involved, 
in both perinatal and adult animals. In most he was the 
first or senior author. The mechanisms he studied 
involved the study of potassium channels, reactive 
oxygen species and nitric oxide. In addition to his 
research, Jan organized a series of international 
pulmonary hypertension meetings in Prague. These took 

place both before and after the fall of the Berlin wall and 
were the premiere venue in which to present and discuss 
pulmonary hypertension research. He was always 
amazingly hospitable to clinicians and scientists from all 
over the world. 

 
Conclusion 

 
The homeostatic oxygen sensing system plays  

a vital role in adapting humans, and most mammalian 
species, to reduced oxygen availability (hypoxia) which 
they experience in utero, at altitude and during disease.  
The oxygen sensing mechanisms found in PASMC, 
DASMC and type 1 cells of the carotid body are largely 
based in the mitochondrial electron transport chain and 
are mediated by ETC subunits, including NDUFS2.  
Changes in PO2 rapidly alter production of mitochondrial 
reactive oxygen species, including hydrogen peroxide, 
which in turn regulate the opening of redox-sensitive 
potassium channels. The K+ channels regulate membrane 
potential and thereby control calcium influx through 
voltage-gated calcium channels. In PASMC hypoxia 
induces a fall in ROS production which inhibits Kv1.5 
and other Kv channels, thereby activating CaL channels 
and initiating vasoconstriction. There is a diversity in the 
types of mitochondria found in the PASMC versus 
systemic arterial SMC such that PASMC respond 
uniquely to hypoxia. Likewise, there is regional 
heterogeneity in the expression and activity of oxygen-
sensitive K+ channels along the length of the pulmonary 
circulation, such that they are enriched in small resistance 
PAs, the site of HPV. HPV remains as fascinating  
a subject of study in 2024 as it was in 1894. 
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Summary 
Experimental and clinical studies have clearly demonstrated 
significant sex differences in myocardial structure and function, 
both under physiological and pathological conditions. The best 
example are significant sex differences in the cardiac tolerance to 
ischemia/reperfusion injury: pre-menopausal adult female hearts 
are more resistant as compared to the male myocardium. The 
importance of these findings is supported by the fact that the 
number of studies dealing with this issue increased significantly 
in recent years. Detailed molecular and cellular mechanisms 
responsible for sex differences are yet to be elucidated; however, 
it has been stressed that the differences cannot be explained 
only by the effect of estrogens. In recent years, a promising new 
hypothesis has been developed, suggesting that mitochondria 
may play a significant role in the sex differences in cardiac 
tolerance to oxygen deprivation. However, one is clear already 
today: sex differences are so important that they should be taken 
into consideration in the clinical practice for the selection of the 
optimal diagnostic and therapeutic strategy in the treatment of 
ischemic heart disease. The present review attempts to 
summarize the progress in cardiovascular research on sex-related 
differences in cardiac tolerance to oxygen deprivation during the 
last 40 years, i.e. from the first experimental observation. 
Particular attention was paid to the sex-related differences of the 
normal heart, sex-dependent tolerance to ischemia-reperfusion 
injury, the role of hormones and, finally, to the possible role of 
cardiac mitochondria in the mechanism of sex-dependent 
differences in cardiac tolerance to ischemia/reperfusion injury. 
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Introduction 
 

The most frequent (and hence the most widely 
studied) cardiovascular diseases of modern times 
undoubtedly include hypoxic states. They originate as  
a result of disproportion between the amount of oxygen 
supplied to the cardiac cell and the amount actually 
required by the cell. Degree of hypoxic injury depends 
not only on the intensity and duration of hypoxic stimuli 
but also on cardiac tolerance to oxygen deprivation.  
40 years ago, in the study comparing cardiopulmonary 
responses of male and female rats to intermittent high-
altitude hypoxia, we have observed significant sex 
differences in cardiac resistance to acute anoxia in vitro 
[1]. The myocardium of control adult female rats was 
significantly more resistant to oxygen deprivation as 
compared with males of the same age (Fig. 1). Adaptation 
to chronic hypoxia significantly increased resistance in 
both sexes, yet the sex difference was maintained. 
Unfortunately, our scientific interest was at that time 
concentrated on the protective mechanisms of cardiac 
adaptation to chronic hypoxia and the possible sex-
dependent differences remained out of our research 
program. To our surprise, starting ten years later we have 
seen repeatedly information published in the high-quality 
journals that our paper from 1984 first described sex 
differences of myocardial resistance in female and male 
rats exposed to acute hypoxia [2-4]. Mistrust to this 
statement led us to the search for objective information: 
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and really, according to data from Web of Science, the 
number of studies investigating sex-related differences in 
the cardiovascular system was negligible still in 1989 [5] 
(Fig. 2). However, the number of clinical and 
experimental studies has grown exponentially over the 
past 30 years. This trend is obviously the result of several 
facts: the number of examples of different behaviour of 
the male and female heart under physiological and 
pathological conditions is steadily increasing and there 
are controversial reports on the beneficial and adverse 
effects of hormonal replacement therapy (HRT) in 
women during menopause. Moreover, the increasing 
interest undoubtedly reflects the importance of this topic 
and the urgent need to explain underlying mechanisms 
for better understanding sex determinants of outcomes 
and to minimize bias in the management and treatment of 
ischemic heart disease (IHD) in women.  

 
 

  
Fig. 1. Sex differences in the cardiac tolerance to acute oxygen 
deprivation in rats (expressed as % of the reparation of 
contractility of the isolated right ventricle after acute anoxia). 
*p<0.01; data from [1]. 

 
 

 
 
Fig. 2. Number of clinical and experimental papers dealing with 
„sex and heart AND female heart. From 1989 to 2024. Source: 
Web of Science. 

The present review attempts to summarize the 
progress in cardiovascular research on sex-related 
differences in cardiac tolerance to oxygen deprivation 
during the last 40 years, i.e. from the first experimental 
observation. Particular attention was paid to the  
sex-related changes of the normal heart, sex-dependent 
tolerance to ischemia-reperfusion injury, role of 
hormones in sex-dependent variation in cardiac 
sensitivity to ischemia and, finally, to the possible role of 
cardiac mitochondria. 

 
Sex differences of the normal heart 
 

Sex-related cardiac differences are apparent even 
in healthy individuals (reviewed in [6]). Although there 
are no differences in the weight of the cardiac muscle 
during early phases of ontogenetic development,  
an increase in myocardial weight occurs in males at 
puberty; this change makes the male heart 15-20 % 
heavier than female heart [7]. The initial number of 
cardiomyocytes is comparable in both sexes; however, 
during ontogenetic development the number of cardio-
myocytes in female hearts remains stable, whereas the 
number of myocytes in the male hearts decreases 
significantly [8]. The loss of cells is accompanied in the 
male myocardium by an increase in their diameter (by  
51 % in male monkeys compared to 8 % in females [9]). 
This hypertrophic growth response can compensate to 
some extent for the decrease in the number of cardiac 
cells, but as the cells enlarge, the distance between the 
capillaries also increases, creating a potential source of 
insufficient oxygen supply to the cells. Surprising is the 
finding that the incidence of programmed cell death - 
apoptosis - is three times higher in the heart and coronary 
arteries of healthy men than in women; age did not 
influence this difference [10,11]. The average heart rate 
for women is approximately 3-5 beats/min more than for 
the males [12,13]. Moreover, the female heart has longer 
action potential duration, longer QT interval and a shorter 
sinus node recovery time as compared to the male heart 
[14]. In men under the age of 60 years, the average 
systolic and diastolic pressure is higher by 6–7mm Hg 
and 3-5mm Hg respectively, as compared to age-matched 
women. In post-menopausal women, the systolic blood 
pressure increases, to the extent that the incidence of 
hypertension is more prevalent in women than in men 
[15, 16]. 

Data on the myocardial contractile performance 
are controversial and not concise. For example, Schwertz 
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et al. [17 - 18] and Machuki et al. [19] have observed that 
female cardiomyocytes have a larger contraction and 
greater Ca2+ transient amplitude as compared to male 
cardiomyocytes, whereas Farrel et al. [20] have failed to 
confirm these findings. These contrasting observations 
were suggested by Machuki et al. [19] to be, at least 
partly, due to the use of whole ventricular myocytes 
versus left ventricular apical cardiomyocytes, particularly 
since differences in apical versus basal Ca2+ current have 
been reported in rabbit heart [21]. An important element 
of cardiomyocyte contraction is the cAMP-PKA-L-type  
Ca2+ channel pathway. Machuki et al. [19] have reported 
that intracellular cAMP, Ca2+ channel density and  
Ca2+ transient were larger in female than in male 
cardiomyocytes. These authors have also suggested that 
estrogen can regulate the expression of genes for the 
cAMP–L-type calcium channel pathway and contribute to 
sex differences in cardiac contraction.   

Over the last years, the number of studies 
describing myocardial sex differences at the molecular 
and cellular level has increased (for rev. see [22]); their 
enumeration exceeds the possibilities of this review.  
For the purpose of this chapter, we have briefly 
summarized sex differences in cardiac calcium 
metabolism. It may be noted that Ca2+ homeostasis is 
regulated as a function of the estrous cycle [23], and 
myofilament Ca2+ density is increased in hearts  
of ovariectomized female rats. Interestingly, Ca2+ homeo-
stasis is also regulated by testosterone, which activates 
phospholipase C and subsequent production of inositol-3-
phosphate, which in turn mediates the release of  
Ca2+ from the sarcoplasmic reticulum and increases 
intracellular Ca2+ [24]. Higher expression of sarcolemmal 
and mitochondrial ATPsensitive potassium (KATP) 
channels has been reported in the female myocardium; 
their inhibition during ischemia increases the extent of 
tissue injury [25]. Estrogen regulates also the expression 
of phospholamban and ryanodine receptors. In this 
regard, the higher levels of ryanodine receptors in female 
cardiomyocytes are linked to higher Ca2+ release from the 
sarcoplasmic reticulum [26]. Interestingly, no sex 
differences have been observed in SERCA (Ca2+-pump 
ATPase) expression level [18]. Compared to myocytes, 
little is known about cellular sex differences in the non-
myocytes of the heart [21]: while cardiac myocytes 
constitute 70 %, they constitute only about 30 % of the 
total cell number.   

Sex differences, with respect to cardiac 
structure, function and cellular mechanisms during aging, 

have been summarized by Keller and Howlett [27] and 
Sapp and Howlett [28]. Dworatzek et al. [29] observed 
agedependent sex differences also in myocardial collagen 
composition: type I, III, and VI collagens were 
significantly lower in aged female hearts. Similarly, 
Arellano et al. [30] revealed a specific down-regulation 
of sirtuins (Sirt1 and Sirt3) in aged female human hearts, 
which was accompanied by a decline in the mitochondrial 
anti-oxidative defense system.   
  
Sex differences in cardiac tolerance to 
ischemia/reperfusion injury  
  

The mentioned sex differences, characteristic of 
the normal myocardium, create a logical presumption of  
a possible different response of the heart muscle to 
various pathogenic stimuli, including ischemia/ 
reperfusion (I/R) injury. Among cardiovascular diseases, 
ischemic heart disease (IHD) is the single most frequent 
cause of death among men and women and is responsible 
for significant number from all cardiovascular events 
[31]. Even though IHD is the major cause of mortality in 
both women and men, it has largely been considered as  
a “male disease” and, therefore, the majority of 
experimental and clinical studies have been conducted in 
men. The information that women are discriminated in 
diagnostics and treatment of cardiovascular diseases was 
actually first indicated in the late 1980 [32], noting that 
women with signs of coronary artery disease required less 
intensive treatment than men. Another communication 
from the same research team [33] pointed out the 
problems associated with the indication of women for 
coronary surgical intervention. In the same year, the first 
comprehensive book on IHD in women was published 
[34].   

Epidemiological studies have unequivocally 
demonstrated that in women before menopause, IHD 
begins about 10 years later than in men, and the 
occurrence of myocardial infarction is delayed by even 
20 years. However, after menopause, the incidence of this 
disease increases more than 10 times in women, while in 
men of the same age it is only 4.5 times [35,36]. The 
cause are apparently sex differences in the development  
of atherosclerotic changes during development, which 
were already pointed out by Fejfar [37]; it is 
approximately the aforementioned 10 years; this fact is 
also supported by lower LDL-cholesterol levels and 
higher HDL-cholesterol values in postmenopausal 
women [38].  
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The vast majority of experimental studies 
confirm clinical observations (for an overview see 
[39,44]). As it has been mentioned in the Introduction, we 
found already 40 years ago [1] that the isolated right 
ventricle of the female laboratory rat is significantly more 
resistant to acute oxygen deprivation than the right 
ventricle of males. However, intensive research on this 
question began many years later. Higher resistance of 
female myocardium to I/R injury has been demonstrated 
in various species of laboratory animals (e.g. [24,44-46]). 
Females were found to have better recovery of contractile 
function and a lower incidence of reperfusion arrhythmias 
[47- 49]; Przyklenk et al. [50], however, did not observe 
this difference. Better functional recovery in females was 
accompanied by a smaller extent of ischemic damage,  
a lower level of lactate dehydrogenase and a lower 
production of inflammatory cytokines [51]. Similarly, 
transgenic females with increased expression of Na/Ca 
exchanger and β-adrenergic receptors [52,53] had less I/R 
injury and increased contractility compared to transgenic 
males. We have observed that sex differences in I/R 
injury also exist in spontaneously hypertensive rats: 
postischemic reparation of contractility was significantly 
higher in hypertensive females, despite the fact that the 
blood pressure level was comparable in both sexes [54]. 
Sex differences also exist in obese animals: infarct size 
was significantly larger in males than in females [55]. 
Experimental and clinical studies describe significant sex 
differences in remodeling after myocardial infarction  
[56-58]: in males, healing was slower with more frequent 
cardiac ruptures, apparently caused by premature 
degradation of the extracellular matrix by activation of 
metalloproteinases [57].  

The development of cardiac resistance to oxygen 
deprivation has a characteristic ontogenetic development: 
after birth, the resistance of the hearts of male and female 
laboratory rats does not differ. From the beginning of 
sexual maturity, the resistance of the male heart 
decreases, while it does not change in females; thus, 
significant sex difference arises in adulthood [59]. It is 
interesting that interventions induced during early stages 
of ontogenetic development can significantly affect the 
resistance of the adult myocardium to ischemia in sex-
dependent manner. We have observed that perinatal 
hypoxia increases the resistance of adult female heart to 
ischemia; on the contrary, in adult males was I/R injury 
significantly more expressed than in males kept under 
normoxic conditions [5,43,59] (Fig. 3) These results 
support the hypothesis that perinatal hypoxia represents  

a primary programming stimulus for the heart that may 
lead to sex-dependent sensitivity of the adult heart to 
ischemia. This fact may be clinically important in patients 
who have undergone a prolonged hypoxic period in the 
early stages of development, e.g. in children with 
hypoxemic congenital heart disease.   

In this context, the question arises whether  
the high resistance of the female heart to hypoxia can be 
further increased by some of the known cardioprotective 
phenomena. However, the answer is not simple: the 
experimental work that dealt with this issue is rare and, 
moreover, not concise; we did not find clinical 
observations in the literature. We have observed that 
adaptation to chronic hypoxia increases cardiac resistance 
in both sexes; however, the sex difference observed in 
normoxic animals was preserved [1]. Data on the effect 
of ischemic preconditioning are contradictory: e.g. 
Humphreys et al. [61] observed the same degree of 
protection in male and female rats, whereas Wang et al. 
[62] failed to increase the resistance of female rabbit 
myocardium. Song et al. [63] found that the protective 
effect of preconditioning was lower in females than in 
males; similar conclusions were reached by Crisostomo  
et al. [64] in the case of ischemic postconditioning. 
Moreover, Lieder et al. [65] observed that sex is not 
decisive for the cardioprotective effect of pre- and 
postconditioning. The most plausible explanation seems 
to be the observation of Turcato et al. [66]: they did not 
find a protective effect of ischemic preconditioning in 
young females, whose resistance was primarily relatively 
high; with a decrease in tolerance to ischemia in older 
individuals, the effect of ischemic preconditioning 
appeared. 

 

 
 
Fig. 3. Effect of perinatal hypoxia on the number of ischemic 
arrhythmias in adult males and females. * p<0.01; data from [60]. 
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Fig. 4. Effect of estrogen on the heart; according to [68]. 
 
 

It seems to us that this observation belongs to the 
general biological phenomenon; the degree of cardiac 
resistance apparently has its threshold. Indeed, we 
observed a similar effect in the hearts of newborn rats; 
their high resistance could not be further increased  
either by adaptation to chronic hypoxia or by ischemic 
preconditioning; the protective phenomenon appeared 
only with a decrease in natural resistance during further 
stages of ontogenetic development [67]. In this context, it 
is necessary to recall the results of the CONDI-2/ERIC 
PPCI clinical study, which did not demonstrate a cardio-
protective effect of remote ischemic preconditioning in 
patients with acute myocardial infarction, regardless of 
sex [68].  

It follows that sex significantly affects cardiac 
resistance to I/R injury. However, we are still waiting for 
explanation of the pathogenetic mechanisms involved in 
this process. Let's try to briefly summarize the existing 
hypotheses. 

 
Role of hormones in sex-dependent 
differences in cardiac sensitivity to ischemia-
reperfusion injury 
 

The most frequently mentioned cause of 
differences are sex hormones, especially estrogen. Its 
level changes during the ovarian cycle, during pregnancy, 
during hormonal contraception; it affects, among others, 
the function of blood vessels, the inflammatory response, 
the sensitivity of myocytes to insulin or the degree of 

development of cardiac muscle hypertrophy [69]. It is, 
therefore, understandable that experimental studies have 
focused on elucidating the role of estrogen in the cardiac 
tolerance to oxygen deprivation (Fig. 4).  

There is clear evidence that ovariectomy in 
female rats increases the infarct size; on the contrary, the 
administration of estrogens has a protective effect on the 
male cardiac muscle [51]. Most of the protective effects 
of estrogens are attributed to their binding to estrogen 
receptors α and β, which have been demonstrated in 
female and male heart cells, fibroblasts and vascular 
smooth muscle [69,70], but are also found in cell 
membranes and mitochondria [71]. Their affinity for 
binding to 17βestradiol is the same in both sexes. 
Experimental studies show that these receptors play  
an important role in protection against I/R damage [72]. 
Unfortunately, there is still no consensus on which of the 
two receptors is responsible for the higher resistance of 
the female heart. However, there is a third membrane 
estrogen receptor, identified as G-protein-coupled 
estrogen receptor (GPER) [73]; it was found to inhibit the 
opening of the mitochondrial permeability transition pore 
(PTP) localized on the inner mitochondrial membrane 
[74]; the latter is involved in the development of ischemic 
damage (see later).   

The binding of estrogens to receptors induces 
gene expression of a number of functional and structural 
proteins (the so-called "genomic effect"). In addition to 
the genomic effects, there are also the so-called 
"nongenomic" effects of estrogen; they occur rapidly and 
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independently of protein synthesis [75]. One of the many 
factors that can influence the response of the female 
myocardium is nitric oxide; its concentration is higher in 
female than in male myocardium. Blockade of NO 
synthase (eNOS) with L-NAME abolishes sex differences 
in susceptibility to I/R injury. It should be mentioned that 
a higher concentration of eNOS is also associated with 
Snitrosylation of L-type calcium channels, which 
significantly reduces I/R injury in females by decreasing 
the calcium overload of the cell [76]. In addition, 
estrogen activates phosphatidylinositol 3-kinase (PI3K) 
activity, which is considered to play a role in 
cardioprotection in females [77]. Taken together, it can 
be suggested that the protective effect of estrogen could 
be attributed to changes in the expression of specific 
proteins or altered post translational protein 
modifications. However, these are apparently not the only 
mechanisms involved in the cardiac ischemic protection 
in females. It seems that also e.g. sarcolemmal and 
mitochondrial KATP channels [78], higher activity of 
serine/threonine protein kinase (Akt), protein kinase Cε 
(PKCε) levels [79] or inhibition of proinflammatory 
tumor necrosis factor α (TNF α) in ischemic myocardium 
[80,81] may play a significant role. In all these 
considerations we must take into account the possible 
role of significant sex differences in cellular calcium 
metabolism, as discussed above.  

The vast majority of experimental laboratories 
have chosen only one of the sex hormones - estrogen. It is 
clear that the cardiovascular system is influenced by at 
least one other powerful player, androgen. Both 
estrogenic and androgenic hormones are present in both 
sexes, although in different concentrations and ratios. 
Testosterone activates androgen receptors, which are 
expressed in myocytes; it increases the level of 
homocysteine and endothelin-1 and, by stimulating 
thyroxine hydrolase, increases the synthesis of 
catecholamines. Opinions on the effect of testosterone on 
cardiovascular function vary, both adverse and beneficial 
effects of testosterone on the heart have been reported 
[82,83]. It has been found that testosterone can increase 
the susceptibility to IHD in men [84], higher doses of 
androgenic steroids increased the development of 
atheroma [85]. However, there is no experimental 
evidence that physiological concentrations of testosterone 
induce myocardial ischemic damage. In contrast, other 
clinical work shows that testosterone can have a positive 
effect on the heart muscle [84]. This effect is apparently 
caused indirectly by conversion to dihydrotestosterone or 

17β-estradiol. It was found, for example, that admini-
stration of testosterone to ovariectomized females 
reduced the extent of ischemic damage [86]. Furthermore, 
Ghimire et al. [87] showed that low doses of testosterone 
have a protective effect against I/R injury in older mice. 
Cavasin et al. [88] demonstrated in a mouse model of 
myocardial infarction that whereas estrogens prevent 
maladaptive chronic remodeling and further deterioration 
of cardiac performance, testosterone adversely affects 
myocardial healing (as indicated by a higher rate of 
cardiac rupture), and thus contributed to cardiac 
dysfunction as well as to adverse cardiac remodeling. On 
the other hand, Tsang et al. [89] observed that 
testosterone conferred cardioprotection by up regulating 
the cardiac α1adrenoceptor; this beneficial effect was 
abolished or attenuated by blockade of androgen 
receptors. These conflicting results obviously need 
further experimental analyses under precisely defined and 
thus comparable conditions: experimental model, form of 
steroid hormone, dosage, timing and evaluation. It is, 
however, necessary to stress, that precise understanding is 
complicated also by the fact that steroid hormone 
receptors do not act alone but interact with a broad 
spectrum of co-regulatory proteins to alter transcription 
[90].  

 
Possible role of mitochondria  
 
  The number of different hypotheses trying to 
explain the causes of sex differences in the cardiac 
resistance to oxygen deficiency is increasing. In recent 
years a new promising opinion has appeared, suggesting 
that mitochondria, organelles responsible for oxygen 
handling, may be significantly involved in this effect  
[91-93]. Mitochondrial sexual dimorphism has been 
described in a number of organs such as liver, heart, brain 
and adipose tissue.   

Cardiomyocytes from female rats exhibit lower 
mitochondrial content, but are more efficient and more 
differentiated than male mitochondria [94]. Moreover, 
they generate less reactive oxygen species (ROS) than 
male ones and have higher capacity of antioxidant 
defence [51]. At baseline, no difference in oxygen 
consumption rate and cardiolipin content is observed  
between mitochondria from male and female  
rats [95]. Subsarcolemmal and intermyofibrillar isolated 
mitochondria from female hearts have the same 
respiration rates as the male ones except for glutamate-
malatestimulated respiration which is lower in females, 
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while the ADP/O ratio is higher [96]. Taken together, 
these results suggest that cardiac mitochondria from 
females have higher specific activity than the male ones 
but lower mitochondrial content, explaining the similar 
oxidative capacity in males and females [92]. Recently, 
Cao et al. [97] have observed that cardiac mitochondrial 
DNA levels and function tend to be reduced in females as 
compared to males; on the other hand, the expression of 
genes, encoding mitochondrial proteins, are higher in 
males than females.   

Murphy and Steenbergen [45] suggested that 
mitochondria are major targets of cardioprotective 
signalling. Lagranha et al. [51] have observed that 
cardioprotection in females was associated with altered 
mitochondrial proteins. They found that mitochondria 
isolated from females exhibited a number of post-
translational modifications in mitochondrial enzymes 
involved in regulating the generation of ROS and 
oxidative metabolism. Therefore, females exhibit reduced 
ROS generation and oxidative metabolism. Morkuniene 
et al. [98] and Pavón et al. [99] described the relevance of 
estrogens in maintaining proper mitochondrial function in 
response to the instability of mitochondrial membrane 
potential and PTP opening after I/R. They observed that 
the opening of this pore can be blocked by physiological 
concentrations of estrogens, similar to blockade with the 
classic inhibitor cyclosporine.   

Significant sex differences were also found in 
the mitochondrial uptake of Ca2+: mitochondria from 
female hearts have lower Ca2+ uptake rates and improved 
recovery of mitochondrial membrane potential from  
Ca2+ - induced depolarization [100]. They cope more 
successfully with external calcium load by decreasing the 
rate of calcium influx by the calcium uniporter (MCU). 
The interaction between MCU and calcium uptake 
regulatory proteins M1CU1, M1CU2, MCUR1, 
SLC25A23, and EMRE may be here of crucial 
importance [101]. In addition, Chweih et al. [102] have 
observed that the concentration threshold for net 
mitochondrial Ca2+ uptake was higher in the female heart 
than in male myocardium. All these findings suggest that 
female heart mitochondria are less prone to Ca2+ overload 
upon its effect [103-105].   

It has been known for a long time that 
mitochondria become leaky, uncoupled, and massively 
swollen if they are exposed to high Ca2+ concentrations, 
especially in the presence of phosphate and when 
accompanied by oxidative stress. The collapse of 
mitochondrial membrane potential due to opening of 

permeability transition pore (PTP), localized on the inner 
mitochondrial membrane, has been implicated in the 
molecular mechanism of cardiac I/R injury [106,107]. 
PTP is closed during ischemia due to the low pH (<7.0), 
but it opens during the first minutes of reperfusion, 
together with normalization of pH, ROS accumulation, 
and rise in intracellular calcium. PTP opening 
accompanied by matrix swelling, leads finally to 
myocardial cell death [107]. Initial support for the role of 
PTP in I/R injury was provided by pharmacology: the 
blockade of PTP by cyclosporine A and sanglifehrin A in 
perfused heart was cardioprotective in most animal 
models of cardiac I/R injury [108]. Cyclosporine A was 
cardioprotective also in small groups of patients with 
myocardial infarction undergoing percutaneous coronary 
intervention [108]. However, a large multicenter clinical 
trial (CIRCUS) revealed no protective effect of 
cyclosporine A on clinical outcome in patients with 
myocardial infarction [110,111]. Several factors such as 
the severity of infarction, a quite narrow window of 
protection, route of application, and timing of 
administration as well as comorbidities may be 
responsible for the lack of cardioprotection in the 
CIRCUS trial. Nevertheless, these studies challenge the 
clinical use of cyclosporine A and the possible 
cyclophiline D (CypD) inhibitors for cardioprotection, 
and emphasize the importance of further studies to clarify 
whether CypD is a feasible target for inhibition that can 
protect the heart from I/R injury [112].   

We have tested the hypothesis whether the role 
of mitochondrial PTP in the pathogenesis of I/R damage 
to the heart muscle is dependent on sex [42,93,113]. We 
found that cardiac mitochondria of females are 
significantly more resistant to swelling induced by higher 
calcium concentration, indicating their greater resistance 
to MPTP opening (Fig. 5). Since the opening of the pore 
is closely related to the development of I/R damage, the 
higher resistance of this structure to calcium is  
one possible explanation for the higher tolerance of the 
female heart. In this context, the question arises as to 
whether the protein composition of PTP is responsible for 
these sex differences. Our experiments showed that there 
is no sex difference in substrate oxidation or ATP 
formation, which indicates a comparable content of 
respiratory chain enzymes. This observation was 
confirmed by quantitative immunodetection: female and 
male mitochondria contain comparable amounts of ATP 
synthase (the protein complex responsible for 
mitochondrial PTP function), as well as the regulatory 
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protein cyclophilin D. Interestingly, we observed similar 
results in our previous study, comparing the role of the 
mitochondrial PTP in highly hypoxic resistant neonatal 
and adult hearts of laboratory rats [114]. Therefore, it 
seems that the protein composition of mitochondrial PTP 
is not responsible for sex differences in cardiac tolerance 
to oxygen deprivation, but rather reflects sex differences 
in the regulation of its function, probably together with 
regulation of CypD by posttranslational modifications 
[109]. Cyclophilin D thus remains an attractive target for 
both experimental and clinical studies looking for 
possible mitochondrial PTP blockers as a way to reduce 
myocardial I/R damage [115]. It may be, therefore, 
concluded that mitochondria are significantly involved in 
the mechanism of sex differences in cardiac tolerance to 
I/R injury.  

 
 

 
 
Fig. 5. Calcium induced swelling by rat heart mitochondria from 
male and female rats. (A) Extent of swelling was calculated from 
the swelling curves and expressed as the decrease of absorbance 
at 520 nm during 5 min after addition of 200 µM CaCl2.  
(B) Maximum rate of swelling was calculated from curves 
obtained after derivatization of data of the extent of swelling.  
* p<0.01; data from [113]. 
 
 
Sex differences today 
 

Unfortunately, despite a growing body of 
evidence, the distinct contribution of biological sex and 
the sociocultural dimension of gender to the 
manifestations and outcomes of IHD remain unknown. 
Moreover, the relative contribution of purely biological 
factors, such as genes and hormones, to cardiovascular 
phenotypes and outcomes is not yet fully understood 
[116]. In spite of the increasing awareness of sex 
differences in the management of patients with IHD in 

Europe, a recent study by Hellgren et al. [117] confirmed 
that women still receive guideline-recommended 
therapies less often than men. Sex-based disparities in 
outcomes and quality of care were summarized by 
Aggarwal el al. [118]. They include higher morbidity and 
mortality, delayed presentation, fewer revascularization, 
less cardiac rehabilitation and less intense pharmaco-
therapy in females. Recognition of sex differences in 
presentation, pathophysiology, treatment and outcomes 
accentuates the need for sex-specific research. 
Underrepresentation of females results in male outcomes 
being extrapolated to females, which does not consider 
sex and gender differences. In conclusion, although 
women develop IHD later in life than men, the 
underestimation of women-specific IHD pathophy-
siology, including biological and sociocultural 
components, the lack of early recognition and the lack of 
women-specific treatments increase the risk and mortality 
of IHD in women [40,116].  

Similarly, sex differences are relatively 
understudied also in animal experiments; many studies 
fail to report the sex of the cells also in in vitro 
experiments. Moreover, most of experimental studies use 
exclusively males [40]. On the other hand, it is necessary 
to admit that experimental approach contributed 
significantly to our present knowledge on the 
mechanisms involved in the sex differences of the normal 
and ischemic heart. The observation that cells from males 
and females are inherently different is becoming 
increasingly clear – either due to acquired differences 
from hormones and other factors or due to intrinsic 
differences in genotype (XX or XY). In myocardial 
diseases, sex differences have been described at the tissue 
level [119]. However, in cells obtained from adults it is 
difficult to distinguish genetically determined sex 
differences that exist at birth from sex differences 
developed during the disease course and are the result of 
hormones or the environment.  

A significant progress in our understanding of 
the development of sex differences brought the promising 
studies published by Shi  et al. [120] and Deegan et al. 
[121], demonstrating that sex chromosome-specific 
differences in cardiomyocytes exist even before gonads 
are activated in the embryo. This finding confirm that 
cardiac sex-related disparities can occur at the early 
stages of heart development, before gonad formation, and 
are therefore independent of the influence of sex 
hormones or the environment. Moreover, identifying how  
hormones influence sex chromosome effects, whether 
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antagonistically or synergistically, will enhance our 
understanding how sex disparities are established. These 
studies support the view that purely biological 
mechanisms – genes and sex steroids - contribute to 
sexrelated differences in IHD and thereby emphasize the 
importance of sex-specific experimental research on 
human disease [116]. 

 
Conclusions 

 
It follows from the data available that male  

and female cardiovascular system differ significantly in 
many characteristics under both physiological  
and pathological conditions. These differences should  
be considered by the selection of optimum diagnostic  
and therapeutic procedures in clinical practice. However, 
their detailed mechanisms are still poorly understood and 
the evidence available to date regarding sex-specific 
aspects of management and outcomes in cardiovascular 
diseases is still rather limited. Nevertheless, one is clear 

already today: sex differences in cardiac tolerance to 
ischemic injury are so important that they should be taken 
into consideration both in experimental and clinical 
cardiology. 
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Summary 
An important complication of prolonged support of the left 
ventricle with an assist device when implanted in patients with 
heart failure is unloading-induced cardiac atrophy. Our recent 
study suggested that sex-linked differences in the development 
of atrophy induced by heterotopic heart transplantation (HTX) do 
exist, however, the role of the environmental conditions 
dependent on plasma concentrations of sex hormones remains 
elusive. We aimed to compare the course of HTX-induced cardiac 
atrophy in male and female rats after gonadectomy with 
substitution of steroid hormones of the opposite sex. In 
a separate series of experiments, we evaluated the course of 
unloading-induced cardiac atrophy in the female heart 
transplanted into a male recipient and vice versa. Cardiac atrophy 
was assessed as the ratio of the transplanted heart weight to 
native heart weight (HW), which was determined 14 days after 
HTX. In female rats, studied in both experimental variants, HTx 
resulted in significantly smaller decreases in whole HW when 
compared to those observed in male rats exposed to the same 
experimental conditions (-9 ± 1 and - 11 + 1 vs. -44 ± 2 and -42 
± 2 %, p˂0.05 in both cases). The dynamic of changes in left 
and right ventricle was similar as in the whole HW. Our results 
show that the process of unloading-induced cardiac atrophy 
exhibits important sex-linked differences and that attenuation of 
this process in female rats cannot be simply ascribed to the 
protective effects of estradiol or to the absence of deleterious 
actions of testosterone.  
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Introduction 
 

Heart transplantation (HTx) is the best 
therapeutic approach for the treatment of patients with 
end-stage heart failure (HF), however, the scarcity of 
organ donors limits the number of HTx performed. 
Therefore, implantation of the left ventricle assist devices 
(LVADs) has emerged as an alternative treatment for 
patients with end-stage HF [1-4]. However, the most 
harmful effect of long-term LVAD use is probably the 
development of cardiac atrophy, a consequence of 
LVAD-induced mechanical unloading. It has been 
claimed that this may be one of the reasons why the 
beneficial effects on the biological features of the 
myocardium have not been so far translated into 
functional improvement [5-15]. Attempts to minimize 
unloading-induced cardiac atrophy were usually 
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unsuccessful, which further necessitates a search for new 
treatment strategies [8,12,13,16-20]. The prerequisite for 
finding a treatment approach that would minimize 
unloading-induced cardiac atrophy is profound 
understanding the physiology of the process. To meet this 
need, a model of heterotopic rat HTx onto the abdominal 
aorta of an isogenic rat recipient was developed. Many 
research groups, including our own, performed studies 
employing this model, which provided ample relevant 
information [5,9,20-31]. The critically important 
limitation of such studies is the fact that they were 
performed in male animals only. Since it is known that 
there are important sex-related differences in the 
pathophysiology of HF [32-35], one should also expect 
the presence of such differences in the process of 
unloading-induced cardiac atrophy. This prompted us 
recently to elucidate if, and to what extent, sex-related 
differences are present in the course of cardiac atrophy 
after heterotopic HTx. We found that the development of 
unloading-induced cardiac atrophy was substantially less 
pronounced in female than in male rats, and that 
gonadectomy did not alter the course of HTx-induced 
cardiac atrophy, similarly in male and female rats. We 
concluded that the development of unloading-induced 
cardiac atrophy is less pronounced in female than in male 
rats, and that those sex-linked differences were not 
caused by the activity of sex hormones [36]. However,  
an ultimate conclusion should not be exclusively based 
on the classical experimental approach (comparison of 
intact animals with those after gonadectomy) but also on 
evaluation of the course of HTx-induced cardiac atrophy 
in subjects after gonadectomy with substitution of sex 
steroid hormones of the opposite sex [34,37,38]. 
Evidently, an alternative approach should be sought to 
answer the question if the sex-linked differences in the 
course of unloading-induced cardiac atrophy are due to 
the inherent properties of donor´s (i.e. transplanted) heart 
or to the hormonal environment of the recipient. 
Therefore one should investigate the response of the 
female heart transplanted into a male recipient and vice 
versa. Accordingly, the aim of the present study was to 
assess sex-linked differences in the development  
of unloading-induced cardiac atrophy using both 
aforementioned approaches.  
 
Methods 
 
Ethical approval 

The studies were performed in agreement with 
the guidelines and practices established by the Animal 

Care and Use Committee of the Institute for Clinical and 
Experimental Medicine, Prague, which accord with the 
European Convention on Animal Protection and 
Guidelines on Research Animal Use and were approved 
by this committee and subsequently by the Ministry of 
Health of the Czech Republic (the decision number for 
this project is 18680/2020-4/OVZ). 
 
Animals and HTx model 

Adult male and female Lewis rats (Charles River 
Laboratories, Velaz, Prague, Czech Republic), 8 weeks of 
initial age, were used. The classical heterotopic HTx, 
originally described by Ono and Lindsey [39] and 
employed and validated by many investigators 
[9,21,23,25,27,28] was used as the model to simulate the 
effect of full mechanical unloading of the heart;  
its modification was established in our laboratory and is 
routinely employed [29-31,36].  

 
Gonadectomy technique 

Gonadectomy or sham-operation was performed 
under combined anesthesia with intraperitoneal 
ketamine/midazolam mixture (Calypsol, Gedeon Richter, 
Hungary, 160 mg/kg of body weight, and Dormicum, 
Roche, France 160 mg/kg of body weight), this was done 
28 days before heterotopic HTx. The details of the 
operation were as described in our previous studies 
[40,41]. Briefly, in female rats, the peritoneal cavity was 
opened and the ovaries and uterus were removed, 
thereafter, the peritoneal cavity was cleaned and the 
muscle wall and skin were sutured. In male rats, 
orchiectomy was performed: the ductus deferens was 
isolated and ligated and then each testicle was removed 
via midline incision on the scrotum. Butorphanol 
(Torbugesic, Fort Dodge Animal Health, Fort Dodge, KS, 
USA), at the dose of 2 mg/kg of body weight, given 
every 12 hours, was administered subcutaneously for  
48-hour postoperative analgesia. In our earlier studies, the 
effectiveness of gonadectomy was validated by 
determining plasma levels of testosterone and estradiol, 
assessed by radioimmunoassay [40,41].  
 
Hormonal substitution 

The experimental design for evaluation of the 
effectiveness of hormonal substitution with steroid 
hormones of the opposite sex is outlined in Fig. 1. It 
shows that female rats were gonadectomized on the day  
labeled -28 and the substitution with testosterone was 
immediately initiated and repeated on the day labeled 0; 
the experiment ended on the day labeled +14. Plasma 
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levels of testosterone were assessed throughout the study 
as outlined in Fig. 1A and compared with sham-operated 
males that served as controls. Fig. 1B shows the 
experimental design for evaluation of the effectiveness  
of hormonal substitution by estradiol in goadectomized 
male rats, which was identical as the design  
used for testosterone substitution in gonadectomized 
female rats. 

Due to the fact that repeated determination of 
plasma testosterone and estradiol requires a large volume 
of blood (400 µl), these assessments were performed 
initially in separate groups of animals (n = 8 in each). 

Plasma levels of estradiol and testosterone were assessed 
by RIA techniques as described in our previous studies 
[40,41]. The following experimental groups were 
examined: 

1) Sham-operated (i.e., Intact) male Lewis rats 
2) Sham-operated (i.e., Intact) female Lewis rats 
3) Castrated male Lewis rats 
4) Castrated female Lewis rats 
5) Castrated female Lewis rats + Testosterone 

substitution  
6) Castrated male Lewis rats + Estradiol 

substitution
 
 

Fig. 1. An outline of the set 
of experiments in male and 
female Lewis rats performed 
for evaluation of the 
effectiveness of hormonal 
substitution with steroid 
hormones of the opposite 
sex. BS indicates blood 
sampling from the tail vein. 
 
 

 

 

 

 
 
 
 

 
Detailed experimental design for evaluation of 
unloading-induced cardiac atrophy. 
 
Series 1: The course of cardiac atrophy after heterotopic 
HTx in rats after castration and substitution of steroid 
hormones of the opposite sex 

The experimental design used is outlined in Fig. 2. 
Donor animals were anesthetized by inhalation of  
2 % isoflurane (Forane, ABBVie Ltd., Prague, Czech 
Republic) and the hearts were harvested and transplanted 
as described previously [29-31,36]. Recipient animals 
were anesthetized with intraperitoneal thiopental sodium 
(Thiopental, VUAB Pharma Ltd., Brno Czech Republic, 
50 mg/kg of body weight). We and others [9,25,27-31] 
have demonstrated that the unloading-induced cardiac 
atrophy develops within the first 14 days after HTx when  
a dramatic loss of myocardial mass is seen. The following 

40 days is a steady-state period with no further loss of 
cardiac mass, suggesting stabilization of unloading-
induced cardiac atrophy. Therefore, in the present study, 
the degree of cardiac atrophy was determined  
14 days after HTx. Recipient animals were castrated and 
the supplementation of steroid sex hormones of the 
opposite sex was started and performed as described 
above and validated in the initial above-described studies. 
The degree of atrophy was assessed from the total heart 
weight and of its individual structural components [i.e. 
left ventricle (LV) + septum and right ventricle (RV)]. 
Explicitly, the index of cardiac atrophy was calculated as 
the ratio of the weight of the heterotopically transplanted 
heart to the recipient native normal heart. The degree of 
cardiac atrophy was expressed as percent decrease in the 
whole heart weight (HW), LV weight (LVW), and RV 
weight (RVW) of the hearts after HTx. Unfortunately, 
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HW of the donor´s heart before and after HTx cannot be 
used for evaluation of the degree of cardiac atrophy 
because the donor´s heart is immediately placed in cold 
cardioplegia solution, which precludes precise 
determination of HW. The following experimental groups 
were examined: 

1. Castrated male Lewis rats (recipient) + estradiol 
substitution + HTx of healthy male donor´s heart 
(14 days after HTx) (n = 10), 

2. Castrated female Lewis rats (recipient)  
+ testosterone substitution + HTx of healthy 
female donor´s heart (14 days after HTx) (n = 
10), 
At the end of the experiment, the hearts were 

excised, blood was removed from the chambers by gentle 
compression, and the hearts´ wet weight was determined. 
 
Series 2: The course of cardiac atrophy after heterotopic 
HTx to the recipient of the sex opposite to that of the 
donor´s heart 

The experimental design is outlined in Fig. 3 and was 
virtually the same as described for series 1. However, 
native heart of the recipient cannot be used as the control 
for calculation of the index of cardiac atrophy. Evidently, 
the hearts of male’s recipient cannot serve as controls (i.e. 
100 %) for the hearts of female´s donor´s heart and vice 

versa, due to the differences in cardiac mass between 
males and females. Therefore, the hearts from males and 
females without HTx were used as controls (Figs 3C, D). 
The following experimental groups were examined: 

1. Intact female Lewis rats (recipient) + HTx of 
healthy male donor´s heart (14 days after HTx)  
(n = 10), 

2. Intact male Lewis rats (recipient) + HTx of 
healthy female donor´s heart (14 days after HTx) 
(n = 10), 

3. Intact male Lewis rats without HTx (14 days 
after sham-operation) (n = 10), 

4. Intact female Lewis rats without HTx (14 days 
after sham-operation) (n = 10). 

 
Statistical analyses 

All values are expressed as mean ± SEM. Using 
the Graph-Pad Prism software (Graph Pad Software, San 
Diego, CA, USA), statistical analysis was done by 
Wilcoxon´s signed-rank test for unpaired data, or one-
way analysis of variance (ANOVA) when appropriate. 
ANOVA analysis was employed for evaluation of 
differences in plasma concentrations of steroid hormones 
within the same experimental group over time. The 
values exceeding 95 % probability limits (p<0.05) were 
considered statistically significant. 

 
 

 
 
Fig. 2. An outline of the set of experiments evaluating the course of cardiac atrophy after heterotopic heart transplantation (HTX) in 
Lewis rats after castration and exposed to substitution of steroid hormones of the opposite sex. 
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Fig. 3. An outline of the 
set of experiments 
evaluating the course of 
cardiac atrophy after 
heterotopic heart trans-
plantation (HTX) to Lewis 
rat recipients of the sex 
opposite to that of the 
donor´s heart.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Results 
 

Fig. 4 summarizes results of our initial studies 
which evaluated the effectiveness of hormonal 
substitution by steroid hormones of the opposite sex. 
Within 7 days after castration of male as well as female 
Lewis rats, a profound decrease was observed in plasma 
testosterone, down to levels 6 to 8 times lower than 
observed in intact female Lewis rats. Testosterone 
substitution in castrated female Lewis rats increased 
within 2 days plasma testosterone to levels measured in 
intact male Lewis rats (Fig. 4A). Likewise, castration of 
female as well as male Lewis rats markedly decreased 
plasma estradiol levels, and estradiol substitution in 
castrated male Lewis rats increased plasma estradiol 
levels to levels that are comparable to those observed in 
intact female Lewis rats (Fig. 4B).  Again, this occurred 
within 2 days after initiating of the substitution. 

Table 1 collects the absolute values of whole 
HW, LVW, and RVW of the native and transplanted 
hearts 14 days after HTX. The values for the native heart, 
either in the chest of the castrated recipient or in the chest 
of the intact control counterpart served as basal values 
(100 %) for evaluation of the process of cardiac atrophy 
and, when the same sex was compared, there were no 
significant differences between the values in the chest of 
castrated animals versus those in the chest of intact 
animals. As expected, the weight of the native hearts in 
the chest of the castrated recipients or in the chest of their 
intact control counterparts was significantly lower in 
female Lewis than in male Lewis rats. 

 

Fig. 4. Plasma levels of testosterone (A) and estradiol (B) in the 
series of studies evaluating the effectiveness of hormonal 
substitution with steroid hormones of the opposite sex. *P˂0.05 
compared with basal values (day -30, i.e. before castration). 
#P˂0.05 compared with the values of intact female at the same 
time point. @ P˂0.05 compared with the values of intact male at 
the same time point. 
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Table 1. The weight of the native (recipient) heart and the transplanted (donor heart and of the individual hert structural components 
after heterotopic heart transplantation (HTx). Native heart values served as basal values (100 %) for evaluation of the process of 
cardiac atrophy in animals after HTx. 
 

 
 
Values are means ± SEM. HTx, heterotopic heart transplantation; HW, whole heart weight; LVW, left ventricule weight; RVW, right 
ventricule weight. . * P<0.05 vs. male (i.e. effects sex differences on the parameter measured). 

 
 

 

Fig. 5. Effects of either substitution of steroid hormones of the 
opposite sex in castrated animals or heterotopic heart 
transplantation (HTx) into the recipient of the sex opposite to that 
of the donor´s heart  on the course of cardiac atrophy in 
response to mechanical heart unloading induced by (HTx) in male 
and female Lewis rats. Data are expressed as percent decreases 
compared with the native heart: (A) changes in whole heart 
weight, (B) changes in left ventricle weight, (C) changes in right 
ventricle weight. *P˂0.05 compared with male animals. 
 
 

As shown in Fig. 5A, 14 days after mechanical 
unloading induced by HTX, female rats under both 
experimental set-ups (i.e., when the female heart was 
transplanted to either castrated female recipients exposed 
to testosterone substitution or to intact male recipients) 
displayed significantly lower decreases in whole  
HW when compared to the decreases observed in male  
rats exposed to the same experimental arrangements  
(-9 ± 1 and -11 + 1 vs. -44 ± 2 and -42 ± 2 %, p˂0.05 in 
all cases). The dynamics of changes in LVW and RVW  
after HTX were quite similar as those in whole HW  
(Figs 5B and 5C). 

Fig. 6A shows whole HW values of the native 
heart normalized to tibia length (TL). This is the standard 
approach to assess cardiac mass in groups of animals with 
significant differences in BW. The HW/TL ratio values 
show that male rats (in both experimental arrangements) 
have higher mass of the native hearts when compared to 
those of female rats (again, in both experimental 
arrangements). As shown in Fig. 6B, 14 days after HTX, 

the decreases in whole HW were more significant in male 
rats after mechanical unloading induced by HTX, making 
this ratio significantly higher in the female than in male 
rats (again in both experimental arrangements).  
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Fig. 6. Effects of either substitution of steroid hormones of the 
opposite sex in castrated animals or heterotopic heart 
transplantation (HTx) into the recipient of the sex opposite to that 
of the donor´s heart  on the course of the whole heart weight to 
tibia length ratio over 14 days after heterotopic heart 
transplantation (HTx) in male and female Lewis rats. (A) values in 
native (i.e. orthotropic) heart, (B) values in transplanted (i.e. 
heterotopic) heart. *P˂0.05 compared with male animals.  
 
 

Table 2 summarizes the absolute values of the 
parameters of the myocyte size, specifically 
cardiomyocyte length (CL), cardiomyocyte width (CW), 
and the ratio of CL to CW in the native and transplanted 
hearts measured 14 days after HTX. As can be inferred 
from the data, there were no significant differences 
between the values of the CL, CW and the CL to CW 
ratio in the chest of castrated animals when compared to 
the values measured in the chest of intact animals, 
similarly in male and female rats.  

  
Fig. 7. Effects of either substitution of steroid hormones of the 
opposite sex in castrated animals or heterotopic heart 
transplantation (HTx) into the recipient of the sex opposite to that 
of the donor´s heart on the course of myocyte size change in the 
left ventricle in response to mechanical heart unloading induced 
by heterotopic heart transplantation (HTx) in male as well as in 
female Lewis rats. Data are expressed as percent decreases 
compared with the native heart: (A) changes in cardiomyocyte 
length, (B) changes in cardiomyocyte width, (C) changes in 
cardiomyocyte length to width ratio. *P˂0.05 compared with 
male animals.  

 
 
As shown in Fig. 7A, in all experimental groups, 

mechanical unloading induced by HTX caused similar 
decreases in CL. In contrast, in female rats under both 
experimental arrangements (with female heart transplan-
ted to either castrated female recipient exposed to 
testosterone substitution or to intact male recipients), HTX 

caused significantly smaller decreases in CW when 
compared to male rats exposed to the same experimental 
conditions (-13 ± 2 and -11 + 1 vs. -32 ± 2 and -31 ± 1 %, 
p˂0.05 in all cases) (Fig. 7B). As shown in Fig. 7C, under 
both experimental arrangements, the augmented 
decreases in CW in male rats when compared to those of 
female rats caused significant increases in CL to CW 
ratios in male rats when compared to female rats (+20 ± 1 
and +23 + 2 vs. -7 ± 1 and -7 ± 1 %, p˂0.05 in all cases). 
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Table 2. Cardiomyocyte length and cardiomyocyte width of the native (recipient) heart and the transplanted (donor) heart of the left 
ventricle after heterotopic heart transplantation (HTx). Native heart values served as baseline (100 %) for evaluation of the process of 
cardiac atrophy in animals after HTx. 
 

 
 
Values are means ± SEM. Cl, cardiomyocyte length; CW, cardiomyocyte width; HTx, heterotopic heart transplantation. * P<0.05 vs. 
Male (i.e. effects sex differences on the parameter measured). 
 
 
Discussion 
 

The critically important finding of the present 
study is that attenuation of unloading-induced cardiac 
atrophy in female rats when compared to male rats does 
not depend on the actions of sex hormones. If this were 
the case, the differences in the development of cardiac 
atrophy would exist in the hormones’ presence and 
disappear after their removal [38].  

This conclusion is based on our present results 
showing that neither castration of female rats combined 
with substitution of testosterone nor HTX of female heart 
into the male recipient worsened the process of 
unloading-induced cardiac atrophy in female rats. 
Furthermore, since we showed that gonadectomy did not 
augment the process of unloading-induced cardiac 
atrophy induced by HTX in female rats [36], we can 
conclude that attenuation of unloading-induced cardiac 
atrophy in female rats is not related to protective effects 
of estradiol or due to the absence of testosterone at 
concentrations observed in their male counterparts.  

Of particular interest is our finding that 
testosterone substitution in castrated female rats did not 
exhibit any detrimental effects on the course of cardiac 
atrophy. Moreover, our present results show that neither 
castration of male rats combined with substitution  
of estradiol nor HTX of male heart into the female 
recipient attenuated the process of unloading-induced 
cardiac atrophy in male rats. In this context, our recent 
study showed that gonadectomy did not diminish the 
process of unloading-induced cardiac atrophy after HTX 
[36]. Thus, we can conclude that the augmented 

unloading-induced cardiac atrophy in male rats is not 
associated with detrimental actions of testosterone or the 
lack of protective effects of estradiol. 

Our pertinent recent and present findings at the 
whole organ level are corroborated at the cardiomyocyte 
level. Again, this was seen under native conditions and 
also under conditions of each of the three experimental 
arrangements: in animals after gonadectomy, animals 
after gonadectomy with substitution of steroid hormone 
of the opposite sex, and in the experiment with the heart 
transplanted to the recipient of the opposite sex.   

Based on the results of our present and our most 
recent study [36], we are convinced that sex-linked 
differences in the process of unloading-induced cardiac 
atrophy, specifically augmentation of this process in male 
animals, cannot be simply ascribed to the deleterious 
actions of testosterone in males or to the protective 
effects of estradiol in females. We are aware that this 
conclusion refers only to “activational” effects of sex 
hormones as described above and not to “organizational” 
effects of sex hormones, which persist long after sex 
hormones have been removed from circulation. It is 
believed that the latter effects are dominantly mediated 
by changes in DNA structure and chromatin remodeling 
i.e. by different epigenetic modification of DNA [34,38]. 
Our recent and present study aimed, first, to establish 
whether sex-linked differences in the development of 
unloading-induced cardiac atrophy do exist and, if this 
was the case, if they simply depend on environmental 
conditions dependent on plasma concentrations of sex 
hormones. Therefore, we cannot provide any further 
information regarding the mechanisms responsible for the 
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sex-linked differences in the course of the atrophy. 
Nevertheless, it is now recognized that numerous genetic 
as well as epigenetic mechanisms play a major role in 
mediating the sex differences [34,38] so that future 
studies are needed to address this very complex issue. 

Our studies of animals which were either post 
gonadectomy on steroid hormone substitution of the 
opposite sex, or after HTX to the recipient of the opposite 
sex, have unexpectedly generated noteworthy 
information. Transgender medical care is an area that is 
rapidly expanding, despite the fact that it is disregarded in 
the health care system. However, as reported from the 
Los Angeles Williams Institute of the University of 
California, about 0.6 % of the US adult population is 
transgender (https://williamsinstitute.law.ucla.edu/ 
publications/trans-adults-united-states). Transgender 
individuals often undergo so called “gender-affirming 
hormone therapy” (GAHT), intended to elicit secondary 
sexual character-istics of the affirmed gender. It will be 
noticed that in those individuals, sex steroids are 
administered at large doses that are highly 
unphysiological [42]. There is growing concern about the 
long-term adverse effects of GATH, because recent 
evidence suggests that such treatment is associated with 
an increased risk of cardiovascular disease [42-45]. 
However, because of only limited information about the 
effects of cross-sex steroid application on the 
cardiovascular system, a call for more clinical as well as 
basic research in the field of transgender medicine is 
rising [42]. Our present findings clearly show that un-
physiological concentrations of steroid hormones 
incompatible with the biological sex does not have any 
beneficial or detrimental effect on the course of 
unloading-induced cardiac atrophy, which suggests that 
the course of cardiac atrophy after HTx is dominantly 
dependent on inherent properties of the donor´s (i.e. 
transplanted) heart. Our data suggests that in transgender 
individuals the course of cardiac atrophy after long-term 
LVAD would correspond to the actual biological sex and 
would not be altered by GAHT. However, it is important 
to admit that our present studies are relatively short-term 
and that in the long-term perspective GAHT could exhibit 
some detrimental effects either at the cellular or 
functional level. If our preclinical results are confirmed 
by clinical studies, this would imply that not only in 
women but also in so called “trans men” (sometimes 
identified as of male gender but assigned female sex at 
birth) undergoing GAHT, LVAD-induced cardiac 
atrophy would be attenuated when compared to men as 

well as so called “trans women” (someone who identifies 
as of female gender but was assigned male sex at birth). 

 
Sex-linked differences in function of the human healthy 
heart and in HT: general considerations  

It is known that after puberty LV mass shows 
sex-dependent differences, as the male cardiomyocyte 
undergoes greater hypertrophy than in the  
female. Moreover, the female heart is generally smaller 
but in proportion to smaller body size. There are also  
sex-linked differences in electrophysiology of the heart, 
e.g. in the action potential of parameters and ionic  
currents of cardiomyocytes. Specifically, the duration of 
action potential is longer in female cardiomyocytes, 
consistent with clinical observation that women  
have longer rate-corrected QT interval. Furthermore,  
there are multiple sex-linked differences in the  
Ca2+ handling in cardiomyocytes, leading to the 
differences in excitation-contracting coupling and 
contractility of cardiomyocytes. The sex differences  
in the healthy heart were recently appraised in  
a comprehensive review [46]. 

Regarding the sex-linked differences in HTx, it 
should first be noted that in human medicine, the terms of 
sex and gender are often used interchangeably, which 
results in some misleading interpretations. Sex refers to 
an organism´s biological sex, while gender refers to roles 
associated with the sex of an individual and with social 
and cultural roles of the person. There are important sex-
linked as well as gender-based differences of approach in 
the HTx program. This issue is excellently handled in  
a recent review [47] and therefore only the most 
important sex- and gender-based differences are 
highlighted here. Sex-specific considerations in HTX are 
divided into “Pre-Transplant”, “Peri-Transplant” and 
“Post-Transplant” categories. 

In the “Pre-Transplant” phase, women are often 
referred with a considerable delay to an advanced HF 
specialist, which results in a lower rate of LVAD 
implantation indications and translating to  
an unconscious bias against women in candidate selection 
for HTx. These are gender-related rather than sex-related 
differences. In addition, in this phase women exhibit 
higher risk of allosensitization, which is related to  
a history of pregnancy. Moreover, women also display 
markedly higher challenges in gaining access to 
temporary mechanical circulatory support, and are 
exposed to a higher risk of complications. Such 
divergences can be described as typically sex-linked. 
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In the “Peri-Transplant” phase the major issue 
was the finding that if a female donor was used for a male 
recipient, reduced post-HTx survival was reported. 
However, such sex-mismatching proved a misconception: 
it was later found that if appropriately sized female donor 
heart was used (similar size heart from a male donor was 
employed for male recipient), the outcomes observed 
would be equally good.  

In the “Post-Transplant” phase, higher rates  
and severity of rejection in women is observed. On  
the contrary, women exhibit lower cardiac  
allograft vasculopathy and a lower rate of malignancies 
and cancer-related deaths. However, it should be  
noticed that the males undergoing HTx tend to be older 
and have higher prevalence of obesity, diabetes, 
dyslipidemia and, in particular, a history of tobacco use. 
Therefore, it seems that in such cases we have to deal 
with gender-related rather than sex-related differences. 
Thus, it is apparent that sex-specific characteristics must 
be considered before application of HTx in humans. 
Evidently, experimental, as well as clinical studies are 
needed to evaluate sex-linked differences in the treatment 
of advanced HF.  

It is worthwhile to emphasize again that sex-
linked differences in the cardiovascular system and 
cardiovascular diseases should not be solely ascribed to 
actions of estradiol and testosterone and the activity level 
of their receptors. Alternative mechanisms, such as the 
influence of other sex hormones, sex chromosome-linked 
genes, incomplete X-chromosomal gene inactivation, 
histone and DNA modifications, interactions of sex 
hormones with different neurohormonal systems in 
different organs must be taken into consideration. This 
extremely complex issue of sex differences in 
cardiovascular system was recently appraised in some 
comprehensive reviews [34,38,48]. 
 
Conclusions, merits and perspectives 
 

Our present data clearly shows that the enhanced 
development of unloading-induced cardiac atrophy in 

female as compared to male rats does not depend on 
activational actions of sex hormones. Future studies are 
needed to evaluate more thoroughly the mechanisms 
responsible for the sex-linked differences in the course of 
unloading-induced cardiac atrophy. The information 
obtained in our recent and present preclinical studies 
should be considered in prospective clinical studies 
designed to explore the development of cardiac atrophy 
in response to LVAD-induced mechanical unloading and 
in the search for new therapeutic measures against this 
process.  
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Summary 
Adverse events during the perinatal period are associated with 
an increased risk to develop cardiometabolic diseases later in life. 
We established a murine model to study long-term effects of 
perinatal hypoxia (PH) on the pulmonary circulation. We 
previously demonstrated that PH led to an impaired regulation of 
pulmonary vascular tone in adulthood, linked to alterations in 
K+ channels in males and in the nitric oxide (NO)/cyclic 
guanosine monophosphate pathway in females. Moreover, 
simultaneous administration of inhaled NO (iNO) during PH 
exposure prevented adverse effects of PH on adult pulmonary 
vasculature in females. The present study showed that PH 
induced a significant increase in right ventricular pressure in 
males and females, and an enhanced sensitivity to acute hypoxia 
in females. PH significantly reduced acetylcholine-induced 
relaxation in pulmonary artery, to a greater extent in females 
than in males. PH led to right ventricular hypertrophy in 
adulthood, appearing earlier in males than in females. 
Morphometric measurements showed a significant increase in the 
number of 25-75-µm pulmonary vessels in male lungs following 
PH, probably resulting in increased pulmonary vascular 
resistance. The effects of prolonged hypoxia in adulthood 
differed between males and females. Perinatal iNO during PH 
prevented PH-induced alterations in the cardiopulmonary system, 
whereas perinatal iNO alone could have some adverse effects. 
Therefore, PH led to long-lasting alterations in the regulation of 
adult pulmonary circulation, which vary between males and 
females. In males, the increased pulmonary vascular resistance 
was associated with morphological changes besides functional 
alterations, whereas females showed an important pulmonary 
vascular dysfunction. 
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Introduction 
 

Adverse events occurring in utero or soon after 
birth are associated with an increased risk of developing 
cardiometabolic diseases later in life [1]. Chronic 
pulmonary vascular diseases and abnormal pulmonary 
vasoreactivity in adulthood may be associated with 
a hypoxic insult occurring around birth [2,3]. Individuals 
born in a hypoxic environment show later in life 
an exaggerated pulmonary hypertensive response 
following a re-exposure to hypoxia [2,4-8]. 

Jan Herget and colleagues have extensively 
studied the effects of perinatal and adult exposure to 
chronic hypoxia on the pulmonary circulation in rats. They 
were particularly interested in the nitric oxide (NO) 
signaling pathway, which plays a key role in the regulation 
of pulmonary vascular tone and the response to hypoxia, as 
well as in adult pulmonary arterial hypertension (PAH) and 
persistent pulmonary hypertension of the newborn (PPHN) 
[9]. They found increased production of reactive oxygen 
species (ROS) [10,11] and NO, due to transient induction 
of inducible NO synthase (iNOS) in the pulmonary 
vascular wall [12,13], during early phase of chronic 
hypoxia in adulthood. NO can exert both protective and 
adverse effects, depending on the balance between NO and 
ROS [9]. The antioxidant N-acetylcysteine, administered 
during early phase of chronic hypoxia, or a combined 
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treatment with L-arginine and the phosphodiesterase 5 
(PDE5) inhibitor sildenafil during hypoxic exposure were 
able to limit adverse effects of chronic hypoxia in 
adulthood [10,14]. They also demonstrated long-term 
effects of perinatal hypoxia (PH) on adult pulmonary 
circulation, by increasing pulmonary vessels’ basal tone 
and reducing their reactivity to angiotensin II [15]. They 
showed that chronic prenatal hypoxia increased 
fetoplacental vascular resistance and vasoconstrictive 
response to angiotensin II or acute hypoxia, which could 
lead to placental hypoperfusion and impaired fetal nutrition 
and growth [16]. They were also interested in sex 
differences in the regulation and alterations of pulmonary 
circulation. They showed that females are more sensitive 
than males to late effects of PH on pulmonary vasculature 
and that these effects are blunted by the presence of ovaries 
during maturation [17]. 

Despite extensive research, the mechanisms 
contributing to the long-term effects of PH on the 
pulmonary circulation are still incompletely understood. 
Moreover, sex differences remain largely understudied.  

We have previously established a murine model 
to investigate long-lasting effects of PH. We showed that 
PH resulted in impaired regulation of pulmonary vascular 
tone in adulthood [18-20]. PH triggered alterations in  
K+ channels of adult pulmonary artery smooth muscle 
cells in males [18,19], and in the NO/ cyclic guanosine 
monophosphate (cGMP) pathway in females [20]. Adult 
females born in hypoxia displayed higher systolic right 
ventricular pressure (RVP) in normoxia and an increased 
sensitivity to acute hypoxia compared to controls [20]. 
Moreover, PH decreased the acetylcholine-induced 
endothelium-dependent relaxation of pulmonary artery 
(PA) in females. The vasorelaxant response to acetyl-
choline was restored by pirenzepine or telenzepine, 
selective antagonists of the muscarinic receptor M1 
(M1AChR), which mediates vasoconstrictive effects of 
acetylcholine. The PDE1 inhibitor vinpocetine also 
reversed the decrease in endothelium-dependent 
relaxation following PH, suggesting that M1AChR-
mediated impairment of acetylcholine-induced relaxation 
was due to activation of the calcium-dependent PDE1 
[20]. Therefore, a perinatal reduction in oxygen supply 
leads to pulmonary vascular dysfunction, which seems 
associated with permanent alterations in muscarinic 
receptors and their effectors, in particular PDEs. 

We also showed that simultaneous 
administration of inhaled NO (iNO) during the perinatal 
exposure to hypoxia was able to prevent adverse effects 

of PH on adult pulmonary vasculature in females [21]. 
Perinatal iNO restored acetylcholine-induced relaxation 
and prevented the development of right ventricular (RV) 
hypertrophy in old females [21]. 

A transient exposure to hypoxia during a critical 
period of development of the lung vasculature resulted in 
a definitive imprint leading to altered regulation of 
pulmonary vascular tone later in life. Consequently, 
individuals having suffered from PH could be at risk to 
have an altered regulation of pulmonary circulation and 
to develop pulmonary vascular pathologies in adulthood. 
This is more likely to occur during/following re-exposure 
to clinical conditions associated with hypoxia, such as 
sleep apnea, chronic or acute pulmonary diseases, or 
exposure to high altitude. 

The present study was designed to further 
investigate long-term effects of PH on adult pulmonary 
circulation in males and females. The effects of adult 
(re-)exposure to acute or prolonged hypoxia and/or aging 
were assessed on several parameters. 

 
Methods 
 
Animal model 

All experimental procedures were approved and 
carried out in accordance with the Swiss Veterinarian 
Animal Care Office (authorization numbers VD1454, 
VD2170, VD2622). C57BL/6 pregnant mice were pur-
chased from Harlan (Horst, Netherlands). They were all 
fed ad libitum and exposed to day-night cycles. PH was 
induced as previously described [18,20,21]. Pregnant mice 
were placed under hypoxia (13 % O2) 5 days before 
delivery (from D16 of gestation) and left with their litter 
for 5 days after birth. Pups were then bred in normoxia 
(21 % O2) until adulthood. The timing of exposure to 
hypoxia was chosen to cover the lung vasculogenesis, 
during which the functional units of gas exchange develop 
[22]. Pups born and grown in normoxia were used as 
controls (Ctr). Mice were studied at 5-6 months (“young”) 
or 12-15 months (“old”). Mice from different litters and 
cages were randomly assigned to the different experiments. 

To investigate the effects of chronic hypoxia in 
adulthood, some adult mice were (re-)exposed to 13 % O2 
for 5 days and studied at the end of the exposure period. 

Some mice were treated with iNO (10ppm) 
during the 10-day perinatal hypoxic/normoxic exposure, 
as previously published [21]. 

The different experimental groups are presented 
at Table 1. 
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Table 1. Experimental groups and related treatments 
 

Group Ctr PH Ctr+AH PH+AH Ctr+NO PH+NO 

Perinatal exposure (10 days) 21 % O2 12 % O2 21 % O2 12 % O2 21 % O2 

NO 10ppm 
12 % O2 

NO 10ppm 
Adult hypoxia (5days) - - 12 % O2 12 % O2 - - 

 
 
Anatomical data 

The number of alive pups per litter was recorded 
at postnatal day 5 (P5). Body weight was recorded at P5 
or in adulthood. After removal of the auricles, the right 
ventricle (RV) was separated from the left ventricle plus 
septum (LV+S) and both were weighed to determine the 
RV/(LV+S) ratio (Fulton index), which is used as an 
index of RV hypertrophy. 

 
Hemodynamic measurements 

Hemodynamic measurements were performed  
as previously described [20]. Adult mice were 
anaesthetized with ketamine/xylazine (100 mg/kg  
and 10 mg/kg i.p., respectively) and placed on a heating  
board, to prevent hypothermia, under a small  
Plexiglas® hood to control oxygen administration. Body 
temperature was monitored using a rectal probe 
(ADInstruments, Hastings, UK). Closed-chest 
measurements were performed using a Millar mikro- 
tip® 1.4 F catheter (Millar Instruments, Houston, TX) 
inserted into the right jugular vein and advanced into  
the RV for measurement of RVP. The catheter  
was connected to a pressure transducer, and pressure 
signals recorded using a MacLab A/D converter 
(ADInstruments). Systolic RVP is used as an indirect 
indicator of pulmonary systolic artery pressure [23]. 
Baseline systolic RVP was recorded in normoxia  
(21 % O2) and under acute hypoxia (→2 % O2). Gas 
mixture was controlled using an oxygen monitor  
mono2® (Roche, Bioelectronics, Switzerland). The 
response to iNO was also assessed by adding NO  
(10-60ppm) to the 12 % O2 gas mixture. NO  
concetration was controlled using a SensorNox® 
analyzer (SensorMedics BV, Bilthoven, Netherlands).  

 
Isolated vessel tension studies 

The PA vasoreactivity was assessed as 
previously described [18,20]. Adult mice were 
administered a lethal dose of pentobarbital (1 g/kg i.p.) 
and the main PA was immediately harvested. Vascular 

rings were suspended into vertical organ chambers filled 
with 10 ml modified Krebs-Ringer solution maintained at 
37 °C and aerated with 95 % O2-5 % CO2 (pH 7.4) [20].  
Vessels were brought to their optimal resting tension  
after two 0.5g stretches. After equilibration, NG- 
nitro-L-arginine (NLA, 10-4M; except for dose- 
response to acetylcholine) and/or indomethacin  
(10-5M) were added to exclude possible interference  
of endogenous NO and prostanoids. Vascular rings  
were then pre-constricted with phenylephrine (10-5M) 
before addition of cumulative doses of acetylcholine  
or 8-bromo-cGMP. In some experiments,  
acetylcholine-induced relaxation was tested after 
preincubation with the PDE inhibitors 3-isobutyl-1-
methylxanthine (IBMX, 10-6M), 8-methoxymethyl-3-
isobutyl-1-methylxanthine (8-MM-IBMX, 3x10-6M), 
sildenafil (10-8M) or milrinone (3x10-7M). Change in 
tension induced by the vasodilator was expressed as 
percentage of the initial contraction induced by phenyl-
ephrine. Area under the curve (AUC) was calculated from 
each dose-response curve using GraphPad Prism 10.2.3 
(GraphPad Software). 

 
Cardiopulmonary parameters assessment 

Cardiopulmonary parameters were recorded 
using a non-invasive pulse oximeter (MouseOx®,  
Red Box Direct Limited) during the transition from 
normoxia to hypoxia (13 % O2) in anaesthetized mice 
placed on a heating board under a small Plexiglas® hood, 
or in conscious mice placed in a restraining tube.  
This non-invasive sensor clip, specially designed for  
small rodents, allowed simultaneous recordings of  
arterial O2 saturation (O2-sat), pulse rate and breath  
rate. The clip was placed on the leg in anesthetized mice 
and on tail in conscious mice. 

Cardiopulmonary data were also recorded  
in anesthetized mice following a 30-min swim- 
ming challenge in normoxic or hypoxic (13 % O2) 
conditions.
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Lung morphometry 
Adult mice were anaesthetized with 

ketamine/xylazine (100 mg/kg and 10 mg/kg i.p., 
respectively) and placed in a supine position. Lungs were 
prepared as previously published [24]. After careful 
punctuation of the diaphragm to collapse the lungs, the 
air space was filled by tracheal instillation with freshly 
prepared paraformaldehyde 4 % in phosphate buffered 
saline (PBS) at a constant pressure of 20 cm H2O. This 
water pressure allows the lung to reach roughly its mid-
respiratory volume. The pressure was maintained 
throughout the preparation to prevent the lungs from 
recoiling. Once the lungs were filled, the trachea  
was ligated, and the heart-lung unit retrieved. After  
a 2h fixation in paraformaldehyde, the lungs were 
progressively dehydrated using ethanol and Histoclear 
before paraffin-embedding. Five-µm lung sections were 
immunostained using an alpha-smooth muscle actin 
monoclonal antibody (Sigma, A-2457, 1:400, mouse), 
aminoethylcarbazol and hematoxylin. Areas of  
1.5 x 1.0 mm of lung parenchyma were systematically, 
randomly photographed in a meandering order on the 
Polyvar microscope using the 10x objective [25]. After 
image analysis, the vessels were categorized by size. Data 
are expressed as number of vessels per area analyzed. 

 
Statistical analysis 

Data are expressed as mean ± SEM, unless 
otherwise specified. Results were analyzed using 
GraphPad Prism 10.2.3. The tests used for statistical 
analyses were mentioned in the legend of each figure or 
table. P<0.05 was considered statistically significant. 

 
Results 

 
Anatomical data 

The number of alive pups per litter recorded at  
P5 was lower in PH than Ctr offspring (median (range):  
6 (0-10) in Ctr (n=186) and 4 (0-8) in PH (n=265), 
p<0.0001, Mann-Whitney test). At P5, PH pups  
had a reduced body weight (2.90±0.03 g in Ctr (n=119) 
and 2.60±0.07 g in PH (n=46), p=0.0002, Mann-Whitney 
test) and an increased hematocrit (20.9±0.6 % in Ctr  
(n=8) and 26.7±0.6 % in PH (n=7), p=0.0003, Mann-
Whitney test). 

Table 2 presents anatomical data from  
5-6-month-old (“young”) and 12-15-month-old (“old”) 
mice. The difference in body weight between Ctr and PH 
mice was no longer present in adulthood. At 5-6 months, 
the RV/(LV+S) ratio was significantly increased 

following PH in males, whereas no significant difference 
was found between PH and Ctr females. At  
12–15 months however, the Fulton index was 
significantly higher in PH than Ctr females, probably 
because of significant increase in RV weight with aging 
in PH, but not Ctr females. 

At both ages, adult hypoxia (AH) significantly 
increased RV weight and the Fulton index compared to 
normoxia in all groups except in PH males. These 
parameters were significantly higher in Ctr+AH than  
PH mice. AH significantly reduced body weight in young 
and old PH+AH females and young PH+AH males 
compared to PH mice, but not in Ctr+AH mice. 

Heart weight was significantly increased with 
aging only in PH mice, with or without re-exposure to 
hypoxia. 

Perinatal exposure to iNO resulted in several 
anatomical changes compared to Ctr or PH mice. In 
young mice exposed to perinatal iNO, body weight was 
significantly increased in males, but not in females, while 
heart weight and RV weight were significantly decreased 
in Ctr+NO and PH+NO mice. The Fulton index was 
significantly reduced in Ctr+NO males and females, and 
PH+NO males, but not in PH+NO females. In old mice 
however, the Fulton index and RV weight were 
significantly reduced in PH+NO females. 

 
Hemodynamic measurements 

RVP measured in PH mice, under normoxia or 
acute hypoxia, was significantly higher than in Ctr  
mice (Fig.1A). In normoxia, RVP was higher in Ctr 
females than Ctr males, but lower in PH females than PH 
males, whereas no significant difference was found 
between males and females under hypoxia (Fig.1A).  
A 5-day (re-)exposure to hypoxia resulted in a significant 
rise in RVP in Ctr+AH and PH+AH males, under 
normoxia or acute hypoxia (Fig.1B). In normoxia, RVP 
was significantly higher in Ctr+AH than PH males but 
not under hypoxia. An acute exposure to hypoxia during 
hemodynamic measurements induced in all groups  
a significant increase in RVP compared to normoxia 
(Fig.1A-B). However, this increase was significantly 
higher in PH females than in other groups, whereas in 
males, acute hypoxia led to a similar increase in all 
groups (Fig.1C). In males, increasing concentrations of 
iNO under hypoxia led to a decrease in RVP in all 
groups, but did not allow to reach RVP values below 
those measured in normoxia (Fig. 1D). When applied in 
normoxia, iNO did not influence RVP in all male groups 
(data not shown).  
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Fig. 1. Systolic right ventricular pressure (RVP) measured under normoxia (21 % O2) or acute hypoxia (12 % O2) in males (M) and 
females (F). Closed-chest measurements were performed in adult mice born in normoxia (Ctr) or hypoxia (PH), with or without  
a 5-day exposure to chronic hypoxia in adulthood (AH). Graphs A-C present individual values with bar at mean ± SEM. (A) RVP in  
Ctr and PH males and females (n=4-8); (B) RVP in Ctr and PH males with or without AH (n=3-11); data were analyzed by two-way 
ANOVA (results are shown below) with Sidak’s multiple comparison test (significant p values are reported on the graph). (C) RVP 
increase between normoxia and acute hypoxia, expressed as percentage of RVP in normoxia (n=3-6); data were analyzed by one-way 
ANOVA and unpaired t tests with Welch’s correction to compare two groups (significant p values are reported on the graph). (D) RVP 
measured in males during the transition from normoxia to acute hypoxia, followed by addition of increasing concentrations of inhaled 
nitric oxide (iNO) in the 12 % O2 gas mixture; data are expressed as mean ± SEM (n=3-11) and were analyzed by two-way ANOVA 
(results are shown below) with Sidak’s multiple comparison test; significant difference (p<0.05): * PH or Ctr+AH versus Ctr; † PH+AH 
or Ctr+AH versus PH; ‡ PH+AH versus Ctr+AH. 

 
Isolated vessel tension studies 

The resting tension measured in PA rings was 
similar between Ctr and PH mice (0.38±0.02 g in  
Ctr females (n=7), 0.37±0.02 g in PH females (n=6), 
0.38±0.02 g in Ctr males (n=7), 0.40±0.01 g in PH  
males (n=16)). Acetylcholine-induced relaxation was 
significantly reduced in PA of PH versus Ctr mice (Fig. 
2A-B). The decrease observed in AUC between Ctr and 
PH mice was greater in females (-28 %) than in males 

(-14 %). A 5-day (re-)exposure to hypoxia led to similar 
dose-response curves in Ctr+AH and PH+AH mice  
(Fig. 2A-B). The resulting relaxation was significantly 
improved in PH+AH versus PH mice, and Ctr+AH versus 
PH mice (Fig. 2A-B); in contrast, the response to low 
concentrations of acetylcholine was reduced in Ctr+AH 
versus Ctr females (significant difference at 3x10-8 and 
10-7 M) (Fig. 2A), although AUC did not significantly 
differ between the two groups (p=0.0519). 
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Fig. 2. Relaxation induced by cumulative doses of acetylcholine (ACh) or 8-bromo-cGMP in pulmonary arteries of males (M) and 
females (F) born in normoxia (Ctr) or hypoxia (PH), with or without a 5-day exposure to chronic hypoxia in adulthood (AH), or with 
perinatal exposure to inhaled nitric oxide (NO). Vascular rings were pre-constricted with phenylephrine 10-5M. Data are expressed as 
mean ± SEM of the percentage of change in tension induced by the vasodilator (A n=6-8; B n=7-16; C n=5-9; D n=7-9; E n=6-14;  
F n=7-16). Data were analyzed by two-way ANOVA (results are shown below each graph) with Sidak’s multiple comparison test; 
significant difference (p<0.05): * PH versus Ctr; # Ctr+AH vs Ctr; † PH+AH or Ctr+AH or PH+NO versus PH; ‡ PH+AH versus Ctr+AH 
or PH+NO versus Ctr+NO. The corresponding AUC were presented next to each graph; data are expressed as mean ± SEM and were 
analyzed by unpaired t tests with Welch’s correction to compare two groups (significant p values are reported on each graph) (G). 
Schematic representation of the NO/cGMP relaxing pathway and interactions with pharmacological agents. eNOS, endothelial nitric 
oxide synthase; M3AChR, muscarinic acetylcholine receptor M3; PDEs, phosphodiesterases; PKG, cGMP-dependent protein kinase; sGC, 
soluble guanylyl cyclase. Dose-response curves to ACh assessed in Ctr and PH females were previously published in Peyter et al. [20]. 
Dose-response curves to ACh assessed in Ctr, PH and PH+NO females were previously published in Peyter et al. [21]. 



S548   Peyter et al.  Vol. 73 
 
 

 
Fig. 3. Relaxation induced by cumulative doses of acetylcholine (ACh) in pulmonary arteries of females (F) born in normoxia (Ctr) or 
hypoxia (PH). Vascular rings were pre-incubated with phosphodiesterase (PDE) inhibitors (A, IBMX; C, 8-MM-IBMX; E, sildenafil; G, 
milrinone) and pre-constricted with phenylephrine 10-5M. Some mice were treated with sildenafil during 5 days before testing the 
reactivity of their pulmonary arteries in the absence of PDE inhibitor (I). Data are expressed as mean ± SEM of the percentage of 
change in tension induced by ACh (A n=6-8; C n=6-7; E n=6-11; G n=6-11; I n=6-8). Data were analyzed by two-way ANOVA (results 
are shown below each graph) with Sidak’s multiple comparison test; significant difference (p<0.05): * PH versus Ctr; † PH+PDE 
inhibitor versus PH. The corresponding AUC were presented next to each graph; data are expressed as mean ± SEM and were analyzed 
by unpaired t tests with Welch’s correction to compare two groups (significant p values are reported on each graph). Dose-response 
curves to the PDE inhibitors (B, IBMX; D, 8-MM-IBMX; F, sildenafil; H, milrinone) were established in pulmonary arteries pre-constricted 
with phenylephrine 10-5M. Data are expressed as mean ± SEM of the percentage of change in tension induced by the PDE inhibitor  
(B n=8; D n=5-11; F n=8; H n=7-8). Data were analyzed by two-way ANOVA with Sidak’s multiple comparison test; * significant 
difference between PH and Ctr mice. The corresponding AUC were presented next to each graph; data are expressed as mean ± SEM 
and were analyzed by unpaired t tests with Welch’s correction. Dose-response curves to ACh assessed in Ctr and PH females were 
previously published in Peyter et al. [20]. 
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The PDE-resistant cGMP analog 8-bromo-
cGMP induced similar relaxation in Ctr, PH and PH+AH 
females, but a significantly better relaxant response in 
Ctr+AH females (Fig. 2C). In males, 8-bromo-cGMP-
induced relaxation was significantly increased in PH 
versus Ctr males, whereas Ctr+AH males relaxed 
significantly more than the other groups (Fig. 2D). 

Simultaneous exposure to iNO and PH was able 
to preserve the relaxant response to acetylcholine in 
females and males, thus resulting in a significantly 
increased relaxation compared to PH mice (Fig. 2E-F). 
However, perinatal exposure to iNO alone resulted in  
a decreased acetylcholine-induced relaxation in Ctr+NO 
versus Ctr females (Fig. 2E), but did not affect Ctr+NO 
males (Fig. 2F). 

Several PDE inhibitors were studied in females. 
The non-specific PDE inhibitor IBMX significantly 
improved acetylcholine-induced relaxation in Ctr and PH 
females, which then showed similar dose-response curves 
(Fig. 3A). The PDE1 inhibitor 8-MM-IBMX completely 
restored acetylcholine-induced relaxation in PH females 
but had no effect in Ctr females (Fig. 3C). The PDE5 
inhibitor sildenafil also completely reversed the alteration 
in acetylcholine-induced relaxation observed in PH 
females but did not influence the relaxation in Ctr 
females (Fig. 3E). A 5-day treatment with sildenafil led to 
similar results (Fig. 3I). Finally, the PDE3 inhibitor 
milrinone significantly increased the response to 
acetylcholine in PH females, but did not restore complete 
acetylcholine-induced relaxation, and had no effect in Ctr 
females (Fig. 3G). The dose-response curves to IBMX 
and 8-MM-IBMX were similar between both groups (Fig. 
3B-D). The relaxation induced by sildenafil was biphasic 
and significantly increased in PH versus Ctr females (Fig. 
3F). In contrast, milrinone induced a lower relaxation in 
PH than Ctr females (Fig. 3H). 

 
Cardiopulmonary parameters at rest and after exercise 

In anesthetized females at rest, the transition 
from normoxia to acute hypoxia induced a significant 
decrease in O2-sat and increase in pulse rate and breath 
rate in all study groups (Fig. 4A-C). In normoxia, O2-sat 
was significantly lower in PH than Ctr females, whereas 
pulse rate and breath rate were similar between both 
groups (Fig. 4A-C). Under acute hypoxia, breath rate was 
significantly higher in PH than Ctr females and lower in 
PH+NO than PH females, without any significant 
difference in O2-sat or pulse rate (Fig. 4A-C). 

In conscious females at rest, transition from 

normoxia to hypoxia induced a significant decrease in  
O2-sat in all groups (Fig. 4D), but a significant increase in 
pulse rate in PH and Ctr+NO females (Fig. 4E), and in 
breath rate in Ctr+NO females (Fig. 4F). No significant 
difference was found between Ctr and PH females in 
these conditions. Ctr+NO females showed a significant 
decrease in O2-sat, pulse rate and breath rate compared to 
Ctr females in normoxia, as well as in O2-sat under 
hypoxia (Fig. 4D-F). In normoxia, pulse rate and breath 
rate were significantly higher in PH+NO than Ctr+NO 
females (Fig. 4E-F); under hypoxia, O2-sat was 
significantly higher in PH+NO than Ctr+NO females 
(Fig. 4D). 

A swimming challenge under hypoxia led, in all 
groups, to significantly lower O2-sat than exercise in 
normoxia (Fig. 4G), without change in pulse rate and 
breath rate (Fig. 4H-I). O2-sat was significantly higher in 
PH+NO than PH females (Fig. 4G). 

 
Lung morphometry 

Morphometric measurements on adult male 
lungs showed a significant increase in the number of  
25-75-µm pulmonary vessels per area in PH versus Ctr 
males, whereas no significant difference was found for 
smaller vessels (<25 µm) or larger vessels (>75 µm) (Fig. 
5A). The total number of vessels per area did not 
significantly differ between groups (Fig. 5B). The 
number of small and medium vessels tended to be higher 
in PH than Ctr+AH males, although the difference was 
not significant, probably due to the small number of mice 
analyzed. A similar trend was found when comparing 
total pulm-onary vessels per area in PH males with the 
other groups. 

 
Discussion 

The present study showed that PH leads to long-
term adverse effects in adult pulmonary circulation, 
which vary between males and females (Table 3). 

The reduction in litter size and pup weight 
observed at P5 showed that PH resulted in fetal growth 
restriction and increased perinatal mortality, which is 
consistent with previous reports [16]. 

The higher RVP measured in 5-6-month-old PH 
versus Ctr mice likely reflects the development of 
pulmonary hypertension. RVP was further increased by 
acute hypoxia, to a greater extent in PH females than in 
other groups, suggesting that PH induced an increased 
sensitivity to acute hypoxia in the pulmonary vasculature 
of adult females. 
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Fig. 4. Cardiopulmonary parameters at rest and after a 30-min swimming challenge in females born in normoxia (Ctr) or hypoxia (PH), 
with or without perinatal exposure to inhaled nitric oxide (NO). Oxygen saturation (sat O2) (A, D, G), pulse rate (B, E, H) and breath 
rate (C, F, I) were recorded in anesthetized females at rest (A-C), conscious females at rest (D-F) and females anesthetized after  
30-min swimming in normoxic or hypoxic conditions (G-I). For females at rest, cardiopulmonary data were recorded during the 
transition from normoxia (21 % O2) to acute hypoxia (12 % O2); for females submitted to exercise, the recordings were performed in 
the same condition (normoxia or hypoxia) as the swimming challenge. Individual values are presented with bar at mean ± SEM  
(A-C n=7-10; D-F n=7-10; G-I n=9-10). Data were analyzed by two-way ANOVA (results are shown below each graph) with Sidak’s 
multiple comparison test (significant p values are reported on the graph). 
 
 

Acute iNO did not modify RVP in normoxia and 
simply reversed the effect of acute hypoxia on RVP in 
adult males, without lowering RVP below the value 
measured in normoxia. 

Ex vivo investigation of PA vasoreactivity 
showed that endothelium-dependent relaxation was 
significantly reduced in PH versus Ctr mice, to a greater 
extent in females than in males. We previously 
demonstrated that this pulmonary vascular dysfunction 
was linked to a reduced eNOS protein content in PH 

versus Ctr females and alterations in M1AChR and PDE1 
[20]. Here, we showed that preincubation with the non-
specific PDE inhibitor IBMX, the PDE1 inhibitor 8-MM-
IBMX or the PDE5 inhibitor sildenafil completely 
restored the relaxant response to acetylcholine in PH 
females. Similarly, a 5-day treatment with sildenafil also 
abolished the alteration of acetylcholine-induced 
relaxation in PH females. These data suggest that PDEs 
contribute to the pulmonary vascular dysfunction 
following PH, and that PDE1 and PDE5 inhibitors could 
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be promising agents to counterbalance adverse effects of 
PH in adulthood. 

Our pharmacological and hemodynamic data 
suggested that PH had a greater impact on the adult 
pulmonary circulation in females than in males. 
Nevertheless, at 5-6 months, the Fulton index was 
significantly increased only in PH males, whereas at  
12-15 months this index was significantly higher in PH 
than Ctr females, suggesting that the functional 
alterations observed in young females could lead to RV 
hypertrophy later in life. Therefore, PH leads to RV 
hypertrophy in adulthood, which appeared earlier in 
males than in females. Given that RVP was significantly 
increased in both young PH males and females, sex 
hormones could contribute to the delayed development of 
RV hypertrophy in females. This is supported by the 
observation that female rats were more sensitive than 
males to late effects of PH on pulmonary circulation and 
that neonatal – but not adult – gonadectomy exacerbated 
pulmonary hypertensive effects of PH only in females 
[17]. In humans, incidence of PAH is higher in young 
women than in men, although women have a better 
prognosis and survival, while these differences disappear 
after menopause [26]. 

Morphometric measurements were performed to 
explain RV hypertrophy already found in young PH 
males, despite lower vascular dysfunction in PH males 
than females. We observed a significant increase in the 
number of 25-75-μm pulmonary vessels in adult male 
lungs following PH, which could result in increased 
pulmonary vascular resistance, thus leading to RV 
hypertrophy. Studying angiogenic factors in neonatal 
lungs could be useful to characterize pulmonary vascular 
remodeling following PH. Investigation of pulmonary 
vascular density over time could help to determine 
whether PH directly induced an increase in number of 
pulmonary vessels or rather a decrease followed by an 
increase in vessel formation as a compensatory 
mechanism. Comparison with other studies is difficult 
because hypoxia-induced pulmonary vascular remodeling 
is a complex process, depending on the species, sex, and 
developmental stage at which the exposure to hypoxia 
occurred, but also on the site along the pulmonary 
vasculature [27]. 

Prolonged (re-)exposure to hypoxia in adulthood 
resulted in a significant increase in the Fulton index in all 
groups except in PH males - which already had a high 
index without re-exposure – and modified PA 
vasoreactivity. Long-term consequences of PH signi-

ficantly differed from the effects of AH, which is 
consistent with previous reports [7,17], probably because 
PH occurred during a plastic phase of development thus 
leading to permanent adaptations/alterations. 

Simultaneous administration of iNO during PH 
was able to prevent adverse effects of PH on 
endothelium-dependent relaxation of PA and the 
development of RV hypertrophy in females [21]. Here we 
showed that perinatal iNO also normalized some 
cardiopulmonary parameters in PH females, and 
protected males from impaired acetylcholine-induced 
relaxation and RV hypertrophy. However, perinatal iNO 
alone induced some changes in anatomical and 
cardiopulmonary parameters in adult mice, and decreased 
endothelium-dependent relaxation in Ctr+NO versus Ctr 
females, but not in males. Therefore, anything affecting 
cardiopulmonary hemodynamics during the perinatal 
period may have long-term consequences. 

 

 
 
Fig. 5. Morphometric analysis of adult lungs from males (M) born 
in normoxia (Ctr) or hypoxia (PH), with or without a 5-day 
exposure to chronic hypoxia in adulthood (AH). Individual values 
are presented with bar at mean ± SEM (n=3-4). (A) The counted 
vessels were categorized by size; data are expressed as number 
of vessels per area analyzed; data were analyzed by two-way 
ANOVA (results are shown below) with Sidak’s multiple 
comparison test (significant p values are reported on the graph). 
(B) Total number of vessels per area analyzed; data were 
analyzed by two-way ANOVA followed by Sidak’s multiple 
comparison test. 
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Table 3. Summary of the main results 
 

 Females Males 

RV/LV+S  
in young mice 
(Table 2) 

PH = Ctr 
Ctr+AH > Ctr, PH+AH > PH, Ctr+AH > PH 
Ctr+NO < Ctr, Ctr+NO < PH+NO 

PH > Ctr 
Ctr+AH > Ctr, PH+AH = PH, Ctr+AH > PH 
Ctr+NO < Ctr, PH+NO < PH 

RV/LV+S  
in old mice 
(Table 2) 

PH > Ctr 
Ctr+AH > Ctr, PH+AH > PH 
Ctr+NO = Ctr, PH+NO < PH 

PH = Ctr 
Ctr+AH > Ctr, PH+AH = PH 
Ctr+NO = Ctr 

RVP 
 
 
(Fig.1) 

PH > Ctr 
RVP  by acute hypoxia 
Increased sensitivity to acute hypoxia in PH 
females  

PH > Ctr 
Ctr+AH > Ctr, PH+AH > PH, PH+AH > 
Ctr+AH, Ctr+AH > PH 
RVP  by acute hypoxia 

ACh-induced relaxation 
(Fig.2) 

PH < Ctr 
Ctr+AH < Ctr, PH+AH > PH, Ctr+AH > PH 
Ctr+NO < Ctr, PH+NO > PH, PH+NO > Ctr+NO 

PH < Ctr 
PH+AH > PH, Ctr+AH > PH 
PH+NO > PH, PH+NO > Ctr+NO 

cGMP-induced 
relaxation 
(Fig.2) 

PH = Ctr 
Ctr+AH > Ctr, Ctr+AH > PH+AH, Ctr+AH > PH 

PH > Ctr 
Ctr+AH > Ctr, Ctr+AH > PH+AH, Ctr+AH > PH 

Effects of PDE 
inhibitors on response 
to ACh 
(Fig.3) 

IBMX, 8-MM-IBMX and sildenafil completely 
restore ACh-induced relaxation in PH 

– 

O2 saturation 
 
 
 
(Fig.4) 

 by acute hypoxia in all groups and conditions 
At rest, anesthesia: PH < Ctr in normoxia 
At rest, conscious: Ctr+NO < Ctr in normoxia and 
hypoxia; Ctr+NO < PH+NO in hypoxia 
After exercise: PH+NO > PH in normoxia 

– 

Pulse rate 
 
 
(Fig.4) 

At rest, anesthesia:  by acute hypoxia in all 
groups 
After exercise: no difference between normoxia 
and hypoxia 

– 

Breath rate 
 
 
(Fig.4) 

At rest, anesthesia:  by acute hypoxia in all 
groups 
After exercise: no difference between normoxia 
and hypoxia 

– 

Lung morphometry 
(Fig.5) 

– medium vessels density: PH > Ctr 
 

 
 
In vivo assessment of O2-sat, pulse rate and 

breath rate, at rest or after a swimming challenge, showed 
that PH impacted the whole cardiopulmonary system. In 
females, perinatal exposure to hypoxia and/or to iNO 
differentially impacted cardiorespiratory parameters at 
rest or after exercise, probably as a result of functional 
alterations induced by PH and/or iNO in female 
pulmonary circulation. Acute hypoxia induced a decrease 
in O2-sat in all groups and conditions, and an increase in 

pulse rate and breath rate at rest but not after swimming. 
Taken together, our data demonstrated that PH 

led to long-lasting alterations in the regulation of 
pulmonary vascular tone. Males and females are 
differentially impacted by several factors acting on the 
cardiopulmonary system, like PH, perinatal iNO, adult 
prolonged or acute hypoxia, and aging (Table 3). 

There are few reports directly comparing long-
term effects of PH between males and females. In  
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humans, reanalysis of data of [2] showed that hypoxic 
exposure at high altitude led to exaggerated pulmonary 
vasoconstriction in males but not in females; however, 
number of females was very low (n=3-4 females,  
n=6-7 males) [28]. Neonatal exposure to hypoxia  
in swine induced a more severe pulmonary vascular 
disease in male than female piglets [28], and an impaired 
endothelium-dependent relaxation in pulmonary  
small arteries, but male and female data were not 
separately analyzed [29]. In contrast, female rats were 
more sensitive than males to late effects of PH on 
pulmonary circulation and these effects are blunted by  
the presence of ovaries during maturation [17]. 

 
Limitations and perspectives 

Our study has several limitations. First, not all 
parameters were assessed in both males and females. 
Missing data need therefore to be completed to provide  
a comprehensive overview. Namely, lung morphometry 
should be performed in females, but also following 
perinatal iNO to determine if iNO during PH can 
prevent/reverse pulmonary vascular changes. 

Then, some experiments were performed on  
a limited number of animals, in particular lung 
morphometry. Increasing sample size would provide 
more accurate and probably more significant results. 

Another limitation was that estrous cycle was 
not monitored. However, mice were randomly assigned to 
the different experiments over time, thus mitigating 
variability due to litters, cages, and estrous cycle stages. 
The similar variability between male and female data 
strongly suggests that randomization was sufficient to 
limit the effects of estrous cycle on measurements. 

Moreover, due to size limitation, mice only 
allow to use the main PA for isolated vessel tension 
studies. However, PH likely impacts the whole 
pulmonary vascular tree, including pulmonary veins 
(PVs), thus contributing to the increase in RVP and 
Fulton index observed in PH mice. PH-induced 
alterations may vary among the different kinds of 
pulmonary vessels [27,30]. Another animal model like rat 
could help to better investigate such alterations in PA and 
PV. Indeed, PVs play a crucial role in bringing freshly 
oxygenated blood to the heart [22,30]. Investigating 
alterations occurring in both PA and PV would help to 
better understand the mechanisms implicated and to 
design effective therapeutic strategies with limited side-
effects. Indeed, if a treatment only improves PA or PV 
reactivity, it may lead to an imbalance between arterial 

and venous pulmonary circulation, resulting in altered 
hemodynamics. 

Our pharmacological experiments highlighted 
PDE inhibitors as promising drugs to improve  
pulmonary vascular relaxation, in particular PDE5 and  
PDE1 inhibitors. This is consistent with clinical data in 
humans, where combined therapies using iNO and/or 
PDE inhibitors showed encouraging results in the 
treatment of pulmonary vascular diseases [31,32]. 
Another way to improve NO/cGMP-mediated relaxation 
will be to limit cGMP efflux, which appeared as 
important as cGMP hydrolysis in cGMP clearance [33]. 
The multidrug resistance-associated protein 4 (MRP4) 
was found to contribute to cGMP efflux and MRP4 
inhibitors are currently under investigation to treat several 
vascular disorders like erectile dysfunction and 
pulmonary hypertension [34-36]. It would be therefore 
interesting to study the contribution of cGMP efflux in 
our model and to test whether MRP4 inhibitors could 
help to reverse pulmonary alterations following PH. 
Other stimulators of the NO/cGMP-mediated relaxation, 
like riociguat, could also be studied [32,37]. 

Cardiopulmonary parameters and exercise 
tolerance should be assessed after treatment with PDE or 
MRP4 inhibitors. Early interventions using PDE or 
MRP4 inhibitors, or Resveratrol, an antioxidant with 
PDE inhibition properties, during PH exposure could be 
of interest, to inhibit pulmonary vascular remodeling and 
prevent functional alterations. It would be interesting to 
test whether perinatal iNO at a lower dose would also be 
beneficial for PH mice, without adverse effects in  
Ctr animals. 

Studying several proteins implicated in the NO/ 
cGMP pathway is needed to better characterize the mole- 
cular alterations and elucidate the mechanisms 
implicated. 

In conclusion, a transient exposure to hypoxia 
during the perinatal period results in long-term adverse 
effects on the adult pulmonary circulation, which vary 
between males and females. In males, the increased 
pulmonary vascular resistance seems to be associated 
with morphological changes besides functional 
alterations, whereas females have an important 
pulmonary vascular dysfunction. The effects of chronic 
hypoxia in adulthood also vary between males and 
females, and along life. Moreover, simultaneous 
administration of iNO during the PH exposure has  
a protective effect against long-term alterations induced 
by PH on the cardiopulmonary system. However, 
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perinatal iNO alone could have some adverse effects in 
Ctr mice. Therefore, any intervention in the perinatal 
period can leave a definitive imprint that could influence 
the regulation of the cardiovascular system later in life. 

Further investigations are needed to better 
understand the mechanisms contributing to the 
differential alteration of adult pulmonary circulation 
following PH in males and females. 

More broadly, our data emphasize the need to 
consider sex as an important biological variable in 
cardiovascular research. 
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Summary 
The necessity of oxygen for metabolic processes means that 
hypoxia can lead to serious cell and tissue damage. On the other 
hand, in some situations, hypoxia occurs under physiological 
conditions and serves as an important regulation factor. The 
airway epithelium is specific in that it gains oxygen not only from 
the blood supply but also directly from the luminal air. Many 
respiratory diseases are associated with airway obstruction or 
excessive mucus production thus leading to luminal hypoxia. The 
main goal of this review is to point out how the airway epithelium 
reacts to hypoxic conditions. Cells detect low oxygen levels using 
molecular mechanisms involving hypoxia-inducible factors (HIFs). 
In addition, the cells of the airway epithelium appear to 
overexpress HIFs in hypoxic conditions. HIFs then regulate many 
aspects of epithelial cell functions. The effects of hypoxia include 
secretory cell stimulation and hyperplasia, epithelial barrier 
changes, and ciliogenesis impairment. All the changes can impair 
mucociliary clearance, exacerbate infection, and promote 
inflammation leading to damage of airway epithelium and 
subsequent airway wall remodeling. The modulation of hypoxia 
regulatory mechanisms may be one of the strategies for the 
treatment of obstructive respiratory diseases or diseases with 
mucus hyperproduction. 
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Introduction 
 

The continuous cellular need for oxygen requires 
the maintenance of oxygen homeostasis. While in very 
simple microscopic organisms diffusion is enough to 

distribute oxygen sufficiently, in vertebrates, including 
humans, the increase of body mass led to the 
development of a complicated system for oxygen 
distribution [1,2]. Lack of oxygen in the environment or 
failure of the oxygen distribution system can lead to 
hypoxia.  

Hypoxia is defined as deprivation of oxygen  
level in a tissue. The term was probably used for the first 
time in 1938 [3]. In his recent review, Sargon divided 
hypoxia into four groups: hypoxemic hypoxia,  
ischemic hypoxia, anemic hypoxia and histotoxic hypoxia 
[4]. The relationship between the terms hypoxia and 
ischemia should be mentioned, too. Whereas hypoxia is 
the result of disproportion between oxygen supply and 
demand, regardless of the cause, ischemia is defined as 
reduction or interruption of the blood flow leading to 
hypoxia of perfused tissue [5]. The necessity of oxygen 
for metabolic processes means that hypoxia, due to its 
severity and duration, can lead to serious cell and tissue 
damage. On the other hand, in some situations, hypoxia 
occurs under physiological conditions and in this case, 
hypoxia serves as an important regulation factor, e.g. in 
the intrauterine period [6,7], in the intestinal epithelium 
[8] or in renal medulla, bone marrow, lymphoid tissue 
and placenta [9]. General hypoxia affecting the whole 
organism can be caused by high altitudes, by various 
pathological conditions including respiratory, circulatory, 
hemato-logical or infectious disorders, or by artificial 
conditions in animal experiments. Local hypoxia can 
develop in many situations of local failure of natural 
oxygenation [10].  

In the respiratory system, hypoxia influences 
many processes. They include pulmonary vascular 
remodeling, shifts in immune response and changes in the 
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airway and alveolar wall. However, the airway epithelium 
is specific in that it gains oxygen not only from the blood 
supply but that the majority of oxygen transported into 
epithelial cells is provided directly by the luminal flowing 
air [11–13]. Many respiratory diseases are associated 
with airway obstruction or excessive mucus production 
and thus with epithelial hypoxia. The main goal of this 
review is to point out how the airway epithelium reacts to 
hypoxic conditions. 

 
Cellular hypoxia 

 
The need for oxygen homeostasis led to  

the evolution of many regulative mechanisms. The  
quick adaptation involves increasing respiration, blood 
flow, and survival responses. Longer hypoxia activates 
mechanisms either increasing the oxygen supply  
or allowing the adaptation to hypoxia. The effect of 
hypoxia on cells is an important research field. In 2019 
Nobel Prize in Physiology or Medicine “for their 
discoveries of how cells sense and adapt to oxygen 
availability” [14] was awarded to G. Semenza, P. J. 
Ratcliffe and W. G. Kaelin.  

Cells detect low oxygen levels using molecular 
mechanisms involving hypoxia-inducible factors (HIFs) 
[15]. These mechanisms are linked to oxygen-sensing 
prolyl hydroxylase domain proteins (PHDs), which 

hydroxylate proline in α subunits of HIFs [16], and are 
summarized in Fig. 1. HIFs are heterodimeric 
transcription factors, consisting of α (1α or 2α) and β 
subunits [1]. Under normoxic conditions, the α subunit is 
hydroxylated by PHDs using oxygen as a substrate. 
Hydroxylated HIFα interacts with Von Hippel-Lindau 
protein (VHL) and this complex undergoes 
ubiquitination. Under hypoxic conditions, the 
hydroxylation is arrested. This leads to stabilization of the 
α subunit, transport to the nucleus, and dimerization with 
the β subunit. This HIF complex then acts as  
a transcription factor for many genes [17], with VEGF, 
leptin and TGF-β3 among the regulated genes. The 
number of genes known to be directly or indirectly 
regulated by HIF-1 gradually increases - more than  
800 genes had been described by 2015 [18], and  
they accounted for over 2 % of known genes in 2017, 
respectively [19]. Main HIF-2 targets are EPO 
(erythropoietin) and EDN1 (endothelin 1). HIF-2 also 
plays a role in NO metabolism [17]. Currently, in the HIF 
family, three HIFs are described - HIF-1, HIF-2 and HIF-
3. HIF-3 was for some time considered to be  
only a negative mediator of HIF-regulated genes [20] but 
later findings have shown different functions of  
HIF-3 [21]. HIF-3 is particularly important in chronic 
hypoxia [22,23]. 

 
 

 
 
Fig. 1. In normoxia, prolyl hydroxylase domain proteins with O2 as a substrate hydroxylate HIF-1α prolines. Hydroxylated HIF-1α subunit 
forms a complex with VHL and this complex is subjected to ubiquitination and proteasome digestion. In hypoxia, HIF-1α gets not 
hydroxylated and it leads to stabilization of this subunit and its transport to the nucleus. In the nucleus, the α subunit dimerizes with the  
β subunit and this HIF complex then functions as a transcription factor. HIF-1α - α-subunit of the hypoxia-inducible factor 1; PHD - prolyl 
hydroxylase domain proteins; VHL - Von Hippel-Lindau protein; Ub - ubiquitin; HIF-1β - β-subunit of the hypoxia-inducible factor 1 
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Stabilization of HIFs is the main way cells detect 
low oxygen levels. However, low oxygen levels can be 
also detected in other stress pathways as well as changes 
in metabolite levels and the generation of reactive oxygen 
species by mitochondria [10]. Some genes are influenced 
by hypoxia without the HIFs [24]. 

Under normoxic conditions, HIF-1α is the target 
of VHL-mediated degradation [25]. VHL protein is the 
main regulation factor of HIFs in normoxia [26]. The 
importance of VHL for this regulation can be shown in  
a genetic condition called Von Hippel-Lindau disease.  
Von Hippel-Lindau disease is a tumor predisposition 
characterized by the occurrence of highly vascularized 
tumors in the CNS, retina and visceral organs. The VHL 
protein (pVHL), is the product of the VHL gene. Protein 
pVHL influences many cellular processes, especially the 
cellular adaptive response to hypoxia [27]. Highly 
vascularized tumors in Von Hippel-Lindau disease 
overproduce angiogenic polypeptides such as VEGF. The 
situation when the pVHL protein is non-functional (as 
here due to genetic condition in Von Hippel-Lindau 
disease) has analogous consequences as physiological 
hypoxia [18]. And vice versa, hypoxia can show 
tumorigenic effects [28–30].  

VHL also interferes with other processes. It has 
an impact on extracellular matrix organization [31–33]. It 
also affects microtubules [34–36] and through the control 
of microtubule growth orientation and stabilization 
influences the ciliogenesis of primary cilia [37,38]. 
Hypoxia, which stabilizes HIFs, weakens the primary 
cilia [39] and induces their elongation [40]. The 
mechanism connecting hypoxia and primary cilia 
formation is probably VHL regulation of primary cilia 
formation [41]. Primary cilia are important for 
embryogenesis, too, because they are deeply involved in 
the mediation of intercellular [42] and intracellular 
signaling [43]. A relationship exists between the 
ciliogenesis of primary cilia and that of motile cilia, as 
seen in some types of ciliopathies where the gene 
mutation affects both primary and motile cilia [44]. 

The activity of HIF-1 is regulated by many 
genes [45,46]. Besides hypoxia, HIF-1 can be activated 
by other mechanisms, e.g. by lipopolysaccharide [47,48]. 
In tumor tissue, HIF-1 activation can occur due to 
mutations in oncogenes and tumor suppressor genes [49]. 
Rohwer and her co-workers described increased levels of 
HIF-1 even in cells without hypoxia in intestinal 
tumorigenesis, showing that non-canonical HIF-1 
stabilization through oncogenes exists [50].  

Genetic selection as an adaptation to hypoxia at 
high altitudes was described. The principles of adaptation 
are lower levels of hemoglobin and the absence of 
polyglobulia (which otherwise are linked to chronic 
mountain sickness - Monge's disease) [51]. This 
adaptation in Tibet is represented by single nucleotide 
polymorphisms in the endothelial Per-Arndt-Sim domain 
protein 1 (EPAS1) gene, coding for the HIF-2α subunit, 
involved then in the stimulation of red blood cell 
production [52]. Chronic mountain sickness occurs more 
frequently in Andeans than in Tibetans and the search for 
this genetic adaptation in Andeans was unsuccessful at 
first [51].  It may be a consequence of the fact that the 
population lives in the Andes for a shorter period than in 
Tibet [53]. However, later the EPAS1 adaptation was 
found in Andeans as well. Furthermore, a genetic 
adaptation affecting the G protein-coupled receptor  
126 (GPR126) gene was revealed in the Andean 
population [54]. The Andean EPAS1 adaptation results in  
a hypomorphic allele [17]. Another genetic adaptation 
localized in the PHD2 gene was later discovered in both 
Tibetans and Andeans [55,56]. The relationship between 
HIF-2α and erythropoietin levels can be also illustrated 
by inherited HIF-2α mutation in a large pedigree, accom-
panied by erythrocytosis and an increase of erythropoietin 
in serum [57].  

The relationship between hypoxia and 
inflammation exists [58–60]. Indirectly, in people with 
mountain sickness, an increased level of inflammation 
markers was observed [16,61]. Hypoxia activates HIFs 
influencing many aspects of immune cells’ function 
[9,62]. HIFs can be stabilized also under normoxic 
conditions during inflammation and regulate then the 
metabolism and expression of immune genes, thus HIFs 
can be seen not only as homeostasis regulators under 
hypoxic conditions but as well as specific regulators of 
immune and inflammatory genes [63]. Hypoxia induces 
airway epithelium to produce compounds influencing 
innate immunity in surrounding areas and this mechanism 
can then contribute to chronic pulmonary disease 
pathogenesis [64,65]. This process might be related to 
HIF stabilization in myeloid cells [62]. 

 
Hypoxia and airway epithelium 

 
The airway epithelium lines the conductive 

portion of the respiratory tract from the nasal cavity to the 
smallest bronchioles. Although several cell types are 
present in both, the airway epithelium differs in large and 
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small airways. According to classic morphological 
descriptions, the large airways like nasal cavity, larynx, 
trachea, and bronchi are lined with a pseudostratified 
columnar epithelium containing mostly ciliated cells, 
goblet cells, and basal cells, while the small terminal and 
respiratory bronchioles are lined with a simple columnar 
to cuboidal epithelium where mucus-secreting goblet 
cells are gradually replaced by multifunctional club cells 
and ciliated and basal cells decrease in number and 
density [66]. However, further studies and mainly novel 
single-cell RNA sequencing (scRNA-seq) have 
uncovered enormous cellular heterogeneity within the 
airway epithelium. For example, ion-transporting 
pulmonary ionocytes, several types of tuft cells, variable 
pulmonary neuroendocrine cells, hillock cells, and 
pulmonary microfold cells were described [67–69]. Basic 
cell types and their prospective quantitative changes 
under hypoxic conditions are visualized in Fig. 2. 

Hypoxia in airways can, due to various causes, 
affect the airway system globally as well as locally. Local 
hypoxia can arise as the result of obstruction (e.g. the 
obstruction of nasal sinuses) or the aggregation of  
mucus (e.g. cystic fibrosis). Mucus hyperproduction  

and disruption of epithelial barrier function by  
the production of VEGF and down-regulation of 
junctional proteins caused by local obstruction of nasal 
sinuses led to overexpression of HIF-1 in epithelial cells. 
Moreover, hypoxia-induced inflammation by high-
mobility group box 1 (HMGB1) protein translocation into 
the cytoplasm resulted in the release of IL-8 through  
a ROS-dependent mechanism in upper airway epithelium 
[70]. In patients with cystic fibrosis, the thick mucus not 
only led to partial obstructive luminal hypoxia, but also 
created particularly hypoxic niches in the airway 
epithelium. Epithelial hypoxia in this case was 
potentiated by increased epithelial oxygen consumption 
associated with increased epithelial Na+ channel (ENaC) 
mediated Na+ absorption [71]. 

The general hypoxia can influence the airway 
epithelium from both luminal and basal sides. In our 
previous studies, we tested the effect of inhalation of  
a 10 % hypoxic atmosphere on the epithelium of large 
and small airways in rabbits at the level of transmission 
electron microscopy [72,73]. After four-day exposure, the 
most affected cells were tracheal goblet cells, which were 
stimulated to mucus release. After rapid mucus discharge,

 
 

 
 
Fig. 2. The normal airway epithelium lining the tracheobronchial tree contains more cell types. The main cell types in the upper part of 
the tree are represented by ciliated cells, goblet cells and basal cells, in lower branches these types are gradually replaced by club cells. 
Among main cells the minor cell types are irregularly interspersed. Hypoxia influences both cellular proliferation and cilia formation. The 
proliferation was observed mainly in the population of secreting cells - goblet cells and club cells. Cilia of ciliated cells under hypoxic 
conditions become shorter and sparse.  
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the overstimulated goblet cells mostly did not take part in 
further secretory cycles but they degenerated and 
gradually sloughed off. We have demonstrated that a high 
level of stimulation of secretory cells in the airway 
epithelium accompanied by degeneration of about 50 % 
of goblet cells induced a massive differentiation of new 
secretory elements [74,75]. As the differentiating goblet 
cells retained the ability to divide [76], the result of this 
process was hyperplasia of secretory elements followed 
by changes in their distribution in the epithelium [74,75]. 
Indeed, differentiating goblet cells represented almost 
one-fifth of secretory elements and the formation of intra-
epithelial mucous glands was recorded [72]. 
Ultrastructural changes of the epithelium in terminal 
bronchioles were not so prominent, but they 
corresponded with the findings described in the tracheal 
epithelium. Cytoplasmic alteration was found both in 
ciliated and club cells, but degenerative changes were 
observed only in some club cells. Observed significant 
increase of club cell relative number in hypoxic rabbits 
could reflect their compensatory proliferation [73]. 

 
Secretory cells 

 
Although the airway epithelial cells’ gross 

morphology in the light microscope can be described as 
intact in hypoxic conditions, many metabolic pathways 
are up- or downregulated [13], which can explain the 
discrete changes in the cellular ultrastructure found in our 
studies [72,73]. The secretory cell stimulation and 
hyperplasia seem to be a common response of the airway 
epithelium to the hypoxic conditions. The goblet cell 
hyperplasia mediated by HIF-1α was described in human 
bronchial epithelial (HBE) cell cultures of patients with 
chronic obstructive pulmonary disease (COPD) [77]. 
Hypoxia in mouse bronchial epithelium activated FoxM1 
(proliferative factor for club cells) and bronchial cell 
growth factors RELMα and RELMβ via HIF2α. This 
activation led to a proliferation of bronchial epithelial 
cells (Ki67 staining has shown proliferation activity in  
10-15 % of cells). Detailed analysis revealed that 78 % of 
them were club cells, 8 % ciliated cells, and the 
remaining portion was probably represented by basal 
cells [78]. Hypoxia-induced HIF-1 stabilization also 
increased the mucin 5AC (MUC5AC) expression in HBE 
and this mechanism led to the elevation of its secretion 
[79]. In a recent study, chronic hypoxia of HBE was 
associated with an increase in mucus concentration and 
MUC5AC transcription. The high mucus concentration 

could be also explained by ion-transport dysregulation via 
an epithelial Na+ channel (ENaC) beta and gamma 
subunits hyperexpression, which is HIF dependent [13]. 
Accumulation of mucus in airways can cause harm in 
more ways: by aggregation of pollution and 
immunomodulatory effect [80], by induction of 
inflammation and epigenetic regulation of macrophages 
[81].  

 
Neuroendocrine cells 

 
Shivaraju et al. were concerned with the 

neuroendocrine (NE) cell population in airways. The 
authors of this study filtered possible other influences that 
could mimic or modify the effect of pure hypoxia. 
Hypoxia led to significant proliferation of NE cells. 
Although some new NE cells could be derived from 
solitary NE cells, most newly differentiated NE cells 
arose from basal stem cells. Moreover, some basal stem 
cells displayed NE-specific vesicles [82]. On the other 
hand, NE cell proliferation as a reaction to hypoxia was 
not observed in the later study [13] and our personal 
observation did not reveal any increase in NE cell 
density, either [72,73].  

 
Epithelial barrier 

 
Epithelium represents a complicated barrier 

between luminal content and tissues that can be 
influenced by hypoxia. HIFs contribute to the expression 
of barrier-related genes and act in the regulation of 
barrier-adaptive responses within the mucosa [83]. 
Although more was described for the hypoxic effect on 
epithelial barrier function in the gastrointestinal tract 
[84], the general principles would probably be similar in 
epithelia, including the airway epithelium [83]. HIF-1 in 
the intestinal mucosa impacts two ways of barrier 
maintenance: 1) continual proliferation and epithelium 
renewal (via expression of regulation genes as WNT/β-
catenin and Notch), 2) tight sealing of the barrier  
(via expression regulation of genes involved in mucus 
composition, permeability and integrity of tight 
junctions) [8]. Airway epithelium barrier impairment due 
to hypoxia affecting various mechanisms here described 
was observed [85–87]. On the other hand, if the barrier 
function was impaired by other conditions, then hypoxia-
activated HIF-1 improved the epithelial barrier function 
[58].  
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Cilia 

 
Oxygen is needed for motile cilia differentiation 

in airway ciliated cells. If cultivated in submersion, 
hypoxia blocks the cilia growth through impact on Notch 
signaling pathway activation and influences the 
expression of multicilin and Forkhead box J1 (FoxJ1) 
genes, both strongly involved in cilia formation [88] - 
multicilin in the early regulation stage of ciliogenesis,  
FoxJ1 gene in the later one [89]. The importance of the 
Notch signaling pathway for ciliogenesis can be 
illustrated also in tumors derived from multiciliated cells. 
Notch activation led to reduced multiciliation in choroid 
plexus tumors because of Notch inhibition of Geminin 
Coiled-Coil Domain Containing (GMNC) and multi-
ciliate differentiation and DNA synthesis associated cell 
cycle protein (MCIDAS) [90]. GMNC and MCIDAS 
were previously described as having a crucial role in the 
ciliogenesis of multiciliated cells [89,91]. As described 
above, hypoxia can impact the organization and growth 
of cytoskeletal elements, including microtubules. 
Centrosomes, too, as microtubular complexes, can be 
influenced by hypoxia. Hypoxia plays an important role 
in centrosome amplification through the polo-like kinase 

4 (PLK4) receptor, leading to their abnormal size, shape, 
number and position [92,93]. As PLK4 plays  
an important role in the early stages of centrosome 
duplication [94], there is a possibility that motile cilia 
could be affected by this mechanism under hypoxic 
conditions in multiciliated cells. Indeed, a significant 
decrease in the number of kinocilia/mm2, an increase in 
the percentage of altered cilia and morphological signs of 
impairment of the vital self-cleaning ability were 
recorded in the rabbit tracheal epithelium after 4-day 
normobaric hypoxia [72]. In human airway epithelial 
cells the decrease of kinocilia number due to hypoxia was 
described in ALI (air-liquid interface) cell cultures 
derived from two COPD patients [87].  

 
Conclusion 

 
Hypoxia arouses significant interest in the 

scientific community, as seen in the increasing number of 
publications concerning hypoxia published in the last 
decades. Particularly the COVID-19 pandemic focused 
the interest of the scientific community not only on 
hypoxia in general [95] but specifically on the hypoxia of 
the respiratory system, as visualized in Fig. 3. 

 
 

 
 

Fig. 3. Number of publications related to “hypoxia AND respiratory system” in the last two decades. Particular increase can be observed 
in the time of the COVID-19 pandemic. 
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The unique position of the airway epithelium at  
the interface between ambient and vascular oxygen  
supply makes it interesting for the comprehensive 
understanding of the hypoxia influence on the respiratory 
system. Therefore, we attempted to review the  
literature and summarize the current understanding of this 
topic. The common effects of the hypoxic conditions, 
either local or general, seem to be 1) secretory  
cell stimulation, hypersecretion and subsequent 
proliferation, 2) epithelial barrier functional changes, and 
3) ciliogenesis impairment. All the described changes can 
exacerbate the cycle of impaired mucociliary clearance, 
infection, and inflammation leading to damage of airway 
epithelium and subsequent airway wall remodeling.  

The modulation of hypoxia regulatory mechanisms  
may be one of the strategies for the prevention of airway 
remodeling changes and the treatment of obstructive 
respiratory diseases or diseases with mucus 
hyperproduction. 
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Summary 
Pulmonary hypertension is a complex and heterogeneous 
condition with five main subtypes (groups). This review focuses 
on pulmonary hypertension caused by chronic hypoxia (hypoxic 
pulmonary hypertension, HPH, group 3). It is based mainly on 
our own experimental work, especially our collaboration with the 
group of Professor Herget, whose fifth anniversary of death we 
commemorate. We have found that oxidation and degradation of 
the extracellular matrix (ECM) in vitro, in either the presence or 
the absence of pro-inflammatory cells, activate vascular smooth 
muscle cell (VSMC) proliferation. Significant changes in the ECM 
of pulmonary arteries also occurred in vivo in hypoxic rats, 
namely a decrease in collagen VI and an increase in matrix 
metalloproteinase 9 (MMP-9) in the tunica media, which may also 
contribute to the growth activation of VSMCs. The proliferation of 
VSMCs was also enhanced in their co-culture with macrophages, 
most likely due to the paracrine production of growth factors in 
these cells. However, hypoxia itself has a dual effect: on the one 
hand, it can activate VSMC proliferation and hyperplasia, but on 
the other hand, it can also induce VSMC hypertrophy and 
increased expression of contractile markers in these cells. The 
influence of hypoxia-inducible factors, microRNAs and galectin-3 
in the initiation and development of HPH, and the role of cell 
types other than VSMCs (endothelial cells, adventitial fibroblasts) 
are also discussed.  
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Introduction 

Compared to the systemic circulation, the 
pulmonary vasculature is a low-pressure system. 
Pulmonary hypertension (PH) is defined as a mean 
pulmo-nary artery pressure (mPAP) greater than 20 
mmHg at rest, according to the ESC/ERS 2022 
Guidelines for the diagnosis and treatment of pulmonary 
hypertension [1]. PH is a complex, heterogeneous group 
of diseases with different etiologies, manifestations, 
course, prognosis and treatment (for a review, see [2-4]). 
Common to all of them is not only the elevation of 
mPAP, but also pathological remodelling of the 
pulmonary vascular wall. Most often PH leads to right 
heart ventricle hypertrophy and eventually failure. PH 
markedly worsens the quality of life of the patients and 
their prognosis.   

The current classification of PH recognizes 
5 groups [1]: 
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Group 1 

Pulmonary arterial hypertension (PAH). This is 
pre-capillary hypertension [4], the primary pathology of 
which lies primarily in the pulmonary vasculature. Its 
prevalence and incidence is relatively low [5]. It includes 
idiopathic and familiar subtypes, as well as various drug-
induced and other uncommon forms (for a review,  
see [1,2,6,7]). 

 
Group 2 

PH associated with left heart disease, which is 
the most common type of pulmonary hypertension, at 
least in the Western world [5]. The increased blood 
pressure in the left atrium propagates “backwards” to the 
pulmonary veins. Thus, initially, post-capillary PH 
develops [4], but later mPAP may also increase, resulting 
in combined pre- and post-capillary PH (for a review, see 
[2,3]).  

 
Group 3 

PH associated with lung disease and/or 
hypoxemia. This is the second most common type of PH 
[5]. It is a pre-capillary form of PH [4] and occurs mainly 
in chronic obstructive pulmonary disease (COPD), but it 
has also been reported in obstructive sleep apnea 
syndrome and in interstitial pulmonary fibrosis (for  
a review, see [2,3, 8-10]). Chronic exposure to cigarette 
smoke can also lead to this type of PH [11,12]. Hypoxia 
of high altitude also elicits PH (high-altitude pulmonary 
hypertension, HAPH) [13]. In comparison with PAH 
(group 1), which is progressive and irreversible, the 
pulmonary vascular remodeling during hypoxic PH is 
milder and is largely thought to be reversible, although 
some patients can also develop severe PH with 
irreversible vascular remodeling similar to that in the 
group 1 [14]. In addition, group 3 PH can overlap with 
group 2 (29.3 % of patients with PH) [5]. 

 
Group 4 

PH associated with chronic pulmonary  
artery obstruction (or chronic thromboembolic pulmonary 
hypertension, CTEPH). This is pre-capillary hypertension 
[4,15].  

 
Group 5 

PH with unclear and/or multifactorial 
mechanisms; it is either pre-capillary or combined pre- 
and post-capillary PH (for a review, see [2,4,16]). 

In our studies performed in collaboration with 
Professor Jan Herget's group, we focused on hypoxic 

pulmonary hypertension (HPH), which belongs to the 
group 3. Studies by Professor Jan Herget's group focused 
on HPH induced by low oxygen partial pressure in the 
surrounding atmosphere, e.g. in an experimental hypoxic 
chamber simulating high altitudes [17,18], during airway 
obstruction [19], or in lung diseases, such as microbial 
and sterile inflammation [20], asthma, emphysema 
[21,22], or silicosis [23].  

There are two mechanisms involved in the onset 
and development of HPH: hypoxic pulmonary 
vasoconstriction and hypoxic pulmonary vascular 
remodeling (for a review, see [8,24]). Important actors in 
both these stages are vascular smooth muscle cells 
(VSMCs). This review focuses on the role and behavior 
of VSMCs in both of these stages, particularly in the 
vascular wall remodeling. 

 
VSMCs in hypoxic pulmonary vasocon-
striction 

 
The immediate response of pulmonary vessels to 

a decrease in alveolar oxygen partial pressure is 
vasoconstriction [13,25]. This differs from systemic 
circulation, where the main response to hypoxia is 
vasodilation, caused by the stabilization of hypoxia-
inducible factor-1α (HIF-1α), i.e. its avoidance of prolyl 
hydroxylation [26], and concomitant upregulation of 
endothelial nitric oxide (NO) synthase. Hypoxic 
pulmonary vasoconstriction is a physiological mechanism 
reducing the distribution of blood to hypoventilated areas 
of the lungs, thereby maintaining optimal blood 
oxygenation [13,27,28]. 

Pulmonary vasoconstriction is a functional 
change in the pulmonary vasculature, mediated by 
VSMCs, and is completely reversible, at least in health. 
The mechanism by which VSMCs sense hypoxia has 
been a subject of considerable research and debate and is 
beyond the scope of this text; it is reviewed in detail by 
Archer et al. in this issue. Suffice it to say here that 
hypoxia-induced redox changes in the VSMCs diminish 
the open-state probability of several types of potassium 
channels, resulting in cell membrane depolarization. This, 
in turn, activates voltage-gated calcium channels, and 
thus the influx of Ca2+ ions and subsequent activation of 
the contractile apparatus in VSMCs (for a review, see 
[8,29,24]). Ca2+ release from the sarcoplasmic reticulum 
is also an important part of the mechanism, as is  
Ca2+ influx through other types of Ca2+-conductive 
channels (see Archer et al. in this issue).  

Although hypoxic pulmonary vasoconstriction is 
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intrinsic to VSMCs, it can be modulated by the 
endothelium, i.e., decreased by endothelium-derived 
vasodilators, such as NO [25] and prostacyclin, and 
increased by endothelium-derived vasoconstrictors, such 
as endothelin and thromboxane [29], and also by 
inhibition of NO synthase. This inhibition may be caused, 
at least partly, by the elevation of asymmetric 
dimethylarginine, an endogenous inhibitor of NO 
synthesis [27]. 

 
VSMCs in structural remodeling of the 
pulmonary vasculature  

 
With prolonged duration or recurrence of 

hypoxia, morphological remodeling of pulmonary 
vessels, particularly peripheral, pre-alveolar vessels, 
follows [25,30].  

The mechanism of remodeling of the vascular 
wall during hypoxia involves, although it may seem 
somewhat paradoxical, the production of reactive oxygen 
species (ROS). On the one hand, it is logical to 
understand hypoxia as a reducing state. During hypoxia, 
the limited availability of oxygen prevents the generation 
of ROS, including superoxide (O2

-) and its conversion to 
hydrogen peroxide, decreases the ratio of oxidized/ 
reduced redox couples (e.g., NAD+/NADH, NADP+/ 
NADPH, FAD2+/FADH2), and reduces sulfhydryl groups 
on various molecules [24, 29, 31,32]. On the other hand, 
several authors, including Prof. Herget and his co-
workers [33-35], have reported an increased production 
of ROS in pulmonary blood vessels during chronic 
hypoxia. This has been attributed to the activity of 
enzymes such as xanthine oxidase, endothelial NO 
synthase (eNOS) and NADPH oxidase, all of which are 
capable of producing superoxide, as well as inducible NO 
synthase (iNOS), increasing the production of NO, which 
readily generates peroxynitrite in the presence of 
superoxide. Further indirect evidence for increased ROS 
production in hypoxic pulmonary hypertension is that 
antioxidant treatment ameliorated pulmonary 
hypertension in rats exposed to chronic hypoxia [33-35]. 

Another important mechanism of the remodeling 
of pulmonary blood vessels is the production of 
proteolytic enzymes, especially by cells of the immune 
system, infiltrating the vascular wall during hypoxia [36-
39]. The effect of both ROS and proteolytic enzymes 
ultimately stimulates the proliferation of VSMCs, their 
hyperplasia, increased matrix deposition by these cells, 
and thickening of the vascular wall in pulmonary 

hypertension (for a review, see [8, 13, 40]).  
 

Effects of ROS and macrophages 
During chronic hypoxia, ROS are produced by 

cells of the pulmonary vasculature, namely endothelial 
cells, VSMCs, adventitial fibroblasts [14,41,42], and also 
cells of the immune system, such as alveolar and 
interstitial macrophages [33,43-45] and mast cells, 
infiltrating large and small pulmonary arteries and 
occurring subpleurally and perivascularly [36,46].  

ROS can have a dual effect on cells, including 
VSMCs. In higher concentrations, they can cause damage 
to the cell membrane, mitochondria, DNA or alteration of 
the function of various enzymes in the sense of their 
inhibition (protein kinase C) or activation (proteases and 
endonucleases). These effects can then lead to cell growth 
arrest and cell death. However, dying cells and their 
surviving neighbors can produce growth factors and other 
biomolecules that ultimately stimulate the proliferation  
of the cell population originally damaged by oxidative 
stress. Moreover, some authors even believe that at  
lower concentrations, ROS can directly stimulate cell 
proliferation, acting as signaling molecules. The 
mechanism of this effect is similar to that of growth 
factors. ROS can activate the receptor and non-receptor 
tyrosine kinases, mitogen-activated protein kinase 
(MAPK), transcription factor NF-κB, the expression of 
proto-oncogenes c-fos, and c-jun, the apoptosis-
regulating Bcl-2 gene, and also autocrine production of 
growth factors, which plays an important role in 
activating the growth of the VSMC population. Already 
in 1996, Burdon formulated the hypothesis that normal 
production of ROS is necessary for normal transduction 
of signals regulating cell growth [47]; for a review, see 
[12,48,49]. Mito-chondria and nicotinamide adenine 
dinucleotide phosphate (NADPH) oxidase are considered 
to be the major ROS producers in the cardiovascular 
system. In accordance with this, studies on VSMCs under 
normobaric hypoxia in both humans and animals have 
shown that the Nox4 isoform of the NADPH oxidase 
complex was overexpressed, which contributed to VSMC 
proliferation leading to pulmonary hypertension [13]. In 
contrast, studies by Archer and co-workers have shown 
that ROS produced at physiological levels during 
mitochondrial electron transport maintain the open state 
of voltage-gated K channels, which inhibits the influx of 
Ca2+ ions into cells [29,50]. This keeps the pulmonary 
circulation in a relaxed state and does not promote VSMC 
proliferation, because Ca2+ ions are necessary not only for 
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VSMC contraction but also for proliferation [49,51].     

However, ROS can also stimulate VSMC 
proliferation indirectly by modifying their extracellular 
matrix (ECM). To explore this possibility, we  
developed a simple model of oxidative damage to the 
ECM in vitro, i.e., namely collagen irradiated with 
ultraviolet (UV) light. This was a model of pathological  
ROS production, not a physiological basal ROS 
production by electron leakage from mitochondria. We 
used either type I collagen, which is the major ECM 
protein of the healthy vessel wall, or type III collagen, 
another important type of collagen in the blood vessel 
wall, whose content increases in a pathologically altered 
vascular wall, such as in hypertension. Although our 
research was primarily related to PH, we initially used rat 
aortic smooth muscle cells as a cellular model because of 
their relatively easy isolation compared to pulmonary 
vascular cells [52,53].    

We found that UV light not only oxidized 
collagen but also degraded it into low molecular weight 
fragments. The adhesion of VSMCs to this collagen was 
weakened, which was reflected not only by their smaller 
spreading area but also by their higher susceptibility to 
detachment from the substrate by trypsin. Even molecular 
markers of cell adhesion differed between cells on 
irradiated collagen and on non-irradiated collagen. Cells 
on irradiated collagen had less developed focal adhesion 
plaques and contained lower concentrations of  
β1-integrins, which include receptors for collagen, and 
also lower concentrations of focal adhesion proteins talin 
and vinculin, contractile protein α-actin (i.e., a marker of 
VSMC differentiation) and cytoskeletal protein vimentin. 
At the same time, VSMCs proliferated faster on irradiated 
collagen, at least at lower population densities - at higher 
densities these differences disappeared. The faster 
proliferation of VSMCs was explained by the fact that the 
cells escaped the growth control provided by cell-matrix 
contact. In addition, VSMCs contained increased 
concentrations of immunoglobulin adhesion molecules 
such as intercellular cell adhesion molecule-1 (ICAM-1) 
and vascular cell adhesion molecule-1 (VCAM-1), which 
bind the cells of the immune system [52,53]. A similar 
pro-inflammatory phenotype of VSMCs, expressing 
ICAM-1 and producing various cytokines and 
chemokines, e.g. interleukins 1β and 6 (IL1β and IL6), 
monocyte chemoattractant protein-1 (MCP-1), further 
stimulating VSMC proliferation, has also been described 
in the pulmonary arteries of human patients suffering 
from HPH as well as in animal models of this disease (for 

a review, see [54,55]). 
Our research therefore also focused on immune 

cells and their influence on the ECM and on the adhesion 
and proliferation of VSMCs. As the first of these immune 
cells, we focused on macrophages, as these cells are 
known to play an important role in the origin and 
development of vascular diseases, and are an important 
source of ROS. For example, already in 1996, it was 
shown by Professor Herget's group that alveolar 
macrophages harvested from the lungs of rats exposed to 
hypoxia produced more ROS than macrophages from 
normoxic animals [56]. In addition, macrophages can 
digest the ECM with their proteolytic enzymes and may 
even proliferate in the pathologically altered vascular 
wall (for a review, see [14,57]). In our experiments, we 
therefore grew rat aortic VSMCs either in cocultures with 
rat alveolar macrophages or on a collagen substrate pre-
modified with these macrophages activated by TiO2 dust.  

We found that macrophages themselves did not 
proliferate in co-cultures but activated proliferation of 
VSMCs. Because this increased proliferative activity of 
VSMCs became apparent only after several days of 
coculture, we reasoned that it was induced by paracrine 
production of cytokines, chemokines and growth factors 
by macrophages (for a review, see [45,58,59]), rather 
than being an immediate effect of short-living oxygen 
radicals produced in these cells. It is known that 
macrophages exhibit remarkable plasticity in response to 
the environment and can be polarized into either pro-
inflammatory M1 cells, which produce high levels of 
reactive oxygen and nitrogen species and pro-
inflammatory cytokines, such as interferon-gamma and 
tumor necrosis factor-alpha (TNF-α), or into anti-
inflammatory M2 cells, which promote tissue repair by 
producing immunomodulatory substances, such as 
interleukin 10 (IL10), and growth factors, such as 
transforming growth factor-beta (TGF-β) and vascular 
endothelial growth factor (VEGF) [45,60]. A recent study 
by Professor Herget's followers has shown that alveolar 
macrophages exposed to hypoxia were able to produce 
superoxide only in vivo but not in vitro, although they 
were able under both conditions to polarize to pro-
proliferative M2 macrophages [44].  

On collagen modified by activated macrophages, 
similar to UV light-modified collagen, the VSMCs 
adhered more weakly, were prone to spontaneous 
detachment, and showed signs of damage (e.g., 
vacuolization). The remaining undamaged VSMCs, 
however, proliferated rapidly and soon compensated for 
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these cell losses [48]. The initial unfavorable response of 
VSMCs may be due to an adverse effect of activated 
macrophages on the collagen substrate. The wall of the 
failing right ventricle in PH contained macrophages with 
activated nucleotide-binding domain, leucine-rich-
containing family, pyrin domain-containing-3 (NLRP3) 
inflammasome, which induced mitochondrial damage, 
impaired growth and apoptosis of cardiomyocytes [60], 
and similar cell-damaging substances could also be 
retained in our macrophage-modified collagen used as  
a growth substrate for VSMCs.   

In the context of ROS, it is also worth mentioning 
the dual role of NO in the pathogenesis of PH. The effect 
of NO on VSMCs depends on the amount of NO, the 
amount of ROS, and the ratio of NO to ROS. At relatively 
low concentrations, NO exerts vasodilatory and 
antiproliferative effects on VSMCs through a cyclic 
guanosine monophosphate (cGMP)-dependent pathway 
[25,61,62]. However, at high concentrations, NO readily 
reacts with oxygen and especially with superoxide to form 
highly reactive substances such as peroxynitrite [25]. At 
the same time, the production of peroxynitrite is also 
increased at higher ROS concentrations [12]. Through 
these mechanisms, NO changes its initial beneficial effect 
of relieving PH into an effect that further exacerbates PH 
by contributing to tissue injury [12,13,25,30,33].  

 
Effect of proteolytic enzymes and mast cells 

Cells of the immune system that infiltrate the 
vascular wall during hypoxia also produce proteolytic 
enzymes, such as chymases, tryptases and metallo-
proteinases (MMPs). These proteolytic enzymes degrade 
the ECM of pulmonary vessels, especially collagen 
[33,63,64], and thus are another important factor that 
induces VSMC proliferation by releasing these cells from 
growth inhibition by the physiological ECM (for a review, 
see [52,53,65]). VSMC proliferation then leads to thick-
ening of the pulmonary vessel walls, increasing their 
rigidity and peripheral resistance, and thus leads to long-
term fixation of PH. The thickening and the rigidity of 
pulmonary vessels are further promoted by the increased 
synthesis of ECM molecules, particularly collagen, by the 
multiplied VSMCs [14,57]. 

Among the cells of the immune system, in 
addition to macrophages, we have paid special attention 
to mast cells. These cells have been relatively little 
considered in the pathogenesis of HPH, and in the 
pathogenesis of vascular diseases in general. They have 
even been referred to as "forgotten cells" in the literature, 

although in addition to VSMCs, macrophages and 
fibroblasts, they are another important cell type present in 
a pathologically altered blood vessel wall (for a review, 
see [39,46]). These cells also play an important role in 
various fibrotic diseases, such as renal, pulmonary, 
hepatic and cardiac fibrosis and the formation of 
hypertrophic scars (for a review, see [66]). 

In our studies on the effect of mast cells on 
VSMC proliferation, we chose RBL-2H3 cells, i.e. a rat 
basophilic leukemia (mastocytoma) cell line, as a model of 
mast cells infiltrating the walls of pulmonary blood 
vessels. We first compared the production of proteolytic 
enzymes in these cells and in cell types present in the 
vascular wall, such as endothelial cells, VSMCs and 
fibroblasts. We found that the production of chymases, 
tryptases and metalloproteinases was several times higher 
in RBL-2H3 cells than in vascular wall cell types. 
Moreover, the production of these enzymes was usually 
higher in RBL-2H3 cells cultured in a hypoxic atmosphere 
(3 % O2 + 5 % CO2) than in a normoxic atmosphere (21 % 
O2 + 5 % CO2), whereas the production of proteolytic 
enzymes in vascular wall cell types was not affected by 
hypoxia or was even reduced. However, 
immunofluorescence staining of MMP-13 revealed that 
endothelial cells and VSMCs cultured under hypoxic 
conditions contained more numerous and more brightly 
stained granules with this enzyme than the cells cultured in 
normoxia [37,38]. In a follow-up study, we then monitored 
the growth of VSMCs on type I collagen pre-exposed to 
RBL-2H3 cells cultivated for 48 hours in normoxia or 
hypoxia. On collagen pre-modified by normoxic RBL-2H3 
cells, the proliferation activity of VSMCs was similar to 
that on unmodified collagen. However, on collagen  
pre-modified by hypoxic RBL-2H3 cells, the cell 
population doubling time was significantly shorter, and the 
final cell population density was significantly higher than 
on unmodified collagen. This behavior of VSMCs was 
explained by the degradation of collagen by proteases 
released from RBL-2H3 cells, which was more 
pronounced in hypoxic RBL-2H3 cells [39].  

Increased collagenolysis is known to stimulate 
the migration and proliferation of mesenchymal cells, 
including VSMCs, and is an important contributor  
to vascular remodeling in HPH. Consistent with this, the 
metalloproteinase inhibitor Batimastat significantly 
reduced experimental HPH in rats, while reducing the 
muscularization of peripheral lung vessels and right 
ventricular hypertrophy [67]. Similarly, disodium 
cromoglycate (DSCG), an inhibitor of mast cell 
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degranulation, decreased the amount of collagen cleavage 
fragments in pre-alveolar vessels, inhibited muscular-
ization in peripheral pulmonary arteries, and reduced the 
development of PH [68]. Interestingly, this effect was 
only observed when DSCG was applied in the early phase 
of hypoxia exposure. By contrast, when DSCG was 
administered to rats with already developed chronic HPH, 
it delayed the regression of HPH upon return to normoxia 
by preventing the cleavage of the increased amount of 
collagen in the blood vessel walls [69]. Another 
mechanism by which mast cells, including RBL-2H3 
cells, can stimulate the growth of VSMCs, is through 
their production of various chemokines and cytokines, 
such as TNF-α, interleukins, leukotrienes and MCP-1  
(for a review, see [58]).  

We further focused on the adhesion and growth 
of VSMCs on collagen modified by primary mast cells 
isolated from rat lungs. Type I collagen was deposited in 
polystyrene culture wells and was exposed for 1 or 3 days 
to mast cells seeded into the inserts above the collagen 
and cultured in a normoxic or hypoxic atmosphere. The 
collagen substrate was then rinsed with phosphate-
buffered saline (PBS) and was seeded with rat aortic 
VSMCs (approx. 2150 cells/cm2). The growth curves of 
VSMCs in Fig. 1 show that collagen pre-modified by 
mast cells (MCs) promoted the growth of VSMCs more 
than unmodified collagen. This difference was more 
apparent on collagen modified by MCs for 3 days than on 
collagen modified by MCs for only 1 day. On collagen 
modified by MCs for 1 day, the VSMCs reached a higher 
population density on day 5 after seeding (Fig. 1 A, B), 
while on collagen modified for 3 days, a higher cell 
population density was already reached on day 3 after 
seeding, and this difference was more striking on 
collagen modified with hypoxic MCs (Fig. 1 C, D). 
Overall, the final population densities of VSMCs tended 
to be higher on collagen modified by hypoxic MCs than 
modified by normoxic MCs. 

However, a disadvantage of primary cultures  
of mast cells from rat lungs (by bronchoalveolar lavage) 
was the frequent presence of bacterial contamination. We 
therefore performed further studies on extracts from 
normoxic and hypoxic mast cells, containing proteases. 
The mast cell extracts were prepared using a solution 
containing 1 part PBS, 1 part 280 mM sorbitol, 1 mM 
Ca2+ and 0.5 mM Mg2+. Collagen type I, deposited on the 
bottoms of polystyrene culture wells, was exposed to 
these extracts for 20 hours in a cell incubator, and was 
then rinsed with PBS and deionized H2O, dried and 

seeded with rat aortic VSMCs (approx. 2150 cells/cm2). 
The cells were cultured either in standard Dulbecco’s 
Modified Eagle’s Minimum Essential Medium (DMEM) 
with 10 % of fetal bovine serum (FBS) or in a chemically 
defined serum-free medium (BD Biocoat, Cat. No. 
355160), supplemented with epidermal growth factor 
(EGF), fibroblast growth factor (FGF) and insulin, 
already used in our previous study [39]. The reason was 
to minimize the adsorption of serum proteins, such as 
vitronectin, fibronectin and albumin, which influence cell 
adhesion and spreading and can mask the effect of the 
modified collagen on VSMCs.  

The advantage of using a serum-free medium 
was evident on day 1 after cell seeding. As shown in Fig. 
2A, the number of cells on day 1 after seeding tended to 
be highest on collagen modified with hypoxic mast cell 
extract. This was more evident in the serum-free medium 
than in the standard serum-supplemented medium. In the 
serum-supplemented medium, the size of the cell 
spreading area was similar in VSMCs on all collagen 
layers. However, in the serum-free medium, the cell 
spreading area was smaller in VSMCs on collagen 
modified with extracts from mast cells, whether normoxic 
or hypoxic (Fig. 2B).  

In the following days, the number of VSMCs 
increased faster in cells on unmodified collagen, and on 
day 7 it became significantly higher than on collagen 
modified with normoxic or hypoxic mast cell extracts 
(Fig. 2C). However, in a serum-free medium (where the 
adsorption of molecules with a potential masking effect 
was minimized), the highest cell numbers were achieved 
on collagen modified with hypoxic mast cell extract 
(Fig. 2D). In this case, there is also an interesting 
connection between the relatively small adhesion area of 
the cells and the increased growth of their population. 
This is in line with the generally accepted fact that cell 
proliferation is highest at the intermediate level of cell-
matrix adhesion [70]. 

Among all proteolytic enzymes produced by 
mast cells, we finally turned most attention to MMP-13. 
This enzyme is an interstitial collagenase, the principal 
enzyme responsible for the initiation of collagen 
breakdown in the rat species during the development of 
HPH [36]. We therefore studied the adhesion, growth and 
viability of VSMCs in cultures on collagen I exposed to 
MMP-13. Collagen I was adsorbed on polystyrene culture 
dishes, digested with MMP-13, seeded with rat aortic 
VSMC (approx. 2500 cells/cm2) and incubated in DMEM 
with 10 % of FBS for 1 to 7 days.  
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Fig 1. Growth curves of rat aortic VSMCs seeded on unmodified type I collagen (Col) and Col pre-incubated with primary rat lung mast 
cells (Col + MCs) for 1 day (A, B) or for 3 days (C, D) under normoxic (A, C) or hypoxic (B, D) conditions. Mean ± SEM from  
18 samples for each experimental group, Student t-test for unpaired data. Statistical significance: *p≤0.05 and **p≤0.01 in comparison 
with Col. 

 
 

 
 
Fig. 2. The number (A) and the spreading area (B) of rat aortic VSMCs on day 1 after seeding on unmodified type I collagen (Col) or 
with Col exposed to extracts from mast cells cultured under normoxia (Norm) or hypoxia (Hyp). Mean ± SEM from 9-18 samples (A) or 
from 34-82 cells (B) for each experimental group. Growth curves of these VSMCs from day 1 to day 7 (C, D). The cells were cultured 
either in a standard serum-supplemented medium (DMEM + FBS) or in a serum-free medium. Student t-test for unpaired data. 
Statistical significance: **p≤0.01 and ***p≤0.001 in comparison with Col. 
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Fig. 3. Changes in the concentration of adhesion molecules 
(β1-integrins, talin, vinculin), cytoskeletal proteins (α-actin and  
β-actin) and heat-shock proteins 60 and 70 (HSP 60, HSP 70) in 
rat aortic VSMCs cultured on unmodified collagen I (white 
columns) and on MMP-13-degraded collagen I (black columns). 
Measured by ELISA per mg of protein on day 3 after seeding. 
The absorbances of cell samples from the degraded collagen are 
expressed as percentages of the values obtained from control 
cells on unmodified collagen. Mean ± SEM from 2-4 experiments, 
Student t-test for unpaired data, *p<0.05 compared to control 
values. 
 
 

We found that the VSMCs on MMP-13-treated 
collagen adhered in about 1.5 times lower initial numbers 
than the cells on unmodified collagen (2200 ± 200 vs. 
1490 ± 650 cells/cm2; p<0.01). In addition, these cells 
were usually less spread, i.e. they contacted the modified 
collagen by a smaller cell adhesion area. Their shape was 
often round or spindle-like, whereas the cells on 
unmodified collagen were mainly polygonal. The 
concentration of β1-integrin adhesion receptors and  
β-actin in cells on MMP-13-treated collagen was lower 
by about 35 % (Fig. 3). The concentrations of focal 
adhesion proteins talin and vinculin, and a contractile 
protein α-actin, were unchanged, but the clustering of the 
first two proteins into focal adhesion plaques, as well as 
the assembly of α- and β-actin-containing 
microfilaments, were lower (Fig. 4). The cells on MMP-
13-treated collagen contained more heat-shock protein 60  
(by 20 ± 7 %), and were more prone to cell death, as 
indicated by a more than 3 times higher number of trypan 
blue-stained cells (Fig. 5A). As a result, the growth 
curves showed that the cells on MMP-13-modified 
collagen proliferated more slowly than the cells on the 
control unmodified collagen.  

However, the VSMCs on the modified collagen 
proliferated for a longer period of time, whereas on 
unmodified collagen the cells reached their maximum 
population density earlier and entered the stationary 
phase (Fig. 5B). These results suggested that the cells on 
MMP-13-degraded collagen escaped the ECM-mediated 

growth control more easily and increased their turnover 
[53,65]. Increased turnover of VSMCs, i.e. coexistence of 
proliferation and apoptosis, has been shown repeatedly in 
the pulmonary vascular cells of rats with HPH (for  
a review, see [8]).  
 
Changes in the ECM of pulmonary arteries in vivo 

Our further studies on changes in the ECM of 
pulmonary arteries during hypoxia and their potential 
influence on the behavior of VSMCs were performed in 
rats in vivo. The rats were exposed to hypoxia (10 % O2) 
in a normobaric hypoxic chamber for four days. The rats 
were then euthanized, and pulmonary arteries 
(approximately 250–400 µm in diameter, 3rd–5th order, 
classified as conduit arteries) were subjected to immuno-
histochemical, proteomic, and real-time PCR analyses, 
focused particularly on non-fibrillar collagens of type IV 
and VI [71]. Type IV collagen is located in the basal 
lamina of cells, including VSMCs, and it helps maintain 
VSMCs in a differentiated state. Plating VSMCs on type 
IV collagen induced an increase in contractile proteins, 
namely α-actin and myosin heavy chain, in these cells. 
Moreover, various types of stem cells seeded on type IV 
collagen spontaneously differentiated towards smooth 
muscle cell phenotype (for a review, see [72]). Type VI 
collagen is located in the basement membrane and in the 
interstitial space between cells. It has been reported to 
induce the differentiation of fibroblasts into myofi-
broblasts, manifested by their expression of smooth 
muscle α-actin (for a review, see [72]). Type VI collagen 
consists of three chains (α1, α2, and α3). The α3(VI) 
chain is approximately three times longer than the α1(VI) 
and α2(VI) chains and, unlike the other chains, contains  
a Kunitz-like terminal domain (C5), with a sequence very 
similar to that of Kunitz-type A proteinase inhibitors 
(first described by Bonaldo et al. 1989 [73]). This  
C5 terminal collagen α3(VI) domain with 58 residues is 
present as a propeptide in the newly formed type VI 
collagen microfibrils (composed of α1, α2 and α3 chains). 
However, immediately after the microfibrils are secreted 
into the ECM, this C5 propeptide is cleaved off and is no 
longer present in the mature collagen VI fibrils [74]. This 
C5 domain, after cleavage from the α3(VI) main chain, 
represents a biologically active peptide, endotrophin  
[75-77]. Endotrophin appears to be one of the key players 
in the signaling effects mediated by collagen VI, 
including its pro-fibrotic nature and chemoattractant 
properties for macrophages [77]. Endotrophin was first 
identified by Park and Scherer (2012) as a pathological 
signal that promotes breast cancer growth [78], and is
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Fig. 4. Immunofluorescence staining of vinculin (A, B), talin (C, D), alpha-actin (E, F) and beta-actin (G, H) in 3-day-old cultures of rat 
aortic VSMCs grown on unmodified collagen I (A, C, E, G) or on collagen I digested with MMP-13 (B, D, F, H). Zeiss Axioplan 
epifluorescence microscope, scale bar = 10 µm. 
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an important marker and driver of fibroinflammatory 
diseases (for a review, see [79]). 

We found that the expression of type IV 
collagen in the tunica media of arteries of hypoxia-
exposed rats was not changed at protein and mRNA 
levels. However, type VI collagen was significantly 
reduced in the tunica media of hypoxic rats at protein 
level (Fig. 6), while its expression at mRNA level 
increased. This phenomenon was described for the first 
time in our study [71]. At the same time, we detected  
a significant increase in MMP-9 in the tunica media, 
while the expression of MMP-2 at both protein and 

mRNA levels was decreased in the tunica media. We 
concluded that the loss of collagen VI and increasing 
concentration of endotrophin could be important factors 
inducing the phenotypic modulation of VSMCs, i.e., loss 
of their contractile filaments (e.g., α-actin-containing) 
and activating their migration and proliferation, which 
leads to remodeling of the pulmonary arteries during 
hypoxic pulmonary hypertension. At the same time, 
collagen VI was retained in the tunica adventitia, which 
could promote the differentiation of adventitial fibro-
blasts to myofibroblasts [71]. 

 
 

 
 
Fig. 5. A) Percentage of trypan blue-stained cells in 2-day-old cultures of rat aortic VSMCs on unmodified collagen I (Col. I), on 
collagen I digested by MMP-13 (Col. I + 13), on polystyrene tissue culture dishes (PS dish), and on glass coverslips (Glass). Mean ± 
SEM from 15 measurements. Student t-test for unpaired data, **p<0.01 compared to control values on Col. I. B) Growth curves of 
VSMCs on Col. I and Col. I+MMP-13. Mean ± SEM from 20 measurements (days 1 to 4) or from 4 measurements (days 5 to 7). 

 
 

 
 
Fig. 6. A significant decrease in the content of collagen VI (red lines with black dots: collagen VI forms this type of ’’beady’’ fibrils) in 
the tunica media of pulmonary arteries (about 300 µm in diameter) during hypoxia. At the same time, the amount of type IV collagen 
(green on the surface of the VSMCs) remained unchanged. Fibrillar collagens (type I and III) are drawn in black, and collagen VI 
anchors them to collagen IV. A biologically active peptide, endotrophin, cleaved from the α3(VI) is drawn in blue. The status of some 
VSMCs changes during the development of HPH (decreasing concentration of the protein myosin 11, a marker of the differentiated 
status of VSMCs). Modified from [71].   
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A recent comprehensive and systematic 
proteomic study by the group of K.R. Stenmark shows 
significant changes in the matrisome (i.e. the ensemble of 
genes encoding ECM and ECM-associated proteins) in 
calf pulmonary vessels in response to hypoxia. Major 
changes included a strong immune response and wound 
repair signature characterized by increased levels  
of complement components (mainly membrane attack 
complex C5 to C9 components), coagulation cascade 
proteins (fibrinogen and fibrin), and provisional matrix 
glycoproteins (tenascin C, fibronectin). In addition, the 
authors observed an upregulation of ECM-modifying 
enzymes (proteases and protease inhibitors, enzymes 
involved in collagen biosynthesis and stabilization), 
growth factors (TGF-β3, insulin-like growth factor-2,  
IGF-2), and core ECM proteins involved in vascular 
stiffening, such as collagens (fibrillar, e. g. types I and III, 
and non-fibrillar, e.g. types IV and VIII), fibronectin, as 
well as the glycoproteins vitronectin, which promotes cell 
adhesion spreading and migration, and periostin, which is 
associated with epithelial-mesenchymal transition [80]. 

 
The role of hypoxia-inducible factors in vascular 
remodeling 

In addition to the effects of the changes in ROS 
and ECM investigated in our previous studies, other 
important players in the stimulation of VSMC 
proliferation and vascular remodeling during HPH are 
hypoxia-inducible factors (HIFs). HIFs are oxygen-
sensitive transcription factors governing the metabolic 
response of cells to low oxygen levels. There are three 
basic members of the human HIF family, namely HIF-1, 
HIF-2 and HIF-3. HIFs are heterodimers composed of 
oxygen-sensitive α subunit (HIF-1α, HIF-2α, HIF-3α) 
and oxygen-insensitive β subunit (HIF-1β, HIF-2β, HIF-
3β) [8]. HIF-1α is primarily expressed in VSMCs, HIF-
2α is predominantly found in endothelial cells (although 
its role in VSMCs should not be underestimated), and 
HIF-3a is predominantly expressed in pulmonary 
fibroblasts [51]. The interplay between all members of 
the HIF family then leads to the onset and development 
of HPH. 

HIFs are responsible for the activation or 
inhibition of more than 2 % of human genes participating 
in the cellular adaptive response in order to maintain 
oxygen homeostasis [8,40,51,81]. Erythropoietin was the 
first of the genes for which the HIF regulation was 
described (by HIF-1α), and in this way, pharmacological 
interference with the HIF system was investigated as  

a possible therapy for anemia. Professor Herget's 
followers focused on roxadustat, a prolyl hydroxylase 
inhibitor and HIF stabilizer [82]. It is known that HIFs 
promote VSMC contraction by inhibiting K+ channels, 
which leads to the influx of Ca2+ ions [8,51]. The 
application of roxadustat can therefore be associated with 
a risk of increased pulmonary vascular resistance and 
vasoconstrictor reactivity. Fortunately, this risk was not 
confirmed when roxadustat was administered to rats for 
14 days. However, this risk should be taken into account, 
since HIFs and their stabilizers or activators can support 
blood vessel remodeling [82]. Calcium ions entering the 
VSMCs can stimulate their proliferation, especially in 
combination with the shift from oxidative 
phosphorylation to oxygen-independent glycolysis, which 
likens the behavior of VSMCs to that of tumor cells 
[8,49,51,55,59]. In this context, it is interesting to note 
that gene therapy for oxygen-sensitive Kv1.5 channels, 
whose expression was downregulated by HIF activation, 
reduced pulmonary hypertension in chronically hypoxic 
rats [83].    

HIFs also up-regulate growth factors/receptor 
tyrosine kinases, activate protein kinase B (AKT)  
and extracellular signal-regulated kinase (ERK), and 
mamma-lian target of rapamycin (mTOR), i.e. factors 
that promote cell proliferation and survival, and suppress 
growth inhibitory factors such as phosphatase and  
tensin homolog (PTEN), p53 and the Hippo signaling 
pathway [8,51].  

In endothelial cells, hypoxia and HIF-1α 
upregulate genes for growth factors such as vascular 
endothelial growth factor (VEGF) and platelet-derived 
growth factor (PDGF) [95], which stimulate the 
migration and proliferation of VSMCs [40]. Last but not 
least, HIF-1α increases the expression of CD146, which 
is a co-receptor of VEGF receptor 2 (VEGFR2) and 
PDGF receptor-β (PDGFR-β), and further enhances the 
expression of HIF-1α [8,51,84].  

Ultimately, HIFs in VSMCs activate the 
migration and proliferation, stimulate a switch from the 
quiescent contractile phenotype to a synthetic and 
proliferative phenotype, inhibit VSMC apoptosis, and 
also induce osteogenic differentiation of VSMCs, which 
results in blood vessel calcification [8,51,55]. VSMCs 
also acquire a pro-inflammatory phenotype, characterized 
by the expression of cell adhesion molecules of the 
immunoglobulin and selectin families, and by the 
production of various chemokines, cytokines and growth 
factors, attracting cells of the immune system (e.g. 
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monocytes, macrophages, lymphocytes) and promoting 
their proliferation [8,14,54,55,57].  

It can be summarized that HIF-1 plays a major 
role in driving VSMC proliferation, while HIF-2 plays  
a major role in inflammatory cell recruitment via 
activation of endothelial cells and VSMCs to a pro-
inflammatory phenotype. HIF-2α is therefore considered 
to play a major role in the initiation of HPH, whereas  
HIF-1α may play a major role in the progression and 
perpetuation of the disease [85,86]. Chronic PH is then 
characterized by the accumulation of persistently 
activated cell types in the pulmonary vessels, exhibiting 
aberrant expression of genes involved in proliferation, 
apoptosis resistance, inflammation and ECM remodeling 
[55]. 

 
The role of miRNA in vascular remodeling 

Other important factors in the onset and 
development of HPH, including vascular remodeling, are 
microRNAs (miRNAs). These molecules are single-
stranded small noncoding RNAs (18–22 nt in length) that 
can directly degrade or repress the translation of their 
target mRNAs, thus negatively regulating gene 
expression at the posttranscriptional level [58,87]. As it is 
estimated that at least 30 % of genes in the human 

genome are directly regulated by miRNAs, a growing 
number of studies are revealing that miRNAs play  
a unique and pivotal role in the progression of HPH 
through the phenotypic switch of VSMCs from  
a contractile to a synthetic phenotype. The non-
proliferative differentiated contractile phenotype is 
characterized by the expression of myocardin, α-actin, 
SM22α (early markers of VSMC differentiation),  
h-caldesmon and calponin-1 (intermediate markers of 
VSMC differentiation) and desmin, meta-vinculin, SM1 
and the SM2 isoforms of myosin heavy chain and 
smoothelin (late markers of VSMC differentiation). 
During the transition to the synthetic phenotype, these 
markers are gradually lost, in order from late to early, so 
that some level of the early markers, e.g. α-actin, is 
retained by cells in the synthetic phenotype (for a review, 
see [54,57]). In addition, some isoforms of differentiation 
markers are replaced by others, e.g. α-actin by β-actin or 
SM1 and SM2 isoforms of myosin heavy chain by 
myosin heavy chain embryonic (SMemb). Other markers 
of synthetic VSMCs include the presence of tropomyo-
sin 4, increased synthesis of ECM proteins and 
glycoproteins, such as collagen and osteopontin-8, and 
particularly increased migration and proliferation  
activity [87].  

 
 

Table 1. MicroRNAs which promote or inhibit the switch from contractile to synthetic phenotype and proliferation of VSMCs in HPH.  
 

Dependence/effect Pro-proliferative Anti-proliferative Reference 

Hypoxia-dependent miRNA-9 
miRNA-20a 
miRNA-23a 
miRNA-214 

miRNA-17~92 cluster 
miRNA-30c 
miRNA-124 
miRNA-140 
miRNA-206 
miRNA-449 

[87] 

miRNA-17 
miRNA-18a-5p 

miRNA-19a 
miRNA-92b-3 
miRNA-143 
miRNA-145 

miRNA-155-5p 
miRNA-214 

miRNA-1260b 

miRNA-26b-5p 
miRNA-140-5p 

miRNA-150 
miRNA-223 
miRNA-760 

 

[58] 

Growth factor-dependent miRNA-221 
miRNA-15b 
miRNA-96 
miRNA-24 

miRNA-21 
miRNA-132 

[87] 



2024  VSMCs in Hypoxic Pulmonary Hypertension   S581  
 

The transition from the contractile to the synthetic 
phenotype and vice versa is regulated by specific 
miRNAs that ultimately either stimulate VSMC 
proliferation or have an antiproliferative effect (Table 1). 
Modulation of their expression could therefore be used in 
the prevention and therapy of HPH.  
 
Cell types other than VSMC in vascular remodeling 

During HPH, a metabolically reprogrammed, 
proliferative and pro-inflammatory phenotype is acquired 
not only by VSMCs but also by other cell types present in 
the blood vessel wall. These cells include intimal 
endothelial cells and adventitial fibroblasts, which can be 
considered as “sentinel cells” separating VSMCs from the 
blood and the surrounding vascular environment, and 
which are activated first in response to various adverse 
factors [4,14,49,59]. Endothelial cells can produce 
endothelin-1, a potent vasoconstrictor, which stimulates 
the expression of HIF-1α in VSMCs, promotes the 
proliferation of VSMCs and fibroblasts, and facilitates 
the production of ECM by these cells [11,51]. Moreover, 
endothelial cells can undergo a so-called endothelial-to-
mesenchymal transition and acquire a VSMC-like 
phenotype, characterized by the presence of smooth 
muscle α-actin [85].  

A similar transformation can be observed in 
adventitial fibroblasts, which transform into myo-
fibroblasts positive for smooth muscle α-actin, and 
resemble VSMCs [12,14,40,54]. These fibroblasts are 
capable of proliferating, stimulating the proliferation  
of VSMCs, and particularly recruiting monocytes and 
lymphocytes (e.g., T-cells) and activating them into cells 
with the pro-inflammatory and pro-remodeling phenotype 
[14,88,89]. Last but not least, VSMC-like cells capable of 
proliferation and paracrine secretion of growth factors 
can arise from progenitor cells, either resident in the 
vascular wall or circulating in the blood after their release 
from the bone marrow [12,54]. Importantly, a recent 
study by Hu et al. (2023) [90] showed that human and 
bovine pulmonary vascular fibroblasts from patients or 
animals with PH exhibited even greater expression of 
cytokines, chemokines and growth factors than VSMCs 
and endothelial cells from the same vessels, and that HIF 
inhibition alone was not sufficient to reverse  
the persistently activated phenotype of these fibroblasts. 

 
Effect of hypoxia on the growth of VSMCs in vitro 

The pulmonary arteries used to study ECM 
changes in vivo (part "Changes in the ECM of pulmonary 
arteries in vivo" above) were also used to isolate VSMCs 

and culture them in vitro for growth studies. The arteries 
(approx. 250–400 µm in diameter, 3rd–5th order) were 
dissected from the lungs of normoxic and hypoxic adult 
male Wistar rats under a microscope, were visually 
cleared of tunica adventitia, and were minced into 
fragments (0.5 mm3 or less). These fragments were 
digested by collagenase, and VSMCs were isolated from 
them by an explantation method [52,91,92]. The identity 
of the VSMCs was verified by smooth muscle α-actin 
detection at the protein level [71]. The cells were then 
cultured in a humidified air atmosphere either under 
normoxic conditions (21 % O2 and 5 % CO2) or under 
hypoxic conditions (2.5 % O2 and 5 % CO2) in a high-
glucose DMEM supplemented with 10 % of FBS and 
gentamicin (40 μg/ml) [92]. The growth of four 
experimental groups of cells was compared:  

(a) VSMCs from hypoxic rats cultured in  
a hypoxic atmosphere (“hyp in hyp”),  

(b) VSMCs from hypoxic rats cultured in  
a normoxic atmosphere (“hyp in norm”),  

(c) VSMCs from normoxic rats cultured in  
a hypoxic atmosphere, (“norm in hyp”)  

(d) VSMCs from normoxic rats cultured in  
a normoxic atmosphere (“norm in norm”). 

We found that the proliferation activity, 
measured by the increase in cell number from day 1 to 
day 7 after seeding, tended to be highest in group (a) and 
lowest in group (d) (Fig. 7). Although these differences 
were not statistically significant, this result is consistent 
with our earlier findings of increased VSMC growth on 
collagen modified by hypoxic mast cells (Figs 1, 2). This 
result is also in agreement with previous studies by other 
authors, who described an increased proliferative activity  
of pulmonary arterial VSMCs in HPH in humans and in 
various experimental models (for a review, see [8,54]). It 
is also evident that culturing cells from hypoxic donors in 
normoxia tended to attenuate the proliferative activity of 
VSMCs, whereas culturing cells from normoxic donors in 
hypoxia enhanced this activity, although not to the level 
of the activity of hypoxic cells cultured in hypoxia  
(Fig. 7).  

 
Effect of hypoxia on markers of VSMC differentiation in 
vitro 

Interesting results were obtained when the 
expression of genes for markers of VSMC differentiation 
at the mRNA level was studied by real-time qPCR in 
cultures of VSMC isolated from pulmonary arteries of 
normoxic and hypoxic rats. These markers included 
smooth muscle α-actin, calponin-1 and myosin heavy 
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chain, i.e. early, intermediate and late markers of VSMC 
differentiation, respectively (for a review, see [54,57,87]). 
We expected a loss in the mRNA expression of these 
markers as a sign of phenotypic modulation of VSMCs 
during HPH. However, the expression of α-actin was 
unchanged in hypoxic VSMCs, and the expression  
of calponin-1 and particularly myosin heavy chain was 
even increased (Fig. 8). At the same time, the expression 
of type I collagen was unchanged, but the cells from 
hypoxic rats showed an increased expression of galectin-
3. This β-galactosyl-binding protein, considered to be 
implicated in the pathogenesis of HPH, can have a dual 
effect on VSMCs. On the one hand, an increased 
expression of Gal-3 in VSMCs was reported to be 
associated with increased proliferation activity of these 
cells and their lower tendency to apoptosis [93]. 
Moreover, in VSMCs, Gal-3 induced the expression of 
osteopontin, a marker of phenotypic modulation of 
VSMCs towards synthetic phenotype, associated with 
VSMC proliferation and vascular calcification [94]. On 
the other hand, Gal-3 was reported to stimulate cell 
differentiation towards contractile VSMC phenotype, e.g. 
by inducing the expression of α-actin in endothelial cells 
[95] and by increasing the expression of α-actin and 
calponin in VSMCs [92,94]. This is probably related to 
the pro-fibrotic effect of Gal-3, as α-actin and calponin 
can also be considered as markers of fibrosis [92,96].   

Hypoxia may also have a dual effect on  
the differentiation status of cells. On the one hand, as 
already explained, it promotes the dedifferentiation  
of initially contractile VSMCs into a synthetic phenotype, 
but on the other hand, it is used to differentiate stem  
cells into different cell types, such as endothelial cells 
[97,98], chondrocytes [99], osteoblasts [100], 
cardiomyocytes (for a review, see [101]), and also 
smooth muscle cells. For example, in a recent study by 
Lin et al. (2020) [102], human subcutaneous adipose 
tissue-derived stem cells (ADSCs), cultured in an 
induction medium consisting of low-glucose DMEM 
supplemented with 1 % of FBS, TGF-β1 (5 ng/ml) and 
bone morphogenetic protein-4 (BMP-4; 2.5 ng/ml) and 
subjected to hypoxia (1 % of O2), increased the 
expression of α-actin, SM22α, calponin and myosin 
heavy chain, i.e. markers of VSMC differentiation, which 
was mediated by N6-adenosine methyltransferases 
(Mettl3). At the same time, however, hypoxia and Mettl3 
induced paracrine production of VEGF, TGF-β, 
hepatocyte growth factor (HGF), granulocyte-
macrophage colony-stimulating factor (GM-CSF), basic 
fibroblast growth factor (bFGF), and stromal cell-derived 

factor-1 (SDF-1) in ADSCs, i.e. factors promoting not 
only the differentiation but also the proliferation of 
ADSCs. 

Therefore, the described dual effects of hypoxia, 
i.e., two opposing tendencies of hypoxia to stimulate 
either growth or differentiation of VSMCs, may have 
coincided in our studies on HPH. As expected, we 
observed an increased tendency of hypoxic VSMCs to 
proliferate, i.e., to increase in number, although this 
tendency did not reach 
 
 

 
 
Fig. 7. VSMCs showed a tendency to increase their growth 
activity under hypoxic conditions. When VSMCs were isolated 
from pulmonary arteries of hypoxic rats and cultivated for 3 and 
7 days (3D, 7D) in a hypoxic atmosphere (Hyp in hyp), they 
reached on average higher numbers than when cultured in  
a normoxic atmosphere (Hyp in norm), and higher numbers than 
VSMCs from normoxic rats grown in a hypoxic atmosphere (Norm 
in hyp). The lowest average cell numbers were observed for 
VSMCs from normoxic rats grown in a normoxic atmosphere 
(Norm in norm). The number of initially adhered cells on 1 day 
(1D) after seeding was similar in all tested groups. Mean ± SEM, 
n = 5. One Way ANOVA, Student-Newman-Keuls Method, p ≤ 
0.05. No statistically significant difference was detected. 

 
 

 
 
Fig. 8. Expression of genes encoding α-actin (ACTA2), myosin 
heavy chain (MYH11), calponin-1 (CNN1), type I collagen 
(COL1A1) and galectin-3 (LGALS3) in VSMCs isolated from 
pulmonary arteries of normoxic and hypoxic rats (passage 2) and 
cultivated for 6 days in a normoxic atmosphere and in a hypoxic 
atmosphere, respectively. Mean + SD, n = 5. Student‘s t-test,  
p ≤ 0.05. * significant difference compared to normoxic cells. 
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Fig. 9. Morphology of VSMCs isolated from pulmonary arteries of normoxic (A, B, E, F) and hypoxic (C, D, G, H) rats and cultivated  
for 1 day (A, C, E, G) and for 4 days (B, D, F, G) in DMEM with 10 % of FBS (A-D) or with 0.5 FBS (E-H) in a normoxic atmosphere  
(A, B, E, F) and in a hypoxic atmosphere (C, D, G, H). F-actin in the cells was stained with phalloidin conjugated with TRITC, cell 
nuclei were counterstained with Hoechst 33342. Olympus IX 71 microscope, DP 70 digital camera. Scale bar represents 100 µm. 
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Fig. 10. Morphology of VSMCs isolated from pulmonary arteries of normoxic (A, C, E, G) and hypoxic (B, D, F, H) rats and cultivated 
in DMEM with 10 % of FBS for 4 days in pure polystyrene wells (A, B), in wells coated with type I collagen (C, D), with type IV collagen  
(E, F) or with type VI collagen (G, H). Cells stained with Texas Red C2 maleimide. Olympus IX 51 microscope, DP 70 digital camera, 
obj. 10x. Scale bar represents 100 µm. 
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statistical significance. At the same time, we also 
observed an increased expression of differentiation 
markers in VSMCs. This led us to the idea that in 
addition to hyperplasia, hypertrophy of VSMCs could 
also occur in our experimental setup.  
 
The question of VSMC hypertrophy in HPH 

First, it is important to note that even under basal 
physiological conditions, pulmonary (and also systemic) 
VSMCs are a highly heterogeneous population, ranging 
from less differentiated cells prone to proliferative and 
synthetic behavior to highly differentiated quiescent cells 
with contractile function [103]. The representation  
of individual subpopulations of VSMCs in the pulmonary 
vascular bed varies transversely and longitudinally in the 
tunica media of pulmonary arteries. For example, the 
middle tunica media of the bovine main pulmonary artery 
contained highly differentiated VSMCs (expressing both 
α-actin and SM myosin), while the sub-endothelial and 
outer media also contained less differentiated VSMCs 
expressing only α-actin [104]. At the same time, the 
content of highly differentiated cells increased in the 
proximal-to-distal axis, so that the distal pulmonary 
arteries contained a relatively homogeneous population of 
differentiated contractile VSMCs [105]. Obviously, these 
morphologically different subpopulations of VSMCs also 
exhibited different growth responses to hypoxic exposure. 
For example, hypoxia is thought to activate proliferation 
only in a specific less differentiated subpopulation  
of VSMCs, rather than directly causing phenotypic 
modulation and proliferation of originally differentiated 
contractile VSMCs [103,104]. Another important point is 
that the growth activation of VSMCs involves not only an 
increase in their number, but also an increase in their 
volume and protein content [105]. Moreover, the growth 
responses of VSMCs can change over time - the 
proliferative activity of VSMCs was higher in the early 
stages than in the late stages of HPH [54].  

For studies of VSMC morphology, we used the 
same VSMCs as for the ECM and proliferation studies, 
i.e., described in the first paragraphs of parts “Changes in 
the ECM of pulmonary arteries in vivo" and "Effect of 
hypoxia on the growth of VSMCs in vitro". As shown in 
Fig. 9, the population of VSMCs isolated from the 
pulmonary arteries of normoxic rats and cultured under 
normoxic conditions was heterogeneous, i.e. containing 
cells adhering to the substrate with a spreading area of 
varying size and shape and with a more or less developed 
filamentous actin (F-actin) cytoskeleton (Fig. 9 A, B). 

This is consistent with the previously described 
heterogeneity of VSMCs isolated by an explantation 
method from bovine pulmonary arteries, containing small 
rhomboid cells and larger spindle-shaped or cobblestone-
like epitheloid cells, which also differed in 
immunofluorescence staining for SM alpha-actin and SM 
myosin [104].   

However, in cultures of VSMCs isolated from 
pulmonary arteries of hypoxic rats, more cells were 
spread over a larger area on the culture substrate than in 
the case of VSMCs from normoxic arteries, which may 
be indicative of their larger volume (Fig. 9 C, D). 
Furthermore, this larger cell spreading area did not 
depend on the composition of the culture medium or the 
cell adhesion substrate. This larger area of hypoxic 
VSMCs was found both in the standard culture medium 
with 10 % FBS (Fig. 9 A-D) and in the serum-deprived 
medium with only 0.5 % FBS (Fig. 9 E-H), and not only 
on the culture polystyrene (Fig. 9) but also on various 
ECM proteins present in the vessel wall, such as collagen 
I, IV, VI, and fibronectin (Fig. 10). In addition, the larger 
spreading area of hypoxic VSMCs was evident not only 
when these cells were cultured under hypoxia (Fig. 9), 
but also when they were cultured under normoxia (“hyp 
in norm”; Fig. 10). These results suggest that larger cells 
were not generated or selected by the culture conditions, 
but were already primarily present in the pulmonary 
arteries of hypoxic rats. Increased volume and proteo-
synthesis in VSMCs in response to hypoxia were found 
in the outer media of the main pulmonary artery and in 
distal pulmonary arteries (diameter from 1500 µm to 100 
µm) [105], i.e. in VSMCs from similar regions to those 
used in our experiments.  

An increased volume of VSMCs of 
intrapulmonary arteries was also observed in a study by 
Shimoda et al. (2001) [106] in mice exposed for 21 days 
to normobaric hypoxia in a hypoxic chamber with  
10 ± 0.5 % O2. This increased volume of VSMCs 
explained, at least partly, the reduction in KV current 
density in these cells. However, normal HIF-1α levels 
were a prerequisite for this VSMC hypertrophy, because 
hypoxic mice with a null allele at the Hif1a locus, i.e. 
Hif1a(+/-) mice, lacked this hypertrophic response of 
VSMCs, as well as the reduction in KV current induced 
by chronic hypoxia. 

Hypertrophy and strengthening of the contractile 
apparatus of VSMCs may result from their increased 
mechanical stress in hypertension. In the vessels of the 
systemic circulation, this hypertrophy may also be 
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associated with polyploidy of the cells. This polyploidy is 
the result of incomplete growth stimulation, which leads 
to DNA synthesis and mitosis of cells that are not 
followed by karyokinesis of the cells, or at least their 
cytokinesis, which also leads to the formation of 
binucleated cells. This process is also referred to as 
endoreduplication [107]. VSMCs with duplicated or 
multiplied chromosomal equipment are then considered 
to be more efficient in the synthesis of contractile and 
ECM proteins, and thus better able to withstand an 
increased mechanical load. In this sense, hypertrophy and 
polyploidization of cells are considered a kind of 
differentiation of VSMCs [91]; for a review, see [57]. 
Another mechanism of possible polyploidy in pulmonary 
hypertension could be cell fusion initiated by circulating 
cells that contribute to tissue repair [108]. However, the 
presence of polyploidy in pulmonary vessels is rather 
unlikely, as shown by studies based on flow cytometry 
[109] or based on fluorescent in situ hybridization (FISH; 
[108]). Consistent with this, VSMCs of the outer media 
of the bovine main pulmonary artery and distal 
pulmonary arteries, which increased their volume and 
photosynthesis in response to hypoxia, exhibited 
relatively low DNA synthesis [105].  

However, cell hypertrophy can also be a sign of 
cell senescence. A recent study by Born et al. (2023) 
[110] showed that HPH was associated with the 

accumulation of senescent VSMC, and also endothelial 
cells, mainly at sites of vascular hypertrophy. This 
accumulation coincided with increases in the DNA 
damage markers gamma H2A histone family member X 
(γ-H2AX) and tumor suppressor p53 binding protein 1 
(53BP1). Senescent VSMCs stimulated the migration and 
growth of neighboring cells through the secretion of 
paracrine factors, whereas senescent endothelial cells 
released pro-inflammatory factors attracting cells of the 
immune system. Nevertheless, the elimination of 
senescent cells by senolytic therapies aggravated PH, 
which resulted mainly from the removal of senescent 
endothelial cells and further activation of VSMC 
proliferation and loss of lung capillaries [110]. Senescent 
cells with reduced proliferative capacity have been 
demonstrated in pulmonary arteries during HPH in 
studies by the group of Stenmark et al. Their occurrence 
depended on the duration and the severity of hypoxia, the 
duration of hypertension, and the localization in the 
pulmonary circulation, where they varied in the length 
and thickness of the vessels (for a review, see [54]). 

The work of Prof. Herget's group and 
collaborating scientists from the Institute of Physiology 
of the Czech Academy of Sciences in the field of 
pulmonary hypertension is schematically shown in  
Fig. 11. 

 
 

 
 
Fig. 11. Work of Professor Jan Herget´s group and scientists from the Institute of Physiology of the Czech Academy of Sciences. 
Resulting publications in brackets.   

 
 

Treatment options for HPH 
 

Despite decades of research on HPH 

mechanisms, the practical outcome – effective therapy – 
still remains limited. As extensive recent reviews on this 
topic are available, we supplement our review focusing 
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on pulmonary vascular remodeling in hypoxia only with  
a brief, non-exhaustive overview of the main concepts.   

While several options to slow down or even stop 
the progression of PAH (group 1 PH) are available, they 
are not necessarily useful and could even be 
counterproductive in HPH [113]. The main reason is that 
these drugs (targeting NO/cGMP axis, prostacyclin, or 
endothelin) [114-116] not only reduce the morphological 
remodeling of the pulmonary vascular wall, but also 
inhibit hypoxic pulmonary vasoconstriction. As this 
physiological mechanism is important for optimization of 
lung ventilation/perfusion ratio and thus arterial blood 
oxygenation, its inhibition easily results in further 
worsening of oxygenation (already compromised in 
patients with HPH). Currently, the therapy of patients 
with HPH therefore primarily targets the underlying 
disease, e.g. COPD with bronchodilators or interstitial 
lung diseases with anti-inflammatory drugs and 
antifibrotics (for a review, see [9,113]). 

The problem of the inhibition of hypoxic 
pulmonary vasoconstriction may, in principle, be 
overcome by using inhaled instead of systemically 
administered agents. That way, the agent reaches poorly 
ventilated regions of the lung much less easily that the 
well ventilated areas. Any vasodilator (and anti-
proliferative) effect is thus meager in the poorly 
ventilated parts and the worsening of the oxygenation is 
mostly prevented.  

A good example of such a substance is inhaled 
NO. It must be administered in low concentrations  
(low ppm at most) to prevent lateral diffusion from the 
ventilated to the non-ventilated alveoli. This also limits 
the potential toxic effects of NO [117,118]. Inhaled NO 
has the added advantage of being selective only for 
pulmonary vessels. After diffusion from the alveoli, it is 
very rapidly scavenged by hemoglobin in erythrocytes 
and therefore does not enter the systemic vasculature in 
large enough quantities to cause vasodilation. However, 
NO has the major drawback of being severely toxic in 
higher concentrations, which hinders its usefulness for 
long-term outpatient treatment. 

Prostacyclin analogues can also be administered 
by inhalation, and they (e.g. treprostinil) were shown to 
be useful in patients with PH associated with interstitial 
lung disease, i.e. PH belonging to group 3 [119-121].  

Other promising therapeutic interventions 
against vascular remodeling in HPH could include 
silencing or enhancing the specific miRNAs mentioned  
above (Table 1; [58,87]), and also silencing the 

expression of HIFs by small interfering RNAs (siRNAs)  
[85,122] antisense oligonucleotides or small molecule 
inhibitors [86].  

Statins, competitive inhibitors of 3-hydroxy-3-
methyl-glutaryl-coenzyme A (HMG-CoA) reductases, are 
another promising group of drugs for the therapy of HPH. 
Although they were primarily developed to reduce 
cardiovascular risks by lowering the level of blood 
cholesterol, they display a number of health-positive 
effects unrelated to their primary function (so-called 
pleiotropic effects). They proved beneficial in several 
animal models of HPH and some human studies. 
Moreover, they may amplify the effects of other drugs 
targeting HPH [8,111].  

 
Conclusion and further perspectives 
 

This review focuses on the history of more than 
twenty years of collaboration between a group of 
scientists at the Institute of Physiology of the Czech 
Academy of Sciences, and Professor Jan Herget's group 
at the 2nd Faculty of Medicine of Charles University, and 
was written to mark the five-year anniversary of Jan’s 
death. The collaboration concerned HPH, and in 
particular the changes in pulmonary vascular wall 
components. With prolonged, continuous or intermittent 
hypoxia, vascular wall remodeling can occur when 
migration, proliferation and phenotypic modulation of 
VSMCs and other cell types present in the vascular wall, 
such as endothelial cells and adventitial fibroblasts, are 
activated. In this activation, an important role is played 
by reactive oxygen and nitrogen species, by the presence 
of pro-inflammatory cells (macrophages, mast cells), by 
degradation of the extracellular matrix by proteases and 
qualitative changes in its composition, by the production 
of hypoxia-inducible factors, by changes in the 
expression of specific micro RNAs, and also by the 
expression of galectins (galectin-3).  

Our results show that hypoxia has a dual effect 
on the growth of VSMCs. On the one hand, it promotes 
their proliferation and hyperplasia; on the other hand, it 
also promotes the hypertrophy of VSMCs and the 
expression of contractile proteins in these cells, such as 
calponin-1 and myosin heavy chain, which seems to be 
related to the pro-fibrotic effect of hypoxia. This dual 
effect of hypoxia on VSMC growth in terms of 
hyperplasia and hypertrophy needs to be further 
investigated. 
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Summary 
Chronic heart failure (CHF) is a rare entity in children but carries 
a burden of high mortality and morbidity. Medical treatment of 
pediatric CHF is largely based on guidelines for the adult 
population. In contrast to adults, evidence for the efficacy of 
medications in treating CHF in children is sparse. This may be 
due to the difficulty of conducting high-powered studies in 
children or to true differences in the mechanisms of CHF 
pathophysiology. Recent observations suggest that CHF in 
children differs from adults at the molecular and cellular levels. 
Different pathways are involved, leading to less fibrosis and 
hypertrophy than in adults, with potential implications for 
therapy. The main pathophysiological goals of medical treatment 
of pediatric CHF due to systemic left ventricular dysfunction are 
discussed in this review. These include preload and afterload 
optimization, diminishing cardiomyocyte apoptosis and necrosis 
as well as interstitial fibrosis, and optimizing myocardial oxygen 
consumption. The pediatric myocardium should be provided with 
optimal conditions to achieve its regenerative potential. The 
cornerstones of medical CHF therapy are angiotensin converting 
enzyme inhibitors (ACEI), beta blockers and mineralocorticoid 
receptor antagonists. There are potential benefits of tissue ACEI 
and β1-selective beta blockers in children. Angiotensin receptor 
blockers are an alternative to ACEI and their slightly different 
mechanism of action may confer certain advantages and 
disadvantages. Diuretics are employed to achieve a euvolemic 
state. Digoxin is used more frequently in children than in adults. 
Promising new drugs already routinely used in adults include 
angiotensin receptor-neprilysin inhibitors and sodium-glucose 
contransporter 2 inhibitors. 
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Introduction 
 

 Chronic heart failure (CHF) is a rare entity in 
children but carries a burden of high mortality and 
morbidity [1]. Guidelines for the medical management of 
CHF in children have been developed [2,3] but due to the 
lack of large prospective multicenter randomized 
controlled trials in the pediatric population, the therapy is 
largely based on extrapolation of results from such trials 
conducted in adults. It is uncertain whether the inability 
to prove the efficacy of HF medications in children is due 
to actual differences between the adult and pediatric 
populations or due to the challenges in designing a robust 
pediatric CHF study [4]. 

The high-level evidence coming from adult trials 
cannot be simply transferred to children. The pediatric 
CHF population is a significantly different and more 
heterogenous one, regarding both the spectrum  
of diagnoses and age-dependent pharmacokinetics and 
pharmacodynamics [4]. 

The aim of this review is to highlight the specific 
features of the pediatric population concerning the 
medications used to treat CHF. Many comprehensive 
reviews focused on pediatric HF including aspects such 
as etiology, presentation, diagnostics and treatment have 
been published recently [5–8]. This review’s focus is 
pediatric CHF resulting from systemic left ventricular 
systolic dysfunction. Specific types of congenital heart 
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disease such as the failing univentricular circulation are 
beyond the scope of this article.   
 
Cellular and molecular mechanisms involved 
in pediatric failing myocardium 

 
During development, numerous changes take 

place in the physiology of myocardial contraction, both 
on the cellular and molecular levels. Thus, the contraction 
and metabolism of the immature myocardium is markedly 
different from that of the adult. Underdeveloped 
mitochondria and abundant intracellular glycogen 
granules in the immature cardiomyocyte result in glucose 
being the predominant energy source, in contrast to  
fatty acids in adult cardiomyocytes. Similarly, the 
sarcoplasmic reticulum isn’t fully developed, making the 
immature myocardium much more dependent  
on extracellular calcium due to insufficient intracellular 
stores [9]. Changes in the expression of sarcomeric 
proteins also occur during development, resulting in 
marked alterations of functional properties, both pre- and 
postnatally [10,11]. In the case of myocardial pathology 
in pediatric CHF, age-related differences are compounded 
by a number of additional disorders, which together may 
influence the response of pediatric patients to specific 
medications [12,13]. 

Cardiac growth, differentiation, proliferation and 
consecutively regenerative and repair mechanisms are 
inversely related to the patient’s age. Replication  
of cardiomyocytes occurs mainly during embryonic and 
fetal development and deceases rapidly after birth. 
Human infants still show some evidence of minor 
cardiomyocyte proliferation, which decreases during 
childhood to nondetectable levels in adults [14]. 
Typically, further cardiac enlargement occurs only by cell 
hypertrophy. Factors involved in the cessation of 
proliferation after birth include cardiomyocyte 
polyploidization, transition from hypoxia to hyperoxia, 
acquisition of endothermy, changes in intercellular 
interactions, hormonal regulation, and subsequent 
downregulation of various cell-cycle factors and 
upregulation of cell-cycle inhibitors [15,16]. The increase 
in cardiac afterload resulting from changes  
of circulation after birth also very likely plays a role [17].  

The adaptive growth response of the cardiac 
muscle to increased workload changes significantly with 
the transition from proliferation to hypertrophy. Results 
from animal studies suggest that the adaptation of the 
neonatal heart to increased pressure load is based on 
transient hyperplasia followed by hypertrophy of 

ventricular cardiomyocytes [16]. Preserved myocardial 
capillarization and the absence of fibrosis are unique 
features of cardiomegaly induced early after birth – in 
contrast to the adult myocardium where fibrosis is typical 
[16]. Although the switch in the myocardial response to 
load occurs early after birth, possible residual 
mechanisms of hyperplasia, presumably corresponding to 
the rate of cardiomyocyte proliferation, should be 
considered in infant heart failure. Cell-based therapies 
aiming to utilize the regenerative mechanisms are 
emerging [18].  

The differences in the mechanisms involved in 
CHF in children versus adults that are still not fully 
understood. Notable distinctions have been shown on the 
levels of hypertrophy, myocardial fibrosis and gene 
expression profiles. The finding that adverse remodeling 
does not drive disease progression in pediatric patients 
with dilated cardiomyopathy could be an explanation why 
standard adult CHF medications don’t work so well in 
children [19,20]. These drugs primarily target mechanisms 
of pathological remodeling (hypertrophy and fibrosis) that 
appear to be much less involved in the pathophysiology of 
heart failure in children than in adults.  

The pathways dysregulated in the pediatric heart 
are distinct from those regulated in the adult failing heart 
(Table 1). Pediatric failing heart is maintained in  
an undifferentiated state unlike the adult heart that shows 
activation of the innate immune system, fatty acid and 
oxidative metabolism [19]. Dysregulation of both matrix 
metalloproteinases responsible for breakdown of extra-
cellular matrix and their tissue inhibitors of leads to 
fibrosis in adults, whereas increased expression  
of MMP-2 in pediatric hearts could be a compensatory 
reaction to increased profibrotic stimuli and could 
account for the reduced fibrotic phenotype in children 
[20]. Differences between certain microRNAs expression 
have been suggested to play a role in better tolerability 
and outcomes with posphodiesterase-3 inhibition 
(treatment by milrinone) in children than in adults [21]. It 
would seem that pediatric age-specific mechanisms need 
to be focused on. However, which of the differences 
presented might be appropriate therapeutic targets 
remains to be clarified. 

Striking differences in adrenoreceptor regulation 
have also been pointed out. Probably most significant is the 
fact that both β1- and β2-ARs are down-regulated in 
children with CHF, whereas β2-AR expression is 
preserved in adults [22]. This has potential therapeutic 
implications already, as discussed in the section on  
beta blockers. 
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Table 1. Distinct features of adult and pediatric heart failure. Data derived mainly from dilated cardiomyopathy [19–22]. 
 

Adults Children 

No cardiomyocyte proliferation Some cardiomyocyte proliferation and highest regeneration 
potential in children < 1 year 

Adverse remodeling  

Cardiomyocyte hypertrophy Minimal cardiomyocyte hypertrophy  
Myocardial fibrosis (interstitial and perivascular) Minimal fibrosis (both interstitial and perivascular) 
↔ coronary microvascular density ↑ coronary microvascular density 

Molecular changes and gene expression  

 ↑ oxidative reduction, inflammation, fatty acid metabolism ↑ cell adhesion, ion and transmembrane transport, visual 
perception 

Fibrosis-related: ↓ MMP-9, TIMP-3 Fibrosis-related: ↑ MMP-2, TIMP-2 
↓ regulation of β1-AR ↓ regulation of both β1-AR and β2-AR 
↓ regulation of connexin43 ↑ regulation of connexin43 
↑ phosphatase expression ↔ phosphatase expression 
↓ phosphorylation of phospholamban ↔ phosphorylation of phospholamban 
MicroRNAs involved: let-7, miR-1, miR-133a/b, miR-100, 
miR-195, miR-199, miR-214, miR-222, miR-23a/b, miR-29a/b, 
miR-30 family, miR-320 

MicroRNAs involved: miR-130b, miR-204, miR-331-3p, miR-
188-5p, miR-1281, miR-572, miR-765, miR-223, miR-125a-3p 
and miR-1268 

 
β1-AR, β1-adrenoreceptor; β2-AR, β2-adrenoreceptor; MMP, matrix metalloproteinase; TIMP, tissue inhibitor of metalloproteinases. 
 
 

  
Fig. 1. Pathophysiology of pediatric chronic heart failure due to systemic left ventricular dysfunction and main targets for therapy: 
I – Preload optimization, achieving normovolemia; II – Afterload reduction, ideally while preserving β2-adrenoreceptor function;  
III – Diminishing cardiomyocyte apoptosis and necrosis, and myocardial interstitial fibrosis; IV – Heart rate reduction to improve 
myocardial metabolic demands; V – Maintaining or re-establishing synchrony and taking into account the ventriculo-ventricular 
interaction (non-pharmacologic therapies). Determinants of cardiac output are shown in orange. 
ACE, angiotensin converting enzyme; ACEI, angiotensin converting enzyme inhibitor; ARB, angiotensin receptor blocker; ARNI, 
angiotensin receptor – neprilysin inhibitor; AT1R, angiotensin II receptor type 1; α1-AR, α1-adrenoreceptor; BB, beta blocker; β1-AR,  
β1-adrenoreceptor; β2-AR, β2-adrenoreceptor; MRA, mineralocorticoid receptor antagonist; SGL2i, sodium-glucose contransporter  
2 inhibitor; V-V interaction, ventriculo-ventricular interaction. 
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Pathophysiology and therapeutic strategy in 
pediatric chronic heart failure 

 
Cardiac output is determined by preload, 

afterload, myocardial contractility and synchrony, heart 
rate, and ventriculo-ventricular interaction [23]. Heart 
failure can be caused by pathologies of one or more  
of these factors. Correction of the underlying condition 
should always be the primary objective in children. 
However, if the cause of CHF cannot be eliminated, 
medical treatment is indicated to mitigate or reverse the 
pathophysiological consequences of CHF, increase the 
quality of life and prolong survival. 

Low cardiac output leads to decreased renal 
perfusion and activation of the sympathetic nervous 
system and the renin-angiotensin-aldosterone system. 
This is beneficial in an acute setting, but chronic 
stimulation ultimately leads to progressive impairment of 
cardiac function. Catecholamine release causes 
vasoconstriction, decreases kidney perfusion and induces 
the production of renin, and conversion of angiotensin I 
to angiotensin II. Angiotensin II further exacerbates 
vasoconstriction and additionally stimulates aldosterone 
secretion by constriction renal afferent arterioles, 
increasing sodium and water reabsorption. High afterload 
due to vasoconstriction results in loss of functional 
cardiomyocytes and pathological myocardial remodeling, 
which further exacerbates cardiac dysfunction and 
ultimately leads to decompensation. Catecholamines 
contribute to myocardial apoptosis mainly through the 
activation of β1-adrenoreceptors (β1-AR), also negatively 
affecting myocardial metabolism and increasing oxygen 
and energy consumption [24]. Natriuretic peptides 
partially mitigate these negative consequences, 
attenuating cardiac remodeling, apoptosis, hypertrophy, 
and fibrosis, as well as decreasing renin and aldosterone 
production [25]. The main pathophysiological 
mechanisms of CHF and the points of pharmacological 
interventions are summarized in Figure 1. 

The general goals of pediatric CHF therapy 
should be: I) preload optimization by achieving 
normovolemia (reducing congestion but avoiding 
intravascular volume depletion); II) afterload  
reduction without jeopardizing the coronary perfusion;  
III) diminishing cardiomyocyte apoptosis and necrosis as 
well as interstitial fibrosis; IV) optimizing myocardial 
oxygen consumption (particularly by heart rate 
reduction); V) re-establishing myocardial synchrony as 
well as ventriculo-ventricular interaction (non-

pharmacological therapies), and VI) allowing time to 
establish repair mechanisms [23,26]. 

Heart rate reduction to the lowest effective level 
should be one of the main goals of CHF therapy [23]. 
Heart rate is inversely related to average life span in most 
organisms and negative effects of elevated heart rate 
include increased ventricular work, myocardial oxygen 
consumption, endothelial stress, arterial stiffness, and 
decreased myocardial oxygen supply [27]. Association  
of elevated resting heart rate with increased mortality has 
been shown both in adults [28] and children [29] with 
cardiovascular disease. Similarly, heart rate reduction 
was associated with improved outcomes in both 
populations [30,31]. Reducing the heart rate per se is 
probably more important than the specific drug used to 
achieve it (beta blockers, ivabradine, digoxin). 

Reversible pulmonary artery banding in young 
children with dilated cardiomyopathy and preserved right 
ventricular function is also a novel strategy to improve 
ventriculo-ventricular interaction and left ventricular 
function [32,33]. This procedure utilizes the fact that the 
ability of each ventricle to eject blood is largely 
dependent on the function of the other ventricle and the 
position of the interventricular septum. The main effects 
or pulmonary artery banding in this setting include:  
1) increase in right ventricular wall stress enhancing 
contractility due to the Anrep effect, 2) leftward shift of 
the interventricular septum that contributes to restoration 
of an ellipsoidal shape of the left ventricle, and  
3) reduction in left ventricular preload and end-diastolic 
pressure, with subsequent optimization of the  
Frank–Starling curve and left ventricular diastolic and 
systolic function. Additionally, myocardial sensing 
apparatus might translate the mechanical stress stimulus 
into the activation of regulatory pathways  
of cardiomyocyte proliferation and regeneration [34].  
The method shows encouraging results and may be an 
effective alternative to mechanical support or 
transplantation in selected infants. However, the selection 
of optimal candidates, timing and delicate setting of 
banding tightness remains a challenge. The banding may 
later be dilated using a catheter procedure depending on 
other findings. 

 
Chronic heart failure medications 
 

According to the guidelines for adults, every 
patient with heart failure and reduced ejection fraction 
should be treated with a combination of 4 drugs: 1) a drug  
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Table 2. Drugs commonly used to treat pediatric chronic heart failure. 
 

Drug Usual starting dose Usual target dose Dosing interval 

Angiotensin converting 
enzyme inhibitors (ACEI) 

   

Captopril* 0.3 mg/kg/day 0.5 mg/kg/day in newborns 
1-2 mg/kg/day in older children 

Three times daily 

Enalapril 0.1 mg/kg/day 0.2 – 0.4 mg/kg/day Twice daily 
Lisinopril 0.05 mg/kg/day 0.2 – 0.4 mg/kg/day Once daily 
Ramipril* 0.05 mg/kg/day 0.1 – 0.2 mg/kg/day Once or twice daily 

Angiotensin receptor 
blockers (ARB) 

   

Losartan 0.5 mg/kg/day 1 – 2 mg/kg/day Once daily 

Angiotensin receptor-
neprilysin inhibitor (ARNI) 

   

Sacubitril-valsartan 1.6 – 3.2 mg/kg/day† 4.6 – 6.2 mg/kg/day† Twice daily 

Mineralocorticoid receptor 
antagonists (MRA) 

   

Spironolactone 1 – 2 mg/kg/day 1 – 3 mg/kg/day One to three times daily 

Beta blockers (BB)    

β-1 selective    
   Metoprolol 0.2 – 0.4 mg/kg/day 1 – 2 mg/kg/day Once or twice daily 
   Bisoprolol* 0.05 mg/kg/day 0.2 – 0.3 mg/kg/day Once daily 
Nonselective with α-blocking 
effect 

   

   Carvedilol* 0.1 mg/kg/day 0.8 – 1 mg/kg/day ‡ Twice daily 

Diuretics    

Furosemide 1 – 4 mg/kg/day taper after other medications  
are set if tolerated 

One to three times daily  

Hydrochlorothiazide 1 – 3 mg/kg/day taper after other medications  
are set if tolerated 

Once or twice daily 

Cardiac glycosides    

Digoxin 0.005 – 0.01 mg/kg/day § Target trough level 0.5 – 0.9 ng/ml Once or twice daily 

Pacemaker current (If) 
inhibitor 

   

Ivabradine 0.1 mg/kg/day 0.1 – 0.3 mg/kg/day Twice daily 

Sodium-Glucose Co-
transporter 2 (SGLT2) 
inhibitors  

   

Dapagliflozin 0.1 – 0.2 mg/kg/day (max 
10mg) 

0.1 – 0.2 mg/kg/day (max 10mg) Once daily 

 
* preferred agents (explained in the text in greater detail), † the total dose of sacubitril and valsartan summed, ‡ target dose may be 
up to 3 mg/kg/day in infants [69], § newborns may require lower doses and infants higher doses 
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interfering with the renin-angiotensin system  
(an angiotensin converting enzyme inhibitor – ACEI,  
an angiotensin receptor blocker – ARB, or  
an angiotensin-neprilysin inhibitor – ARNI), 2) a beta 
blocker (BB), 3) a mineralocorticoid receptor antagonist 
(MRA) and 4) a sodium-glucose cotransporter 2 inhibitor 
(SGLT2i) [35-37]. Diuretics are indicated to achieve 
euvolemic state as needed and relieve symptoms. Other 
medications with weaker evidence used in specific 
indications include ivabradine, digoxin, and an oral 
soluble guanylate cyclase stimulator vericiguat [35,36]. 
Mechanisms of action are summarized in Figure 1. 
Commonly used specific drugs, including their dosing, 
are summarized in Table 2. 

The perspective on these drug classes in children 
is discussed in the following sections. The suggestions 
are based on the medications’ impact on the 
pathophysiology of heart failure rather than evidence-
based outcomes which are scarce. For each class, we 
discuss which specific drugs might be especially 
advantageous for the pediatric population.  
 
Medications influencing the renin-
angiotensin-aldosterone system 
 
Angiotensin converting enzyme inhibitors (ACEI) 

Angiotensin converting enzyme (ACE) converts 
angiotensin I to angiotensin II. Angiotensin II has potent 
vasoconstrictor effects and also stimulates growth factors 
that regulate endothelial, cardiomyocyte, and fibroblast 
growth, development, and function, leading to myocardial 
hypertrophy and fibrosis [38]. ACE also inactivates 
bradykinin, a peptide with vasodilatory and natriuretic 
effects. ACE inhibition diminishes the deleterious effects 
of angiotensin II and also promotes the vasodilatory and 
vasoprotective effects of bradykinin. 

Recommendations for the use of ACEI for 
children with left ventricular dysfunction are unequivocal 
[3]. The safety profile of ACEI in children is favorable, 
and probably similar to that seen in adults. Although they 
are usually well tolerated, side effects include 
hypotension, renal dysfunction, hyperkalemia, cough and 
angioedema [38] and seem to be largely independent of  
a specific ACEI. Because of the risk of renal dysfunction 
is higher in patients with lower cardiac output, ACEI 
should be started at a low dose and up-titrated. The 
pathophysiology of ACEI-induced cough is not 
completely clear, but it is usually attributed to  
an increased concentration of bradykinin [39]. 

In most pediatric trials, captopril and enalapril 
have been studied [38]. Captopril and enalapril are still 
currently the most widely used ACEI, although there is 
significant variability between centers [40]. Short-acting 
serum ACEI may be preferred in neonates, whose 
glomerular filtration rate is lower and the risk of renal 
dysfunction higher. However, a question arises whether 
another ACEI would be preferable in older children [23].  

ACEI can be classified into tissue-affinity or 
serum-affinity groups, defined mainly by their 
lipophilicity. It has been hypothesized that that tissue 
ACEI might have a higher cardioprotective effect because 
of better tissue penetration [26,41]. However, there are 
studies that do not support such hypothesis [42,43]. Still, 
this factor may be taken into account when deciding for  
a specific ACEI. Fosinopril and quinapril are the ACEIs 
with highest tissue affinity, followed by Ramipril. 
Enalapril, captopril and lisinopril are at the opposite end 
of the spectrum [42,44]. 

The duration of action of different ACEI and the 
resulting dosing interval is another deciding factor. The 
recommended dosing interval for patients with CHF  
is usually three times daily for captopril, twice daily for 
enalapril, and once daily for lisinopril. Ramipril can be 
given once or twice daily [35,37]. It is worth noting that 
trough–peak ratios are quite similar for enalapril, 
lisinopril and ramipril [44]. Although there are some 
suggestions that twice-daily administration of long-acting 
ACEI might have advantages [45], no robust evidence 
supports this [46]. Especially in infants, once-daily 
dosing might decrease the risk of renal side effects. 
Experience with long-acting ACEI in children is based 
mainly on the hypertensive population, published results 
showing good tolerance of lisinopril from infant age [47] 
and ramipril from the age of 2 years [48]. 

To summarize, the optimal ACEI for children 
should be long-acting to allow once-daily dosing and 
should have high tissue activity [26]. In patients beyond 
newborn age, ramipril might be the drug to meet these 
requirements.  
 
Angiotensin receptor blockers (ARB) 

Inhibition of AT1 receptors to angiotensin II is  
a mechanism employed by angiotensin receptor blockers 
(ABR). Placing the blockade further downstream in the 
renin-angiotensin-aldosterone system has similar effects 
(as outlined in Figure 1), however, there are two major 
differences [49].  

By keeping the ACE active, bradykinin 
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accumulation does not occur and the side effects of 
angioedema or cough are usually avoided. However, the 
positive effects specific to ACE inhibition are also lost. 
Besides the beneficial vascular effects of increased 
bradykinin concentration, these include increased nitric 
oxide bioavailability and decrease in von Willenbrand 
factor [49]. Greater anti-inflammatory effects of ACEI 
versus ARB have been pointed out [50]. 

The second difference relates to the 
concentration of angiotensin II. Chronic blockade of AT1 
receptors by ARB induces an increase in plasma 
angiotensin II and results in overstimulation of its other 
available receptors (AT2 and AT4 receptors). AT1 
receptors mediate the primary undesirable effects of 
angiotensin II. The role of AT2 receptors has been 
understood as a mechanism to counterbalance the 
pathological processes (preventing inflammation, 
apoptosis, fibrosis; and promoting NO-dependent 
vasodilation), their stimulation in the setting of ARB 
treatment potentially reaching or even exceeding the 
additional favorable effects of ACEI [51]. However, 
animal experiments focusing on them have produced 
conflicting results [49]. Therefore, the fact whether the 
effects of AT2 and AT4 receptors are rather beneficial or 
deleterious in heart failure is a matter of debate. Little is 
known about developmental changes in the types of 
angiotensin II receptors, except that AT2 receptors are 
abundant during the fetal period and decline rapidly after 
birth [51]. 

In adults with CHF and reduced ejection 
fraction, ARB have been reported to be similarly 
effective as ACEI [52]. However, as opposed to ACEI, 
no study has been able to show a reduction in all-cause 
mortality associated with ARB [37]. Direct comparisons 
between the two groups are missing and there are 
concerns about whether ARB achieve as high 
cardiovascular protection as ACEI [49].  

The combination of ACEI and ARB therapy has 
also been investigated in adults with CHF. The addition 
of ARB to ACEI therapy has been shown to provide 
some benefits, but there are concerns about adverse 
effects especially regarding the combination with other 
high-evidence CHF medications [53,54]. Thus, the 
combination of ACEI and ARB is not typically used. 

Little is known about differences between adults 
and children in this regard. The effects of both ACEI and 
ARB have their own distinct specifics, and whether  
one group has a clear benefit over the other remains to be 
clarified both in adults and children. 

At present, ARB are usually reserved for 
children who do not tolerate ACEI, as in adults. They are 
generally considered effective and safe alternatives 
alternative to ACEI and were mostly tested in children 
above 1 year of age [55]. Losartan is the most commonly 
used ARB in children and is administered once daily.  

 
Angiotensin receptor-neprilysin inhibitor (ARNI) 

Sacubitril/valsartan is a new drug with a unique 
mechanism of action, inhibiting neprilysin in addition to 
being an AT1 receptor blocker. Neprilysin is an enzyme 
whose main role is the breakdown of natriuretic peptides. 
Its inhibition therefore results in an increase in  
the concentration of natriuretic peptides, enhancing their 
cardiovascular beneficial effects, particularly vasodilation 
and natriuresis [56].  

The superiority of sacubitril/valsartan to ACEI 
was demonstrated in adults with CHF and reduced 
ejection fraction [57]. A similar study was designed in 
children but the results have not been published yet [58]. 
Sacubitril/valsartan was approved for children with  
CHF from 1 year of age based on partial data from this 
study and the results from the adult population.  
 
Mineralocorticoid receptor antagonists (MRA) 

Mineralocorticoid receptor antagonists block the 
renin-angiotensin-aldosterone system on the level  
of aldosterone receptors in renal distal tubules. In 
addition to preventing the long-term deleterious effects of 
aldo-sterone on the heart, they act as potassium-sparing 
diuretics, increasing sodium excretion and potassium 
reabsorption. However, they have only modest diuretic 
effect, are generally well tolerated, and have little or  
no chronic effect on blood pressure [8]. 

It has been shown that aldosterone levels are 
only transiently depressed by the use of ACEI in patients 
with CHF [59]. The additive beneficial effect of MRA on 
survival was clearly shown in adults with CHF and 
reduced ejection fraction who were already treated by 
ACEI [60]. Hence the recommendations to add a MRA  
to ACEI treatment for both adults and children [3]. There 
is pediatric experience with both spironolactone [61] and 
eplerenone [62]. 
 
Beta blockers (BB) 
 

Beta blockers antagonize the deleterious effects 
of chronic sympathetic myocardial activation and can 
reverse pathologic left ventricular remodeling. Recom-
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mendations for the treatment of heart failure with reduced 
ejection fraction by BB in adults [35,37] are based on the 
results of many large trials that have shown reductions in 
mortality and morbidity as well as symptom relief. 
Metoprolol, bisoprolol and carvedilol have been tested 
[63–65]. In children, only studies with carvedilol have 
been performed, retrospective studies suggesting that 
carvedilol improves ejection fraction and symptoms [66]. 
However, the only prospective randomized trial  
with carvedilol in children failed to demonstrate these 
benefits [67].  

β1-adrenoreceptors (β1-AR) have been 
traditionally understood as the “cardiotoxic” subtype 
whereas the β2-adrenoreceptors (β2-AR) as “cardio-
protective” [68]. This perspective is based on the fact that 
most of the undesirable effects of catecholamines on the 
heart (increase in heart rate, energy consumption, 
arrhythmogenesis, pro-apoptotic effects) are mediated by 
β1-AR, while β2-AR mediate beneficial cardiovascular 
effects (vasodilation and subsequent reduction of blood 
pressure, anti-apoptotic signaling). Although this 
relationship is not as black and white and a more complex 
cross-talk takes place between receptors’ effects, most 
evidence suggests that β1-AR are more closely coupled to 
cardiotoxic pathways [68]. Differences regarding the 
response of beta receptors to CHF have been shown 
between adults and children. These differences include 
the down-regulation of both β1-AR and β2-AR in 
children, whereas β2-AR expression is maintained in 
adults. Stimulation of α1-AR is clearly undesirable as 
they cause vasoconstriction and subsequently increase 
afterload.  

Carvedilol is a non-selective BB (antagonizing 
both β1-AR and β2-AR) with an additional α-blocking 
effect. Alpha-blockade confers the additional 
advantageous effect of reducing afterload. An 
unequivocal benefit in CHF treatment has been 
demonstrated in adults, as with β1-selective BB 
(metoprolol and bisoprolol). There may be numerous 
reasons why the same effect has not been demonstrated in 
children. One possible explanation relates to the design of 
the study – factors such as low power, heterogeneous 
population, high placebo effect, and a high proportion of 
very young children in whom much higher doses are 
required to achieve the same exposure to carvedilol as in 
adults [69]. However, another explanation is that in 
children the positive effects (α-blockade) may not 
outweigh the potential negative effects (β2-blockade). 
Thus, some authors have suggested a selective β1-blocker 

should be more beneficial in children than carvedilol 
[23,26]. Studies performed in a mouse model of 
cardiomyopathy would suggest the same. Selective  
β1-blockade was effective both in young and adult mice, 
whereas nonselective beta blockade was only effective in 
adult mice [70].  

There is experience with both carvedilol and 
bisoprolol in pediatrics. The need for an inverse age-
dependent increase in carvedilol doses, especially 
because of faster elimination in infants, has been pointed  
out previously [69,71]. Bisoprolol is not as widely used, 
but good tolerability has been described even in  
infants [26,72]. 

The importance of selective targeting of 
individual adrenergic receptors in children with CHF 
remains to be seen. At present, it is not clear whether any 
one BB is preferable to another. The choice of  
a particular drug may depend on individual patient 
factors. A failing heart should certainly not be burdened 
by high blood pressure, and a patient prone to 
hypertension will certainly benefit from the additional 
afterload reduction provided by carvedilol. In contrast,  
a patient with poor tolerance to CHF therapy and  
a tendency to hypotension may benefit more from 
selective β1-blockade. Taking into account the 
differences in β-AR expression in children and adults, 
preference should rather be given to β1-selective  
beta blockers, especially in patients with dilated 
cardiomyopathy on whom the research has been mainly 
focused. 
 
Diuretics 

 
Loop diuretics inhibit the Na+/K+/2Cl− 

cotransporter in the loop of Henle, increasing the renal 
excretion of sodium chloride, potassium, and water. They 
should be used in acute HF to achieve a euvolemic state. 
However, long-term treatment with diuretics can  
be detrimental because of further stimulation of  
the neurohumoral axis by intravascular volume depletion 
[26]. Indications for treatment of pediatric CHF with 
diuretics should therefore be strict and efforts should be 
made to discontinue diuretic therapy in those patients in 
whom it is possible. Especially in the context of other 
modern drugs that promote diuresis and natriuresis (such 
as ARNI and SGLT2i), the need for chronic diuretic 
treatment is diminishing. 
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Digoxin 
 
Digoxin is the most relevant drug from the group 

of cardiac glycosides. Its mechanism of action is the 
inhibition of Na+/K+ ATPase, which is involved in the 
exchange of intracellular sodium for extracellular 
potassium during the repolarization phase of the cardiac 
cycle. This results in an increase in intracellular calcium 
stores by a sodium-calcium exchange mechanism and 
subsequent increase in cardiac contractility. Another 
effect is the slowing of sinus rhythm and prolonging of 
atrioventricular nodal conduction [73]. The combination 
of inotropic and bradycardic action is unique for digoxin 
compared to all other sympathomimetic inotropes that 
cause tachycardia [73]. 

Digoxin has a very narrow therapeutic range 
with a risk of intoxication. The target level is 0.5 –  
0.9 ng/ml [3,35], with the risk of adverse effects 
increasing at levels above 1.2 ng/ml [74]. Digoxin has 
numerous drug interactions, with its levels increasing, for 
example, with concomitant use of carvedilol or 
amiodarone. The toxicity presents with inappetence, 
nausea, and arrhythmias – in children usually sinus 
bradycardia or atrioventricular blockade, tachyarrhy-
thmias are rare in contrast to adults [73]. 

In children, moreover, the pharmacokinetics of 
digoxin depend on age. Therefore, age-dependent dosing 
is necessary in addition to monitoring of plasma 
concentrations. Digoxin is excreted by the kidneys. 
Neonates require lower doses due to renal functional 
immaturity [73,75]. Infants, on the other hand, require 
increased doses due to their larger distribution area and 
higher clearance of digoxin [75].  

Digoxin played an essential role in CHF 
treatment for centuries. Recently, however, it has been 
sidelined by more modern drugs, which have been clearly 
shown to reduce mortality in large studies in adults. This 
has not been demonstrated with digoxin, with some 
studies even suggesting increased mortality and risk of 
arrhythmias associated with it [76,77]. There are many 
factors to consider, such as the greater morbidity of 
patients treated with digoxin at baseline or the substantial 
concentration dependence of the beneficial and adverse 
effects of digoxin. Although the benefits of digoxin in 
adults are unclear, a meta-analysis suggests that digoxin 
reduces the risk of hospitalization and improves 
symptoms [78]. In children with CHF, there are only few 
small studies in patients with left to right shunts showing 
conflicting results [73]. However, there are reports 

emerging that digoxin decreases interstage mortality in 
patients with congenital heart disease with single 
ventricle physiology [79,80]. Hence, it is possible that 
certain specific groups of patients will benefit from 
digoxin treatment more than others. 

To summarize, digoxin should be used 
cautiously at low levels (serum concentrations of 0.5 – 
0.9 ng/mL), with careful use in patients with renal 
dysfunction, or in combination with medications that can 
alter digoxin levels [3,6]. Current guidelines recommend 
digoxin as a second-line drug reserved for children with 
CHF who remain symptomatic despite being treated by 
the higher-evidence medications [3].  

Available data suggest that digoxin is still very 
widely used in children in current clinical practice 
[73,81]. We believe as well that digoxin still has a role in 
the treatment of pediatric CHF. Re-emphasizing  
the importance of heart rate reduction, digoxin's unique 
effect combines it with an enhancement of cardiac 
contraction. For certain patients at least, this effect can be 
highly beneficial. 
 
Ivabradine 

 
Ivabradine reduces heart rate via inhibiting the 

funny channels in the sinoatrial node, reducing the inward 
funny current (If) and slowing phase-4 repolarization of 
the pacemaker cells [82]. The importance of heart rate 
reduction has already been discussed above.  
The advantage of ivabradine is its heart rate-reducing 
effect is reasonably specific, having almost no other 
cardiovascular effects.  

Ivabradine is a second-line drug in pediatric  
CHF therapy used to further reduce heart rate when it 
remains elevated despite BB treatment. The safety has 
been validated in children with CHF [83]. Ivabradine 
effectively reduced heart rate and increased ejection 
fraction of the left ventricle in this study. 
 
Sodium-Glucose Co-transporter 2 inhibitors 
(SGLT2i) 

 
Gliflozins act as inhibitors of the sodium-

glucose co-transporter 2 (SGLT2) in the proximal tubule  
of the kidney. Their primary role has been as antidiabetic 
agents as they increase glucose excretion and thus  
improve glycemic control. A reduction of heart  
failure-related events has been observed in patients  
treated by SGLT2i and a clear survival benefit has  
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been later confirmed in patients with CHF, regardless of 
their ejection fraction and regardless of the presence of 
diabetes [84,85]. 

Although the exact mechanism of improving 
CHF by SGLT2 inhibition is uncertain, there are 
numerous proposed beneficial effects of SGLT2i. 
Diuresis and natriuresis are associated with glucose 
excretion. However, no concomitant activation of the 
renin-angiotensin-aldosterone system occurs, a unique 
feature that is clearly desirable in CHF [86]. Other 
beneficial effects on the heart are both direct and indirect. 
Direct mechanisms include anti-apoptotic effects, 
reduced oxidative stress and inflammation, improved ion 
handling and improved cardiac energy metabolism. 
Indirect effects include the decrease in ventricular filling  
pressures, decrease in afterload, improved vascular 
function, erythropoiesis, and improved renal function 
[87]. 

First clinical experience in children with CHF  
is emerging. SGLT2i appear to be well-tolerated, in  
a small study no patients experienced symptomatic 
hypoglycemia or hypovolemia and there were no 
clinically significant changes in blood chemistries or vital 
signs after initiation of dapagliflozin [88].  
An improvement in ejection fraction was observed. 
However, urinary tract infection is a possible 
complication, especially in small children.  

Given the numerous beneficial systemic effects 
of SGLT2i as well as direct effects on myocardial 
metabolism, it can be expected that at least some of these 
effects will be pronounced in children. We believe it is 
reasonable to consider treatment with a SGLT2i in 
children with severe CHF, with the threshold for the use 
of this medication decreasing with the patient's age. 
 
Other new drugs 
 

Omecamtiv mecarbil is a selective activator of 
cardiac myosin. It augments the speed of ATP hydrolysis, 
increasing the number of myosin heads binding to actin 
and thus increasing the contractile force. The duration of 
systole is increased but calcium cycling and energy 
consumption remains unchanged [89]. In adults with HF 
with reduced ejection fraction, benefits have been 
reported, particularly in patients with severely impaired 
ejection fraction [90]. However, The US Food and Drug 
Administration (FDA) has declined to approve 
omecamtiv mecarbil for treatment of adults with chronic 
heart failure with reduced ejection fraction recently, 

citing a lack of evidence on efficacy. No data is available 
in children. 

Vericiguat is a soluble guanylate cyclase 
stimulator. Its mechanism of action involves the 
enhancement of the cGMP pathway stimulation and 
direct increase of endogenous nitric oxide. Benefits have 
been demonstrated in symptomatic adults with HF with 
reduced ejection fraction [91]. No data are currently 
available in children but there is a dedicated clinical trial 
in children with CHF in progress. 
 
Initiation and escalation of pediatric CHF 
treatment 

 
A stepwise approach to treat pediatric patients 

with CHF has been suggested both in the guidelines [2,3] 
and more recent reviews [7]. A suggested approach is 
summarized in Figure 2. 

The therapy is usually initiated with an ACEI, 
and a MRA is added either upfront or depending on the 
next development. Target doses of these drugs can be 
reached relatively quickly. Alternatives to ACEI are 
either ARB or ARNI. ARNI instead of ACEI can be used 
in patients with insufficient response to ACEI treatment 
or upfront based on clinical decision (heart failure 
severity). Beta blockers are usually reserved for patients 
with more severe findings or symptoms, should be started 
at low dose, up-titrated more slowly and carefully and not 
always well-tolerated [7]. The selectivity of various BB 
to adrenergic receptors and advantages of selective  
β1-blockade should be taken into account.  

The importance of heart rate reduction should be 
stressed and digoxin or ivabradine can be added if 
insufficient heart rate reduction is achieved with BB.  

SGLT2 inhibitors proved to be very useful drugs 
with numerous beneficial effects in all types of CHF in 
adults and can be initiated at the target dose without the 
need of up-titration. They may be considered in older 
children.  

When the target doses are reached, diuretic 
therapy should be reduced or discontinued, if possible, to 
avoid undesirable hypovolemia.  
 
Conclusion 
 

Medical treatment of pediatric chronic  
heart failure is largely based on guidelines for  
the adult population. In contrast to adults, evidence  
for the efficacy of medications in treating CHF in  
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children is very sparse. This may be due to the  
difficulty of conducting high-powered studies in children 
or to true differences in the mechanisms of CHF 
pathophysiology in children. Recent observations  
suggest that CHF in children differs from adults at the 

molecular and cellular levels. In order to improve the 
outcomes of pediatric CHF, it may be necessary to focus 
on certain pathways and pathophysiological mechanisms 
specific to children. 

 

 
 
Fig. 2. Stepwise approach to treatment of pediatric chronic heart failure due to systemic left ventricular dysfunction. Created mainly 
based on [2,7,23,26]. Heart failure staging according to [35]. 
ACEI, angiotensin converting enzyme inhibitor; ARB, angiotensin receptor blocker; ARNI, angiotensin receptor – neprilysin inhibitor; BB, 
beta blocker; MRA, mineralocorticoid receptor antagonist; SGL2i, sodium-glucose contransporter 2 inhibitor, * especially in cases of 
fibrosis 
 
 

A stepwise approach to introducing medication 
is usually used. The cornerstones of pediatric CHF 
treatment are ACE inhibitors, beta blockers and 
mineralocorticoid receptor antagonists. There are 
potential benefits of tissue ACEI and β1-selective BB. 
Angiotensin receptor blockers are an alternative to ACEI 
and their slightly different mechanism of action may 
confer certain advantages or disadvantages, the 
significance of which is not entirely clear. Diuretics are 
employed to achieve a euvolemic state. Digoxin is used 
more frequently in children than in adults. Elevated heart 
rate should be reduced effectively according to the 
patient’s tolerance. The exact role of newer drugs such as 
ARNI (sacubitril-valsartan), ivabradine and SGLT2 
inhibitors has yet to be established. 
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Summary 
Schizophrenia, a severe psychiatric, neurodevelopmental disorder 
affecting about 0.29-1 % of the global population, is 
characterized by hallucinations, delusions, cognitive impairments, 
disorganized thoughts and speech, leading to significant social 
withdrawal and emotional blunting. During the 1980s, 
considerations about diseases that result from complex 
interactions of genetic background and environmental factors 
started to appear. One of the critical times of vulnerability is the 
perinatal period. Concerning schizophrenia, obstetric 
complications that are associated with hypoxia of the fetus or 
neonate were identified as a risk. Also, maternal infections during 
pregnancy were linked to schizophrenia by epidemiological, 
serologic and genetic studies. Research efforts then led to the 
development of experimental models testing the impact of 
perinatal hypoxia or maternal immune activation on 
neurodevelopmental disorders. These perinatal factors are 
usually studied separately, but given that the models are now 
validated, it is feasible to investigate both factors together. 
Inclusion of additional factors, such as metabolic disturbances or 
chronic stress, may need to be considered also. Understanding 
the interplay of perinatal factors in schizophrenia's etiology is 
crucial for developing targeted prevention and therapeutic 
strategies. 
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Introductory remarks on Professor Jan 
Herget’s contribution to understanding 
developmental disorders 
 

In this Special issue of Physiological Research, 
we celebrate the legacy of Professor Jan Herget  
(1945-2019) of the Second Faculty of Medicine, Charles 
University in Prague, Czech Republic. Although this 
review focuses on perinatal factors in schizophrenia, it is 
pertinent to remember Jan’s unique contributions to 
uncovering the long-term effects of perinatal hypoxemia 
on responses to decreased oxygen in adulthood [1]. 

In the pioneering experiments, pregnant rats were 
placed into the hypoxic chambers and were kept there until 
their offspring were a week old. After placing the animals 
into the normoxic air, they recovered from hypoxia and 
had comparable pressure in pulmonary circulation as 
control mice unexposed to perinatal hypoxia. However, 
when these animals were re-exposed to acute hypoxia in 
adulthood, their responses were more severe than in 
animals born in normal air [1]. The perinatal exposure to 
hypoxia also blunted humoral immune responses in adult 
rats [2]. The mechanisms of these intriguing, lifelong-
lasting effects are not yet fully understood. [3] 
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Fig. 1. Multiple factors acting perinatally can increase a risk for neurodevelopmental conditions that may manifest during childhood and 
adulthood. The picture was made with using a Biorender template. 

 
 
Jan received the Robert F. Grower Prize from 

the American Thoracic Society for his research work. He 
was also an astounding teacher and mentor who 
profoundly impacted his students and research trainees. 
His vision that the course of a disease processes needs to 
be studied from a very early time in life took another 
dimension with models where perinatal hypoxia and 
maternal immune activation were identified as critical 
players in neurodevelopmental conditions. 

 
Perinatal exposures and risk for 
neurodevelopmental conditions 

 
Many perinatal factors influence the fetus during 

the perinatal period and affect the inherently complex and 
highly active brain tissue. For example, perinatal 
exposures that are related to increased risk  
of schizophrenia include conditions that cause 
hypoxemia, infections (especially influenza, rubella and 
toxoplasmosis) [4,5], maternal and offspring psycho-
social stress [6], genetic factors [7], advanced paternal 
age [8], nutritional deficiencies [9], urbanicity [10] and 
migration status [11]. 

Vice versa, if we look at one group factors, e.g., 
maternal immune activation (MIA) initiated by viruses, 
bacteria, fungi, autoimmune conditions,  they  can play  
a role in a variety of childhood- or adulthood-onset of 
disorders, as depicted in Figure 1.  They include autism 
[12-15], schizophrenia [4,15,168-170], bipolar disorder 
[16], depression [17-19], anxiety disorder [20], attention 
deficit-hyperreactivity disorder [21], obsessive-
compulsive disorder   [22], Tourette’s syndrome [23], 
epilepsy [24,25], multiple sclerosis [26], Parkinson’s 
disease and Alzheimer disease [27]. 

The precise mechanisms by which individual 
perinatal factors increase susceptibility to various 
neuropsychiatric conditions remain incompletely 
understood. The interplay of genetic predisposition, the 
timing of exposure, and the intensity of these factors 
collectively determine the outcomes. Elucidating these 
intricate details presents a formidable intellectual 
challenge. Resolving this complexity is crucial for 
identifying diagnostic biomarkers that enable clinicians to 
detect individuals at elevated risk for these conditions and 
to provide care strategies that may mitigate the likelihood 
of disease development.  
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In clinical psychiatry, diagnoses are based on 
symptoms and co-morbidities are a very common finding. 
In turn, making accurate diagnoses is arduous. Significant 
efforts are ongoing to define objective biomarkers that 
reflect distinct pathological processes, though they 
present by mixed behavioral symptoms. Understanding  
the pathophysiology is a prerequisite for diagnostic 
precision and enhancing effectiveness of treatment of 
schizophrenic patients [28]. 

We will focus here on hypoxia and perinatal 
immune activation as risk factors for schizophrenia. 
These two conditions have a high prevalence globally and 
often coincide, and the recent SARS-CoV-2 pandemic,  
or Severe Acute Respiratory Syndrome Coronavirus 2, 
very likely enhanced MIA in pregnant women during  
the pandemic.  

 
Introduction to schizophrenia 

 
In this selective review, we will focus on one of 

the neurodevelopmental disorders: schizophrenia, a 
severe psychiatric illness affecting about 0.29 % to 1 % 
of people worldwide. In the age group of 15-24 year-old 
individuals, it is the third most frequent mental disease, 
after anxiety and depression [29,30]. Patients experience 
symptoms such as hallucinations, delusions, cognitive 
impairment, disorganized speech and thought processes, 
which are categorized as “positive symptoms” of the 
disease. Their altered perception of reality often provokes 
severe anxiety and leaves them in profound loneliness. 
Patients have reduced expressions of emotions and 
typically withdraw from social contact. These symptoms 
are labeled as “negative symptoms”, and are more 
difficult to control by pharmacological treatment. Besides 
the impact of the disease on affected individuals, there is 
also a collateral toll on patient’s caregivers, families, 
friends, and colleagues [31-35]. In addition, the annual 
societal cost is high [36]. 

The pathogenic disturbances leading to 
schizophrenia syndrome result from interactions  
of multiple genetic and environmental factors [37] that 
start affecting brain circuitries during brain development 
[38], though the symptoms manifest in late adolescence 
to early adulthood. Most patients are affected between  
15-25 years of age, with males having an earlier onset 
than females. In about 20 % of patients, the onset of 
schizophrenia occurs after forty and before 60 years, and 
rarely also, the disorder begins in childhood or adults 
above 60 years of age [29]. The differences in age of 

onset may reflect distinct pathogenic pathways or 
accumulation of causative factors, as suggested by the 
multiple-hit hypothesis [39]. 

Diagnosis of schizophrenia is still based 
on clinical symptoms because no objective, validated 
biomarkers exist for clinical use. As a result, diagnosis  
is not based on mechanistic principles; existing 
treatments are non-curative, and 30 % of patients remain 
resistant to existing therapeutics [40]. A better 
understanding of pathogenesis will help us subtyping 
patients into groups according to distinct pathological 
processes in individual patients and treat patients with 
high precision, as it has already been developed for 
cancer patients [41]. To this end, we focus here on the 
early events that increase the chance of schizophrenia 
development. Extensive research suggests that 
schizophrenia is a neurodevelopmental disorder, with the 
pathological processes potentially commencing as early 
as the in-utero stage [42,43], and progressing to  
a neurodegenerative condition [44]. 

 
Pathophysiology of schizohrenia 

 
Reasons for poor understanding of schizophrenia 

include the high heterogeneity of patients,  
the inaccessibility of human brain tissue for  
biopsy sampling, and the involvement of animal  
models that do not fully capture the polygenic nature and 
multitude of environmental factors [45-48]. Our 
understanding of schizophrenia’s pathophysiology  
has been to a large degree based on postmortem brain 
studies, imaging studies, effects of pharmacotherapy and 
genetic studies. 

 
Morphological considerations  
Postmortem brain studies 

Studies on brain pathology in schizophrenia 
initially focused on post-mortem brain specimens of 
individuals with schizophrenia. One major challenge with 
postmortem studies is the variability in findings due to 
factors such as the stage of the disease, medication status, 
and comorbid conditions at the time of death. 
Additionally, postmortem changes and tissue preservation 
issues can complicate interpretations. Despite these 
challenges, a consistent pattern has been identified in 
patients with chronic schizophrenia. Macroscopic 
findings include an enlargement of lateral and third 
ventricles, reduced brain volume, reduced gray matter 
involving the cortex, especially the prefrontal cortex, as 
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well as changes in subcortical gray matter (decreased 
volumes of hippocampus and thalamus, and increased 
basal ganglia volume) [49,50]. 

At the microscopic level, the altered density of 
neuronal and glial cells was reported in the prefrontal 
cortex, as well as reduced size of pyramidal neurons, 
reduced number of parvalbumin interneurons, decreased 
dendritic spine density and reduced neuropil (regions in 
the gray matter with dense, interwoven network of axons, 
dendrites, and glial cells), which contribute to disruptions 
in synaptic connectivity and plasticity [51-56]. In  
the hippocampus, findings in brains of patients with 
schizophrenia included neuronal disarray, reduced 
numbers of neurons and interneurons and decreased gene 
and protein expression of somatostatin-positive and 
parvalbumin-positive interneurons [57]. In the thalamus, 
numbers of neurons and parvalbumin positive 
interneurons were reduced [58]. Basal ganglia in 
individuals with schizophrenia are characterized by 
changes in the density of neurons and cholinergic 
interneurons [59]. In the corpus callosum, reduced 
myelin, axon density, and gliosis were noted [60]. 

 
Brain imaging 

The macroscopic structural findings  
in schizophrenia were later confirmed in in vivo brain 
imaging studies [61]. Structural changes in the gray 
matter include reduced volume of frontal, prefrontal and 
temporal cortices with progressive loss over the course of 
the disease [62]. With regard to the white matter,  
a smaller total volume at a later stage of the disease [63]  
and hypoactive connectivity in major networks  
were reported [64].  

Brain imaging also enabled the study of patients 
at different stages of the disease.  Comparing individuals 
at prodromal state, first-episode of psychosis (FEP)  
or chronic schizophrenia revealed the progressive nature 
of brain pathology.  

Ultra-high risk (UHR) individuals at prodromal 
state are people with personal features (e.g., subthreshold 
psychotic symptoms or a history of self-limiting brief 
intermittent psychotic symptoms) or a family history (e.g. 
first degree relative with a psychotic disorder) that puts 
them into a risk of developing a full-blown psychotic 
disorder. UHR individuals show early signs of anatomical 
and neuropathological abnormalities, e.g., reduction in 
frontal, prefrontal, and temporal cortices, often subtler 
than in FEP, affecting cortical and subcortical gray matter 
[65]. In FEP, prefrontal hypoactivity and hippocampal 

and subcortical hyperreactivity were described [66].  
Gray matter changes are most robust within 
thalamocortical networks and brain activity is most 
altered in fronto-parietal circuitries [66]. In chronic 
schizophrenia, reduced gray matter involving the cortex 
(frontal, prefrontal, temporal), decreased volumes of 
hippocampus and thalamus, and increased basal ganglia 
volume were described [62].  

 
Neurochemical considerations 

Understanding of biochemical disturbances in 
schizophrenia has been evolving since 1950s when it was 
discovered that chlorpromazine has neuroleptic effects 
during anesthesia (Laborit et al.), and later shown  
to improve symptoms of schizophrenia [67]. 
Chlorpromazine effects include dopamine receptor 
inhibition [68]. Studies of postmortem brain showed 
dysregulation of  dopamine synthesis, receptor expression 
or intracellular signaling in prefrontal and cingulate corte 
[69,70], hippocampus [69], thalamus [71] and basal 
ganglia [72,73]. Later it became clear that mono-amine 
theory of schizophrenia is over-simplified and pathophy-
siology involves also alterations in glutamatergic and 
GABAergic systems [74]. In addition, the effectiveness 
of several medications provided further clinical insight 
into the roles of neurotransmitters in the pathogenesis of 
schizophrenia, e.g., blockade of dopamine D2 receptors 
by a typical antipsychotic (e.g. haloperidol), serotonin  
5-hydroxytryptamine (5-HT)-2A receptor inhibition, and 
5-HT-21A receptor activation by atypical antipsychotics 
(e.g. risperidone) and partial glutamatergic agents, such 
as N-methyl D-aspartate (NMDA) receptor modulators 
[75,76]. Also, adjunctive treatment of schizophrenia has  
involved medications affecting GABAergic system, 
including benzodiazepines, though their use may  
need to be honed [77].   

 
Genetic factors 

Genome-wide association studies revealed over 
three hundred genes that represent risk factors for 
schizophrenia [78]. Twin and family studies showed that 
heritable risk for schizophrenia is about 67 %, which may 
be inflated due to common environmental conditions of 
the participants in the study, and thus environmental 
factors play significant role in development of the disease 
[79]. Concerning the perinatal factors discussed in this 
review, risk genes in pathways relevant to hypoxia 
[80,81] immune [82,83] and gut microbioma [84] 
responses are significantly enriched. 
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Fig. 2. Maternal, fetal and neonatal causes of decreased oxygen content in the blood supplying offspring’s brain. The picture was made 
with using a Biorender template.  

 
 

The relation of perinatal hypoxia to 
schizophrenia 

 
Many conditions are associated with various 

degrees of maternal and fetal hypoxemia (Fig. 2). 
Perinatal hypoxia exerts extensive effects on the brain's 
histopathology, neurophysiology, and long-term health 
outcomes. The impact of hypoxemia on brain cells is 
modulated by the degree and duration of hypoxia. Mild 
hypoxia may induce reversible cellular changes, leading 
to adaptations and possibly alterations in transcription 
programs to cope with reduced ATP synthesis. In 
contrast, severe or prolonged hypoxia can result in 
irreversible damage and cell death. Additionally, the 
effects of hypoxia are influenced by the activity at  
a specific brain site and time, which is complex in healthy 
infants and in premature babies. 
 
Clinical findings relating perinatal hypoxia to 
schizophrenia  

The hypothesis that the development of 
psychotic conditions may be associated with brain 
hypoxia in the perinatal period was formulated in 1975 by 
a child psychiatrist, H. Allen Handford, based on the 

clinical history of patients seen in his practice, 
highlighting at that time that additional factors than 
genetics are at play [85]. 

Epidemiological studies then showed that 
hypoxia-associated obstetric complications significantly 
increase the risk for schizophrenia with early 
onset, before the age of 22 years (odds ratio, OR, 2.16) 
[86], and the degree of hypoxia-associated obstetric 
complications correlates with risk for developing 
schizophrenia [87]. After adjusting for other obstetric 
complications (e.g. maternal history of psychotic illness 
and social class), the association between signs of 
asphyxia at birth and schizophrenia reached odds ratio 
(OR) 4.4 [88]. 

Concerning the impact of perinatal hypoxia on 
the brain tissue of newborn, brain imaging studies 
revealed that the most susceptible areas include injuries 
within watershed areas, hippocampus, basal ganglia, 
thalamus, hippocampus and white matter. The impact 
depends on maturation stages of the brain [89]. Prefrontal 
cortex that is consistently linked to schizophrenia, is 
supplied by both anterior and middle cerebral arteries and 
includes the watershed area between them, making it 
sensitive to hypoxemia. Prefrontal cortex is also 
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connected to the subcortical nuclei, e.g. thalamus, 
hippocampus, striatum, and hypoxia-induced white 
matter injury may affect the connectivity. Also, post-
mortem brain analysis of the posterior hippocampus in 
patients with schizophrenia revealed a negative 
correlation between events associated with hypoxia and 
the numbers of pyramidal cells in CA4, a deep 
polymorphic layer of dentate gyrus [90]. 
Correspondingly, brain imaging studies in patients with 
psychotic disorder uncovered a decreased hippocampal 
volume in individuals with schizophrenia as compared to 
healthy controls, and those volumes were further 
decreased in patients with hypoxia events in their early 
life [91]. In summary, hypoxic insults, though highly 
variable in their strength and timing, appear to impact 
many areas shown to be affected also in schizophrenia.  

It was suggested that the level of susceptibility 
to hypoxia may depend on genetic background. To this 
end, Nicodemus et al. tested thirteen hypoxia-regulated 
genes related to neurovascular functions. Changes in 
single nucleotide polymorphisms (SNP) in four genes 
were identified: AKT1 (AKT serine/threonine kinase 1;  
three SNPs), BDNF (brain-derived neurotrophic factor; 
two SNPs), DNTBP1 (dystrobrevin-binding protein 1;  
one SNP) and GRM3 (S-adenosyl-L-methionine-
dependent methyltransferases superfamily protein;  
one SNP). These findings support the gene-environment 
interactions in schizophrenia [92]. Concerning functional 
responses to fetal hypoxia, a protein product of one of the 
factors – BDNF- was increased in cord blood in control 
subjects without schizophrenia, while in cases with 
schizophrenia, BDNF levels were decreased by hypoxia 
[93]. HMGA1 (High mobility group A protein 1a) was 
found to be a hypoxia-inducible RNA-binding trans-
acting factor for aberrant splicing of presenilin-2 pre-
mRNA. Morikawa et al. found increased HMGA1a 
mRNA and protein in patients with schizophrenia [94]. 
Recently it was also shown that hypoxia-inducible factor 
induces MIF expression (macrophage migration 
inhibitory factor, a neuroprotective cytokine at the cross-
road of inflammatory and stress responses) by binding to 
hypoxia-response element at the MIF promoter and that 
SNP at this site represents a risk factor for schizophrenia 
by reducing production of MIF in response to hypoxia 
[95]. Hypoxia also affects the extensively studied 
pathway of DISC1 (Disrupted in schizophrenia 1,  
a scaffold protein that interacts with many other proteins 
and is required for synaptogenesis, neurite outgrowth,  
and neuronal migration) by reducing the half-life of  

DISC1 protein [96].  
 

Experimental studies in animal models  
Experimental models of schizophrenia induced 

by perinatal hypoxia typically involve oxygen deprivation 
during critical developmental periods. For example,  
a rodent brain at postnatal days 7-8 corresponds to the 
late gestational period in humans. It represents a critical 
period for dendritic outgrowth, formation of synapses, 
and maturation of neuronal tissue [97], neuronal networks 
with alterations in the glutamatergic receptors (switch 
subunits of NMDA receptors from GluN2B to GluN2A 
subtypes) [98] and transformation of GABAergic system 
from excitatory to inhibitory effects [97]. All the 
parameters studied during developmental stage can now 
be linked using 3D eMouse atlas [99] that builds on 
morphological staging developed by Karl Theiler [100]. 

The immature brain in this sensitive age is quite 
vulnerable and depends on the timing and duration  
of hypoxic insult as it affects dynamic functions, such as 
neuronal proliferation, migration, and maturation. The 
models mimic obstetric complications, e.g., C-section, 
perinatal/postnatal hypoxia, or placental insufficiency 
[101]. Experimental hypoxia includes several protocols 
that employ acute or chronic oxygen reduction at sea 
level barometric pressure or hypobaric conditions where 
the percentage of oxygen remains the same, but decreased 
barometric pressure leads to less oxygen delivered to the 
lungs' alveolo-capillary membrane. 

In relation to schizophrenia, neuregulin-1  
(a key factor seen elevated in patients with schizophrenia) 
was 32 % higher in the frontal cortex of adult rats 
exposed to 7-day neonatal hypoxemia [102]. In a recent 
study, perinatal hypoxia was shown to dysregulate 
spontaneous activity patterns critical for forming 
functional templates for generating cortical architecture 
and guidance for establishing thalamocortical and 
intracortical circuits. These circuits are affected in 
patients with schizophrenia [103].  
 
Hypoxia-induced behavioral changes resembling 
schizophrenia 

C-section results in greater amphetamine-
induced locomotion in adult rats, both in animals born in 
normoxia or hypoxia as compared to vaginal delivery. 
Amphetamine increases dopamine levels, and increased 
locomotion in response to amphetamines indicates 
heightened sensitivity to dopamine, which models the 
dopamine dysregulation seen in schizophrenia. The rats 
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also spent more time sniffing than grooming, and hypoxia 
during C-section was linked to prolonged rearing in adult 
rats [104]. In animal models, spending more time sniffing 
the environment and less time grooming can be indicative 
of increased anxiety or hyperactivity, both of which are 
observed in individuals with schizophrenia. Prolonged 
rearing indicates increased exploratory behavior and 
hyperactivity. In schizophrenia models, this behavior can 
reflect the hyperdopaminergic state associated with 
positive symptoms of schizophrenia, such as agitation 
and hyperactivity. 

Adult guinea pigs had also increased 
amphetamine-induced locomotion and disrupted pre-
pulse inhibition (PPI) of acoustic startle, but hypoxia 
during C-section reduced amphetamine-induced 
locomotion [105]. PPI is a neurological phenomenon 
used to measure sensory gating, the brain's ability to filter 
out unnecessary information. The test consists of the 
startle reflex, a rapid, involuntary response to a sudden 
loud noise or other sensory solid stimulus. When a weak 
pre-stimulus (pre-pulse) is presented shortly before  
a strong startling stimulus, PPI occurs, and the startle 
response to the subsequent more substantial stimulus is  
reduced. Disrupted PPI in animals indicates impaired 
sensory gating, a key feature of schizophrenia. In  
another study, postnatal hypoxia induced by bilateral, 
continuous occlusion of the common carotid artery in  
12-day-old male rats resulted in schizophrenia-like 
behavior, including locomotor activity in pubertal rats 
(postnatal day 35) and impaired PPI in post-pubertal 
males (postnatal day 50) [106]. 

 
Hypoxia-induced impact on neurotransmitters and/or 
their receptors related to schizophrenia. 
All three central neurotransmitter systems are affected by 
hypoxia:  

1) Dopamine. Animal models of C-section 
hypoxia resulted in altered levels of dopamine  
or dopamine receptors, the key neurotransmitter 
associated with schizophrenia. Decreased levels of 
dopamine were found in the prefrontal cortex [107,108], 
while dopamine release was increased in the nucleus 
accumbens [108] and amygdala [109]; 

2) Glutamatergic system. NMDA receptor 
binding decreased, and transcription of NR1 subunit 
increased in frontal and temporal regions, nucleus 
accumbens, and hippocampus. NR2A subunit expression 
was downregulated in hippocampal sub-regions. On day 
120 postnatally, gene expression of NR1 was still 

increased in hippocampal, frontal, and temporal sub-
regions, as well as nucleus accumbens - a pre-pulse 
inhibition deficit points to schizophrenia-like behavior in 
4-month-old rats. Compensatory upregulation of NR1 
expression may occur due to NMDA receptor 
hypofunction. A subset of glutamate receptors, kainite 
receptors, increased after exposure to hypoxia [104]. 
Neuregulin -1, a protein that interacts with glutamate 
receptors, was elevated after hypoxia in 7-day rats [102];  

3) GABA in the hippocampus increased in 7-day 
old rats after 1hr ligation of the left carotid artery and 
exposure to air where the content of oxygen was reduced 
from 21 to 8 % [110]. 

In summary, perinatal hypoxia has been linked 
to many neuropsychiatric conditions. Concerning schizo-
phrenia, the link was established by epidemiological and 
genetic studies, in vitro experiments on human cells, and 
in vivo experimental studies in several animal species.  

 
Perinatal immune system activation and the 
brain 

Perinatal infections encompass a range  
of infectious diseases transmitted from mother to fetus in-
utero or during birth or occur shortly after delivery. Any 
infectious microorganisms, including bacteria, viruses, 
fungi, or parasites, can cause these infections. Immune 
responses to invading microorganisms are associated  
with local and systemic activation of immune cells  
and the production of soluble molecules, including 
interleukins, cytokines, complement peptides, and 
antibodies. The presence of these molecules alters the 
brain development. 

 
Clinical studies in patients with schizophrenia 
Epidemiological evidence.  

The link between perinatal infection and 
schizophrenia started to be considered more than three 
decades ago. In a Finish birth cohort study, Mednick  
et al. showed that mothers in the second trimester of their 
pregnancy during the 1957 influenza endemic had 
children who were much more likely to be admitted by  
26 years in an inpatient facility with the diagnosis of 
schizophrenia [5]. Subsequent birth cohort study 
employed an improved design by involving pregnant 
women whose respiratory infection was recorded by  
a physician and whose offspring had continued follow-up 
with a diagnosis of schizophrenia established by face-to-
face interview [111]. Second-trimester infection 
represented an increased risk for schizophrenia with  
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a relative rate of 2.13 [111]. Going beyond the in-utero 
period, a two-fold risk for schizophrenia was found in 
adults who experienced childhood infections, especially 
influenza, as a meta-analysis revealed. These findings 
highlight that the critical developmental period continues 
in the postnatal period  [112]. A recent population-based 
nationwide cohort study addressed the hazard ratio for 
neuropsychiatric conditions in children of mothers with 
autoimmune diseases. The hazard risk with regards to 
schizophrenia was 1.35, demonstrating increased risk in 
offspring of women with conditions such as autoimmune 
diabetes or rheumatoid arthritis [113].  

 
Serologic findings 

Other efforts focused on finding infectious 
microorganisms responsible for these observations. In  
a nested case-control study, blood samples of mothers of 
children who turned out to be schizophrenic patients in 
adulthood were measured. The samples were collected at 
the end of their pregnancy and were found to have 
elevated total immunoglobulin (Ig)G and IgM and 
elevated IgG specific against herpes virus type 2 
glycoprotein gG2 [114]. In another nested case-control 
study, archived blood samples of mothers pregnant 
between 1959 and 1966 were tested, and offspring were 
followed for psychiatric disorders for 30-38 years. 
Influenza infection during the first trimester increased the 
risk for schizophrenia 7-fold and 3-fold after broadening 
gestational periods to early to mid-pregnancy [115].  

The studies on viral pathogens also expanded to 
protozoan parasites, toxoplasmosis gondii, and bacterial 
infections. Xiao et al. developed new antibodies for 
enzyme-linked immunosorbent assay to distinguish three 
distinct clonal lineages of toxoplasma and then tested the 
sera of pregnant mothers whose children developed 
schizophrenia and schizoaffective disorder with sera  
of mothers of unaffected children. Serological positivity 
for Toxoplasma type I, Ukrainian infection, increased risk 
for the development of psychoses with an odds ratio of 
1.94. For affective psychoses, the odds ratio was 5.24 
[116]. Bacterial infections during pregnancy also 
represent a significant risk for the development of 
schizophrenia (adjusted odds ratio 1.8, primarily when 
the infection affects multiple systems, which raises the 
adjusted odds ratio to 2.9 [117].  
 
Neuroanatomic considerations 

In patients with schizophrenia, postmortem 
analyses and brain imaging studies done by the early 

1990s established that pathology occurs within fronto-
striatal-temporal regions [118]. As further details were  
learned, more details were identified, and the frontal 
cortex, hippocampus ([119], cerebellar vermis [120], 
substantia nigra [121] were added to the neuroanatomical 
areas related to schizophrenia. A recent review of meta-
analyses concluded that schizophrenia is characterized by 
lower grey matter volumes and cortical thickness, 
accelerated grey matter loss over time, abnormal 
gyrification patterns, and lower regional SV2A levels 
(Synaptic Vesicle Glycoprotein 2A is a protein that plays 
a crucial role in the regulation of neurotransmitter release 
at synapses) and metabolic markers in comparison to 
controls (effect sizes from ~ -0.11 to -1.0), and that 
critical regions affected include frontal, anterior cingulate 
and temporal cortices and the hippocampi [42].  

Concerning the association between immune 
system activation and schizophrenia, metanalysis 
revealed a significant increase in the density of microglia, 
especially in the temporal cortex, while densities of 
macroglia (astrocytes and oligodendrocytes) did not 
differ significantly. On the molecular level, increased 
expression of proinflammatory genes on transcript and 
protein levels was seen in schizophrenia, while anti-
inflammatory gene expression levels did not differ 
between schizophrenia and controls [122]. 

Complex developmental trajectories were 
detected in the brains of patients with autism and 
schizophrenia spectrum disorders, which are distinct 
disorders where autism starts in early childhood and 
schizophrenia in young adulthood. However, patients 
with autism are three times more likely to develop 
schizophrenia later in their life [123]. This association 
may result from interactions between genetically-defined 
abnormalities and many environmental factors to which 
each individual is likely exposed at different times. For  
a better understanding of the mechanisms of this complex 
phenomenon, animal models of maternal immune 
activation (MIA) were developed. 

 
Experimental studies in MIA model  

Robert Sidwell's group established foundations 
for the MIA by involving C57/BL6 pregnant mice 
infected with human influenza virus on gestational day 9 
and assessing offspring on day 0 after the birth and  
at 14 weeks. They were the first to report short- and long-
lasting impacts both on adult offspring's behavior and 
brain neuropathology, including macrocephaly and 
pyramidal cell atrophy [124]. Paul Patterson and his team 
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then employed the synthetic double-stranded RNA 
polyinosinic-polycytidylic acid (Poly (I:C)) instead of the 
influenza virus and demonstrated a similar impact on 
brain structures and functions [125]. The deficits in  
pre-pulse inhibition in the acoustic startle response linked 
the model to autism and schizophrenia spectrum  
disorders [126]. Using synthetic mimetics of the  
influenza virus significantly simplified the methodology 
of this model and facilitated subsequent studies that  
involved different Toll-Like Receptor (TLR) ligands  
administered to pregnant dams at different stages  
of pregnancy [127]. 

Paul Patterson's group was pivotal in developing 
the model's neuropathology and identifying behavioral 
abnormalities (e.g., deficits in social interaction, 
increased anxiety, and cognitive impairments), which 
helped to draw parallels between the animal model 
findings and symptoms of patients with autism and 
schizophrenia [15,128]. They also established essential 
roles of cytokines, particularly interleukin (IL)-6, in 
mediating the effects of MIA on neurological 
abnormalities in exposed offspring [126]. Another critical 
cytokine, IL-17, is required for elicitation of abnormal 
cortical and altered behavior in offspring, as discovered 
by Gloria Choi [13]. Her group further refined the MIA 
model by establishing neuronal circuitry that is affected 
by IL-17 [129,130]. 

Urs Meyer's group demonstrated the relevance 
of the model to schizophrenia and the multi-hit 
hypothesis. In their experiments, MIA-exposed animals 
received stressful stimuli in the peripubertal period, 
which resulted in synergistic effects on brain pathology 
and behavior in adulthood. The MIA exposure 
significantly increased the vulnerability of the pubescent 
offspring [131]. Given that the onset of schizophrenia 
occurs in young adults, this model involving  
a combination of perinatal and peripubertal challenges 
likely reflects real-world scenarios. 

In summary both preclinical and clinical studies 
have linked inflammation and maternal immune 
activation to pathogenesis of schizophrenia. The critical 
questions that need to be resolved are when the 
inflammatory processes within the brain are beneficial 
and when they are detrimental, and how can the injurious 
events be therapeutically inhibited without impacting the 
whole immune system and rendering treated individuals 
more susceptible to infections.  

The complexity of interactions in the MIA 
model is evident from this outline. However, another 

layer of complexity was added when Sarkis Maznamian's  
group reported that MIA alters the gut  
microbiome, significantly affecting exposed offspring's 
neurodevelopment [132]. 

 
Gut microbiome and the brain 

 
The gut microbiota comprises over 100 trillion 

bacteria, viruses, and fungi, which form an essential 
physiological system. The interactions between the large 
mass of microorganisms and the gastrointestinal wall are 
highly regulated by the gut-associated lymphoid tissue, 
which represents the immune tolerance's cardinal site. 
The gut microbiota interacts with other organs through  
a multidirectional communication network, via which it 
also influences brain development and functions [133]. 

The microbiota communicates with the brain via 
nerves and in an endocrine fashion. Regarding nerves, 
autonomic parasympathetic, vagal, and splanchnic plexus 
fibers are directly wired to the central nervous system. 
The endocrine role of gut microbiota is reflected in the 
release of many substances that then travel through 
interstitial fluid or blood to local or distant targets [134]. 

The most relevant molecules produced  
or metabolized by the microbiota are short-chain fatty 
acids (produced by bacteria), bile acids (from the liver 
and metabolized by the microbiota), and tryptophan  
(an essential amino acid originating mainly in a diet and 
then metabolized by the microbiota) [135]. 

The microbiota can transform tryptophan into 
indole and other aryl hydrocarbon receptor ligands, 
critical for maintaining epithelial cell renewal and  
integrity and controlling intraepithelial leukocyte 
interactions [135]. Tryptophan is also metabolized by  
indoleamine-2,3-deoxygenase in epithelial and immune 
cells to kynurenine and downstream products, which 
regulate inflammation, adaptive immune responses, and 
neurotransmission [135]. Another critical role  
of tryptophan is being a precursor for serotonin.  
It is produced by two enzymes, tryptophan-hydroxylase 1 
and 2, located in the gut and brain. About 95 % of 
serotonin is found in the gut, produced by 
enterochromaffin cells [136]. Serotonin acts as a hormone 
and neurotransmitter in the peripheral and central nervous 
systems. In the gut, serotonin influences intestinal 
peristalsis and motility, secretion from gastrointestinal 
glands, and vasodilation. Serotonin is also a part of the 
content of platelet and mast cell granules and contributes 
significantly to inflammatory responses.  
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Clinical studies on microbiota in schizophrenia 

Zheng and his team established the relationship 
between gut microflora and schizophrenia. They showed 
that schizophrenia patients exhibited reduced diversity in 
bacterial species, and revealed a correlation between 
discriminative microbial markers and the severity of 
schizophrenia symptoms [137]. A positive correlation 
was found for Lachnospiraceae OTU (Operational 
taxonomic unit) 477, Lachnospiraceae OTU629, 
Ruminococcaceae, Bacteroidaceae OTU 172, and 
streptococcaceae OTU834, and negative correlation was 
reported for veillonellaceae OTU191 and Rumino-
coccaceae OTU725 [137]. The authors then went beyond 
establishing the clinically obtainable correlative 
relationships and addressed the pathogenic role of gut 
microflora in a translational experiment where fecal 
microbiota from schizophrenic patients versus healthy 
controls were transplanted into experimental mice. 
Animal behavior in group recipients of the stool from 
schizophrenic patients corresponded to behavior 
considered characteristic in experimental models of 
schizophrenia. These changes were accompanied by 
biochemical alterations in the cortex and hippocampus, 
which are consistently reported to be affected  
in schizophrenia [137]. 

In another study, Li et al. show that microbiota 
in patients with schizophrenia is related to structural 
changes in their brains. Structural magnetic resonance 
imaging revealed a reduction in gray matter volume and 
regional homogeneity in several brain regions in patients.  
Alpha diversity of the gut microbiota in patients showed  
a strong linear relationship with the values of both  
MRI parameters. These results further strengthened  
the argument that gut microbiome may play a role in the 
neuropathogenesis of schizophrenia [138]. 

 
Evidence for clinical MIA affecting brain development 
via the impact on microbiota 

Whether maternal infection during pregnancy 
affects the child's brain development at least partially via 
gut microbiota has not been documented. However, 
fragmented clinical evidence suggests that such  
a pathway exists. First, even a minor infection affects the 
composition of gut microbiota, as shown by  
a longitudinal study on patients with mild, asymptomatic 
SARS-CoV-2 infection. Their stool was collected during 
the infection, and then after they turned seronegative for 
the SARS-CoV-2 virus. The microbiota showed more 
microbial evenness during infection, and Bacteroidetes 

species were depleted. When seronegativity for the 
SARS-CoV-2 virus was reached, the microbiota was 
comparable with healthy controls [139]. Second, maternal 
microbiota changes affect an infant's microbiota 
composition [140]. Third, antibiotics taken during 
pregnancy alter maternal microbiota and are associated 
with the development of metabolic and allergic disorders 
later in childhood, including obesity and asthma [141]. In 
the context of existing information, maternal microbiota 
alterations likely affect human offspring's brain 
development. 

 
Experimental studies on the impact of MIA on gut 
microbiome  

Mazmanian's team reported first that  
MIA-impacted gut flora influences the severity of 
behavioral and neuropathological phenotypes in offspring 
by breaking the immune tolerance in the gut and 
activating the microbiota-gut-brain axis [132]. Oral 
administration of common commensals, Bacteroides 
fragilis, corrected gut permeability and microbial 
composition, improving communicative, stereotypic, 
anxiety-like, and sensorimotor behaviors [132].  

A meta-analysis was performed to assess MIA's 
effect on microbiota and neurodevelopmental conditions 
in rodents. Combining the results of thirteen studies 
revealed that maternal microbiome disturbances affect the 
brain, as reflected by a decrease in offspring's sociability 
and an increase in stereotypic behaviors [142],  
which supports the validity of the concept. 

Since indigenous spore-forming bacteria from 
the mouse and human microbiota promote serotonin 
biosynthesis from colonic enterochromaffin cells [143], 
MIA's impact on the serotonin pathway was tested by 
MacDowell et al. [144]. MIA reduced serotonin content 
in brain tissue and promoted changes in the expression of 
serotonin transporter, 5-HT2A, and 5-HT2C receptors. 
Long-term paliperidone treatment (a dopamine D2 and 
serotonin 5HT receptor antagonist) counteracted the 
MIA-induced changes [144]. These findings provide 
insight into mechanisms by which MIA's impact on the 
microbiota can affect the brain. 

 Microbiota can be altered by antibiotic usage. 
Except for a few, antibiotics have been considered safe 
for pregnant women. As we learn more about antibiotics' 
effects on microbiota, their safety may need to be re-
assessed, and the benefit ratio may need to be considered 
individually. One of the safest antibiotics is penicillin. 
Administration at a low dose during the third trimester of 
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mouse pregnancy resulted in behavior changes of adult 
offspring [145-147]. The behavioral changes were sex-
dependent. Female adult mice showed decreased anxiety 
patterns, while they had abnormal social behavior. The 
immune system was affected, as evidenced by a decrease 
in splenic FOXP3+ regulatory T cells, major players in 
preventing the development of autoimmunity [145].  

In similar experimental conditions, Lebovitz  
et al. reported decreased expression of Cx3cr1  
(a chemokine receptor for neuron-derived fractalkine) in 
the microglia of the prefrontal cortex [148]. In another 
report, dysbiosis-induced microglial expression of 
CxC3cr1 was restored by treating mice with oral 
Lactobacillus species [146]. 

 
 

 
 
Fig. 3. Various factors that affect maternal and offspring microbiota, which may alter neurodevelopment in the child through gut-
microbiota-brain axis. The picture was made with using a Biorender template.  
 

 
Other causes of perinatal alterations of maternal or 
infant's microbiota 

Both maternal and infant microbiota play crucial 
roles in shaping an infant's brain development, but their 
influences are intertwined and impact the infant  
at different stages. Maternal gut microbiota influences the 
immune environment and metabolic state during 
pregnancy, which can impact fetal brain development. 
During vaginal delivery, infants acquire microbiota from 
the mother's vaginal and intestinal flora, which  
is beneficial for early immune system development. After 
birth, the infant's microbiota continues to develop and is 
influenced by factors such as breastfeeding and 
environmental exposures. Breast milk contains beneficial 
bacteria and prebiotics that help shape the infant's gut 
microbiota. Figure 3 depicts conditions that can influence 
maternal or offspring microbiota. 
 
MIA by SARS-CoV-2 

 
World Health Organization declared global 

SARS-CoV-2 pandemic in March 2020 and announced its 

end in May 2023. Statistics vary about the number of 
women who were pregnant during the COVID-19 
pandemic. It is, however, clear that SARS-CoV-2 infection 
worsened pregnancy outcomes. For example, a recent 
study reported outcomes of INTERCOVID study 
infections of the omicron variant of SARS-CoV-2 in 
pregnant women and their babies. Maternal, Neonatal, and 
Perinatal Morbidity and Mortality indices (MMI) relative 
risk were 1.16, 1.23, and 1.21, respectively. In unvacci-
nated women, Maternal MMI was 1.36; in women with 
severe COVID-19 symptoms, 2.51; and in unvaccinated 
women with severe COVID-19 symptoms, 2.88 [149]. 

Vertical transmission of the virus is believed to 
occur only rarely [150] and the human placenta has been 
considered a sound barrier that protects the fetus efficiently 
[151]. However, in a recent experimental study using mice 
that express human angiotensin-converting enzyme 2 that 
allows intracellular entry of SARS-CoV-2, the virus is 
found in the brain within 48 hours after the infection, 
indicating direct exposure of brain cells to the virus. All 
cell types within the brain (endothelium, neurons, glia, and 
astrocytes) can be infected [152]. Even if direct exposure 
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to human fetuses continues to be refuted, the placenta of 
infected women (including mild cases of SARS-CoV-2 
infection) was reported to have vascular abnormalities 
(consistent with malperfusion) and villitis [153,154]. 

SARS-CoV-2 enters cells primarily via binding to 
Angiotensin Converting Enzyme-2 and Transmembrane 
Serine Protease 2. The virus also interacts with the host 
immune system through multiple TLRs, mainly TLR2, 
TLR4, TLR7, and TLR8, which were all shown before to 
play a role in MIA [23]. These interactions activate innate 
immune responses, including producing pro-inflammatory 
cytokines critical for controlling viral infection and 
contributing to MIA. 

The abnormal fetus oxygenation, local 
inflammation, and the impact of SARS-CoV-2  
on microbiota are all conditions, in which the neural 
development of the fetus may be affected. These 
mechanisms may be behind the findings in a recent 
retrospective study that examined one-year-old children 
exposed to SARS-CoV-2 in utero (confirmed by 
polymerase chain reaction test). The study revealed that 
exposure is associated with a higher rate of neurode-
velopmental diagnoses, with an OR of 1.86. When the 
SARS-CoV-2 occurred in the third trimester, the OR was 
higher - 2.34 [155]. Another retrospective cohort 
examined electronic health records and uncovered that 
males but not females born to SARS-CoV-2 infected 
mothers were more likely to receive a neurode-
velopmental diagnosis in the first 12 months after 
delivery [156]. 

While these findings will need additional 
validations, the existing data already warrant more 
experimental studies that can help explain 
histopathological mechanisms involved in the increased 
vulnerabilities to neurodevelopmental conditions and 
identify diagnostic markers applicable clinically. 
Meanwhile, professionals taking care of children exposed 
to SARS-CoV-2 in utero may closely monitor their 
development and support formulation of clinical practices 
where children with vulnerabilities receive more support, 
as it is the case with individuals at high risk for 
development of autism or schizophrenia where measures, 
such as diet, exercise [157,158] showed some positive 
outcomes.  

 
Interactions between MIA and perinatal 
hypoxia 

 
The impacts of perinatal hypoxia and MIA on 

the brain overlap in several key areas. Both conditions 
can lead to similar neurodevelopmental disruptions and 
are associated with increased risk for neuropsychiatric 
disorders, including schizophrenia. They both induce 
neuroinflammation, which involves microglia activation 
and release of pro-inflammatory cytokines in the 
developing brain [45,159]. Both conditions can lead to 
increased production of oxygen radical species and 
subsequent oxidative stress, which can cause cellular 
injury and impair neurodevelopmental processes, 
including synaptogenesis and myelinization [160,161]. 
Both perinatal hypoxia and MIA can cause epigenetic 
changes, such as DNA methylation and histone 
modification, which impact transcriptional programs 
involved in various developmental functions and adaptive 
responses [162-164] and may be dependent on severity of 
the stimulus [165]. Finally, both perinatal hypoxia and 
MIA alter the dopaminergic system, which is a crucial 
feature of schizophrenia [166]. To better understand 
pathways shared between perinatal hypoxia and MIA,  
we will need to await experimental evidence where MIA, 
due to the activation of different TLRs, is tested together 
with different degrees of perinatal hypoxia (including 
mild hypoxia). Such efforts can help develop biomarkers 
for new diagnostic panels, targeted interventions, and 
preventive strategies for at-risk populations. 

 
Conclusions 

 
This review underscores the roles of perinatal 

hypoxia, immune system activation, and microbiota in 
neurodevelopmental conditions, to which also belongs 
schizophrenia. Clinical and experimental studies 
demonstrate that these perinatal factors are associated 
with long-term changes in brain structure and function,  
as reflected in behavioral and neurotransmitter  
alterations observed also in schizophrenia. Sophisticated 
experimental models have been developed during the last 
two decades to address perinatal hypoxia and MIA but 
their cumulative effects are rarely studied together.  

In light of the SARS-CoV-2 pandemic, these 
considerations may be needed for children exposed to 
SARS-CoV-2 in utero, particularly in situations where 
additional factors contributed to increased risk  
for asymptomatic brain tissue injury, including obstetric 
complications causing various degree of hypoxia, 
additional infection, maternal immune activation  
or psycho-social stress. 
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Limitations 
 
One of the significant limitations of translational 

research on schizophrenia is the heterogeneity of the 
disease and the existence of subsets of patients that we 
are not yet able to distinguish objectively. Most existing 
studies approach schizophrenia as one condition that 
significantly limits the interpretation of data.  
The heterogeneity of schizophrenia stems from complex 
genetic backgrounds that make the susceptibility  
to environmental factors quite variable. In addition to the 
heterogeneous nature of schizophrenia, also ethical 
limitations exist that prevent access to the affected brain 
tissue. 
 
Future directions 

 
To enhance our understanding of schizophrenia 

development, using advanced animal models and testing 
more than one perinatal factor per experiment will be 
critical. The experimental studies linked to longitudinal 
clinical studies involving sufficient subjects and assessing 
patients multimodally will promote the translational value 
of such work. These efforts should identify objective 
biomarkers for subsets of patients and hopefully reveal 
objective biomarkers altered by perinatal factors that are 
sensitive enough to reveal even pathological processes 
not immediately evident clinically (e.g., sensory, motor  
or cognitive deficits) and that are possible to use in 
longitudinal monitoring during individual’s development 
as they encounter further hits during their lives. That such 
goals are feasible is demonstrated by recent advances in 
other psychiatric conditions, namely Alzheimer disease, 
where a biomarker detectable in the blood was identified  
[167]. A better understanding of molecular mechanisms 

can lead to more effective individualized treatment.  
In addition, the focus of the research should not only be 
on the treatment of pathological status but on preventive 
measures that can limit the prevalence of 
neurodevelopmental conditions, including schizophrenia. 
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