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Abstract: Despite progress in understanding the pathophysiology of acute lung damage, currently
approved treatment possibilities are limited to lung-protective ventilation, prone positioning, and
supportive interventions. Various pharmacological approaches have also been tested, with neuro-
muscular blockers and corticosteroids considered as the most promising. However, inhibitors of
phosphodiesterases (PDEs) also exert a broad spectrum of favorable effects potentially beneficial
in acute lung damage. This article reviews pharmacological action and therapeutical potential of
nonselective and selective PDE inhibitors and summarizes the results from available studies focused
on the use of PDE inhibitors in animal models and clinical studies, including their adverse effects.
The data suggest that xanthines as representatives of nonselective PDE inhibitors may reduce acute
lung damage, and decrease mortality and length of hospital stay. Various (selective) PDE3, PDE4, and
PDES inhibitors have also demonstrated stabilization of the pulmonary epithelial-endothelial barrier
and reduction the sepsis- and inflammation-increased microvascular permeability, and suppression
of the production of inflammatory mediators, which finally resulted in improved oxygenation and
ventilatory parameters. However, the current lack of sufficient clinical evidence limits their rec-
ommendation for a broader use. A separate chapter focuses on involvement of cyclic adenosine
monophosphate (c(AMP) and PDE-related changes in its metabolism in association with coronavirus
disease 2019 (COVID-19). The chapter illuminates perspectives of the use of PDE inhibitors as an
add-on treatment based on actual experimental and clinical trials with preliminary data suggesting
their potential benefit.

Keywords: acute lung injury; acute respiratory distress syndrome; sepsis; phosphodiesterase in-
hibitors; animal models; COVID-19

1. Introduction

An acute lung damage originating from a variety of direct (pulmonary) or indirect
(extrapulmonary) reasons is characterized by an acute development of respiratory distress
and hypoxemia resulting from diffuse damage of an alveolar—capillary barrier, dysfunction
of a pulmonary surfactant, massive generation of a lung edema, and ventilation-perfusion
mismatch, followed by neutrophil-mediated inflammation. Despite substantial improve-
ment in understanding the pathophysiology of this life-threatening situation, treatment
possibilities are limited to lung-protective ventilation, prone positioning, and supportive
interventions. Various pharmacological approaches have been also tested, with neuro-
muscular blockers and corticosteroids considered as the most promising. However, there
are additional drugs, e.g., inhibitors of phosphodiesterases (PDEs), which should be men-
tioned because of their wide spectrum of potentially favorable effects. This article reviews
pharmacological properties of nonselective and selective PDE inhibitors, their mechanisms
of action, side effects, and therapeutical potential for the acutely injured lung, summarizes
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results from the use of PDE inhibitors in the experimental and clinical studies, and esti-
mates possible perspectives of a wider use of PDE inhibitors for an acute lung damage
including coronavirus disease 2019 (COVID-19).

2. Acute Injury of the Lung
2.1. Definitions

The American—-European Consensus Conference definitions state the following as the
main features of acute lung damage: (1) an acute onset; (2) finding of bilateral infiltrates
on the chest X-ray; (3) pulmonary artery wedge pressure <18 mm Hg or an absence of a
clinical evidence of left atrial hypertension; and (4) an acute hypoxemia. The term acute
lung injury (ALI) represents a situation with a ratio of arterial partial pressure of oxygen
and fraction of inspired oxygen (PaO;/FiO;) >200 mm Hg and <300 mm Hg. The term
acute respiratory distress syndrome (ARDS) is used for more severe situations with the
PaO,/FiO, <200 mm Hg [1].

The so-called Berlin definition of ARDS in 2012 defined “ARDS” as an acute form
of diffuse lung injury occurring in patients with a predisposing risk factor, meeting the
following criteria: (1) an onset within 1 week of a known clinical insult or new /worsening
respiratory symptoms; (2) presence of bilateral opacities on the chest X-ray, not fully ex-
plained by effusion, lobar/lung collapse, or nodules; (3) diagnosis of respiratory failure not
fully explained by cardiac failure or fluid overload; (4) presence of hypoxemia, as defined
by a specific threshold of the PaO, /FiO, ratio measured with a minimum requirement of
positive end-expiratory pressure (PEEP) >5 cm H,O; thus, identifying three categories of
ARDS based on a severity of hypoxemia: mild (PaO,/FiO; 200-300 mm Hg), moderate
(PaO, /FiO, 100-200 mm Hg), and severe ARDS (PaO,/FiO, <100 mm Hg) [2]. The term
“acute lung injury” has remained as a general term expressing acute damage of the lung, as
well as for experimental studies, where the lung damage is induced artificially, and other
signs from the definition, except of hypoxemia, cannot be measured.

2.2. Incidence and Mortality

Incidence of ARDS may differ according to regional genetic variability, differences
in health care systems, and different diagnostic criteria for ARDS [3]. In 2005, incidence
of mild ARDS was 79 cases per 100,000; for moderate/severe ARDS, it was 59 cases per
100,000, with a total mortality of about 40% [4]. Later, a declining trend of the ARDS
incidence was demonstrated, probably thanks to an introduction of the lung-protective
ventilation. In a multicenter trial executed in 50 countries in five continents, ARDS caused
10.4% of total intensive care unit (ICU) admissions and 23.4% of all cases requiring lung
ventilation. The prevalence of mild ARDS was 30.0%, of moderate ARDS 46.6%, and of
severe ARDS 23.4%, while overall, unadjusted ICU and hospital mortality was 35.3 and
40.0%, respectively and both raised with worsening ARDS severity [5]. Moreover, ARDS is
responsible for serious long-term consequences in the patients who had survived ARDS,
in terms of a reduced quality of life and physical and mental dysfunction, to a various
extent [6,7].

2.3. Etiology and Risk Factors

An acute lung damage can be caused by a direct (pulmonary) injury due to pneumonia,
near-drowning, inhalation of gases, etc., while an indirect (extrapulmonary) injury is a
secondary hit of a systemic process or a serious disorder localized in other organs, such as
sepsis, acute pancreatitis, trauma with shock, burns, etc. [8]. However, additional factors
may increase a risk of ARDS. For instance, genetic factors may predispose an individual
susceptibility for a respiratory distress. More than 40 candidate genes associated with a
development of ARDS [9] have been identified, including genes for angiotensin-converting
enzyme (ACE), interleukins (IL)-6, and IL-10, tumor necrosis factor (TNF)e, surfactant
protein (SP)-B, Fas, vascular endothelial growth factor (VEGF), etc., which are responsible
for regulation of vascular permeability, immune response, response to oxidative stress,
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coagulation, and metabolism in the lung [10,11]. Higher risk of ARDS or a more severe
course of the disorder might be partially attributable to race differences [12], blood type [13],
chronic cigarette smoke exposure, chronic alcohol abuse, older age (>65 years), chronic
lung disease, serious concomitant diseases, etc. [14,15].

2.4. Pathophysiological Features of ALI/ARDS

The fundamental changes in ALI/ ARDS include increased permeability of the alveolar-
capillary membrane, excessive accumulation and activation of leukocytes and platelets,
neutrophil-mediated inflammation, and activation of the coagulation pathways [14]. The
changes in ALI/ARDS fluently progress from an initial (exudative) phase into a fibropro-
liferative phase. In the exudative phase (day 1-7), a diffuse injury to epithelial and/or
endothelial cells causes a swamping of the alveoli with a proteinaceous edema fluid, which
dilutes and deteriorates functions of the pulmonary surfactant. The mentioned processes
decrease lung compliance and worsen gas exchange. The lung tissue damage triggers the
inflammatory response with a transmigration of leukocytes, particularly neutrophils, from
the blood flow into the lung. The immune cells, but also platelets, epithelial, and endothe-
lial cells, and other cells localized at a site of injury, activate and generate a wide spectrum
of biologically active substances, such as pro-inflammatory cytokines and chemokines
(TNFe, interleukins (IL)-1f3, -6, and -8, proteases, reactive oxygen species (ROS), etc. The
substances produced by the activated cells or released from the destroyed cells stimulate
a chemotaxis of additional immune cells into the lung, which aggravate the injury, but
might be also used as biomarkers of the acute phase of ALI/ARDS [16,17]. Several pro-
inflammatory mediators induce an apoptosis of the lung epithelial cells, which further
disrupt an alveolar lining, while they postpone an apoptosis of neutrophils, allowing their
longer persistence and production of deleterious products in the tissue [18]. Within several
days, the inflammation becomes weaker and the fibroproliferative processes dominate. The
edema fluid is gradually reabsorbed and a damaged tissue goes through a regeneration
by proliferation and phenotypic changes of type II alveolar cells, myofibroblasts, and
fibroblasts, and a new extracellular matrix becomes deposited. In alteration of the recovery
phase, the situation in some patients may progress into a fibrosis and irreversible changes
in the lung architecture [17,19].

2.5. Therapy of ARDS

Due to a complex pathophysiology and a heterogenous picture of ARDS, the therapy
is extremely difficult. The standard therapy is based on a lung-protective mechanical
ventilation, which uses low tidal volumes (<6 mL/kg of the predicted body weight)
combined with limited inspiratory plateau pressures (<30 cm H,O) and appropriate levels
of PEEP [20,21]. To re-inflate the collapsed lung regions, recruitment maneuvers (sustained
inflation, intermittent sighs, or stepwise increase in an inspiratory pressure) might be used;
however, their benefit is still discussed [22]. Further advances were reported for prone
positioning, which enables a recruitment of the lung parenchyma in the acute phase of
severe ARDS [20,23]. The improvement in a ventilation/perfusion matching leads to a
better CO; elimination and a more homogenous distribution of ventilation [24].

In the pharmacological therapy of ARDS, various medicaments have been used;
however, only some of them were able to improve oxygenation, or reduce mortality or
duration of hospital stay—at least in the specific groups of patients [25,26]. Among them,
neuromuscular blockers and corticosteroids appear to be the most promising. Neuromus-
cular blockers, thanks to the amelioration of a patient-ventilator synchrony, may reduce
the work of breathing and oxygen consumption and, thereby, improve survival [24,27].
Low-to-moderate doses of corticosteroids may shorten a duration of mechanical venti-
lation or a duration of hospitalization, and improve oxygenation [28-30]. Nevertheless,
inhibitors of phosphodiesterases (PDEs) represent another option of the pharmacological
strategy, exerting a broad spectrum of potentially desired actions, which might be of benefit
in ARDS.
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3. Phosphodiesterases (PDEs)

Intracellular second messengers, a cyclic adenosine monophosphate (cAMP) and
a cyclic guanosine monophosphate (cGMP), are involved in the regulation of a variety
of physiological processes, including vascular resistance, cardiac output, neuroplasticity,
immune response, and inflammation. Intracellular levels of these cyclic nucleotides are
regulated particularly by enzymes phosphodiesterases, which catalyze a hydrolysis of
a cyclic phosphate bond in the cAMP and cGMP to generate the products 5'-AMP and
5-GMP, which are inactive.

Thus, PDEs may modulate cell signaling via the breakdown of cAMP and /or cGMP [31,32].
A superfamily of PDEs comprises 11 families of enzymes hydrolyzing cAMP only (PDE4,
PDE7, PDES), cGMP only (PDES5, PDE6, PDE9), or both cAMP and cGMP (PDE1, PDE2,
PDE3, PDE10, PDE11). The PDE families may consist of one or more genes, which may
give rise to more than 50 protein forms of these enzymes [33]. Distribution of PDEs is
diverse in different cells and tissues, while some cells can produce several types of PDEs.
Inhibitors of PDEs target one or several PDE isoenzymes, and thereby inhibit a metabolism
of the cyclic nucleotides and prolong their biological effects [31,32,34]. The distribution of
PDEs, biological effects, and examples of their inhibitors are provided in Table 1.

Because of a fundamental role of the lung epithelial and endothelial cells, neutrophils,
macrophages, T-lymphocytes, vascular smooth muscle cells, etc., in the pathogenesis of
ALI/ARDS, inhibition of PDE3, PDE4, and PDES5 isoforms distributed in the mentioned
cells by either nonselective PDE inhibitors or selective PDE3, PDE4, and PDES inhibitors is
of a particular interest in ARDS. Nevertheless, inhibitors of other PDEs distributed in the
lung (PDE1, PDE2, PDE9) might also be of benefit.

Table 1. Distribution of phosphodiesterases (PDEs), biological effects and examples of inhibitors.

PDEs Family

Substrate

Primary Tissue Distribution of PDEs  Biological Effects of PDEs Examples of

Inhibitors
regulation and
brain, heart, lung, smooth muscle, proliferation of vascular . .
adipocyte, pancreas, neurons smooth muscle, survival Vinpocetine
PDE1 cAMP/cGMP pocyte, ' ' museie, ot Nicardipine
macrophages/monocytes, and activation of immune . L
. nimodipine
testes/spermatozoa cells, neuronal functions,
spermatogenesis
regulation of endothelial
. permeability and platelet
adrenal gland, heart, lung, liver, functions. reeulation of EHNA
PDE2 cAMP/cGMP  platelets, endothelial cells, adipocyte, ) . BAY-60-7750
. aldosterone secretion, .
brain . oxindole
neuronal functions,
long-term memory
myocardial contractility,
platelet aggregation,
vascular and airway
heart, smooth muscle, lung, liver, smooth muscle contraction, Milrinone
PDE3 CAMP/cGMP platelets, adlpocyt.e, pancreas, regul'atlon. of inflammation c1los'tazol
immune cells, brain, endothelium, and fibrosis, platelet olprinone
epithelium, oocytes functions, mediation of ensifentrine (RPL554)

response to insulin,
regulation of cell
proliferation
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PDEs Family  Substrate Primary Tissue Distribution of PDEs  Biological Effects of PDEs ExafnPles of
Inhibitors
neuronal functions,
regulation of inflammation,
brain, Sertoli cells, kidney, liver, heart, microvascular permeability, rolipram
smooth muscle, lung, adipocyte, and fibrosis, vascular and cilomilast
PDE4 cAMP . . . .
endothelial cells, immune cells, airway smooth muscle roflumilast
pancreas contraction and apremilast
proliferation, myocardial
contractility, fertility
vascular and airway
smooth muscle contraction sildenafil
lung, platelets, smooth muscle, heart,  and remodeling, platelet dipvridamole
PDE5 cGMP endothelial cells, brain, kidney, functions, participation in Zap}r]inas ¢
gastrointestinal system inflammation and prina .
L. tadalafilvardenafil
oxidative stress, neuronal
functions
signal transmission and
PDE6 cGMP photoreceptors, pineal gland photoreaction, regulation none selective
of melatonin release
skeletal muscle, vascular smooth activation of
. . BRL 50481
muscle, lung, cardiomyocytes, kidney, ~T-lymphocytes and other
PDE7 cAMP ) . 1C242
brain, pancreas, T- and B-lymphocytes, immune cells,
. ACB16165
spleen bronchoconstriction
activation of T-cells,
testes, eye, liver, skeletal muscle, heart, regulation of
PDES cAMP kidney, ovary, brain, T-lymphocytes, spermatogenesis and PF-04957325
thyroid gland, pancreas Leydig cells,
bronchoconstriction
neuronal functions,
PDE9 GMP kidney, spleen, liver, lung, brain, participation in BAY-73-6691
intestinal cells, skeletal muscle, heart inflammation and PF-04447943
bronchoconstriction
neuronal functions, papaverine
PDE10 cAMP/cGMP testes, brain, thyroid gland, pancreas learning, memory TP-10
processes MP-10
PDE11 cAMP /cGMP skeletal muscle, prostate, kidney, liver, spermatogenesis none selective

pituitary and salivary glands, testes

4. Nonselective Inhibitors of PDEs

4.1. Therapeutic Properties of Nonselective PDE Inhibitors

Nonselective inhibitors of PDEs may modulate simultaneously an action of several

PDEs distributed in various tissues; however, this wide-spectrum effect is often associated
with unwanted side effects. Nonselective PDE inhibitors are represented by a group of
xanthines, since some of them (e.g., theophylline (1,3-dimethylxanthine), caffeine (1,3,7-
trimethylxanthine) or theobromine (3,7-dimethylxanthine)) are present as natural alkaloids
in tea, coffee, cocoa, etc. [35].

Theophylline has been used in the treatment of bronchial asthma and chronic ob-
structive pulmonary disease (COPD) for more than 50 years. Actions of theophylline are
mediated via several mechanisms while some of them have not been fully understood.
Nonselective PDE inhibition and antagonism of adenosine receptors are usually observed
at higher doses of theophylline. In addition, theophylline possesses anti-inflammatory
properties mediated via increasing activity of histone deacetylases (HDAC), inhibition
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of phosphoinositide (PI) 3-kinase, inhibition of activity of poly (ADP-ribose) polymerase
(PARP-1), or activation of small and intermediate conductance calcium-activated potas-
sium channels [36]. As a result of these actions, administration of theophylline can lead to:
(1) bronchodilation and bronchoprotection; (2) vasodilation; (3) anti-inflammatory effects,
such as inhibition of nuclear factor (NF)-«B, increased production of anti-inflammatory IL-
10, antagonism of TNFe, inhibition of ROS generation, increased apoptosis of neutrophils,
inhibition of calcium influx into inflammatory cells, etc.; and (4) other effects, such as
facilitation of mucociliary clearance, decrease of edema formation, stimulation of surfactant
release, stimulation of breathing etc. [37-39].

Aminophylline is a combination of theophylline with ethylenediamine in a 2:1 ratio.
Although aminophylline is less potent and shorter-acting than theophylline, the addition
of ethylenediamine enhances water-solubility and antioxidant properties compared to
theophylline [40].

Pentoxifylline (or oxpentifylline) is widely used for reduction of pain and weakness
in peripheral artery diseases [41] and in alcoholic hepatitis, reducing a risk of hepatorenal
syndrome [42]. These effects are probably attributable to its anti-inflammatory action
including a downregulation of TNFo and anti-thrombotic effects [43].

Lisofylline is an active metabolite of pentoxifylline, possessing similar anti-inflammatory
effects. In addition, lisofylline inhibits a formation of oleate- and linoleate-containing
phosphatidic acids by neutrophils, and may thereby reduce the oxidant-mediated vascular
leak [44].

Caffeine is known for its psychostimulating effects. However, because of stimulation
of respiration, caffeine is also used for the treatment of apnea of prematurity [45] and
bronchopulmonary dysplasia (BPD) [46] in the preterm neonates. Recently, caffeine has
become a part of the therapeutic protocol in the preterm infants with respiratory distress
syndrome (RDS) [47]. Similarly to previously mentioned xanthines, caffeine also possesses
anti-inflammatory properties [48].

4.2. Nonselective PDE Inhibitors in Experimental Models of ALI

Effects of nonselective PDE inhibitors have been evaluated in various animal models
of ALL Experimental studies of post-treatment with PDE inhibitors are listed in Table 2.
Pretreatment with theophylline inhibited neutrophil recruitment and TNF« release in
the bronchoalveolar lavage fluid (BALF) of rats with lipopolysaccharide (LPS)-induced

ALI [49].
Table 2. Studies of post-treatment with nonselective PDE inhibitors in animal models of acute respiratory distress syndrome
(ARDS) or sepsis.
. . . Duration of Outcomes in Treated
Author (Year) Type of Injury Species of Animals Treatment/Dose Treatment Groups
Decreased

pulmonary artery

Phosgene-induced pressure, tracheal

. Aminophylline (lung pressure, and lung
Sciuto et al. (1997) fE)IEJI (ne/"k;l‘:lljzf(ej LPS Wistar rats perfusion with 25h weight gain, reduced
60 rrtfl ) 30 mg/kg) TBARS and perfusate
’ LTC4/D4/E4,
prevented decrease in
lung cAMP
Aminophylline
(1 mg/kg i.v. bolus
LPS-induced acute 30 min, then No decrease in tissue
Fakioglu et al. (2004)  endotoxemia Sprague-Dawley rats 0.5 mg/kg/h 6h (lung, kidney, heart)
(LPS 4 mg/kgi.v.) infusion), water content

concomitant injection
with LPS)
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Table 2. Cont.

Duration of

Outcomes in Treated

Author (Year) Type of Injury Species of Animals Treatment/Dose Treatment Groups
Improved gas
exchange, decreased
right-to-left shunts
Aminophylline and ventilatory
Meconium-induced (2 mg/kgi.v. bolus pressures, reduced
Mokra et al. (2007) ALL Rabbits 05 ai d 2g5 'h' after it 5h edema formation,
n.1 i r.n) o neutrophils in BALF,
econid markers of oxidative
stress, airway
reactivity to
histamine
With 2 mg/kg A:
superior effect on gas
exchange, lung
edema, lipid
Aminophylline perOXIdatllon, .
. . (2 mg/kg or 1 mg/kg neutrophil counts in
Mokra et al. (2008) Meconium-induced Rabbits iv. bolus 0.5 and 5h BAU.: z?nd fracheal
ALL 25 after it reactivity to
H:leCOI'lium). ’ histamine; 1 mg/kg
A: reduced protein
oxidation in the lung
and lung tissue
reactivity to
histamine
Improved
Aminophylline oxygenation, trend to
Meconium-induced (6 mg/kg followed decrease markers of
Shao et al. (2019) ALL Newborn piglets by continuous 4h inflammation (IL-8
infusion of and CRP in BALF,
0.5 mg/kg/h) IL-8 and PLA; in
lung)
Both treatments
Pentoxifylline prevented edema
(20 mg/kg i.v formation; reduced
B/ GV in vitro
E.coli-induced sepsis followed by infusion endotoxin-induced
Hoffmann et al. @ x 10° Escherichia ~ Guinea pigs of 20mg/kg/hor =5y PMNs
(1991) . . Dibutyryl (db)-cAMP . .
coli bacteria i.v.) (2 mg/Kg iv. + chemiluminescence,
2 mg/kg/h infusion) ?O change in .
30 min. after E. coli eukocyte counts in
’ BALF or peripheral
leukocytes
Both pre- and
post-treatments
Pentoxifylline imprQV.e d Pa0; and
(20 mg/kg followed lung injury, pre- and
Pseudomonas by 6 mg/kg/h) prior early post-treatment
Riddings et al. (1994) aerug mosa-u}duced . Yorkshire swine to the onset of sepsis, 5h }mproved cardiac
Gram-negative sepsis index, but late
A . or at 1 hor 2 h after .
by i.v. infusion - treatment in
the onset of bacteria lish. .
infusion established septic
shock caused fatal
systemic hypotension
in a half of animals
Low-dose P:
Pentoxifylline (low gn}‘:;r?zedjg I;V;V?Ii’_ 6
. . . dose of 5 mg/kg/day © eguate
Nelson et al. (1999) Peritoneal sepsis Lewis rats vs. high dose of 7d mRNA in liver and
20.m & ke /day) LPS-binding protein
g/ X/ day mRNA in liver and

intestine
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Table 2. Cont.

Author (Year)

Type of Injury

Species of Animals

Treatment/Dose Duration of

Outcomes in Treated

Treatment Groups
Pentoxifylline at all
Pentoxifylline (doses i&?igﬁiﬁg}ﬁ; <B
Jietal. (2004) LPS-induced sepsis Rats of 6.25,12.5, 25, 50, or 1,4and 6 h and production of
’ (LPS 5 mg/kgi.p.) 100 mg/kg at 1 min ! P
after LPS challenge) TNFx and IL-6, and
enhanced a release of
IL-10
Decreased plasma
TNF«, IL-6, nitrite,
AST and ALT,
. Pentoxifylline reduced liver injury
Coimbra et al. (2005) LPCS{-1tn duce_d acute Male (25 mg/kgi.v., 2 4or24h score and neutrophil
oumbra et al. ?IrJPSO 502511}1; iv) Sprague-Dawley rats  concomitant injection ™ or infiltration, decreased
§/KE LV with LPS) NF-«kB in hepatocytes
and Kupffer cells,
decreased iNOS in
Kupffer cells
Decreased IL-8 and
MMP-2 in BALF, and
Pentoxifylline plasma MMP-9
LPS-induced acute Mal (25 /l}<7 . activity, decreased
Coimbra et al. (2006)  endotoxemia ae ME/XE LV lung MPO, ICAM-1
. Sprague-Dawley rats ~ concomitant injection .
(LPS 5 mg/kgi.v.) ith LPS) expression, and
w NF-kB activation,
attenuated lung
injury
Enhanced regional
ventilation,
Pentoxifylline prevented an increase
. of alveolar
(20 mg/ kg bolus i.v. macrophages in
Korhonen et al. Meconium-induced Neonatal piglets followed by infusion 12h BALF };n dglun
(2004) ALI P& of 20 mg/kg/h) since ung
: concentrations of
15 min. after .
meconium TNFo and protein,
econttt but had no effect on
lung neutrophil
accumulation
Reduced lung injury,
protein content, and
Pentoxifylline cells in BALF,
(46.7 mg/kg,ip.) decreased COX-2 and
. Nitrogen mustard- . daily for 3d MMP-9, oxidative
Sunil et al. (2014) induced ALI Wistar rats beginning 15 min 3 days stress proteins
after nitrogen lipocalin and
mustard heme-oxygenase-1 in
lung, stimulated
wound repair
Increased antioxidant
CLP-induced model Pentoxifylline enzymes and
Ozer et al. (2020) of sepsis Wistar rats (50/mg/kg/dayip.) 7 days lowered pathological
P for 72 h after CLP score in the lung and
kidney
Attenuated
sepsis-induced
Lisofylline pulmonary
(25 mg/kg followed hypertension,
Hasegawa et al. Pseudpmonqs o by 10 mg/kg/h) neutropenia,
aeruginosa-induced Hanford minipigs A 6h .
(1997) ; . . 30 min prior to, or 1 h hypoxemia, increased
sepsis by i.v. infusion Y
PSIS by V. or 2 h after bacteria MPO activity, and

infusion

lung injury
parameters in the Pre-
and Post-1 h groups
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Author (Year)

Type of Injury

Species of Animals

Treatment/Dose

Duration of
Treatment

Outcomes in Treated
Groups

Oka et al. (1999)

Pseudomonas
aeruginosa-induced

sepsis by i.v. infusion

Hanford minipigs

Lisofylline

(25 mg/kg bolus
followed by infusion
of 10 mg/kg/h)

30 min prior to sepsis,
or 1hor2h after
bacteria infusion

6h

Pretreatment reduced
sepsis-enhanced
phagocytic activity,
attenuated
neutrophil
attachment to
fibronectin, and
produced
neutrophilia; 1-h
post-treatment
attenuated
neutrophil
attachment to
fibronectin and
caused neutropenia
to recover

Weichelt et al. (2013)

Hyperoxia-induced
ALI

Neonatal rats

Caffeine (10 mg/kg
i.p.) at the beginning
of hyperoxia

6,24,0r48 h

Diminished lung
leukocyte infiltration,
perturbation of
alveolar
development, and
mRNA expressions
of pro-inflammatory
chemokines and
cytokines

Jing et al. (2017)

Hyperoxia-induced
ALI

Neonatal rats

Caffeine (20 mg/kg
i.p.) from day 2 of life

9 or 20 days

Increased lung cAMP
levels and
phosphorylated
endothelial NO
synthase, improved
alveolar structure
and angiogenesis,
reduced mortality

Teng et al. (2017

Hyperoxia-induced
ALI

Neonatal rats

Caffeine (20 mg/kg
i.p.) from day 2 of life

9 or 20 days

Attenuated alveolar
injury and
endoplasmic
reticulum stress,
suppressed activation
of COX-2 and
markers of apoptosis

Lietal. (2011)

Oleic acid-induced
ALI

Wild type and A2A
receptor knockout
C57BL/6 mice

Caffeine: chronic
(0.1g/1,025g/land
5.0 g/1p.o.) for

2 weeks before ALI,
or acute (5 mg/kg,
15 mg/kg and

50 mg/kgi.p.)

30 min. before ALI

2 weeks or 24 h

Chronic (0.1 g/l or
0.25 g/1) and acute
caffeine (50 mg/kg
i.p.) attenuated the
lung edema,
hemorrhage,
neutrophil
recruitment, TNFox
and IL-1 expressions,
increased lung cAMP
and upregulation of
A2B receptor mRNAs

In isolated rabbit lung, pretreatment with aminophylline reduced pulmonary hyper-
tension and lung edema production in both HCl-induced [50] and phorbol myristate acetate
(PMA)-induced ALI [51]. In septic guinea pigs, aminophylline pretreatment decreased an
albumin leak; however, it decreased also a mean arterial pressure compared to non-treated
septic group [52]. Treatment with aminophylline was effective in the rabbit lung exposed
to phosgene where it lowered pulmonary artery pressure, tracheal pressure, and lung

edema, decreased levels of thiobarbituric acid-reactive substances (TBARS), a marker of
lipid peroxidation, and of leukotriene (LT)C4/D4/E4, that stimulates pulmonary capillary
permeability, and prevented a phosgene-induced decrease in the lung cAMP [53]. Contrary,



Int. J. Mol. Sci. 2021, 22, 1929

10 of 35

in spontaneously breathing rats with endotoxemia, aminophylline at a dose of 1 mg/kg
failed to prevent the respiratory and hemodynamic manifestations of sepsis [54]. In rab-
bits with ALI induced by intratracheal instillation of neonatal meconium, aminophylline
administered at two doses at 0.5 h and 2.5 h after meconium instillation enhanced gas
exchange, and decreased right-to-left pulmonary shunts, central venous pressure, and
ventilatory pressures. Moreover, aminophylline reduced lung edema formation, airway
hyperreactivity to histamine, neutrophil count in BALF, and diminished oxidative modifi-
cations of proteins and lipids in the lung tissue [55]. Aminophylline at a dose of 2.0 mg/kg
demonstrated a superior enhancement in gas exchange, pulmonary shunts, ventilatory
pressures, edema formation, and lung neutrophils count in comparison to a lower-dose
(1.0 mg/kg) aminophylline, while both dosages decreased lung peroxidation [56]. An
improvement in oxygenation and a trend to decrease several markers of inflammation
were recently demonstrated also in meconium-instilled newborn piglets [57].

Positive results were also observed when using pentoxifylline. Pretreatment with
pentoxifylline effectively prevented increases in lung water, albumin lung-to-plasma ratio,
markers of inflammation, and oxidative stress in various models of ALI or sepsis [52,58-61].
Similarly, early treatment with pentoxifylline or with dibutyryl (db)-cAMP, a cell-permeable
cAMP analog that is intracellularly deacetylated into cAMP, attenuated several signs of
ALl in septic guinea pigs [62]. In pigs with Gram-negative sepsis, both pretreatment and
post-treatment with pentoxifylline diminished a lung injury and improved an arterial PaOy,
while a cardiac index improved when pentoxifylline was given prior to the onset of sepsis
or 1 h after the onset of bacteria infusion, but not in a developed septic shock. Plasma TNF
activity, blood polymorphonuclears (PMNs), and CD18 (integrin beta chain-2) expression
were unaffected by pentoxifylline [63]. In a peritoneal sepsis in rats, a low-dose pentoxi-
fylline suppressed production of IL-6 mRNA in liver and LPS-binding protein mRNA in
liver and intestine, which was associated with an improved survival [64]. Pentoxifylline-
suppressed production of pro-inflammatory cytokines in the intestine was observed in rats
with LPS-induced sepsis, too [65]. Similarly, pentoxifylline decreased local and systemic
inflammation, reduced mortality [66,67] and increased levels of antioxidant enzymes in
the lung and kidney [68] in rat models of LPS-induced endotoxemia or cecal ligation and
puncture (CLP)-induced sepsis, respectively. Favorable effects of pentoxifylline were also
demonstrated in models of direct ALI where pentoxifylline prevented an increase in TNF,
protein concentration, and counts of alveolar macrophages in BALF in meconium-injured
piglets [69], and reduced histological signs of lung injury and inflammation, diminished
oxidative stress, and upregulated markers of wound repair in nitrogen mustard-induced
rat model of ALI [70].

Some improvement was also published for pretreatment with lisofylline that decreased
a lung leak and lipid alterations, without decreasing neutrophil accumulation in rats with
intratracheal IL-1-induced ALI [71]. In minipigs with sepsis, lisofylline pretreatment
and treatment given 1 h after injection of bacteria attenuated sepsis-induced pulmonary
hypertension, neutropenia, and hypoxemia, and reduced lung edema markers, TBARS
concentration, and myeloperoxidase (MPO) activity, but these effects were not seen in the
treatment given 2 h after the bacteria [72]. Similarly, a sepsis-induced neutrophil attachment
to fibronectin and phagocytic activity were reduced only in the lisofylline pretreatment
group, not in the post-treatment groups [73].

Effects of caffeine have been intensively tested in various models of neonatal lung
injury and inflammation due to hyperoxia which serve as experimental models of BPD in
the preterm neonates. In these studies, caffeine protected from a pulmonary inflammation
while it attenuated chemokine and cytokine upregulation and influx of leukocytes [74],
elevated cAMP levels, and enhanced alveolar structure and angiogenesis in the lung [75],
attenuated the hyperoxia-induced alveolar injury and endoplasmic reticulum stress, and
suppressed the activation of cyclooxygenase (COX)-2 and markers of apoptosis [76]. Due
to complex anti-oxidant, anti-inflammatory, and anti-apoptotic properties, caffeine may
also exert neuroprotective effects on the developing brain in premature neonates [77].
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However, caffeine appeared to be beneficial in models of ALI, as well. For instance, chronic
caffeine administration for 2 weeks before oleic-acid induced ALI as well as high-dose acute
administration 30 min before ALI attenuated the lung edema, hemorrhage, neutrophil
recruitment, and expressions of TNFx and IL-1§3 in both wild type and adenosine Aja
receptor knockout mice. This was accompanied by increased cAMP levels and upregulation
of Ayp receptor mRNA in the lung [78]. Caffeine also inhibited Smad signaling and
transforming growth factor (TGF)-p1 regulated genes involved in the airway remodeling,
suggesting its potential in diseases with fibrotic changes [79].

Derivatives of caffeine might be also useful. Pretreatment with 1,7-dimethylxanthine
(or paraxanthine) inhibited a PARP-1 activity that plays an important role in LPS-induced
lung inflammation, lowered lung MPO levels, transcription of IL-6, TNFx, macrophage
inflammatory protein (MIP)1« and MIP2 genes and PAR-polymer formation, and reduced
markers of systemic inflammation (serum amyloid P component and IL-6) in LPS-induced
ALI [48].

4.3. Nonselective PDE Inhibitors in Patients with ARDS

Several nonselective PDE inhibitors have been used in patients with ARDS or sepsis,
(available studies are listed in Table 3). For instance, early administration of aminophylline
and introduction of mechanical ventilation with PEEP in critically-ill patients with ARDS
exerted an improvement in oxygenation and Acute Physiology and Chronic Health Evalu-
ation (APACHE) score, and decreased serum epidermal growth factor (EGF), a marker of
inflammation [80].

Table 3. Clinical trials of PDE inhibitors use in patients with ARDS or sepsis.

Author (Year)

Diagnosis

Total No. of
Patients

Outcomes in the
Treated Groups

Treatment

Treatment/Dose .
Duration

Trial Design

Salari et al. (2005)

Early ARDS

Improvement in
oxygenation and
APACHE score,
decrease in serum
level of epidermal
growth factor (EGF)

Aminophylline
(NS-PDE-T)

(3 mg/kg i.v. over
30 min., then

15 mg/h)

Prospective
clinical
investigation

30 (30 PDEI/0

placebo) 8h

Bacher et al.
(1997)

Sepsis

In septic patients,
increases in heart
rate and cardiac
index, decrease in
systemic vascular
resistance index
and pulmonary
vascular resistance
index. No
hemodynamic
changes in
non-septic patients.
In both groups,
increased oxygen
transport (DO;) and
oxygen uptake
(VOp), in
unchanged oxygen
extraction ratio.

19 critically ill
patients (12 septic,
7 non-septic, both
groups treated by
PDEI)

Prospective
clinical
investigation

Pentoxifylline
(NS-PDE-I)
(5 mg/kgiv.)

3h

Maldonado et al.
(2021)

COVID-19-
induced
moderate to
severe ARDS

Increased
lymphocyte count,
decreased serum
LDH, a trend
towards reduced
hospitalization
days, mortality, and
proportion of
patients requiring
intubation.

Pentoxifylline
(NS-PDE-I)
(400 mg p.o.
every 8 h)

from admission
to discharge

External pilot
study

38 (26 treated by
PDEI, 12 controls)




Int. J. Mol. Sci. 2021, 22, 1929

12 of 35

Table 3. Cont.

. . . . Total No. of Treatment Outcomes in the
Author (Year) Diagnosis Trial Design Patients Treatment/Dose Duration Treated Groups
Prospective, é\llsso- fg]ggl_% Because of no
randomized, 235 (116 treated . 20 days or 48 h evidence of
The ARDS laceb (3 mg/kg with a p isted beneficial eff
Network 2002 ARDS placebo- by PDEI, maximum dose of  Aiter unassiste eneficial effects,
controlled, 119 placebo) 300 me iv. ever breathing the trial was
multicenter study 6h) R y stopped.
Increased cardiac
index, stroke
Milrinone volume index, right
Prospective, (PDE3-I) and left ventricular
randomized, (50 pg/kg iv stroke work index,
Barton et al. Pediatric non- placebo- 12 (12 treated by followed by and DO,. .
hyperdynamic controlled, s . 4h Decreased systemic
(1996) . . milrinone) 0.5 ug/kg/min) ’
septic shock descriptive, or placebo for 2 h vascular resistance
interventional theI:r)1 switch for ! index, pulmonary
study. next2 h vascular resistance
index, and mean
pulmonary arterial
pressure.
Milrinone plus
90 Milrinone esmolol improved
Prospective (30 milrinone, (PDE3-I) cardiac function
. . 30 milrinone + (30 ug/kgiv, and 28-day survival
Wang et al. (2015)  Severe sepsis :Lrllccllomlzed B-blocker maintained at 96 h resp. 28 days rates, reduced heart
y esmolol), 0.375-0.5 ug/kg/min rate, and inhibited
30 placebo) by infusion inflammatory
response.
Decrease in
pulmonary artery
Early ARDS Prospective, Sildenafil citrate pressure, systemic
open-label, 10 . mean arterial
Cornet et al. (<1 week from . (PDES5-I) (single
(2010) diagnosis) multicenter, (10 PDEI/0O dose of 50 me. via 1 day pressure, no
a dfits ! interventional placebo) nasogastric ti’be) improvement in
cohort study 8 oxygenation,

increased shunt
fraction.

Other nonselective PDE inhibitor pentoxifylline enhanced hemodynamic parameters,
i.e., increased heart rate and cardiac index, and decreased systemic vascular resistance
index and peripheral vascular resistance in septic patients, what was accompanied by an
increase in the oxygen transport and oxygen uptake with unchanged oxygen extraction
ratio [81]. Analysis of data from six small studies performed by Cochrane Database
System showed that pentoxifylline decreased mortality and length of hospital stay also in
patients with neonatal sepsis without any adverse effects [82]. In addition, pentoxifylline
may exert broad perspectives in other neonatal disorders, such as meconium aspiration
syndrome and hypoxic ischemic encephalopathy in the term neonates, or sepsis [83,84],
necrotizing enterocolitis [82,83], and chronic lung disease [85] in the preterm neonates
because of its potent anti-inflammatory properties, unique hemorrheologic effects, and
very rare adverse effects [86]. In the in vitro measurements, pentoxifylline suppressed LPS-
induced and TLR4-mediated cytokine production in a concentration-dependent manner,
decreased signaling, and suppressed phagocytosis [87,88]. Despite its favorable effects,
pentoxifylline was rarely used in ARDS or severe acute respiratory syndrome (SARS)
in the last decades [89,90]. However, within the last year the situation has dramatically
changed and an increasing number of articles has been published on the potential benefits
of pentoxifylline for treatment of COVID-19. Rationale for the use of PDE inhibitors
including pentoxifylline in COVID-19 is discussed in detail in Chapter 7.
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Other nonselective PDE inhibitor used in the clinical trials is lisofylline. In a small
group of septic patients, lisofylline reduced an ARDS-induced increase in the ratio of
serum free fatty acids (i.e., the ratio of C18 unsaturated fatty acids linoleate and oleate to
fully saturated palmitate) [91]. However, although the prospective, randomized, placebo-
controlled, multicenter study showed a decrease in circulating free fatty acids, it found no
additional benefit in the ARDS patients and has been earlier discontinued [92]. From this
reason, lisofylline is actually not recommended for the treatment of ARDS [26,93].

5. Selective Inhibitors of PDEs
5.1. Therapeutic Properties of Selective PDE Inhibitors

As mentioned before, several PDEs are ubiquitously distributed in the cells, which
participate in the acute lung damage, i.e., in the lung epithelial and endothelial cells, airway
smooth muscle cells, platelets, and immune cells. Considering the distribution of PDEs,
PDE3, PDE4, and PDES5 inhibitors might be of a particular benefit in the treatment of
ALI/ARDS; however, some improvements might be also demonstrated for other PDE
inhibitors. The characteristics of those PDE inhibitors, which might be beneficial in the
lung injury, are provided below.

5.1.1. PDE1 Inhibitors

There are three genes known for PDE1. PDE1A gene is highly expressed in the brain
but also in the lung tissue and vascular smooth muscle where it regulates the contraction.
PDE1B is present in the brain, heart, and skeletal muscle, but also in T-lymphocytes where it
participates in IL-13 regulation implicated in allergic diseases and in regulation of apoptosis.
PDEI1C is highly expressed in proliferating smooth muscle cells [34,38]. PDE1 inhibitors
are multi-action agents that target PDE1 modulate vasoconstriction, vascular and cardiac
remodeling, and neurotransmission, targeting voltage-gated Na+ channels participate in
the regulation of cell toxicity and death, and targeting IKK influence a cellular inflammatory
response [94]. Anti-inflammatory effects and effects on microglia signaling [95] support
the use of PDEL1 inhibitors in the treatment of neurodegenerative diseases and cognitive
dysfunction [96]. Mitigation of the vascular remodeling and vasoconstriction [97,98]
indicate that PDE1 inhibitors may modulate pulmonary vasoconstriction and smooth
muscle proliferation associated with ARDS, as well. In addition, PDE1 inhibitors may
exert lung anti-fibrotic effects [99], increase a ciliary beat frequency [39,100], suppress a
cough [101], and inhibit a production of pro-inflammatory cytokines and oxidants [102,103],
and thereby their use might be of benefit in patients with ARDS.

5.1.2. PDE2 Inhibitors

PDE2 enzymes have been also found in various tissues and cells, including pulmonary
arterial smooth muscle cells, endothelial cells, platelets, and macrophages [104]. In the
cardiovascular system, PDE2 serves as a regulator for the crosstalk between cAMP/cGMP
pathways, which may couple adverse augmented cAMP signaling with cardioprotective
cGMP signaling, and thereby PDE2 may serve as a therapeutic target in several cardio-
vascular diseases [105]. PDE2 inhibitors may be included in the treatment of cognitive
disorders, especially anxiety and depression, and other neurodegenerative diseases [106].
Besides other actions, PDE2 likely participates in the regulation of endothelial permeability,
endothelial cell proliferation, and platelet functions [34,107].

5.1.3. PDES3 Inhibitors

PDES3 has two main isoforms: PDE3A is mainly present in the heart, platelets, and
vascular smooth muscle, while PDE3B was found in the adipocytes, hepatocytes, cardiomy-
ocytes, and spermatocytes [34]. PDE3 inhibitors exert positive inotropic (via PDE3A),
vasodilating and weak chronotropic effects, but targeting PDE3B could be beneficial in
ischemia/reperfusion injury [108]. PDE3 is present also in the platelets, therefore, PDE3
inhibitors suppress a platelet activation and aggregation [107]. In addition, PDE3 inhibitors
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are potent modulators of inflammation as it was demonstrated in suppressed inflammatory
changes associated with myocardial ischemia-reperfusion [109], or in animal models of
asthma, where PDE3 inhibitors reduced the allergic airway inflammation [110], allergen-
induced airway hyperreactivity, and cough [111,112]. PDE3 inhibitors also mitigated a
serotonin-induced pulmonary hypertension [113,114].

5.1.4. PDE4 Inhibitors

Four genes of the PDE4 family (PDE4A-D) are distributed in various tissues and cells
while all of them are present in the lung, and except for PDE4C, they are also present
in the inflammatory cells. PDE4 inhibitors exert wide anti-inflammatory effects because
of reduced activation and recruitment of inflammatory cells (neutrophils, eosinophils,
lymphocytes, monocytes, macrophages, etc.) and related cytokines, as well as reduced
release of cytokines and other biologically active substances from the lung structural cells
(alveolar and bronchial epithelial cells, microvascular endothelial cells, airway smooth
muscle cells, fibroblasts, etc.) [104]. PDE4 inhibitors are also effective in suppressing
epithelial-to-mesenchymal transition leading to small airway remodeling [115], in reducing
fibroblast pro-fibrotic activation and collagen accumulation, and in decreasing concentra-
tions of chemokines related to fibrosis [116]. In addition, PDE4 inhibitors diminish the
airway inflammation airway hyperreactivity, and cough [112,117], and improve the ciliary
motility [39,118].

5.1.5. PDE5 Inhibitors

Three variants of PDE5A gene were detected in the heart, kidney, skeletal muscle,
pancreas, lung, etc. In the lung, PDE5A is highly expressed in the airway and vascular
smooth muscle. Therefore, PDES5 inhibitors act as potent pulmonary vasodilators including
hypoxic conditions, and inhibitors of vascular hypertrophy and remodeling [119,120].
In addition, PDES5 inhibitors induce airway relaxation and alleviate inflammation and
oxidative stress [117,121,122].

5.1.6. PDE7 Inhibitors

PDE7A1 gene is distributed in T-lymphocytes, eosinophils, epithelial cells, lung fi-
broblasts, airway, and vascular smooth muscle cells, spleen, lymphatic nodes, etc. PDE7A2
is present in the heart, kidney, and skeletal muscle, PDE7A3 in the immune system, skeletal
muscle, heart, and testis, and PDE7B gene in the brain, heart, pancreas, skeletal muscle,
and liver [34,104]. Because of wide distribution of PDE7A in the lung and in immune cells,
PDE? inhibitors may be of benefit in inflammatory diseases, particularly in those mediated
by T-lymphocytes [123]. Another important property of PDE? inhibitors is their ability
to enhance the effects of PDE4 inhibitors. Additive or even synergistic effects of PDE4
plus PDE? inhibitors or dual PDE4/PDE? inhibitors may enable to use lower doses, and
thereby reduce the side effects in the same or higher anti-inflammatory and bronchodilator
effects [124-126].

5.1.7. PDES Inhibitors

The PDESA gene is found in testis, liver, and heart; the PDE8SB gene is predominantly
present in the thyroid gland and brain. Expression of both PDES isoforms may be detected
also in the lung, but expressions are low. Nevertheless, expression of PDES in the airway
smooth muscle cells and T-lymphocytes indicate that inhibition of PDES8 represents an
additional target in T-cell-mediated inflammation and bronchoconstriction [127,128].

5.1.8. PDE9 Inhibitors

The PDE9A gene is expressed mainly in the spleen, brain, and small intestine. How-
ever, finding of PDE9 in the tracheal smooth muscle and in the immune tissues [34,129]
indicate a future possibility of their use in the respiratory disorders.
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5.2. Selective PDE Inhibitors in Experimental Models of ALI
5.2.1. PDE1 Inhibitors

PDE]1 inhibitor vinpocetine inhibited TNFo-induced nuclear factor (NF)-«B activation
and subsequent induction of pro-inflammatory mediators in multiple cell types in vitro,
including vascular smooth muscle cells, endothelial cells, macrophages, and epithelial
cells, and inhibited monocyte adhesion and chemotaxis. Moreover, in vivo vinpocetine
pretreatment 2 h before an insult suppressed TNFa- or LPS-induced upregulation of
pro-inflammatory mediators, such as TNF, IL-13, and MIP-2, and decreased interstitial
infiltration of PMNs in these murine models of lung inflammation [130]. In LPS-injured
mice, pretreatment with vinpocetine alleviated inflammation-associated hyperalgesia, and
MPO activity (as a neutrophil marker), and inhibited neutrophil and mononuclear cell
recruitment, production of oxidative stress markers and cytokines (TNF«, IL-1f3, and
IL-33) [131].

5.2.2. PDE2 Inhibitors

Selective inhibition of PDE2 suppressed a pneumococcal exotoxin pneumolysin-
induced hyperpermeability in isolated perfused murine lungs and in human umbilical vein
endothelial cell monolayers. Similarly, in a murine model of pneumococcal pneumonia,
lung PDE2-mRNA and -protein expressions were increased while a pretreatment with
PDE?2 inhibitor hydroxy-PDP 1 h before Streptococcus pneumoniae infection reduced the vas-
cular permeability [132]. Another PDE2 inhibitor, BAY 60-7550, prevented an onset of both
hypoxia- and bleomycin-induced pulmonary hypertension, reduced disease severity [133],
and improved mitochondrial respiration and myocardial efficiency in a murine model of
intra-abdominal sepsis [134].

5.2.3. PDE3 Inhibitors

As mentioned above, PDE3 inhibitors enhance myocardial contraction and vasodila-
tion. In a porcine model of endotoxemia, endotoxin decreased the cardiac index and hepatic
oxygen delivery (DO,H), while oxygen consumption (VO,H) was unchanged. Treatment
with PDE3 inhibitor olprinone unchanged cardiac index, but elevated DO,H and VO,H
indicating a restoration of hepatic circulation, and prevented LPS-induced reduction of
cytochrome aa3 and increase in arterial lactate values [135] (Table 4). Vasodilating effects
of olprinone on peripheral and pulmonary vessels in hypoxic conditions were shown in a
canine model of hypoxic pulmonary hypertension where intravenous olprinone increased
heart rate and decreased mean aortic pressure, mean pulmonary arterial pressure, pul-
monary vascular resistance, systemic vascular resistance, and right ventricular stroke work
index, without the change in cardiac index [136].

Table 4. Studies of post-treatment with selective PDE inhibitors in animal models of ARDS or sepsis.

Outcomes in Treated

Author (Year) Type of Injury Species of Animals Treatment/Dose Treatment Duration Groups
Increased hepatic oxygen
LPS-induced Olprinone (PDE3-I) delivery and
Kuniyoshi et al. endotoxemia (LPS Male pi (0.3 mg/kg/min i.v.), 15h consumption, prevented
(2005) infusion, alepes given 150 to 240 min ’ a decrease in cytochrome
1.7 mg/kg/h) from LPS infusion aa3 and an increase
in lactate
Decreased peritoneal
exudation and migration
of PMNSs, reduced lung,
Zymosan-induced Olprinone (PDE3-I) liver, renal and pancreatic
Mazzon et al. septic shock . (0.2 mg/kgip.) at injury, diminished
(2011) (zymosan Male CD mice 1 and 6 h after 17h/7 days pro-inflammatory
500 mg/kgi.p.) Zymosan) markers in tissues,

prevented systemic
toxicity, loss in body
weight, and mortality
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Table 4. Cont.

Author (Year)

Type of Injury

Species of Animals

Treatment/Dose

Treatment Duration

Outcomes in Treated
Groups

Cecal ligation and

Olprinone (PDE3-I)
(2 ug/kgip.), given

Enhanced oxygenation,
reduced pulmonary
vascular permeability,

Oishi et al. (2012) pu1:ictilr? (CLP) Male BALB/c mice immediately after 24 h lung damage, and lung
modet ot sepsis CLP cell apoptosis,
improved survival
Decreased PMNs in
BALE lung edema
Meconium- Olprinone (PDEB»-I) formationfgand oxidation
Mokra et al. (2012)  induced Adult rabbits (9'2 mg/kg.l.v. bolus, 5h markers, Prevented a
AL given ?TO min. after decrease in lung TAS,
meconium) decreased TBARS and
increased TAS in
the plasma
Reduced lung PMNs and
edema formation,
improved oxygenation,
Saline lung Olprinone (PDE3-I) reduced right-to-left
Kosutova et al. lavage-induced Adult rabbits (1 mg/kgi.v. bolus, ih pulmonary shunts,
(2020) ALI given 15 min. after decreased markers of
the last lung lavage) lung inflammation and
oxidative stress, and
apoptosis of
epithelial cells
il (PDE3-D) Im}()irocxl/ed (;)xygenation,
ilrinone - tended to decrease
. (50 ug/kgiv, markers of inflammation
Shao et al. (2019) ?r/fgi(;f;glm Newborn piglets followed by infusion 4h (milrinone: IL-1f and
ALT of 0.75 ug/kg/h) IL-6 in BALF; rolipram:
Rolipram (PDE4-I) IL-1$ in serum, IL-1p3,
(0.8 mg/kgi.v.) IL-6 in BALF, CRP
in lung).
Milrinone (PDE3-I)
(1/mg/kg/day i.p.) Increased antioxidant
. CLP-induced for 72 h after CLP enzymes in lung and
Ozer et al. (2020) model of sepsis Wistar rats Sildenafil (PDE5-I) 7 days kidney, lowered
(10/mg/kg/day i.p.) pathological score in lung
f(;r 725]13;&5 and kidney
after
Increased renal blood
. flow and glomerular
Cecal ligation and Rolipram (PDE4-1) filtration §ate reduced
Holthoff et al. . (doses of . 4
(2013) puncture (CLP) Male C57BL/6 mice 0.3-10 mg/kg i.p. 6orl18h renal mlgrgvascular
model of sepsis . 6 h aft CL,P permeability, blood urea
given 6 hatter ) nitrogen, and
serum creatinine.
Reduced albumin
extravasation and
improved mesenteric
microcirculatory flow at
Rolipram (PDE4-I) low-dose, but adverse
Colon ascendens (low-dose effects at high-dose.
Flemming et al. stent peritonitis Male 1mg/kg/hvs 14h Prevented sepsis-induced
(2014) (CASP) model of Sprague-Dawley rats ~ high-dose acute kidney injury,
sepsis 3mg/kg/hiv., given decreased lung edema
12 h after operation) and neutrophil

infiltration, enhanced
oxygenation, decreased
IL-1«, IL-13, IL-12,

and TNF«x
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Outcomes in Treated

Author (Year) Type of Injury Species of Animals Treatment/Dose Treatment Duration Groups
LPS-induced acute Rolipram (PDE4-I) Improved hepatic
Wollborn et al. . Male P . volumetric flow and cell
endotoxemia(LPS (300 nug/100 gi.v., 4h .
(2015) . Sprague-Dawley rats . death; no influence on
2.5mg/kgiv) given 1 h after LPS) inflammatory impact
Cecalligatonand o Rolipram (PDED andronal e
Sims et al. (2017) puncture (CLP) Pup y R 4 6 or 18 h/4 days microcirculation, reduced
model of sepsis old) single dose at 6 h microvascular leakage,
post-CLP) improved 4-day survival
Rolipram (PDE4-I)
§3 lrlng /lzig};.v. Both PDE4-I reduced
ooofflvg /1 02), ¢/h) albumin extravasation,
LPS-induced acute Male Roflumilast (PDE4-I) ;?ﬁizfeilzrﬁgizggjé
Schick et al. (2012) endotoxemia(LPS 5 (240 ug/kgiv. 6 h . 4 .
. Sprague-Dawley rats microcirculatory flow in
and 2.5 mg/kgi.v.) followed by mesenteric venules
‘rleuigtleoc?bgo/l? orby reduced mortality, no
P . serious adverse effects
240 ug/kg), with or
1.5 h after LPS)
. Rolipram (PDE4-I) Both PDE4-1 decreased
E;g};:gleie d (Img/kgip.), cell migration and TNF«,
Konrad et al. (2015) model of ALI (total ~ C57BL/6 male mice Roflumilast (PDE4-T) 6h IL6, CXCL1 and
’ of 7 ml. 500 (500 ug/kgip.), CXCL2/3, both PDE4-1
/mL,) given 1h after LPS decreased LPS-induced
HE inhalation PDE4B
Reduced leak of
Saline-lavage . neutrophils into the lung
égit;;ova etal. induced surfactant ~ New Zealand rabbits goilll;r/nlilga?tv(fDEél-I) 4h and lung edema
depletion o formation, improved
respiratory parameters
Reduced lung edema
generation, apoptosis of
lung epithelial cells, and
Saline-lavage . neutrophil count in BALF,
égigtciva etal. induced surfactant ~ New Zealand rabbits goﬂm?lilagt (fDFA-I) 4h decreased TNF«, IL-6,

4 depletion Mg/ KE 1LV IL-8, MDA in the lung
and plasma, and
3-nitrotyrosine in
the lung
Reversed an increase in

. . s pulmonary vascular
. Meconium- Sildenafil .(PD.ES I)A resistance, no effect on
Shekerdemian et al. induced Piglets (2 mg/kg i.v. infusion 2h systemic hemodynamics
(2002) ALI & over 2 h) started at Ir}llcreased cardiaz out ut.
2 h after meconium by 30%, but no inﬂueﬁce
on oxygenation
. . Reduced pulmonar
Sildenafil (PDE5-T) AVONS h
Ryhammer et al Meconium- (hourly an increasing ulm};gar vascular
(2}60 6) ’ induced Piglets dose 0.4, 1, and 3h f istan }}; 30
ALI 3 mg/kgi.v., starting esistance by o1

2 h after meconium)

but increased
oxygenation index
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Author (Year)

Type of Injury

Species of Animals

Treatment/Dose

Treatment Duration

Outcomes in Treated
Groups

Cecal ligation and

Sildenafil (PDE5-I)

Increased GSH levels,
decreased levels of SOD
and activation of MPO
and LPO; at higher dose:

Cadirci et al. (2011)  puncture (CLP) Male Wistar rats (1‘0 or 20 Ingc{.kg Il]'o" 16 h unprovefcll blochecrlmcal
model of sepsis given immediately status of lung an
after CLP) kidneys in the
sham-operated rats,
improved
inflammation scores
Sildenafil (PDE5-T) E’Eljr?rﬁftil;nnsgcores and
Gokalin et al. Severr.a scald Female Wistar rats (1.0 or .20 mg /.kg P-Or o4 oxidation markers,
(2013) burn-induced ALI given immediately increased
after the scald burn RPN
anti-oxidation markers
Increased renal blood
Sildenafil (PDE5-I) flow and reduced plasma
Kovalski et al. CLP-induced . (10 mg/kg, gavage, levels of creatinine,
(2017) sepsis Male Wistar rats given 8 h after the 16h lactate and creatine
insult kinase, and reduced
lung MPO
Reduced neutrophils in
BALF, TNFq, IL-6, IL-8,
Kosutova et al. Sahne-lavagfe land rabbi Sildenafil (PDE5-I) h mtr.lte/mtra.te, MD}? ,and
(2018b) induced surfactant ~ New Zealand rabbits (1 mg/kg i.v) 4 3-nitrotyrosine in the
depletion o lung, reduced lung
edema and apoptosis of
lung epithelial cells
Prevented ALI and
neutrophil infiltration,
Severe acute Sildenafil (PDE5-I) decreased IL-1f3, IL-6 and
pancreatitis- (100 mg/kg i.p.) TNFo, promoted
Fang etal. (2020) induced Male SD rats given 2 h after the 10h proliferation and
ALI insult inhibited apoptosis,
inhibited NF-kB
signal pathway
Enhanced lung
X mechanics, inhibited
%P%S]gf/lgigf neutrophil recruitment
Rocco et al. (2003) LPS-m(.:luced ALI BALB/c mice (10 mg/kgip., given 24h and TNFa relea§e,
(10 ugi.t.) 1 h bofore or 6 h after prevented LPS- induced
LPS)e oreo arte bronchoconstriction,
alveolar collapse, and
increase of collagen
Swi K ot al LPS-induced GRMS-55 (PDE7-I)
;g;%rcze etak endotoxemia Wistar rats (20 mg/kg i.v., with 3h Decreased plasma TNFx
(2020) (1 mg/kgiv) LPS)

However, increasing cAMP PDE3 inhibitors may also modulate an inflammation. Pre-

treatment with olprinone in a rat model of LPS-induced endotoxemia inhibited neutrophil
influx into the lung, suppressed pro-inflammatory cytokines TNFa and IL-6, and increased
anti-inflammatory cytokine IL-10 [137]. Olprinone given immediately after induction of
sepsis in mice prevented a development of sepsis-associated ALI and improved a survival
of septic animals [138]. Similarly, in zymosan-induced multiple organ failure in mice,
treatment with olprinone decreased the peritoneal exudation and migration of PMNs.
Olprinone also reduced the lung, liver, renal, and pancreatic injury, diminished lung and
intestine MPO activity, immunohistochemical staining for nitrotyrosine, inducible NO syn-
thase, PAR, TNFo and IL-1f in the tissue sections obtained from zymosan-injected mice,
and prevented systemic toxicity, loss in body weight, and mortality [139]. In CLP-induced
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sepsis in rats, milrinone elevated antioxidant enzymes and reduced pathological score in
the lung and kidney [68].

Favorable effects of PDE3 inhibitors were also demonstrated in meconium-induced
ALIwith a significant pulmonary hypertension. In rabbits, intravenous olprinone decreased
PMNSs in BALF, oxidation markers in the lung, and lung edema formation, and prevented
a decrease in total antioxidant status (TAS) in the lung. In the plasma, olprinone decreased
TBARS and increased total antioxidant status (TAS) [140]. Similarly in newborn piglets,
intravenous milrinone improved oxygenation and showed a trend to decrease several
markers of inflammation [57]. In other form of direct ALI induced by saline lung lavage in
rabbits, olprinone reduced a leak of PMNs into the lung, decreased lung edema production,
improved oxygenation, and reduced right-to-left pulmonary shunts. In addition, olprinone
decreased pro-inflammatory cytokines IL-13 and IL-6 and a marker of lung epithelial
injury RAGE, increased anti-inflammatory IL-10, prevented a decrease in TAS, diminished
markers of oxidative stress (TBARS, 3-nitrotyrosine) in the lung, and decreased apoptosis
of the lung epithelial cells [141].

5.2.4. PDE4 Inhibitors

Among all PDE inhibitors, PDE4 inhibitors seem to be the most promising in the
treatment of ALI/ARDS (Table 4). PDE4 inhibitors stabilize both the endothelial cells
and pulmonary epithelium, and thereby reduce the sepsis- and inflammation-induced
elevation in a microvascular permeability [142], as it has been demonstrated in several
animal in vivo studies. Increasing endothelial cAMP the systemic administration of PDE4
inhibitors rolipram and roflumilast attenuated a capillary leakage and stabilized endothelial
barrier properties in the mesenteric venules in LPS-induced systemic inflammation in
rats [143]. In the inhaled LPS-induced model of acute pulmonary inflammation, treatment
with roflumilast and rolipram decreased transendothelial and transepithelial cell migration,
whereas roflumilast showed a superior effect on the epithelium [144]. In a rat model
of sepsis, rolipram stabilized a microvascular barrier and improved a microcirculatory
flow at a low-dose (1 mg/kg/h), while a high-dose (3 mg/kg/h) was associated with
adverse effects [145].

PDE4 inhibitors might be also beneficial in preventing progression of the lung fibro-
sis. They suppress lung fibroblast proliferation and differentiation into myofibroblasts,
the pathological key events in the development of lung fibrosis [146,147], while in vitro
measurements highlighted the predominant role of PDE4B in controlling human lung
fibroblasts [148]. For instance, roflumilast alleviated bleomycin-induced lung fibrotic re-
sponses in mice or rats in a preventive, but also in a therapeutic protocol when roflumilast
was administered from day 10 in fully-developed inflammation [149]. In mice with a model
of bleomycin-induced injury, other PDE4 inhibitor cilomilast attenuated a late stage of
experimental fibrosis when it decreased a fibrosis degree, tended to restore a lung collagen,
and increased a lung compliance, but showed no effect on the expression of remodeling
markers, such as TGF-31 and collagen type lal [150]. Roflumilast was also shown to
prevent several metabolic effects associated to pulmonary fibrosis, such as alterations in
the oxidative equilibrium, strong inflammatory response, and activation of the collagen
synthesis [151]. A comparison of an anti-fibrotic efficacy of several PDE4 inhibitors to the
two therapies approved by Food and Drug Administration (FDA) for idiopathic pulmonary
fibrosis (pirfenidone and nintedanib) showed an equivalent reduction in the lung fibrosis
with PDE4 inhibitors to pirfenidone and nintedanib, with a decrease in plasma levels of
surfactant protein SP-D and of several chemokines implicated in lung fibrosis, and an
in vitro inhibition of fibroblast profibrotic gene expression [116]. Anti-fibrotic action of
PDE4 inhibitors was also demonstrated in the study by Fehrholz et al. [79] where rolipram
inhibited Smad signaling and TGF-f31 regulated genes involved in the airway remodeling in
a concentration-dependent manner. In agreement with these studies, PDE4 inhibitors were
of benefit also in a hyperoxia-induced model of neonatal BPD. Treatment with rolipram
and piclamilast prolonged a median survival, reduced alveolar fibrin deposition, lung
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inflammation, and vascular leakage, and reduced key genes involved in inflammation,
fibrin deposition, and alveolarization [152].

PDE4 inhibitors exert a potent anti-inflammatory activity, as well. As previously
mentioned, PDE4B seems to be predominantly related to an inflammation. The study by
Ma et al. showed that cilomilast and PDE4B knockout inhibited the LPS-induced NF-«B
activation and inflammatory response in multiple cell types, including lung epithelial
cells, pulmonary microvascular endothelial cells and vascular smooth muscle cells [153].
In addition, PDE4B deletion attenuated the LPS-induced ROS generation [153]. In vivo,
PDE4B deletion reduced LPS-induced vascular permeability and histological signs of lung
injury, and elevated the PaO, /FiO; ratio [153]. These results were supported by the study
by Konrad et al. who found that inhaled LPS enhanced expression of both PDE4B and
PDE4D in the lung, whereas PDE4 inhibitors decreased mainly the PDE4B [144].

Pretreatment with PDE4 inhibitors obviously reduced a cell sequestration in a dose-
dependent manner [154,155]. Similarly, a pretreatment with other inhaled PDE4 inhibitor
GSK256066 effectively inhibited a LPS-induced pulmonary neutrophilia and an increase in
exhaled NO in rat and ferret models of acute pulmonary inflammation [156]. Favorable
effects of PDE4 inhibitors delivered after the induction of lung injury have been demon-
strated in a number of studies, including bleomycin-induced lung fibrosis models. In
an early (inflammatory) phase of the lung fibrosis model, cilomilast reduced the count
of alveolar inflammatory cells and the counts of macrophages and lymphocytes, but not
neutrophils in BALF, decreased lung TNFox mRNA level, and increased IL-6 mRNA level,
but did not influence IL-1§3 [150], and roflumilast diminished lung transcriptions for TNF«,
and reduced BALF levels of TNF«, IL-13, lipid hydroperoxides, and inflammatory cell
counts [149]. Systemic delivery of PDE4 inhibitors effectively attenuated inflammation in
other models of direct ALI, as well. In inhaled LPS-induced ALL, intraperitoneally given
roflumilast and rolipram decreased TNF, IL6, and CXCL2/3, while CXCL1, a potent PMN
chemoattractant released by the epithelium, was more suppressed by roflumilast. Predomi-
nantly roflumilast decreased LPS-induced stress fibers, essential for a direct migration of
PMN:s into the alveolar space [144]. In a saline lavage-induced ALI in rabbits, intravenous
roflumilast decreased a leak of cells, particularly of neutrophils, into the lung, declined
concentrations of cytokines and oxidation products in the lung and plasma, prevented lung
cell apoptosis and edema formation, and enhanced gas exchange [157,158]. Intravenous
rolipram was also beneficial in a rat model of polymicrobial sepsis where it decreased
IL-1«, IL-13, IL-12, and TNF«x levels [145].

Importantly, PDE4 inhibitors may mitigate the ALI- or sepsis-associated injury to
the liver, heart or kidneys. Stabilization of endothelial cAMP levels prevents the loss
of microvascular endothelial barrier function and dysfunctional microcirculation, which
both promote an organ failure in sepsis [159]. PDE inhibitors may also protect from a
sepsis-induced heart dysfunction due to blunted mitochondrial cAMP-PKA pathway [134].
In LPS-induced ALI in rats, pretreatment with rolipram inhibited LPS-induced alterations
in renal and hepatic function, indicated by increased blood urea nitrogen, alanine amino-
transferase (ALT), and aspartate aminotransferase (AST) [160]. Systemic treatment with
rolipram in rats with polymicrobial sepsis prevented a sepsis-induced acute kidney injury
and lung edema [145]. In a murine model of sepsis, rolipram acutely restored a capillary
perfusion, enhanced a renal blood flow, and reduced an increased renal microvascular
permeability while delayed treatment with rolipram at 6 h after induction of sepsis restored
the renal microcirculation, decreased blood urea nitrogen and serum creatinine, and ele-
vated glomerular filtration rate at 18 h [161]. In a rat model of infant sepsis associated with
a development of both acute cardiac dysfunction and acute kidney injury, administration of
rolipram improved a 4-days survival, restored cardiac function and renal microcirculation,
and decreased a microvascular leakage [162].

As mentioned above, PDE4 in the lung has been extensively studied in the airway
smooth muscle. However, PDE4 is also present in the pulmonary artery smooth muscle
cells and an exposure to hypoxia increases an expression of several PDE4 isoforms [163]. For
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this reason, PDE4 inhibitors might be of benefit in situations, such as persistent pulmonary
hypertension of the newborn (PPHN) or in abnormally constricted pulmonary vasculature
in sepsis, RDS, meconium aspiration syndrome etc., as well as in ARDS-induced pulmonary
vasoconstriction and pulmonary hypertension, although the PDE5 and PDE3 inhibitors are
of a major importance in influencing of these changes [164].

5.2.5. PDES5 Inhibitors

A potential benefit of PDES inhibitors results from their ability to modulate the ARDS-
associated alterations in the pulmonary blood flow and lung microcirculation, as well as
the procoagulant and thrombotic events in the pulmonary arteries [165] (Table 4).

Potent pulmonary vasodilation effect of PDE5 inhibitors was shown in several stud-
ies. For instance, sildenafil reduced acute hypoxic pulmonary vasoconstriction while
continuous administration of sildenafil attenuated the hypertrophy of right ventricle and
pulmonary vascular remodeling in the isolated perfused murine lung chronically exposed
to hypoxia [166]. Oral delivery of other PDE5 inhibitor tadalafil in a hypoxia-induced
piglet model of neonatal PPHN decreased a pulmonary arterial pressure on average by
54%, increased a cardiac output by 88%, and increased a PaO; as a result of reduction in
the alveolar-arterial oxygen gradient expressing reduced lung shunt fraction [167].

Positive effects of PDES5 inhibitors have been also demonstrated in animal models of
direct or indirect lung injury. In the direct lung injury, for example, sildenafil treatment
decreased a leak of cells, particularly of neutrophils, into the lung, suppressed a release
of pro-inflammatory mediators (TNFe, IL-8 and IL-6) and markers of oxidative damage,
reduced lung edema formation and apoptosis of epithelial cells, and enhanced respira-
tory parameters in rabbits with saline lavage-induced model of ALI [168]. In a model
of ALl-associated pulmonary hypertension induced in piglets by endotracheal instilla-
tion of meconium, sildenafil reversed an increase in the pulmonary vascular resistance
induced by meconium within 1 h of sildenafil infusion, whereas no effect on the systemic
hemodynamics was observed. Sildenafil also improved cardiac output, which was not ac-
companied by a deterioration in oxygenation [169]. Increasing doses of sildenafil in piglets
with meconium-induced pulmonary hypertension reduced pulmonary artery pressure and
pulmonary vascular resistance, however, caused a dose-related increase in oxygenation
index [170].

Nevertheless, PDE5 inhibitors have been effective in the indirect lung injury, as well.
In a model of CLP-induced sepsis in rats, administration of sildenafil 8 h after the insult
elevated a renal blood flow and decreased the plasma levels of creatinine, lactate, and
creatine kinase, and lung myeloperoxidase [171]. In acute pancreatitis-associated ALI
in rats sildenafil reduced an extent of the lung injury and inflammation, elevated an
expression of proliferation-related markers, and suppressed an expression of apoptosis-
related markers [172]. Sildenafil was also beneficial in a severe scald burn-induced ALI
model in rats where it decreased markers of oxidative stress and lung inflammation
scores, and increased an anti-oxidative capacity [173]. In addition, sildenafil treatment by
decreasing inflammation and oxidative stress prevented an injury in remote organs (liver
and kidneys) [174]. Protective effects of sildenafil on the lung and extrapulmonary organs
were exerted in a polymicrobial sepsis in rats where sildenafil increased total glutathione
(GSH), and decreased an activation of MPO, and decreased malondialdehyde (MDA) as a
marker of lipid peroxidase, and superoxide dismutase (SOD) in the lung and kidney of
septic rats. In addition, sildenafil decreased the serum TNF«x and a higher dose of sildenafil
(20 mg/kg) enhanced histopathological inflammation scores [175].

Promising results may be also obtained from the use of dual PDE inhibitors. For
instance, dual PDE4/PDES5 inhibitor LASSBi0596 prevented the changes in lung mechanics,
and suppressed the neutrophilic recruitment, TNF« release, bronchoconstriction, alveolar
collapse, and increase of collagen fiber content induced by intratracheal LPS [176].
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5.2.6. PDE7 Inhibitors

Despite potential perspectives of PDE7 inhibitors in the treatment of ALI, only one
study has been recently published on this topic. PDE7 inhibitor GRMS-55 delivered simul-
taneously with LPS decreased a plasma concentration of TNF« in an acute endotoxemia in
rats induced by intravenous LPS [177].

5.3. Selective PDE Inhibitors in Patients with ARDS

Despite encouraging results from a preclinical testing, the selective PDE inhibitors are
used sporadically in patients with ARDS or sepsis (Table 3), except for the ongoing studies
on COVID-19 (see Chapter 7).

Up to now, there have been no studies available on the use of PDE1 or PDE2 inhibitors
in the clinical studies carried out on patients with severe respiratory distress related to
primary or secondary lung injury.

A better situation is in case of PDE3 inhibitors, as these drugs may exert some ben-
efits in the treatment of PPHN [164,178]. However, there are only two clinical studies
demonstrating the use of PDE3 inhibitors in ARDS or sepsis. In the study by Barton et al.,
intravenous milrinone given to pediatric patients with non-hyperdynamic septic shock
enhanced hemodynamic parameters, i.e., increased cardiac index, stroke volume index,
and DO,, and decreased systemic vascular resistance index, pulmonary vascular resistance
index, and mean pulmonary arterial pressure, without any serious adverse effects [179].
In the study by Wang et al., the milrinone-only therapy but especially the combination
of milrinone plus 3-blocker esmolol treatment improved the cardiac function and 28-day
survival rates, reduced heart rate, and inhibited the inflammatory response [180].

Similarly to PDE3 inhibitors, PDE5 inhibitors, particularly dipyridamole, sildenafil,
and tadalafil, have been used in the treatment of PPHN [164,181,182] and pulmonary
hypertension of different origin including hypoxemic pulmonary hypertension [183-186].
In patients with ARDS-associated pulmonary hypertension, sildenafil decreased mean
pulmonary arterial pressure and pulmonary artery occlusion pressure, but decreased
systemic mean arterial pressure and increased the shunt fraction [187].

6. Limitations of the Use of PDE Inhibitors

There are several well-known adverse effects of PDE inhibitors, which can reduce their
broader use. A majority of adverse effects of theophylline or other xanthines is probably
related to an adenosine receptor antagonism and it might be avoided by monitoring the
plasma levels [37]. The therapeutic doses of theophylline range from 3 to 6 mg/kg supply-
ing serum levels of 10 to 20 pug/ml, which are necessary for bronchodilation effect. Toxic
effects of theophylline on gastrointestinal system (e.g., nausea, vomiting, diarrhea), and
central nervous system (e.g., insomnia, irritability, headache) were described at serum con-
centrations over 20 ug/ml. At concentrations greater than 30 ug/ml serious neurological
or cardiovascular symptoms might occur [36]. Both theophylline and aminophylline in-
crease the cardiac muscle contractility and efficiency (positive inotropic effect) and thereby
increase the blood pressure, and increase the heart rate (positive chronotropic effect) what
might be related to antagonism of adenosine receptors, PDE3 inhibition, and increased
plasma levels of epinephrine and norepinephrine [188-190].

Among the selective PDE inhibitors, adverse effects have been intensively discussed
for PDE4 inhibitors. In contrast to theophylline, administration of PDE4 inhibitors does
not require a plasma monitoring and exerts less interactions with other drugs. However,
use of PDE4 inhibitors is associated with a higher occurrence of gastrointestinal symptoms,
such as nausea, vomiting, diarrhea, and abdominal pain, which limits their wider use [191].
To avoid or minimize the adverse effects of PDE4 inhibitors, there exist several strategies:
to prefer inhalational forms (what might be associated with a decrease in effectiveness), to
dissociate beneficial and detrimental effects, e.g., by the use of derivatives with lower pene-
tration to central nervous system, by selective targeting the PDE4 isoenzymes (selectively
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targeting PDE4B, not PDE4D, which is responsible for gastrointestinal adverse effects), or
to search for allosteric inhibitors [125,192].

Among the most important adverse effects of selective PDE5 inhibitors belong headache,
flushing, nasal congestion, nasopharyngitis, dyspepsia, as well as rarer but more severe,
e.g., vision changes, myalgia, and seizures [193].

7. PDE Inhibitors in SARS-CoV2-Induced ARDS

Recent data show that both nonselective and selective PDE inhibitors might be useful
in ARDS caused by a severe infection with severe acute respiratory syndrome coronavirus
2 (SARS-CoV2) leading to COVID-19. Current knowledge on the pathophysiology of COVID-
19 and participation of the cyclic nucleotide pathways in inflammation, fibrosis, vascular
resistance, thrombosis, and stroke have been recently published by Giorgi et al. in their
excellent review [194]. In this chapter, we present a short overview of those COVID-associated
changes related to PDEs and provide the data about ongoing clinical studies where the PDE
inhibitors have been administered to patients with COVID-19-induced ARDS.

Several changes associated with COVID-19 are closely related to renin—angiotensin—
aldosterone (RAS) system. Angiotensin-converting enzyme (ACE) splits angiotensin I
to angiotensin II that is known as a potent vasoconstrictor, also responsible for hypoxia-
induced pulmonary vasoconstriction and pulmonary edema, a mitogen for smooth muscle
cells and fibroblasts, and a promotor of oxidative stress, activation of complement, and
of release of pro-inflammatory cytokines, including IL-6, TNFq, etc. Opposite, ACE2
catalyzes the change of angiotensin II to angiotensin 1-7 peptide that acts as a vasodilator,
anti-inflammatory, anti-proliferative, anti-fibrotic, and antioxidant agent, and thereby
protects from the lung injury [195,196].

Entry of the SARS-CoV2 virus is mediated by a surface spike protein, which binds
to the ACE2 receptors on the host cells. ACE2 is highly expressed in the lung alveolar
and bronchial membranes, in pneumocytes type II, and possibly on vascular endothelial
cells as well as in oral and nasal mucosa, gastrointestinal tract, heart, liver, kidney, skin,
brain, etc., which can explain common respiratory and extra-pulmonary symptoms in
COVID-19 [197,198]. However, binding of SARS-CoV2 with ACE2 receptor downregulates
the ACE2 expression, which increases the levels of angiotensin II exerting the above men-
tioned deleterious effects to the lung [199]. In addition, binding of SARS-CoV virus on the
ACE2 receptors triggers an activation of innate immune reaction to combat an infection,
with an activation of various immune cells and a production of enormous concentrations
of cytokines, so-called cytokine storm [194]. In the pathophysiology of the SARS-CoV2-
induced ARDS, IL-6 is of a particular importance; it promotes a clearance of the virus by
neutrophils, triggers an accumulation of fluid and immune cells including neutrophils in
the lung, causes a serious endothelial dysfunction, and induces an intestinal, olfactory,
ocular inflammation causing diarrhea, anosmia, and conjunctivitis, the extra-pulmonary
signs of COVID-19 [199,200]. SARS-CoV2 itself induces an endothelial dysfunction, which
results in a platelet activation and aggregation, and finally leads to a pulmonary intravas-
cular coagulopathy and a deep vein thrombosis. The clots cause a compensatory increase
in plasminogen (fibrinolysin) levels; however, in advanced course of the disease, it fails to
break down the fibrin deposits [201,202]. The structural and functional changes of endothe-
lium and activated coagulation further stimulate a leukocyte trafficking. In the SARS-CoV
infection, the inflammation is mediated mainly by neutrophils representing the first line
of defense of innate immune system [199]. The activated neutrophils exert phagocyto-
sis, degranulation, and release of proteases (elastase, cathepsin G etc.), pro-inflammatory
cytokines (IL-6, TNF« etc.), generation of a respiratory burst with a production of ROS,
and a formation of neutrophil extracellular traps (NET). Dysregulated immune responses
with excessive mobilization and activation of neutrophils, and, opposite, with decreased
counts and reduced activity of lymphocytes responsible for a cell-mediated immunity, are
associated with a negative prognosis of patients [203]. Simultaneously, endothelin-1 as a
product of injured endothelium exaggerates the inflammation by decreasing cAMP [204]
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and stimulates a pulmonary fibrosis by increasing the release of TGF-31 [205]. The multiple
effects of dysregulated inflammation, endothelial dysfunction, and hypercoagulopathy
may finally lead to the multiorgan damage and failure, with a higher mortality risk in
elderly people and in patients with chronic diseases [199]. Extent of the injury to the lung
and other organs (heart, liver, muscles, kidneys, etc.) correlates well with elevated serum
levels of lactate dehydrogenase (LDH) and increased neutrophil /lymphocyte ratio [206].

Recent publications demonstrate that the use of PDE inhibitors might be a valu-
able adjunctive treatment approach in the SARS-CoV-induced ARDS [194,203], beside
standard interventions, such as lung-protective ventilation, prone positioning, neuromus-
cular blockade for a patient-ventilator synchrony, maintenance of a negative fluid balance,
administration of antibiotics preventing secondary bacterial and fungal infections, and
administration of antiviral drugs [207].

For instance, nonselective PDE inhibitor pentoxifylline suppresses the synthesis of cy-
tokines and other molecules involved in inflammation, lowers the neutrophil /lymphocyte
ratio restoring Treg/Th17 lymphocyte populations, and decreases the levels of LDH and
ferritin with a subsequent enhancement of PaO, and oxygen saturation [31,89,206,208,209].
Pentoxifylline affects the RAS system reducing the expression of angiotensin II receptor
type 1 (AT1) that mediates the biological effects of angiotensin II contributing to a severe
acute lung injury. Pentoxifylline also participates in a restoration of GSH levels and a
mitochondrial viability [208]. In addition, pentoxifylline may preserve a microvascular
circulation decreasing a viscosity of blood and increasing a deformability of erythrocytes,
improving an endothelial function, and decreasing a platelet aggregation [210]. Pentoxi-
fylline might also reduce a tissue fibrosis via reducing an expression of platelet activating
factor (PAI)-1 and fibronectin [211] or by blocking TGF-1 and reducing a deposition of
type I collagen [212]. There are several other advantages of the use of pentoxifylline in
COVID-19: over 50 years of safety data from its use in other disorders, good tolerability
and safety, an available oral form with a good bioavailability, but can be also administered
intravenously or inhalationally in the selected patients [213]. In an external pilot study
carried out on 38 patients with moderate-to-severe COVID-19, 26 patients were given
pentoxifylline orally at a dose of 400 mg every 8 h plus standard therapy. Compared to the
control group with standard therapy-only, pentoxifylline treatment increased a lymphocyte
count, decreased a serum LDH, and showed a trend toward reduced days of hospitaliza-
tion, mortality, and requirements for an intubation [206]. Effects of pentoxifylline (400 mg
sustained release (SR) three-times a day) have been currently evaluated in the ongoing
clinical trial for COVID-19 (NCT04433988).

Because of its ability to inhibit a hemocoagulation, to cause a vasodilation, and to
suppress an inflammation including the inhibition of NET formation via increasing cAMP
and blocking an adenosine reuptake [203,214], use of PDE3 inhibitor dipyridamole might
also be of benefit in COVID-19 patients. In a clinical trial involving 31 patients with
COVID-19, 14 patients were treated by dipyridamole (50 mg orally, three-times daily for
14 days). Dipyridamole treatment decreased a level of D-dimers (degradation products
of fibrin), enhanced a lymphocyte and platelet recovery in the circulation, and improved
a clinical outcome in comparison with the control patients [215]. Effects of dipyridamole
in combination with acetylsalicylic acid or of dipyridamole-only have been evaluated
in patients with COVID-19 in three ongoing clinical trials: (1) NCT04410328 (ATTAC-
19 trial), Aggrenox (dipyridamole extended release (ER) 200 mg/aspirin 25 mg), given
orally/internally twice daily; (2) NCT04424901 (TOLD trial), dipyridamole 100 mg, given
three-times a day orally for 7 days; and (3) NCT04391179 (DICER trial), dipyridamole
100 mg, given four-times a day orally for 14 days. The recent article by Motta et al.
suggested other PDE3 inhibitor cilostazol as a potentially beneficial drug for the treatment
of COVID-19 [216].

Favorable effects in COVID-19 may be also expected for the PDE4 inhibitors which
modulate processes in various immune cells including neutrophils and inhibit an acti-
vation of NF-«kB pathway mediating the production of pro-inflammatory cytokines and
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ROS [217]. PDE4 inhibitors reduce the leukocyte-platelet interactions and a prothrombotic
action of leukocytes, decrease an endothelial permeability, and exert the anti-thrombotic
effects [142,218]. In addition, PDE4 inhibitors may reduce fibrosis in the lung by several
mechanisms [198]. With regard to worse outcome and higher mortality of COVID-19 in
older patients with diabetes mellitus or cardiovascular disorders, PDE4 inhibitors possess
an advantage as they are able to increase a PDE4 activity in elderly, to reduce a body weight,
to improve an insulin sensitivity [219], and to prevent adverse cardiovascular events of
nonselective PDE inhibitors (xanthines) [220].

In light of the above, effects of PDE4 inhibitor apremilast in COVID-19 patients have been
evaluated in the ongoing clinical trial named I-SPY_COVID (NCT04488081) where apremilast
(30 mg orally, given twice a day for 14 days) has been combined with remdesivir (200 mg
loading dose on day 1, followed by 100 mg given intravenously once daily for 4 or 9 days).
An eventual additional improvement of adding apremilast to remdesivir on a mortality and a
need for mechanical ventilation will be compared to remdesivir-only therapy.

Positive effects of both PDE3 and PDE4 inhibitors in COVID-19 might be demon-
strated by the ongoing clinical trial no. NCT04527471, where dual PDE3/PDE4 inhibitor
ensifentrine (RPL554) has been administered inhalationally via pressurized metered dose
inhaler (pMDI) twice daily. However, recent studies show that its inhibitory effect on PDE4
is only limited [221,222].

Finally, PDES5 inhibitors as modulators of the NO-cGMP-PDES axis expressed pre-
dominantly in the lung may show a wide spectrum of cardioprotective, anti-aggregation,
anti-inflammatory, antioxidant, and beneficial hemodynamic actions. To evaluate the po-
tentially favorable effects in patients with COVID-19, PDES inhibitor sildenafil has been
administered in two ongoing clinical trials: (1) NCT04304313 (sildenafil citrate 100 mg/day,
given orally for 14 days); and (2) NCT04489446 (sildenafil 25 mg every 8 h, given orally for
7 days). The results have not yet been revealed at time of this review.

8. Concluding Remarks

Several nonselective and selective PDE inhibitors have successfully taken a part in the
treatment of various respiratory, neurological, or cardiovascular diseases. Considering a
broad experience with the use of PDE inhibitors in other diseases including their side effects
or interactions with other drugs, it is surprising that there are only several clinical studies
on acute lung damage where the PDE inhibitors have been used. PDE inhibitors may exert
wide advantages in ARDS, particularly due to their ability to suppress an inflammation,
to alleviate the edema formation, oxidative stress, and damage to lung epithelium and
endothelium, to reduce activation of platelets, and to prevent hypercoagulation state.

The results of experimental and clinical studies indicate that both nonselective and
selective PDE inhibitors possess a great potential to improve the course of direct or indirect
lung injury in ARDS or sepsis, respectively. Nonselective PDE inhibitors have an advan-
tage of simultaneous modulation of several PDEs at once and, thereby, provide a wider
therapeutic impact. On the other hand, this multiple action may be associated with a higher
occurrence of harmful reactions. Although the selective PDE inhibitors might theoretically
cause less unwanted effects since their actions are focused on one PDE, they cannot be
reliably excluded. The choice of the appropriate PDE inhibitor should be conditioned
by the general status of the ARDS patient and by the severity and subtype of ARDS. For
instance, in the subtype of ARDS with prominent inflammatory component, the PDEs
derivative influencing PDEs in the inflammatory cells, e.g., PDE4 inhibitors, could be
more effective. In primary damage of the pulmonary capillaries and in hypercoagulation
state, more suitable could be those PDEs derivatives modulating PDEs in the platelets and
endothelial cells, e.g., PDE3 and PDES inhibitors.

Of course, similar to other approaches in PDE inhibitors, it is necessary to consider
a value of expected favorable effects versus potential adverse effects of the treatment.
Rather big variabilities of the adverse effects of PDE inhibitors results from a heterogenous
distribution of individual PDEs in different cells and tissues. Nevertheless, side effects
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of PDEs are generally less serious than the side effects of other anti-inflammatory and
anti-edematous medicines, e.g., corticosteroids.

Despite convincing data and undoubted advantages, use of PDE inhibitors in ARDS
is lower than they deserve, likely due to rare or missing clinical studies on the use of nons-
elective and selective PDEs in the treatment of ARDS or sepsis. However, this unfavorable
situation will probably change as there have been several clinical studies carried out on
effects of PDE inhibitors in the patients with COVID-19-associated ARDS. Positive results
from these ongoing studies could raise interest in PDE inhibitors and their subsequent use
in ARDS and sepsis from other than COVID-19 origin, as well.
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