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ABSTRACT

Acute respiratory distress syndrome is characterized by dyspnea at presentation, tachypnea on physical
examination, findings of bilateral infiltration in chest radiography, refractory hypoxia, and high mortality.
Although the main treatment approach is to address the underlying disease, there are also pharmacological
and nonpharmacological options for supportive treatment. There is currently no pharmacological agent with
proven efficacy in this syndrome, and many drugs are being studied for this purpose. One of these is the
endothelin receptor antagonist bosentan.
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Introduction

Acute respiratory distress syndrome (ARDS) is a sudden-onset condition characterized by dys-
pnea, refractory hypoxia, pathological signs of diffuse alveolar destruction, and high mortality.
Although sepsis and pneumonia frequently play a major role in its etiology, it is caused by many
pulmonary and nonpulmonary factors [1]. ARDS is an inflammatory condition involving the dis-
ruption of the alveolar—capillary barrier, flooding of protein-rich edema fluid into the alveolar
space, and cell recruitment due to immune system stimulation [, 2]. The main treatment ap-
proach for ARDS is to treat the underlying disease. However, there are also pharmacological and
nonpharmacological options for supportive treatment. Nonpharmacological options are lung-
protective mechanical ventilation, conservative fluid therapy, and prone position. Pharmacologi-
cal options include drugs, such as inhaled nitric oxide (NO) and corticosteroid [3-6].

Many experimental drugs that reduce inflammation are also used in the treatment of ARDS, one
of which is the endothelin-1 (ET-1) receptor antagonist bosentan [/, 8]. Of the four known ET
receptors (ET,, ET,,, ET,,, and ET ), bosentan acts on both endothelin A and B receptors [9,
[0]. ET-1 is a peptide produced by endothelial cells and plays an important role in lung inflam-
mation. Several studies have demonstrated the proinflammatory effects of ET-1 in the airways
[I'l, 12]. In contrast, ET receptor antagonists attenuate the proinflammatory effects of ET-1 in
animal models of airway inflammation [ 10, 13]. Studies on the anti-inflammatory effect of ET-1
receptor antagonists are ongoing.

Unfortunately, a pharmacological agent that effectively reduces short- and long-term mortality
in ARDS has vet to be identified. Various new agents are being investigated, including bosentan,
which has both anti-inflammatory and pulmonary arterial pressure-lowering effects.

Pharmacological Therapy in ARDS

Pathophysiology of ARDS

ARDS is a clinical condition that remains poorly understood due to its complex pathogenesis. It
involves a disequilibrium between pro- and anti-inflammatory pathways, complement activation,
endothelial cell activation, polymorphonuclear neutrophil and macrophage activation (Figures
I, 2), oxidative stress, and transcriptional factor activation [14]. The clinical manifestation of
ARDS is a result of diffuse alveolar destruction caused by intense inflammation. Tumor necro-
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sis factor and interleukin (IL) | produced in the
early phase and the proinflammatory cytokines
IL-6 and IL-8 that appear in the later phases of
disease induce leukocyte migration to the area.
Accumulated leukocytes in the lungs become ac-
tivated and secrete reactive oxygen species and
proteases that damage the capillary endothelium
and alveolar epithelium. This disrupts the nor-
mal barrier that protects against alveolar edema.
Protein leaks from the vascular space into the
interstitium, eliminating the osmotic gradient
that allows reabsorption. Extravasation to the
interstitium exceeds lymphatic capacity, and the
alveolar spaces become flooded with a fluid rich
in protein and debris. This fluid disrupts surfac-
tant structure and function, leading to alveolar
collapse. Intrapulmonary shunting and ventila-
tion—perfusion mismatch cause hypoxemia, and
physiological dead space results in increased
ventilation (hypercapnia). Interstitial and alveolar
edema and atelectasis lead to reduced compli-

ance. In the early phase, decreased lung com-
pliance is associated with interstitial edema and
exudation, whereas in the late phase, it is due
to widespread interstitial fibrosis. Increased air-
way resistance is also common in patients with
ARDS. Pulmonary arterial pressure is increased
by the pathological changes discussed above, as
well as hypoxemia and mechanical ventilation.
The average pulmonary arterial pressure in pa-
tients with ARDS is usually >30 mmHg [15-17].

The pathological features observed in ARDS
are referred to as diffuse alveolar damage. This
process includes exudative, proliferative, and fi-
brotic phases that are generally interrelated and
overlapping. The exudative phase usually begins
in the first week. This phase is characterized by
interstitial-intra-alveolar edema, hemorrhage,
and the formation of hyaline membranes in the
alveolar ducts. The alveoli are atelectatic and
edematous, and the alveolar ducts are dilated.
There is widespread destruction of type | cells.
Extensive endothelial damage and intravascular
fibrin accumulation are common. Days 4-10 are
the proliferative phase. In this phase, the accu-
mulated exudate becomes organized and type
Il cells proliferate, whereas in the alveolar wall,
fibroblasts and myofibroblasts proliferate and
infiltrate the adjacent fibrinous exudate. Fibro-
blasts transform the exudate into granulation
tissue, which later becomes fibrous tissue with
the accumulation of collagen. In the final phase,
epithelial cells cover the organized granulation

Figure 2. a-d. Appearance of a lung with ARDS: (a) hemorrhage (arrowhead), terminal bronchiole
(arrow) (H&E, x100); (b) thickening of the interalveolar septa (arrowhead), alveolar filling

defects (H&E, X 100); (c) PNL infiltration (arrowhead), MNL infiltration (arrow) (H&E, x200); (d)
vasodilation—congestion (arrowhead), terminal bronchiole (arrow) (H&E, x100).

tissue and transform the intra-alveolar exudate
into the interstitial tissue. The fibrotic phase
manifests with collagenous fibrosis, microcystic
honeycombing in some cases, and rarely, bron-
chopulmonary dysplasia. These changes result
in the regeneration of the alveolar basement
membrane. In addition to the primary damage
described previously, secondary damage occurs
in ARDS as a result of mechanical ventilation
using high pressure or volume and high oxygen
concentration, as well as ventilator-associated
pneumonia. This secondary damage is patholog-
ically indistinguishable from the primary damage.
Vascular changes also occur during all of these
phases, manifesting with thrombotic, fibropro-
liferative, and obliterative changes from intimal
edema to the development of pulmonary hy-
pertension in the terminal phase [ I, 15, 16].

Current treatment approach to ARDS

ARDS is primarily managed by identifying the
underlying disease and administering appropri-
ate, disease-specific treatment. For instance,
good outcomes can be achieved in patients with
sepsis-associated ARDS with the use of appro-
priate antibiotics and source control [18].

Secondary treatment approaches involve sup-
portive therapies. The main supportive method
is lung-protective mechanical ventilation. Venti-
lator-induced lung injury can be an important
cause of poor clinical outcomes in patients with
ARDS. Therefore, studies are being conducted
to determine the appropriate mechanical venti-
lation strategies to reduce the incidence and se-
verity of ventilator-induced lung injury. Some of
these mechanical ventilation strategies include
low tidal volume ventilation, open lung ventila-
tion, and high positive end-expiratory pressure
(PEEP). Moreover, recruitment maneuvers and
PEEP titration are other important mechanical
ventilation practices in ARDS [19].

A large randomized trial demonstrated shorter
duration of assisted ventilation with a conserva-
tive fluid management strategy [20]. This effect
may be attributable to avoiding fluid administra-
tion after shock reversal [21]. Diuretics and al-
bumin given after shock reversal improved oxy-
genation and tended to shorten the duration of
mechanical ventilation in small randomized trials
[22, 23]. However, albumin was not associated
with reduced mortality in a larger trial including
the general intensive care unit population [24].
In addition, there is evidence that albumin may
be harmful in patients with traumatic brain in-
jury [25]. With respect to nutritional support,
similar mortality rates were observed with tro-
phic and early full-calorie enteral nutrition [26],
whereas potentially unfavorable outcomes were
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reported with aggressive early caloric supple-
mentation with parenteral nutrition [27].

Less-than-effective drugs used in ARDS
Despite the many medical advances in recent
years, there is no pharmacological treatment
for ARDS that reduces mortality in the long or
short term. Many drugs have been used in the
treatment of ARDS to date, one of which is in-
haled NO. This treatment temporarily improves
oxygenation and may improve long-term pulmo-
nary functions in survivors, but does not reduce
mortality and may be associated with acute kid-
ney injury [28].

One of the most frequently used drugs today
is glucocorticoids. The use of glucocorticoids
may improve oxygenation and airway pres-
sures. Moreover, it may speed up radiographic
recovery in patients with ARDS associated with
pneumonia. However, these agents have not
been proven to offer a consistent survival ben-
efit; while some studies suggest that they may
be useful [29], other authors have reported
no advantage [30]. In addition, glucocorticoid
therapy is harmful in patients with pneumonia
and if initiated > 14 days after ARDS diagnosis

[31].

Ineffective or harmful drugs used in ARDS
Many potential treatments for ARDS were
considered to be promising but were shown in
studies to be either ineffective or harmful. Sur-
factant replacement therapy, neutrophil elastase
inhibition, anticoagulation, and drugs, such as
nonsteroidal anti-inflammatory drugs (ketocon-
azole and lisofylline) and statins, failed in clinical
trials [32].

Other agents demonstrated to be ineffective
or harmful include antioxidant preparations (N-
acetylcysteine, procysteine (L-2-oxothiazolidine-
4-carboxylate), glutamine, omega-3 fatty acids,
selenium, beta carotene, zinc, vitamins E and
C, and lisofylline), intravenous prostaglandin
El, ibuprofen, activated protein C, short-acting
beta-2 agonists, and keratinocyte growth factor
[33]

Drugs in ongoing clinical studies for ARDS
There are many drugs for the treatment of
ARDS currently in the experimental or clinical
stages of development. One of these drugs is as-
pirin, an antiplatelet and anti-inflammatory agent
that showed potential in preclinical and obser-
vational clinical studies for the prevention and
treatment of ARDS [34, 35]. However, aspirin
was reported to have no benefit in preventing
ARDS in a randomized study of 390 at-risk pa-
tients [36].

Although there are studies on granulocyte—
monocyte colony stimulating factor (GM-CSF),
it has not been adopted as routine therapy for
adults with ARDS due to insufficient evidence.
GM-CSF plays an important role in the repair of
injured lung and in the enhancement of alveolar
macrophage function [37, 38]. Preclinical studies
have suggested that bronchoalveolar lavage with
GM-CSF is associated with improved survival in
patients with ARDS [39].

Experimental studies have been conducted in an
effort to determine whether certain therapies
are beneficial in ARDS. One of these is stem cell
therapy. Preclinical studies have demonstrated
that exogenous mesenchymal stem cell (MSC)
therapy may mitigate lung injury and support
repair. In animal studies, MSCs were found to
secrete growth factors and cytokines that can
modulate local inflammation and support tissue
repair, improve bacterial clearance, and poten-
tially differentiate into mature cells to replace
the injured cells [40, 411].

Another candidate drug is macrolide. Macrolide
antibiotics have both antimicrobial and anti-
inflammatory effects. Animal models have indi-
cated that these agents may be beneficial in the
treatment of ARDS [42, 43].

Several anti-inflammatory agents that are in
early human trials but do not yet have published
data include SB-681323, carbon monoxide, tis-
sue factor antibody, interferon-beta, and sevo-
flurane [33].

Bosentan

Mechanism of action and anti-inflammatory
effect

ARDS has many underlying causes and is not a
homogeneous clinical condition. For this reason,
it is difficult to find an appropriate pharmacolog-
ical agent for this heterogeneous disease. There
are many ongoing clinical and experimental
studies in this area [44-47]. One of the experi-
mental drugs used in ARDS is bosentan [7, 8].

Bosentan acts on the two ET receptors, ET . and
ET,[9, 10]. ET has been of great interest as a
long-acting, powerful vasoconstrictor and mito-
gen. It is also known to play a role in the regula-
tion of apoptosis [48]. In addition to their roles
in embryonic development and physiological
stasis, ETs are also involved in the development
and persistence of many pathophysiological con-
ditions, such as atherosclerosis, hypertension,
congestive heart failure, renal failure, and pul-
monary hypertension. Elevated ET levels have
been reported in certain pathological condi-

tions, including subarachnoid hemorrhage, myo-
cardial infarction, cardiogenic and septic shock,
and Raynaud's disease, and in chronic hemodi-
alysis [49]. ET receptor antagonists have been
used in these diseases since the early 1990s. The
first ET, receptor antagonist to be used for this
purpose was BQ-123. lts use advanced to phase
Il pharmacological trials. ET, , receptor antago-
nist bosentan, which can be administered orally
due to its nonpeptide structure, is currently in
phase Ill clinical trials for congestive heart failure
and hypertension [50]. All ET receptor antago-
nists, primarily selective ET, and nonselective
ET,, receptor antagonists, have demonstrated
utility in many diseases [51].

Bosentan is used in the treatment of diseases,
such as pulmonary hypertension due to its ef-
fect on vascular structures, and also exerts an
anti-inflammatory effect via ET-1. Under normal
physiological conditions, ET-1 binds to the ET,
receptor in endothelial cells, allowing the pro-
duction of NO and prostacyclin. Moreover, it
induces cytokine, growth factor; collagen, and
aldosterone production, thus leading to proin-
flammatory effects [52]. It also affects inflam-
mation through leukocyte—endothelium interac-
tions mediated by the upregulation of P selectin
by ET-1 [53]. In addition, it is believed that ET-1
has important proinflammatory activity in the
airways via GM-CSF through chemoattractant
agents, such as IL-6 or IL-8 [54]. Transforming
growth factor-f3 induces the secretion of ET-1,
which has many proinflammatory effects, includ-
ing fibroblast migration [55].

Experimental studies demonstrating the rela-
tionship between bosentan and ARDS

Many experimental studies have demonstrated
the relationship between bosentan and ARDS
or the anti-inflammatory effect of bosentan.
One of these is an experimental study conduct-
ed in our center comparing corticosteroid ther-
apy and bosentan in ARDS treatment [7]. Our
study showed that bosentan was as effective as
dexamethasone in the treatment of lung injury
in ARDS. It was determined that bosentan at a
dose of 100 mg/kg substantially reduced lung in-
jury and could be among the first-choice treat-
ments due to its regenerative effects (Figure 3).

In a study demonstrating that bosentan is effec-
tive in ARDS therapy by reducing the amount
of free oxygen radicals produced by polymor-
phonuclear leukocytes, the effective dose was
reported as 90 mg/kg [8]. In another study,
bosentan was shown to be effective in reducing
infiltration of circulating neutrophils and plasma
extravasation from the pulmonary microvascu-
lar bed via ET, receptor-related mechanisms
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Figure 3. a, b. Appearance after treatment with 100 mg/kg bosentan: (a) ias, interalveolar septum;
Tb, terminal bronchiole (H&E, x100); (b) (H&E, x200).

in animals with experimentally induced ARDS
[56]. Another study in an induced sepsis model
showed that ET, and ET, receptor antagonists
prevented leakage from the microvascular bed
more efficiently than ET, receptor antagonists
[57]. ARDS does not only affect the alveolocap-
illary bed but also affect the vascular bed, caus-
ing increased pulmonary arterial pressure. This
exacerbates the patient’s clinical condition. In an
experimental lipopolysaccharide-induced ARDS
model, ET receptor antagonists were shown to
reduce pulmonary arterial pressure [58]. Al-
though earlier experimental studies suggested
that bosentan is effective in the treatment, an-
other study showed that it was ineffective dur-
ing treatment but effective during pretreatment
[59].

ARDS is characterized by consecutive exudative,
proliferative, and fibrotic phases. One of the ma-
jor problems in ARDS s fibroblast recruitment
in the proliferative phase and the fibrotic phase
that follows. ET receptor antagonists are effec-
tive not only against cell migration or fluid leak-
age during the exudative phase but also against
fibrosis [60].

In addition to experimental animal studies, the
clinical use of bosentan as an adjunct to ongo-
ing therapy was shown to improve the clinical
condition of a patient with ARDS secondary to
viral infection [61].

With the variety of etiological factors and patho-
genetic pathways and the absence of a phar-

macological treatment approach proven to be
completely effective, pharmacological and non-
pharmacological studies performed on ARDS
continue to be relevant [62-64].

Future directions

Owing to the complexity of inflammation in
ARDS, drugs that block only one of the inflam-
matory mediators have not yielded satisfactory
outcomes in humans. Therefore, there is a clear
need for new drug(s) with different mechanisms
of action.

Conclusion

Bosentan has a strong anti-inflammatory effect
in the medical treatment of ARDS. This anti-in-
flammatory effect and its significant impact on re-
covery make bosentan a potential first-line drug.
More extensive clinical studies are required.
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