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Summary

The inflammation present in acute respiratory distress syndrome
(ARDS) and thereby associated injury to the alveolar-capillary
membrane and pulmonary surfactant can potentiate respiratory
failure. Even considering the high mortality rate of severe ARDS,
glucocorticoids appear to be a reasonable treatment option along
with an appropriate route of delivery to the distal lung. This
study aimed to investigate the effect of budesonide therapy
delivered intratracheally by high-frequency oscillatory ventilation
(HFQOV) on lung function and inflammation in severe ARDS. Adult
New Zealand rabbits with respiratory failure (P/F<13.3 kPa)
induced by intratracheal instillation of hydrochloric acid (HCI,
3 ml/kg, pH 1.5) followed by high tidal ventilation (V+ 20 mi/kg)
to mimic ventilator-induced lung injury (VILI) were treated with
intratracheal bolus of budesonide (0.25 mg/kg, Pulmicort)
delivered by HFOV (frequency 8 Hz, MAP 1 kPa, AP 0.9 kPa).
Saline instead of HCI without VILI with HFOV delivered air bolus
instead of therapy served as healthy control. All animals were
subjected to lung-protective ventilation for 4 h, and respiratory
parameters were monitored regularly. Postmortem, lung injury,
wet-to-dry weight ratio, leukocyte shifts, and levels of cytokines
in plasma and lung were evaluated. Budesonide therapy
improved the lung function (P/F ratio, oxygenation index, and
compliance), decreased the cytokine levels, reduced lung edema
and neutrophils influx into the lung, and improved lung
architecture in interstitial congestion, hyaline membrane, and
atelectasis formation compared to untreated animals. This study
indicates that HFOV delivered budesonide effectively ameliorated
respiratory function, and attenuated acid-induced lung injury in
a rabbit model of severe ARDS.
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Introduction

Acute respiratory distress syndrome (ARDS) is
a common clinical syndrome of acute respiratory failure
because of diffuse lung inflammation and edema,
characterized by the acute onset of bilateral alveolar
opacities and hypoxemia. ARDS is associated with
significant mortality, with an overall in-hospital death
rate of approximately 40 percent [1]. ARDS can be
triggered by a variety of causes including both infectious
and non-infectious triggers (e.g. pneumonia, pancreatitis,
aspiration of gastric contents, non-pulmonary sepsis,
hemorrhage, and severe traumatic injuries with shock and
multiple transfusions) [2,3]. These triggers can injure the
lung directly due to local inflammation, or indirectly
because of systemic inflammatory and injury mediators.
Rapid onset, histological evidence of tissue injury, altered
alveolar capillary barrier, inflammatory response, and
signs of physiological dysfunction are the major
characteristics of experimental ARDS in animals [4].

Management of ARDS involves addressing the
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underlying causes of the lung injury and providing
supportive care and measures to optimize oxygenation
and gas exchange, including mechanical ventilation,
fluid-restrictive strategies, and prone positioning, to
prevent iatrogenic lung injury [5]. Due to the high
mortality rate of severe ARDS, additional therapeutic
strategies are required. Despite intensive research, drugs
such as glucocorticoids (GCs), surfactants, inhaled nitric
oxide, antioxidants, protease inhibitors, and other anti-
inflammatory drugs have been investigated with
conflicting results of their therapeutic effects [6]. In
general, GCs are not currently the recommended
treatment for ARDS. However, during over-inflammation
in ARDS, the use of GC appears to provide a benefit by
reducing excessive inflammation and the associated
tissue injury. GCs counteract lung injury by improving
epithelial permeability, reducing edema, inhibiting local,
and systemic inflammation, and reducing apoptosis [7,8].
Budesonide is a non-halogenated GC with potent anti-
inflammatory effects, induces vasoconstriction, inhibits
mucosal edema, reduces cellular exudation, and remodels
airway tissue [9,10], commonly used to treat asthma and
many other lung diseases [11]. Furthermore, treatment
with budesonide results in satisfactory pulmonary
protective effects in the treatment of ARDS in clinical
[12-14] and experimental studies [15-17].

The efficacy of a treatment mostly depends on
the techniques by which the drug is delivered. Pulmonary
delivery has become an attractive but equally challenging
method of local drug delivery [18]. High-frequency
oscillatory ventilation (HFOV) is a type of mechanical
ventilation delivered small rapid breaths of gas to the
lung at a very high frequency that is used to support
breathing in critically ill patients with acute respiratory
failure. Several studies have investigated the use of
HFOV for drug delivery [19-21]. HFOV exhibits
a unique characteristic of local particle deposition due to
the rapid ventilation process and the strong influence of
the endotracheal tube jet [22]. In addition, during HFOV,
the complexity of aerosolized drug delivery is
significantly increased because of high frequency and low
tidal volumes [23,24].

The heterogeneous nature and uneven injury to
the lung parts of ARDS requires a proper discussion not
only about the suitability of dosing regimens, timing, and
duration of GCs therapy, but also about the possibilities
of drug delivery to the lung. Therefore, we hypothesized
that the budesonide delivered intratracheally by HFOV

improves lung function and architecture, and attenuates

inflammation in an animal model of severe ARDS.

Material and Methods

Animal instrumentation

This study was approved by the National
Veterinary Board of Slovakia and the local Ethics
Committee of the Jessenius Faculty of Medicine,
Comenius University. Adult New Zealand white male
rabbits with body weight (b.w.) of 2.5 (0.3) kg were
handled according to the Federation of European
Laboratory Animal Science Associations (FELASA)
standards and instrumented in accordance with our
previous study [25]. Randomization was performed at the
beginning of the experiment. After initial intramuscular
sedation with tiletamine and zolazepam (15 mg/kg b.w.;
Zoletil, Virbac, France) and xylazine (5 mg/kg b.w.;
Xylariem, Riemser, Germany), the animals were placed
on 37 °C controlled heating surgical table in a supine
position prior to the surgical procedures. The left and
right marginal ear veins and right femoral artery were
cannulated for continuous intravenous (i.v.) infusion of
tiletamine and zolazepam (10 mg/kg/h), Ringer’s acetate
solution (10 ml/kg/h), arterial blood sampling and arterial
pressure monitoring. Tracheotomy was performed and
an endotracheal tube was inserted. All animals were
paralyzed with atracurium besylate i.v. (0.7 mg/kg/h;
Tracrium, Aspen Pharma, Ireland) and were mechanically
ventilated (Aura V, Chirana, Slovak Republic) with
positive end-expiratory pressure (PEEP) of 0.5 kPa, tidal
volume (VT) 6-8 ml/kg, inspiration expiration rate (I:E)
1:2, respiratory rate (RR) 40 breaths per minute (bpm)
and inspiratory oxygen fraction FiO, of 1.0 throughout
4h after the
administration, the animals were euthanized under deep

the experiment. Finally, treatment

anesthesia by injection of alethal dose of potassium

chloride i.v. Electrocardiographic monitoring with

subcutaneous electrodes and invasive arterial pressure
monitoring were performed continuously using
a PowerLab 8/30 multichannel recorder (AD Instruments,
Germany). Gas exchange and acid-base balance
parameters were measured from arterial blood samples
using a blood gas analyzer (RapidLab TM348, Bayer
Diagnostics, Germany). Ventilation parameters, e.g.
(Paw),

lung-thorax compliance

plateau airway pressure static lung-thorax
compliance (Cyy), dynamic
(Cdyn), mean alveolar pressure (MAP), and positive end-
expiratory pressure (PEEP), were measured by in-build

sensors and Aura V ventilator software. The following
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parameters were calculated: P/F = a ratio between arterial
oxygen partial pressure (pO,) and a fraction of inspired
oxygen (Fi0O,); oxygenation index (OI) = (mean airway
pressure X FiO,)/pO,; alveolar-arterial oxygen gradient
(AaG) = [FiO, (Patm — PH,0) — pCO, / 0.8] — pO,,
where Patm is barometric pressure and PH,O is the
pressure of water vapor; and ventilation efficacy index
(VEI) = 3800/(peak inspiratory pressure (PIP)-PEEP) x
RR x pCO,.

The experimental model of ARDS

A two-hit experimental model of severe ARDS
was induced by a combination of acid aspiration followed
by high-tidal volume injurious ventilation. First insult,
bolus of hydrochloric acid (HCI, 3 ml’kg b.w., pH 1.5)
was intratracheally instilled in the left and right lateral
positions of the animal with stabilization period for
15 min. Subsequently, the lungs were ventilated with
high tidal volumes (HVT) with target VT 20 ml/kg, zero
PEEP, RR 20-30 bpm, :E 1:2, and FiO, 1.0 to mimic
ventilator-induced lung injury (VILI). Hypocapnia was
accepted without additional reduction of RR. Arterial
blood gases were analyzed every 15 min during HVT
ventilation until P/F ratio decreased to <13.3 kPa, equal
to P/F <100 mm Hg, which corresponds to severe ARDS
according to the Berlin definition [3]. The standard HVT
ventilation time of 30 min was extended by 15 min
in 3 animals to meet the defined criteria for severe
ARDS. Saline (3 ml/kg b.w.) was instilled instead of HCI
and no HVT ventilation was applied, in addition air bolus
instead of budesonide was delivered by HFOV in the
Saline group (n=9).

Treatment protocol

After fulfilling the lung injury criteria, the
animals were assigned to the following groups (n=9 in
each): (1) Model group, animals with severe ARDS
without treatment; (2) Model+Bud group, ARDS animals
with budesonide treatment. Glucocorticoid budesonide
(Pulmicort susp inh, AstraZeneca, Great Britain) was
administered intratracheally as a bolus (0.25 mg/kg)
using a syringe connected to a catheter inserted into the
trachea above the carine in the supine position during
high-frequency oscillatory ventilation (HFOV). The
therapeutic protocol consisted of a 1 min budesonide
instillation and a 1 min stabilization period before and
after the administration of the therapy. HFOV was set to
a frequency 8 Hz, MAP 1 kPa, AP 0.9 kPa, and LI:E 1:2.
Afterwards, animals were subjected to lung-protective
ventilation for an additional 4 h (VT 6-8 ml/kg, PEEP

0.5 kPa, RR 40 bpm, [:E 1:2, and FiO, 1.0). In Model
group for five animals, PEEP was increased up to
maximum 1 kPa in cases where oxygen saturation (SaO,)
fell below 87 %. PEEP was gradually increased every
30 min in increments of 0.1 kPa to reach the minimum
required level. For the rest of the animals, a fixed PEEP
of 0.5 kPa was sufficient throughout the experiment.
Post-treatment physiological data, such as blood gases
and respiratory parameters, were recorded at 30, 60, 120,
180, and 240 min after the administration of the therapy.
All 27 animals survived the entire protocol.

Post-mortem analyses

Blood samples from arteria were taken at the end
of the experimental protocol. Plasma was obtained by
centrifugation (3000 rpm for 15 min, 4 °C). The thorax
was opened by a sternotomy and the lung were removed
with the clumped trachea at the carina level. The left lung
was lavaged twice with saline (10 ml/’kg b.w.) to obtain
the bronchoalveolar lavage fluid (BALF). In BALF, total
and differential white blood cells (WBC) were estimated
using the Sysmex XT-2000i veterinary hematology
analyzer (Sysmex, Sweden).

Tissue samples from the right lung were used to
assess the wet-to-dry (W/D) lung weight ratio. Lung
strips from apical, medial, and caudal areas were weighed
before and after drying in an oven at 60 °C for 48 h to
calculate the W/D ratio, and the extent of lung edema.

A tissue sample from the caudal medial right lung
was fixed in 10 % buffered formalin for subsequent
histological analysis. Formalin-fixed lung samples were
embedded in a paraffin, sectioned, and stained with
hematoxylin and eosin. Histological analysis was
performed blindly by a veterinary pathologist (SM) and
a scoring system was used to determine the lung injury as
described previously [4]. Neutrophil infiltration, interstitial
congestion, and the hyaline membrane were scored
according to: 1 — normal lung, 2 — moderate, 3 — interme-
diate, 4 — severe; perivascular edema, emphysema:
0 — absent, 1 — mild-moderate, 2 — moderate-severe,
3 — severe; hemorrhage, atelectasis: 0 — absent, 1 — present.
The sum of scores was used to assess the total lung injury
score.

Plasma and centrifuged BALF (1500 rpm for
15 min) were used for the determination of the concentration
of cytokines. The levels in pg/ml of tumor necrosis factor-
alpha (TNFa) and interleukin (IL)-1B, -6, -8, and -10 were
quantified using rabbit-specific ELISA kits (Fine Biotech
Co., China). ELISA assays were performed in duplicate
according to the manufacturer's instructions.
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Statistical analysis

Statistical analysis was performed using the
statistic software Prism 9 (GraphPad, USA). The results are
presented as meanandstandard deviation (SD). The
normality of the data was tested using the Shapiro-Wilk test.
Two-way ANOVA with Tukey's post hoc test in parameters
with dynamic changes and Kruskal-Wallis non-parametric
test for group comparisons were performed. The chi-square
test or Fisher's exact test for qualitative binary variables
(absent/present) and Mann-Whitney non-parametric test for
multiple variables (1-4 scale) were performed to analyze
histological findings. A p value below 0.05 was considered
statistically significant.

Results

Lung function parameters

Data from 27 male rabbits were used for the
analysis. At the beginning of the experiments, there were
no significant differences in the basal values (BV) of
respiratory parameters between all groups (for all
p>0.05). Induction of lung injury by hydrochloric acid
aspiration followed by high-volume ventilation caused
a significant deterioration in all observed lung function
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parameters in both Model groups. The deterioration was
observed compared to BV (time sequence ARDS vs. BV;
for all p<0.001), however with no significant differences
in ARDS time point (Model+Bud group vs. Model group,
for all p>0.05). The respiratory parameters, including the
ratio of arterial oxygen partial pressure to fraction of
inspired oxygen (P/F), oxygenation index (OI), alveolar-
arterial oxygen gradient (AaG) and static compliance
(Csa) had been seriously altered after two insults
compared to healthy animals (Model group vs. Saline
group) and this alteration persisted until the end of the
experiment (Fig. 1).

The high-frequency oscillatory (HFO) delivery
of budesonide into the lung immediately significantly
improved P/F ratio, AaG, OI in 30 min and Cyg, in 60 min
after drug instillation compared to untreated animals
(Model+Bud group vs. Model group; for P/F, AaG, Cgy
p<0.01, for OI p<0.001) and this positive effect persisted
until the end of the experimental protocol (Fig. 1). Partial
pressure of oxygen (pO,) was significantly altered from
120 min (p<0.01), oxygen saturation (Sa0,) from 30 min
(p<0.01) and dynamic lung-thorax compliance (Cgyn)
from 60 min after budesonide therapy (Model+Bud group
vs. Model group) (Table 1).
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Fig. 1. Respiratory parameters: (a) the ratio of arterial oxygen partial pressure to fraction of inspired oxygen (P/F, kPa),
(b) oxygenation index (OI), (c) alveolar-arterial oxygen gradient (AaG, kPa) and (d) static compliance (Csa:, mi/kPa) before (basal
value, BV), in acute lung injury conditions (ARDS) and during 240 min after therapy in Saline, Model and Model+Bud groups. Data are
presented as mean and SD. Statistical comparisons for Model+Bud vs. Model * p<0.05, ** p<0.01, *** p<0.001.
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Table 1. Respiratory parameters: partial pressure of oxygen (pO,), partial pressure of carbon dioxide (pCO,), pH, oxygen saturation
(Sa0,), mean airway pressure (MAP), dynamic lung-thorax compliance (Cqn), and ventilation efficacy index (VEI) before (basal value,
BV) and after induced ARDS and within 4 h after administration of the therapy (Th) in Saline group, Model group and Model+Bud group
treated with budesonide. Data are presented as mean and SD. Statistical comparisons for Model+Bud vs. Model * p<0.05, ** p<0.01,

*%% p<0.001.
BV ARDS 30minTh 60minTh 120 min Th 180 min Th 240 min Th

pO; (kPa)

Saline 45.02(12.13) 63.52(19.28) 68.3(20.12)  65.62(22.86)  66.55(21.46)  65.07 (22.43)  67.57(21.45)
Model 51.62(7.24) 11.57(8.99)  8.99(3.21) 7.69 (1.70) 8.17 (3.35) 10.71 (8.09) 11.26 (8.82)
Model+Bud ~ 48.05(6.90) 14.24 (436) 20.57(12.53) 23.13(14.37) 29.96 (16.16)** 37.45 (14.61)*** 44.96 (16.11)***
pCO; (kPa)

Saline 403(0.90) 3.83(1.04)  3.72(1.06) 3.57(0.89) 3.62 (1.04) 3.64 (1.14) 3.83 (1.45)
Model 438(049)  4.15(051)  4.81(0.71) 5.46 (1.77) 5.02(0.75) 5.54 (1.16) 5.25(0.85)
Model+Bud 485(0.78)  4.44(0.82) 5.5(1.03) 5.16 (0.7) 4.82 (0.46) 4.89 (0.60) 5.05(0.54)
pH

Saline 7.589(0.05)  7.55(0.06)  7.51(0.07) 7.45(0.11) 7.44 (0.07) 7.39 (0.08) 7.35(0.10)
Model 7.59(0.04)  747(0.14)  7.42(0.08) 7.38 (0.09) 7.31(0.11) 7.24(0.12) 720 (0.12)
Model+Bud 7.57(0,10)  7.48(0.1) 7.34(0.07) 7.34(0.07) 7.33(0.07) 7.31(0.07) 7.29 (0.07)
Sa0, (%)

Saline 99.77 (0.20)  99.83 (0.13) 99.84 (0.10) 99.86 (0.10) 99.82 (0.17) 99.83 (0.14) 99.81 (0.20)
Model 99.89(0.03) 96.80(1.78)  90.16(7.09)  85.70(8.79)  83.84(9.87)  85.30(10.72) 87.24(7.93)
Model+Bud ~ 99.82(0.08) 97.41(1.88) 96.63 (3.38)** 97.66 (2.22)*** 98.77 (1.20)*** 9922 (1.18)***  99.48 (0.75)***
MAP (kPa)

Saline 0.44 (0.07) 228(2.59) 2.50(2.93)  2.42(2.73) 2.40 (2.74) 2.31 (2.58) 2.32(2.57)
Model 0.47 (0.04) 1.95(3.02) 1.90(2.66)  1.98(3.01) 2.28 (3.64) 2.43 (3.97) 2.58 (4.28)
Model+Bud ~ 0.44 (0.05)  0.76 (0.08)  0.74 (0.10)  0.68 (0.07) 0.70 (0.10) 0.75 (0.08) 0.78 (0.16)
Cgyn (ml/kPa)

Saline 0.02 (0.005) 0.01 (0.005)  0.01 (0.005)  0.01(0.007)  0.01 (0.006)  0.01 (0.005) 0.01 (0.004)
Model 0.02 (0.01) 0.009 (0.002) 0.008 (0.001) 0.009 (0.003) 0.007 (0.003)  0.008 (0.004)  0.007 (0.002)
Model+Bud ~ 0.02 (0.004) 0.01 (0.001)  0.01 (0.004)  0.01 (0.004)*  0.01 (0.004)**  0.01 (0.002)  0.01 (0.003)*
VEI

Saline 2.75(0.63) 2.52(1.15)  3.30(1.39)  3.55(1.61) 3.74 (1.35) 3.24 (1.01) 3.46 (1.54)
Model 3.02(1.84)  1.39(0.55)  1.13(0.48)  1.20(0.48) 0.91 (0.39) 1.10 (0.61) 0.96 (0.46)
Model+Bud ~ 2.77 (0.63)  1.44(0.45)  1.38(0.54)  1.75(0.65) 1.74 (0.59) 1.52 (0.41) 1.52 (0.53)

Inflammation in the BALF and plasma

The deterioration of lung function in the Model
group was highlighted by the increase of all observed
markers of inflammation in bronchoalveolar lavage fluid
(BALF) at the end of the experiment compared to the
Saline group; p<0.001 for interleukin (IL)-1p, -6, -8, -10
factor-alpha (TNFa) (Fig. 2).
Budesonide significantly decreased levels of IL-8, -10 and
TNFa (Model+Bud vs. Model; for all p<0.01)

and tumor necrosis

(Fig. 2b,d, e). In plasma at the end of the experiment,
asignificant increase of all markers of inflammation
IL-1B, -6, -8, -10, and TNFa was observed in untreated
animals compared to healthy control (Model group vs.
Saline group; for all p<0.001). Budesonide therapy
significantly decreased IL-1B, -8 (p<0.001) and IL-10,
TNFa (p<0.01) compared to untreated Model animals
(Model+Bud group vs. Model group).
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Fig. 2. Levels of cytokines (a-e) IL-1B, -6, -8, -10, and TNFa (all
in pg/ml) in the BALF in Saline, Model and Model+Bud groups.
Data are presented as mean and SD. Statistical comparisons for
Model+Bud vs. Model vs. Saline ** p<0.01, *** p<0.001.

White blood cells in the BALF and plasma

In the BALF,
observed for total leukocyte count after budesonide
therapy (Model+Bud vs. Model; p<0.05) (Fig. 3a). For
differential leukocyte count, a significant decrease in the

a significant decrease was

percentage of neutrophils (p<0.001) and significant
increase in the percentage of lymphocytes (p<0.01) were
observed after budesonide therapy compared to the
untreated animals (Model+Bud group vs. Model group)
(Fig. 3b). In the plasma, a significant change was

observed after 3 h after budesonide therapy (Model+Bud
vs. Model; p<0.001) (Fig. 3¢). For differential leukocyte
count in plasma, a significant increase in the percentage
of neutrophils and significant decrease of lymphocytes
were noticed compared to untreated animals, the opposite
effect was observed in BALF (Model+Bud group vs.
Model group; p<0.001) (Fig. 3d).

Edema formation and histological analyses of lung tissue

Formation of the lung edema expressed as a wet-
to-dry lung weight ratio (W/D ratio) significantly
increased in the Model group compared to the Saline
(p<0.001)  (Fig. 4a).
significantly decreased the total W/D ratio (p<0.05) and
W/D of the apical medial, medial medial (p<0.01), caudal
medial, caudal dorsal and caudal ventral (p<0.001)

Budesonide administration

section of the lung compared to untreated animals
(Model+Bud vs. Model group) (Fig. 4a, b).

Histological analysis showed marked
deterioration in all observed histopathological features in
the Model group compared to the Saline group (for all
p<0.01). Budesonide therapy significantly attenuated
neutrophil infiltration (p<0.05), interstitial congestion,
hyaline membrane (p<0.001), and atelectasis (p<0.01)
compared to untreated animals (Fig. 4d, e, f, g). Overall,
the total lung injury score was significantly increased in
the Model group compared to the Saline (p<0.001) and
was reduced by budesonide administration (Model+Bud
group vs. Model group, p<0.05) (Fig. 4c).

In Model, the lung tissue showed signs of acute
group (Fig. 5).
Deterioration of the architecture of the alveolar spaces

lung injury compared to Saline

with the presence of proteinaceous material and
erythrocyte extravasates was observed. In the air spaces
of the
polymorphonuclear cells, mainly neutrophils, sometimes

alveoli, there were numerous free

even purulent, protein material, and eosinophilic
macrophages. The peripheral parts of the alveolar spaces
were filled with edematous fluid. Edematous excess and
inflammatory cellularization were present in the
perivascular tissue. Budesonide administration improved
lung architecture. The lung parenchyma showed the
presence of proteinaceous material, sporadic hyaline
material, and erythrocyte extravasates. Rarely, free
polymorphonuclear cells — neutrophils and eosinophilic
the alveoli. The

perivascular tissue was with signs of mild edematous

macrophages were presented in

excess (Fig. 5¢).



2023

High-Frequency Oscillatory Delivery of Budesonide in ARDS S515

a)

Total WBC in BALF
10790

Total WBC in Plasma
10%aN

b)

% Differential WBC

*kk Kk

WD total

c)

Total Lung Injury
20

Total score
a
o %]

@

f) Hyaline Membrane
kokeak

d

1004

80+

60
20 - L

1004

80

60

% Differential WBC

Qﬁ

Neutrophil Infiltration
*

BALF

M Saline
B Model
M Model+Bud

PLASMA

ey

o
N I I I I I
204 l
10T,
54
o-

= Saline
== Model
== Model+Bud

Interstitial Congestion
sokok

Atelectasis
*ok

Fig. 3. White blood cells (WBC).
(a) Total and (b) differential WBC
count in bronchoalveolar lavage
fluid (BALF), and (c) total and
(d) differrential WBC count in the
plasma in Saline, Model, and
Model+Bud groups. Abbreviations:
neutrophils (Neut), lymphocytes
(Lymph), monocytes (Mono), eosi-
nophils (Eo), and baso-phils (Baso).
Data are presented as mean and
SD. Statistical comparisons for
Model+Bud vs. Model * p<0.05,
**p<0.01, *** p<0.001.

Fig. 4. (a) Total lung edema
formation expressed as wet-to-dry
(W/D) lung weight ratio, (b) W/D
of apical, medial and caudal regions
of the lungs; semiquantitative
histo-logical evaluation of (c) total
lung injury score, (d) neutrophil in-
filtration, (e) interstitial congestion,
(f) hyaline membrane, and (g) ate-
lectasis in Saline, Model and
Model+Bud groups. Abbreviations:
apical medial (AM), medial medial
(MM), caudal medial (CM), caudal
dorsal (CD), caudal ventral (CV).
Data are presented as mean and
SD. The color of each cell repre-
sents the semiquantitative scoring
of the histopathological features of
one animal according to scoring
systems: 1 — normal lung, 2 — mo-
derate, 3 — intermediate, 4 — severe
deterioration or 0 - absent,
1 — present. Statistical comparisons
for Model+Bud vs. Model * p<0.05,
**p<0.01, *** p<0.001.
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Fig. 5. Histological lung images of healthy (Saline group, a, aa), untreated ARDS (Model group, b, bb), and budesonide treated
animals (Model+Bud, ¢, cc). In Saline group, the lung showed a normal appearance with aerated alveolar spaces, without pathological
cellularization, however, with minor protein aggregates in the septa. Perivascular and peribronchial tissue was free of signs of
edematous extension and inflammatory cellularization (a, aa). In Model group, the pulmonary parenchyma revealed changes in the
alveolar spaces' architectural structure, and showed the presence of proteinaceous material, massive hyaline membranes, and diffuse
miscellaneous inflammatory cell infiltrate (b, bb). In Model+Bud group, the lung parenchyma was without significant disturbance in the
architecture of the alveolar spaces, rarely with the presence of proteinaceous and hyaline material, and polymorphonuclear cells (c, cc).
The magnification 100x was used for a, b, c and 200x for aa, bb, cc.
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Discussion

Acute respiratory distress syndrome (ARDS) is
a severe and life-threatening form of respiratory failure
that can occur in response to a variety of insults to the
lungs, including infection, trauma, and aspiration injury.
Inflammatory insults, either locally from the lung or
systemically from extra-pulmonary sites, affect bronchial
epithelium, alveolar —macrophages, and vascular
endothelium. Increased alveolar-capillary permeability
leads to the development of alveolar edema and
proteinosis. Alveolar edema reduces gas exchange
leading to hypoxemia, reduces lung compliance, and
increases the need for mechanical ventilation [26,27].

To date, there are currently no guidelines that
cover all aspects of ARDS. However, several guidelines
for ventilatory management such as lung protective
ventilation with low tidal volume, high level PEEP, prone
position, high-frequency oscillatory ventilation (HFOV),
and/or adjunctive therapies such as fluid strategy,
corticosteroids, extracorporeal membrane oxygenation
(ECMO),

(ECCOyR), omega-3 fatty acids enteral nutrition are

extracorporeal carbon dioxide removal
available [28,29]. Based on this recommendation, in this
study, we tried to combine the two approaches:
glucocorticoid therapy and HFOV delivery. Budesonide
is an inhaled glucocorticoid that inhibits a variety of
inflammatory cells and reduces the production of inflam-
matory mediators with significant anti-inflammatory
effects [10].

have shown that budesonide also leads to satisfactory

Several clinical and experimental studies

pulmonary protective effects in the treatment of ARDS
[12-14,17]. The use of HFOV can significantly increase
drug deposition in the lungs and we tried to use and
evaluate this principle of drug delivery. HFOV works by
delivering small volume of gas into the lungs at a very
high frequency, usually ranging from 5 to 15 Hz with
V1 1-3 ml/kg [30]. These small, quick breaths help to
maintain adequate gas exchange in the lung, improve
oxygenation, prevent lung injury, and may reduce the risk
of ventilator-induced lung injury (VILI) [19,20]. In
addition, several studies have investigated the use of
HFOV for drug delivery, due to the rapid process of
ventilation and the strong influence of the flow of the
endotracheal tube [19,21,22,31].

In this study, the hydrochloric acid (HCI)
aspiration was used in an animal model to reproduce
severe ARDS caused by gastric acid aspiration, as
arealistic preclinical model for studying ARDS in

a controlled and repeatable way [1,32]. Using additional
high-volume ventilation, ARDS-like injury was created
in adult rabbits to mimic a clinical scenario where two
injury.
Biophysical forces associated with mechanical ventilation

harmful wvariables are causing severe lung
and associated VILI can contribute to the deterioration of
the alveolar-capillary membrane and increase its
permeability and inflammation [33]. After induction of
the severe ARDS condition, we observed deterioration in
all lung function parameters (P/F, OI, AaG, Cg,) of the
untreated group until the end of the experiment as well as
our previous experiments [15,17,25,34]. After meeting
ARDS,

administered as a bolus intratracheally using HFOV, and

the criteria for severe budesonide was
animals were conventionally ventilated for additional 4 h.
The single intratracheal dose 0.25 mg/kg of budesonide
was set according to our previous results [17,35].
Treatment with budesonide improved respiratory
parameters markedly 30 min after the instillation and this
effect persisted till the end of the experiment, similar to
previous studies [10,17,36].

Acute
accumulation in the lungs are commonly observed in both
patients and animal models of ARDS [37,38]. The ARDS

is associated with influx of leukocytes into the alveolar

inflammation and neutrophil

spaces. We observed an increase of total leukocyte count
and neutrophils in the BALF in Model group compared to
Saline group in accordance with other studies [17,25,39].
total
increased

Budesonide therapy significantly decreased

leukocyte and neutrophil counts and
lymphocyte counts in BALF compared to untreated
animals. Neutrophil activation is associated with the
release of cytotoxic molecules, including granulated
enzymes, reactive oxygen metabolites, bioactive lipids,
and cytokines [40]. In BALF and plasma in Model group,
there were increased levels of pro-inflammatory
cytokines (TNFa, IL-1B, IL-6, IL-8, and IL-10), which is
[15,17,25].

pulmonary deposition of budesonide

consistent with previous results Intra-
significantly
reduced inflammatory cell infiltration and inflammation.
In our study, this was demonstrated by the fact that the
levels of inflammatory markers such as TNFa, IL-8, and
IL-10 were significantly lower compared to the Model
group. Consistent with previous results [14,17,41]. This
neutrophil-dependent form of lung injury is characterized
by injury to the alveolar epithelium, alveolar hemorrhage,
and intra-alveolar and interstitial edema [27]. The
inflammatory events lead to histological changes typical

of an acute exudative phase [42]. Histological analysis
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showed markedly deterioration in all observed

histopathological ~ features;  neutrophil infiltration,
interstitial congestion, hyaline membrane, and atelectasis
in Model group compared to Saline. Budesonide therapy
significantly attenuated these lung injury manifestations
and contributed to lung architecture stability.

The deterioration of the alveolar-capillary
membrane in ARDS is a key factor in the development of
respiratory failure associated with the loss of aerated lung
tissue and the systemic effects that can occur in this
condition [2,38]. VILI-dependent alveolar wall overload
results in endothelial and epithelial breaks contributing to
interstitial edema. Restoration and severity of injury to
the alveolar-capillary barrier and the degree of elevation
of microvascular pressure contribute to edema formation
[43]. In this study, degree of the lung edema formation
expressed as lung wet-to-dry weight ratio (W/D)
in Model group,
budesonide significantly reduced these changes, similar
to another study [17].

The effect of HFOV as a drug transporter is still

debatable. Most often, GCs are applied to the lungs using

increased while treatment with

a nebulizer [11]. However, administration of an aerosol
drug to a ventilated patient is difficult, and only a very
small amount of aerosol successfully reaches the distal
lung. In total, approximately 10 % of the nebulized drug
reaches the lungs in adult patients, and even less than 1 %
in newborns [44]. The use of HFOV depending on the
frequency used had a similar effect on the distribution of
particles in the lungs as exogenous surfactant as a drug
transporter [45]. In addition, HFOV improved budesonide
delivery to distal part of the lung [46]. Also, the effect of
budesonide itself, which acts directly in the lungs, is not
negligible [47-49].

In conclusion, the use of budesonide in the
treatment of ARDS is still a topic of ongoing research,
and its effectiveness will depend on a variety of factors,
including the underlying cause and severity of the
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