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Abstract: Treatment of acute respiratory distress syndrome (ARDS) is challenging due to its multifac-
torial aetiology. The benefit of antioxidant therapy was not consistently demonstrated by previous
studies. We evaluated the effect of two different doses of intravenous (i.v.) N-acetylcysteine (NAC)
on oxidative stress, inflammation and lung functions in the animal model of severe LPS-induced
lung injury requiring mechanical ventilation. Adult Wistar rats with LPS (500 µg/kg; 2.2 mL/kg)
were treated with i.v. NAC 10 mg/kg (NAC10) or 20 mg/kg (NAC20). Controls received saline.
Lung functions, lung oedema, total white blood cell (WBC) count and neutrophils count in blood
and bronchoalveolar lavage fluid, and tissue damage in homogenized lung were evaluated. NAC
significantly improved ventilatory parameters and oxygenation, reduced lung oedema, WBC mi-
gration and alleviated oxidative stress and inflammation. NAC20 in comparison to NAC10 was
more effective in reduction of oxidative damage of lipids and proteins, and inflammation almost to
the baseline. In conclusion, LPS-instilled and mechanically ventilated rats may be a suitable model
of ARDS to test the treatment effects at organ, systemic, cellular and molecular levels. The results
together with literary data support the potential of NAC in ARDS.

Keywords: ARDS; bacterial lipopolysaccharide; N-acetylcysteine; lung functions parameters; inflam-
mation; oxidative damage

1. Introduction

Acute respiratory distress syndrome (ARDS) is a common cause of respiratory failure
in critically ill patients. ARDS is characterized by rapid onset, and severe local followed by
systemic inflammation, poor oxygenation, hypoxemia, increased alveolar-vascular perme-
ability, lung oedema and pulmonary infiltrates [1,2]. Incidence of ARDS ranges from 6.3
to 7.2 cases/100,000 population/year and is associated with high morbidity and mortal-
ity [3–5]. ARDS is multifactorial syndrome and it is often modelled by lipopolysaccharide
(LPS) administration in the lungs [6]. LPS, also known as endotoxin, is a part of the outer
membrane of Gram-negative bacteria and it has been previously used to induce ARDS
in rodents [7,8]. In the respiratory system LPS binds to toll-like receptor (TLR) complex
CD14/TLR4/MD-2 located on host cellular membranes and can also play a crucial role
in bacteria-host interactions by modulating responses by the host immune system [9].
LPS can induce severe inflammation, oxidative stress and pulmonary oedema by increas-
ing proinflammatory cytokine production, oxidative damage to lipids and proteins and
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alveolar-capillary barrier permeability [8]. LPS-induced activated alveolar macrophages se-
cret proinflammatory cytokines, such as tumour necrosis factor-α (TNF-α), interleukin-1α
(IL-1α), and IL-6. These proinflammatory cytokines increase recruitment and infiltration of
inflammatory cells, especially neutrophils, into the damaged lung tissue. Recruited and
activated neutrophils also secret various toxic molecules, including oxygen free radicals,
which can result in damage of capillary and alveolar endothelia [10]. In addition, LPS
affects translocation of the transcription factors p65 NF-κB and signal transducer and
activator of transcription 3 (STAT3) from the cytoplasm to the nucleus, triggering the
transcription of several proinflammatory genes responsible for cytokine storm [11]. Thera-
peutic protocol for ARDS patients is based on lung-protective ventilation, fluid-restrictive
strategies, and prone positioning, with emphasis on iatrogenic lung injury prevention [12].
Variety of pharmacologic interventions, including glucocorticoids, exogenous surfactants,
inhaled nitric oxide, antioxidants, protease inhibitors, other anti-inflammatory drugs etc.,
have been tested in the ARDS conditions, whereas convincing evidence has been provided
for glucocorticoids [1,13–16]. The multifactorial aetiology of the syndrome is thought to
be responsible. Therefore, still open question is to find the suitable therapy for ARDS.
N-acetylcysteine (NAC) is a thiol compound, precursor of cellular glutathione (GSH)
synthesis, which easily penetrates cell membranes and is considered to be “virtually non-
toxic” [17]. It can act both as a precursor of reduced glutathione and as a direct reactive
oxygen species (ROS) scavenger in the cells. In this way, it can interfere with several
signalling pathways that play a role in the regulation of apoptosis and inflammatory re-
sponse [18]. NAC is capable of restoring the pro-oxidant/antioxidant balance and therefore
has been commonly used as the efficient antioxidant [19]. N-acetylcysteine is an antioxidant
that has been in clinical use primarily to reduce hepatic injury in the settings of paracetamol
(acetaminophen) overdose. Currently, intravenous NAC may be considered a potential
therapeutic agent in the treatment of severe COVID-19 cases [20]. NAC is transported
across the cell membrane where it acts as a source of cysteine for the synthesis of the
tripeptide antioxidant glutathione [21].

There are only few animal studies in the literature regarding the use of NAC in ARDS
conditions. In addition, the effect of NAC has been evaluated in spontaneously breathing
animals. In our study, we evaluated the intravenous effect of two different doses of NAC
on oxidative stress, inflammatory tissue damage and lung functions in recently developed
model of LPS-induced lung injury requiring mechanical ventilation and oxygen treatment,
as this model is supposed to reflect more realistically the situation of the ICU patients.

2. Materials and Methods
2.1. Animals

In this case, 26 adult male rats (Wistar) with body weights (b.w.) 325 ± 25 g were
obtained from VELAZ Animal Breeding Station in Czech Republic. Animals were housed
in transparent plastic cages with bedding, five per cage, enhanced by plastic tubes, at a
temperature of 20–24 ◦C and 55 ± 10% and under 12/12 h light/dark cycle. Rats were
fed according to the weight range once per day by standard diet (VELAZ) with water
ad libitum.

2.2. Chemicals
2.2.1. Lipopolysaccharide

Lipopolysaccharide (LPS) purified lyophilized phenol extract of Escherichia coli (O55:B5,
Santa Cruz Biotechnology, Inc., Dallas, TX, USA) was dissolved in sterile saline. The stock
solution of LPS was prepared at concentrations of 500 mg/mL.

2.2.2. N-Acetylcysteine

N-acetylcysteine (NAC) (ACC Injekt, Salutas Pharma GmbH, Barleben, Germany)
was dissolved in sterile saline and given intravenously (i.v.) at a dose of 10 and 20 mg/kg
of b.w.
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2.3. Study Design and Experimental Groups

The animals were instrumented in accordance with previous study [22]. All animals
were placed on the heating plate regulated the temperature according to body temperature
measured continuously in the rectum (Physitemp Instruments, Inc., TCAT-2LV, Clifton,
NJ, USA). After initial anaesthesia with intraperitoneal (i.p.) administration of ketamine
(90 mg/kg) and xylazine (10 mg/kg), the animals were tracheotomised and an endotracheal
tube was inserted, catheters were placed into the a. femoralis for blood sampling and v.
femoralis for continuous anaesthesia infusion (ketamine, 60 mg/kg/h i.v.). Subsequently,
the animals were mechanically ventilated (using SLE, SLE5000, Croydon, UK) with tidal
volume (VT) 6 mL/kg, positive end-expiratory pressure (PEEP) 0.3 kPa, inspiration time
(Ti) 40%, fraction of inspired oxygen (FiO2) 0.4 and respiratory rate (RR) 60 breaths per
minute (bpm). After 15 min of stabilization, LPS at 500 µg/kg b.w. and volume dose of
2.2 mL/kg or saline at the same volume heated to 37 ◦C were administered intratracheally
(i.t.) through a tracheal cannula with a thin short catheter on the syringe cone while
positioning the animal to the right and to the left (50% of the dose was given in each
position). Lung injury was specified as reduction of dynamic compliance >30% or decrease
of P/F (a ratio between arterial partial pressure of oxygen and fraction of inspired oxygen)
<40 kPa what indicates mild lung injury. After lung injury, animals were assigned randomly
to the following groups: (1) LPS without any treatment (LPS group, n = 6); (2) LPS followed
by i.v. N-acetylcysteine 10 mg/kg b.w. (NAC10 group, n = 7); (3) LPS followed by i.v.
N-acetylcysteine 20 mg/kg b.w. (NAC20 group, n = 7) and (4) control animals receiving
saline instead of LPS (C group, n = 6). All animals were ventilated for additional 4 h.
During experiment, gas exchange (PaO2, PaCO2) and parameters of acid-base balance were
measured in arterial blood using blood gas analyzer (Rapidlab TM348 Bayer Diagnostics,
Erlangen, Germany).

At the end of the experiment, animals were overdosed by anesthetics. The lungs
were excised post-mortem. The left lung lobes were lavaged two times by sterile saline
(10 mL/kg b.w.). The recovered bronchoalveolar lavage fluid (BALF) was centrifuged
at 1500× g for 15 min, supernatant was removed and immediately frozen at −70 ◦C for
further analysis. Tissue samples from right lung were used to assess the degree of lung
oedema formation, or used for the biochemical analysis after washing in the cold phosphate
buffered saline (PBS, 0.01 M) and homogenized to final concentration 10% (weight/volume)
and stored at −70 ◦C for biochemical analyses.

2.4. Evaluation of Lung Functions

P/F was calculated as a ratio between partial pressure of oxygen in arterial blood
(PaO2) and fraction of inspired oxygen (FiO2); ventilation efficiency index (VEI) was
calculated due to formula VEI = 3800/[(PIP − PEEP) × frequency × PaCO2]; oxygenation
index (OI) as (Mean airway pressure × FiO2)/PaO2 and alveolar–arterial gradient (AaG)
as [FiO2 (Patm − PH2O) − PaCO2/0.8] − PaO2, where Patm is barometric pressure and
PH2O is pressure of water vapor.

2.5. Evaluation of Lung Oedema

Parts of the wet right lung were weighed before and after being dried at 60 ◦C for 24 h.
Lung oedema was expressed as wet/dry (W/D) lung weight ratio.

2.6. Total White Blood Cell Count

Total white blood cell count was evaluated in arterial blood and BALF using veterinary
haematology analyser Sysmex XT-2000i (Sysmex, Landskrona, Sweden) and expressed as
percentage of basal values.

2.7. Assays

To evaluate the oxidative damage the concentrations of malondialdehyde (MDA) and
3-Nitrotyrosine (3NT; both Cell Biolabs Inc., San Diego, CA, USA) were determined in ho-
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mogenized lung and expressed in µmol/mL (MDA) and nM (3NT). Intercellular adhesion
molecule-1 (ICAM1; Abcam, Cambridge, UK), 4-hydroxynonenal (HNE) and myeloper-
oxidase (MPO; both Cusabio Biotech Co., Wuhan, China) were analysed. Interleukins
(IL): IL-1α, IL-1β, IL-4, IL-2, IL-5, IL-6, IL-10, IL-12p70 and IL-13; granulocyte-macrophage
colony-stimulating factor (GM-CSF); interferon γ (INFγ); tumour necrosis factor α (TNFα)
were evaluated using commercially available kit (Bio-Rad Laboratories, Hercules, CA,
USA). All investigated markers were evaluated in homogenized lung at the end of the ex-
periments.

2.8. Statistical Analysis

The statistical analysis was performed using GraphPad Prism 6.04 (San Diego, CA,
USA). Two-way analysis of variance (ANOVA) with Tukey’s multiple comparison test was
used for P/F VEI, OI and AaG. Between-group differences were analysed using Mann-
Whitney non-parametric test (LPS vs. C; LPS vs. NAC10; LPS vs. NAC20, LPS vs. NAC10
and NAC10 vs. NAC20). A value of p < 0.05 was considered to be statistically significant.
All data are shown as mean ± standard deviation (SD).

3. Results
3.1. Lung Function Parameters

Administration of LPS significantly deteriorated lung function expressed by ratio
between partial pressure of oxygen in arterial blood to fraction of inspired oxygen (P/F),
alveolar–arterial gradient (AaG), ventilation efficiency index (VEI) and oxygenation index
(OI) in comparison to control group throughout the whole experiment (for all p < 0.001).
Both NAC therapies significantly improved P/F ratio, AaG, VEI and OI compared to
LPS animals without treatment. The effects between two different doses of NAC (10 and
20 mg/mL) were not significant (Figure 1).

3.2. Total White Blood Cell Count in the Arterial Blood

There were no significant differences in total white blood cell (WBC) count in the
arterial blood among the groups at the beginning of the experiment (basal value, BV).
Administration of LPS led to significant decrease in the total WBC count in all groups
(for all p < 0.001 vs. Control). While in the LPS group with no further treatment WBC
continuously decreased during whole experiment, WBC count continuously raised after the
treatment with both NAC doses and reached almost the levels of control animals (NAC10
vs. LPS p = 0.003, NAC20 vs. LPS p = 0.001) (Figure 2).

3.3. Percentage of Neutrophils in the Arterial Blood and Bronchoalveolar Lavage Fluid (BALF)

LPS administration led to the shift of the neutrophils between intravascular and lung
compartments. After LPS, percentage of neutrophils in the arterial blood decreased (LPS
vs. C p = 0.002) and in the BALF increased (LPS vs. C p = 0.002). NAC at both doses
caused significant elevation of the neutrophils in the blood (NAC10 vs. LPS p = 0.035;
NAC20 vs. LPS p = 0.022) (Figure 3) and in the BALF only NAC20 significantly reduced
the percentage of neutrophils compared to LPS animals (NAC10 vs. LPS p = 0.051; NAC20
vs. LPS p = 0.014) (Figure 3). There was no significant difference in neutrophils distribution
between different NAC therapies (NAC10 vs. NAC20 p >0.05).
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Figure 1. Respiratory parameters: the ratio of arterial oxygen partial pressure to fraction of inspired oxygen (P/F), alveolar-
arterial gradient (AaG), ventilation efficiency index (VEI), oxygenation index (OI) before saline/LPS administration (basal
value, BV) till experimental model condition (Model) and next 4 h in Control group (C), LPS untreated group (LPS), and LPS
groups treated with 10 mg/kg of N-acetylcysteine (NAC10) or 20 mg/kg of N-acetylcysteine (NAC20). Data are presented
as means ± SD. Statistical comparisons: for LPS vs. C Ω p < 0.001; for NAC10 vs. LPS ϕ p < 0.048 to 0.001; NAC20 vs. LPS π

p < 0.032 to 0.001 and for NAC10 vs. NAC20 p > 0.05.

3.4. Evaluation of Lung Oedema

Instillation of LPS significantly increased lung oedema formation determined as wet-
dry lung weight ratio (W/D ratio) compared to control group (LPS vs. C p = 0.008).
Administration of NAC significantly reduced lung oedema formation (NAC10 p = 0.015;
NAC20 p = 0.008) vs. LPS group. There were no significant differences between NAC10
and NAC20 (Figure 4).

3.5. Oxidative Damage of the Lungs

Intratracheal LPS increased oxidative damage of lipids in homogenized lung tissue
compared to control animal (LPS vs. C p = 0.026). Higher dose of NAC significantly
reduced the levels of Malondialdehyde (MDA) in comparison with LPS group (NAC20
vs. LPS p = 0.022), while administration of low dose NAC oscillated on the border of
significance (NAC10 vs. LPS p = 0.051). The differences between NAC20 and NAC10 on
oxidative lipid damage were nonsignificant (p > 0.05; Figure 5).
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Figure 2. Percentage of total white blood cell (WBC) count in arterial blood before (basal value, BV),
after LPS administration (Model) and during 4 h in the course of experiment in Control group, LPS
untreated group, and LPS groups treated with 10 mg/kg of N-acetylcysteine (NAC10) or 20 mg/kg of
N-acetylcysteine (NAC20), expressed in percentage (%). Data are presented as means ± SD. Statistical
comparisons: for LPS vs. C Ω p < 0.001; for NAC10 vs. LPS ϕ p < 0.001; NAC20 vs. LPS π p < 0.003 to
0.001 and for NAC10 vs. NAC20 p > 0.05.

Biomedicines 2021, 9, x FOR PEER REVIEW 6 of 13 
 

 

Figure 2. Percentage of total white blood cell (WBC) count in arterial blood before (basal value, BV), 

after LPS administration (Model) and during 4 h in the course of experiment in Control group, LPS 

untreated group, and LPS groups treated with 10 mg/kg of N-acetylcysteine (NAC10) or 20 mg/kg 

of N-acetylcysteine (NAC20), expressed in percentage (%). Data are presented as means ± SD. Sta-

tistical comparisons: for LPS vs. C Ω p < 0.001; for NAC10 vs. LPS φ p < 0.001; NAC20 vs. LPS π p < 

0.003 to 0.001 and for NAC10 vs. NAC20 p > 0.05. 

3.3. Percentage of Neutrophils in the Arterial Blood and Bronchoalveolar Lavage Fluid (BALF) 

LPS administration led to the shift of the neutrophils between intravascular and lung 

compartments. After LPS, percentage of neutrophils in the arterial blood decreased (LPS 

vs. C p = 0.002) and in the BALF increased (LPS vs. C p = 0.002). NAC at both doses caused 

significant elevation of the neutrophils in the blood (NAC10 vs. LPS p = 0.035; NAC20 vs. 

LPS p = 0.022) (Figure 3) and in the BALF only NAC20 significantly reduced the percent-

age of neutrophils compared to LPS animals (NAC10 vs. LPS p = 0.051; NAC20 vs. LPS p 

= 0.014) (Figure 3). There was no significant difference in neutrophils distribution between 

different NAC therapies (NAC10 vs. NAC20 p >0.05). 

 

Figure 3. Percentage of neutrophils in the arterial blood and in the BALF at the end of the experiment in Control group, 

LPS untreated group, and LPS groups treated with 10 mg/kg of N-acetylcysteine (NAC10) or 20 mg/kg of N-acetylcysteine 

(NAC20). Data are presented as individual values with means ± SD. Statistical comparisons: for LPS vs. C, NAC10 and 

NAC20 vs. LPS, NAC10 vs. NAC20. 

3.4. Evaluation of Lung Oedema 

Instillation of LPS significantly increased lung oedema formation determined as wet-

dry lung weight ratio (W/D ratio) compared to control group (LPS vs. C p = 0.008). Ad-

ministration of NAC significantly reduced lung oedema formation (NAC10 p = 0.015; 

Figure 3. Percentage of neutrophils in the arterial blood and in the BALF at the end of the experiment in Control group, LPS
untreated group, and LPS groups treated with 10 mg/kg of N-acetylcysteine (NAC10) or 20 mg/kg of N-acetylcysteine
(NAC20). Data are presented as individual values with means ± SD. Statistical comparisons: for LPS vs. C, NAC10 and
NAC20 vs. LPS, NAC10 vs. NAC20.

Biomedicines 2021, 9, x FOR PEER REVIEW 7 of 13 
 

NAC20 p = 0.008) vs. LPS group. There were no significant differences between NAC10 

and NAC20 (Figure 4). 

 

Figure 4. Extent of lung oedema at the end of the experiment. Values represent W/D (wet/dry) 

weight ratio of lung tissue. Data are presented as individual values with means ± SD. Statistical 

comparisons: for LPS vs. C, NAC10 and NAC20 vs. LPS, NAC10 vs. NAC20. 

3.5. Oxidative Damage of the Lungs 

Intratracheal LPS increased oxidative damage of lipids in homogenized lung tissue 

compared to control animal (LPS vs. C p = 0.026). Higher dose of NAC significantly re-

duced the levels of Malondialdehyde (MDA) in comparison with LPS group (NAC20 vs. 

LPS p = 0.022), while administration of low dose NAC oscillated on the border of signifi-

cance (NAC10 vs. LPS p = 0.051). The differences between NAC20 and NAC10 on oxida-

tive lipid damage were nonsignificant (p > 0.05; Figure 5). 

LPS also increased oxidative damage of proteins in the lungs expressed as levels of 

3-Nitrotyrosine (3NT) (LPS vs. C p = 0.008). NAC at higher dose, but not at lower dose, 

significantly reduced the level of 3NT (NAC20 vs. LPS p = 0.041 and NAC10 vs. LPS p = 

0.073). There were no significant differences between both NAC doses (NAC10 vs. NAC20 

p > 0.05; Figure 5). 

 

Figure 5. The values of Malondialdehyde (MDA) and 3-Nitrotyrosine (3NT) in lung tissue. Data are presented as individ-

ual values with means ± SD. Statistical comparisons: for LPS vs. C, NAC10 and NAC20 vs. LPS, NAC10 vs. NAC20. 

3.6. Inflammatory Markers 

The levels of all investigated markers significantly increased in LPS group compared 

to the control group (all p < 0.05 to 0.002) except for IL-12p70 (LPS vs. C p = 0.093). Com-

pared to LPS group, administration of NAC10 significantly reduced the levels of IL-2, IL-

Figure 4. Extent of lung oedema at the end of the experiment. Values represent W/D (wet/dry)
weight ratio of lung tissue. Data are presented as individual values with means ± SD. Statistical
comparisons: for LPS vs. C, NAC10 and NAC20 vs. LPS, NAC10 vs. NAC20.



Biomedicines 2021, 9, 1885 7 of 13

Biomedicines 2021, 9, x FOR PEER REVIEW 7 of 13 
 

NAC20 p = 0.008) vs. LPS group. There were no significant differences between NAC10 

and NAC20 (Figure 4). 

 

Figure 4. Extent of lung oedema at the end of the experiment. Values represent W/D (wet/dry) 

weight ratio of lung tissue. Data are presented as individual values with means ± SD. Statistical 

comparisons: for LPS vs. C, NAC10 and NAC20 vs. LPS, NAC10 vs. NAC20. 

3.5. Oxidative Damage of the Lungs 

Intratracheal LPS increased oxidative damage of lipids in homogenized lung tissue 

compared to control animal (LPS vs. C p = 0.026). Higher dose of NAC significantly re-

duced the levels of Malondialdehyde (MDA) in comparison with LPS group (NAC20 vs. 

LPS p = 0.022), while administration of low dose NAC oscillated on the border of signifi-

cance (NAC10 vs. LPS p = 0.051). The differences between NAC20 and NAC10 on oxida-

tive lipid damage were nonsignificant (p > 0.05; Figure 5). 

LPS also increased oxidative damage of proteins in the lungs expressed as levels of 

3-Nitrotyrosine (3NT) (LPS vs. C p = 0.008). NAC at higher dose, but not at lower dose, 

significantly reduced the level of 3NT (NAC20 vs. LPS p = 0.041 and NAC10 vs. LPS p = 

0.073). There were no significant differences between both NAC doses (NAC10 vs. NAC20 

p > 0.05; Figure 5). 

 

Figure 5. The values of Malondialdehyde (MDA) and 3-Nitrotyrosine (3NT) in lung tissue. Data are presented as individ-

ual values with means ± SD. Statistical comparisons: for LPS vs. C, NAC10 and NAC20 vs. LPS, NAC10 vs. NAC20. 

3.6. Inflammatory Markers 

The levels of all investigated markers significantly increased in LPS group compared 

to the control group (all p < 0.05 to 0.002) except for IL-12p70 (LPS vs. C p = 0.093). Com-

pared to LPS group, administration of NAC10 significantly reduced the levels of IL-2, IL-

Figure 5. The values of Malondialdehyde (MDA) and 3-Nitrotyrosine (3NT) in lung tissue. Data are presented as individual
values with means ± SD. Statistical comparisons: for LPS vs. C, NAC10 and NAC20 vs. LPS, NAC10 vs. NAC20.

LPS also increased oxidative damage of proteins in the lungs expressed as levels of
3-Nitrotyrosine (3NT) (LPS vs. C p = 0.008). NAC at higher dose, but not at lower dose,
significantly reduced the level of 3NT (NAC20 vs. LPS p = 0.041 and NAC10 vs. LPS
p = 0.073). There were no significant differences between both NAC doses (NAC10 vs.
NAC20 p > 0.05; Figure 5).

3.6. Inflammatory Markers

The levels of all investigated markers significantly increased in LPS group compared to
the control group (all p < 0.05 to 0.002) except for IL-12p70 (LPS vs. C p = 0.093). Compared
to LPS group, administration of NAC10 significantly reduced the levels of IL-2, IL-13, INFγ
(for all p = 0.035 to 0.022). IL-1β (p = 0.051) and IL-5 (p = 0.054) oscillated on the border
of significance. NAC at higher dose 20 mg/mL reduced the levels of IL-1β, IL-2, IL-4,
IL-5, IL-6, IL-10, IL-13, GM-CSF, INFγ, TNFα (all p = 0.035 to 0.002) with IL-1α (p = 0.051)
at borderline significance. Differences between NAC groups (NAC10 vs. NAC20) were
significant for IL-6 (p = 0.035) and GM-CSF (p = 0.017) (Figure 6).

3.7. ICAM1, MPO, HNE

Intercellular adhesion molecule-1 (ICAM1), 4-hydroxynonenal (HNE) and myeloper-
oxidase (MPO) significantly raised in non-treated animals with LPS (LPS vs. C, for all
p = 0.041 to 0.002) in lung tissue. Administration of NAC reduced these markers signifi-
cantly (vs. LPS all p = 0.035 to 0.001) with stronger effect of NAC20 vs. NAC10 for ICAM1
(p = 0.001) (Figure 7).
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10 mg/kg of N-acetylcysteine (NAC10) or 20 mg/kg of N-acetylcysteine (NAC20). Data are presented as individual values
with means ± SD. Statistical comparisons: for LPS vs. C, NAC10 and NAC20 vs. LPS, NAC10 vs. NAC20.

4. Discussion

Lipopolysaccharide (LPS) is often used to induce animal models of ARDS LPS binds
to TLR4 receptor complex on cell membranes, increases activation of NF-κB and sub-
sequent proinflammatory and prooxidative pathways [23] followed by ARDS-like tis-
sue changes [24,25]. In this study, acute inflammation induced by intratracheal LPS at
500 µg/kg b.w. had negative impact on the lung functions within about 30 min after LPS
instillation, as demonstrated by significant drop in ratio of arterial oxygen partial pressure
to fraction of inspired oxygen and ventilation efficiency index, and rise in alveolar-arterial
gradient and oxygenation index. Intravenous NAC significantly improved the lung func-
tions and this effect was seen also at the end of the experiment. There were no differences
between the low (10 mg/kg b.w., NAC10) and high (20 mg/kg b.w., NAC20) dose of NAC
in terms of lung functions (Figure 1).

In clinical practice, NAC is used in oral, inhalation and intravenous form. NAC
readily crosses the phospholipid bilayer of the cell plasma membrane after administration.
Inhaled NAC has low level of internal reducing activity which discourages the wider use of
nebulized NAC [26]. Orally administered NAC is rapidly absorbed in the small intestine,
reaching peak plasma concentrations 0.5–1 h after administration. Subsequently, NAC is
metabolized in the liver to cysteine, which is further used by liver for GSH synthesis. The
oral bioavailability of NAC is low (<5%), probably due to metabolic changes in the intestinal
wall and hepatic metabolism as well as rapid diffusion into cells and conversion to GSH [27].
In our study, the effect of NAC on lung functions, especially alveolar-arterial gradient, was
very fast, seen already 30 min after NAC (Figure 1). With i.v. NAC administration, both
first-pass liver metabolism and intestine wall metabolism are bypassed, making it possible
to rapidly achieve sufficient NAC concentrations.

Oxidative stress and inflammation are strictly inter-related key processes in the de-
velopment of lung injury after different insults. LPS acts as a potent chemoattractant
for polymorphonuclear neutrophils (PMN) [28] and higher counts of neutrophils may be
observed in the lung within several hours after LPS instillation [29]. In this study, the
systemic effect of intratracheally administered LPS was demonstrated by reduction of
relative numbers of WBC in the peripheral blood continuously throughout the whole
experiment (Figure 2). It could be due to neutrophils migration through the capillary
wall into the interstitium, and further into the alveoli (Figure 3). NAC caused the shift
of the white blood cells, mainly neutrophils, between peripheral blood and the airspaces.
Reduced neutrophil count in the alveoli after NAC was seen also in other models of lung in-
jury [30,31]. In contrary, NAC showed no effect on neutrophils in the BAL fluid in model of
lung contusion [32], as well as in LPS-induced lung injury [33]. The influx of PMNs into the
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LPS-challenged lung is associated with production of a wide range of bioactive substances.
Activated leukocytes generate also ROS, which may directly injure the lung tissue.

The direct antioxidant effect is based on the presence of a thiol (-SH) group in the
NAC molecule. NAC is able to react with various radical and non-radical oxidants,
including hydrogen peroxide, superoxide and hydroxyl anion, or peroxynitrite [34]. The
indirect antioxidant effect of NAC results from the ability of NAC to be a precursor of
cysteine, which is an essential glutamate and glycine for GSH formation. GSH as a direct
antioxidant regulates the oxidation state in cells and at the same time acts as a substrate
for several antioxidant enzymes [35]. The elucidation of the role of oxidative stress in the
pathogenesis of many diseases has led to experimental or clinical use of NAC in several
respiratory diseases, including chronic obstructive pulmonary disease [36], idiopathic
pulmonary fibrosis [37], or pulmonary silicosis [38], as well as in variety of cardiovascular
diseases [39,40], chronic nephropathy [41], or infertility [42]. In this model, intratracheal
LPS, increased oxidative damage of lipids and proteins in lung tissue in accordance to other
studies. Lipoperoxidation (LPO) of membrane lipids was expressed by the production of
and malondialdehyde (MDA). An increase in MDA clearly showed overproduction of ROS
after LPS instillation. As overproduction of reactive oxygen and nitrogen species caused by
LPS-instillation may oxidize proteins, we also evaluated 3-Nitrotyrosine (3NT), a marker
of protein nitration [43] which was increased after LPS.

Intravenous NAC significantly reduced MDA and 3NT in the lung homogenate,
similarly to other rat model [32] and lowered LPO-markers in the lungs of rats with LPS-
induced lung injury [33]. The effect of low dose NAC on MDA was almost significant
(NAC10 vs. LPS, p = 0.051) and non-significant in terms of protein damage (3NT) (NAC10
vs. LPS, p = 0.073). Higher NAC dose significantly reduced oxidative damage of lipids
and proteins compared to LPS group, indicating stronger effect of higher dose of NAC in
protection against oxidative damage (Figure 5).

Oxidative stress induces the expression of NF-κB, which in turn leads to an increase
in the production of pro-inflammatory cytokines (TNFα, IL-1β, IL-6 and IL-8). In mechani-
cally ventilated rats, administration of LPS significantly increased all pro-inflammatory
parameters (Figure 6). NAC reduces ROS-induced NF-κB activation which plays a critical
role in the inflammatory cascade and immune response involved in the response to oxida-
tive stress [44]. NAC blocks the translocation and nuclear activation of the transcription
factor NF-κB, responsible for the regulation of proinflammatory gene expression. NAC
has been shown to suppress the release of inflammatory cytokines TNFα, IL-1β and IL-6
in lipopolysaccharide-activated macrophages [45]. In this study, inflammation has been
reduced to some extent by i.v. administration of NAC already at 10 mg/kg (IL-1β, IL-2,
IL-5, IL-13 and INFγ), while higher-dose of 20 mg/kg potentiated this effect by reducing
IL-1α, IL-4, IL-6, IL-10, GM-CSF and TNFα in the lung tissue. NAC also inhibits p38 MAPK
kinase phosphorylation by reducing the concentration of hydrogen peroxide in the cell and
adjusting the redox balance [46] and affects other pro-inflammatory mechanisms, including
cyclooxygenase (COX-2), MMP-3, MMP-4, or the expression of an intracellular adhesion
molecule (ICAM-1). In our study NAC10 reduced LPS-induced increase in intercellular
adhesion molecule-1 (ICAM1), 4-hydroxynonenal (HNE) and myeloperoxidase (MPO),
with stronger effect of NAC20 seen especially for ICAM1 (Figure 7). This effect of NAC can
be assigned to the stimulation of erythroid-2-like nuclear factor (Nrf2). Nrf2 is a transcrip-
tion factor that regulates antioxidant cytoprotective enzymes through a promoter sequence
known as the antioxidant response element (ARE) [47].

In addition to reducing NF-κB in the lung tissue, NAC also inhibits proteolytic en-
zymes [48]. As proteases play a role in the LPS-induced lung damage [49], some of the
protective effects given by NAC may be attributed to their inhibition. Lung oedema repre-
sented as wet/dry ratio of lung tissue was formed after LPS and significantly mitigated by
NAC (Figure 4) probably due to reduced generation of ROS and other pro-inflammatory
substances following NAC treatment. However, the reduction in pulmonary oedema can
also be attributed to other effects of NAC, in particular on the ability to reduce pulmonary
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vasoconstriction and right-to-left pulmonary shunts [32,50]. NAC reduced pulmonary vas-
cular resistance and lung oedema in dogs with oxygen-induced lung injury [50], alleviated
alveolar-capillary membrane and oedema formation in contused lung [32]. The results of
animal study cannot be directly applied to humans, which is a limitation of the study.

5. Conclusions

LPS-instilled and mechanically ventilated rats may serve as a suitable model of ARDS
to test the acute effects of therapies at organ, systemic, cellular and molecular levels. Intra-
venous NAC, in rather low dose, improves lung functions, reduces PMNs migration into
the lung, and reduces lung oedema, oxidative stress and wide range of pro-inflammatory
mediators. Higher dose of NAC is more powerful as for reduction of oxidative damage
and inflammation almost to baseline. The results together with literary data support the
potential of NAC in ARDS.
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