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Abstract 

Background: Pro‑inflammatory cytokines such as interleukin‑5 (IL‑5) and tumor necrosis factor‑alpha (TNF‑α) as well 
as immunoglobulin‑E (IgE) appear to play a role in asthma. N‑acetylcysteine (NAC), an antioxidant, might have clinical 
benefits in asthma prevention. The possible preventive effects of NAC against experimentally induced asthma in rats 
are investigated. The rats were allocated into five groups: a normal control, asthma control, a standard dexametha‑
sone (DEXA, 1 mg/kg, orally) group, and two NAC groups (300 and 500 mg/kg, orally, respectively). Ovalbumin (OVA) 
sensitization was used to trigger asthma, which was then followed by an intra‑nasal challenge. Test gents were admin‑
istrated for 14 days before the challenge and during the three challenge days (20, 21, and 22). The tidal volume (TV) 
and peak expiratory flow rate (PEFR) as respiratory functions were determined. The pro‑inflammatory cytokines as IL‑5 
and TNF‑α were evaluated in lung homogenate. Serum IgE and absolute eosinophil count (AEC) in bronchoalveolar 
lavage fluid (BALF) were measured. In addition, the oxidative markers in lung tissue and nitrosative marker in BALF 
were assessed; finally, lungs were isolated for histopathological study.

Results: NAC restored lung functions, inhibited the asthma‑dependent increase in TNF‑α, IL‑5, IgE, AEC, nitric oxide, 
and malondialdehyde levels. NAC further re‑established lung glutathione content and superoxide dismutase activity, 
resulting in milder overall lung pathology.

Conclusions: Experimental bronchial asthma may be protected by NAC. The anti‑asthmatic potential of NAC may be 
explained by its suppressant influence on IgE antibody formation, pro‑inflammatory cytokines production, eosinophil 
infiltration, and oxidative stress.
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1  Background
Bronchial asthma is an inflammatory condition of the 
conducting airways that causes distinct structural and 
functional alterations in the airways, resulting in non-
specific bronchial hyper-responsiveness (BHR) and 
fluctuating airflow restriction [1–3]. Reversible bron-
chospasm and chronic inflammation of the airway pas-
sages characterize asthma, which is caused by different 

types of cells, such as eosinophils, mast cells, and T lym-
phocytes. As a result of the inflammation, airway respon-
siveness to a range of stimuli increases [4].

It was reported that reactive oxygen species (ROS) 
and reactive nitrogen species (RNS), such as superoxide 
anion, hydroxyl radicals, hydrogen peroxide, hypochlor-
ous acid, and peroxynitrite, play a crucial role in bron-
chial asthma [5]. Furthermore, a rise in ROS productivity 
is inversely proportional with forced expiratory volume 
 (FEV1) [6]. Airway inflammatory cells are the likely 
source of these increases. For instance, airway mac-
rophages from asthmatic patients produce more superox-
ide than those from the normal subject [7]. Additionally, 
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antigen challenge causes more pronounced spontaneous 
ROS production from airway eosinophils in patients with 
asthma [8].

When IgE attaches to membrane receptors in periph-
eral blood monocytes, they produce superoxide, and 
eosinophils separate from asthmatic patients create 
greater hydrogen peroxide 24  h after antigen exposure 
[9]. Multiple investigators have shown that increases in 
ROS that occur during asthma are associated with dam-
age to a wide range of biological molecules in the lung 
[10].

The inflammatory response is mediated by oxidants 
either inhaled and/or released by the activated neutro-
phils, alveolar macrophages, eosinophils, and epithelial 
cells leading to the production of ROS and membrane 
lipid peroxidation. This leads to activation of transcrip-
tion of pro-inflammatory cytokine and chemokine genes, 
up-regulation of adhesion molecules, and increased 
release of pro-inflammatory mediators which medi-
ate inflammatory responses in patients with asthma and 
chronic obstructive pulmonary disease [10].

Airway remodeling is the structural changes in the air-
way including subepithelial fibrosis, increased smooth 
muscle mass, enlargement of glands, neovascularization, 
and epithelial alterations. Local factors, such as airway 
structural cells and the matrix, respond to inflammation 
in a predictable, organized manner, which could be a try 
to correct the injury produced by local inflammation and 
to maintain the airway intact [11].
N-acetylcysteine (NAC) has a range of important 

pharmacological actions that could explain its putative 
therapeutic roles. NAC is an antioxidant as it acts as a 
precursor of cysteine, the rate-limiting component in 
glutathione formation [12]. NAC has been purported to 
have anti-inflammatory properties [13]. NAC inhibits the 
induction of the pro-inflammatory transcription factors 
as nuclear factor-kappa B (NF-κB) and activator pro-
tein-1 (AP-1). The induction of these transcription fac-
tors in response to oxidative stress supports the theory 
that NAC’s anti-inflammatory activities are related to its 
antioxidant mechanism of action [14].

Based on the aforementioned data, this study aims to 
assess the NAC’s ability to prevent the incidence of bron-
chial asthma in rats. The aim extends to reveal the under-
lying mechanisms of such anti-asthmatic effect of NAC.

2  Methods
2.1  Animals
Male Wistar rats (150 ± 10  g) were obtained from ani-
mal house colonies, housed at a constant temperature 
of 25  °C with 12-hour/12-h light/dark cycles and free 
access to tap water and commercial pellets. Animal care 
and handling were carried out in compliance with the 

National Institutes of Health (NIH) Guide for the Care 
and Use of Laboratory Animals (NIH Publication No. 
8023, revised 1978).

2.2  Drugs and chemicals
N-acetylcysteine (NAC), aluminum hydroxide (Al(OH)3), 
and ovalbumin (OVA; grade III) were purchased from 
Merck/MilliporeSigma Co., USA. Dexamethasone 
(DEXA) was purchased from Zhejiang Jingxin Phar-
maceuticals Co., LTD, China. ELISA kits of IgE, TNF-
α, and IL-5 were purchased from Express Biotech, Ray 
Biotech, the USA, and Cusabo Biotech Co., LTD, China, 
respectively.

2.3  Experimental design
Using a random-numbers table, forty rats were grouped 
into five (n = 8). Group 1 was kept as normal control, 
non-sensitized and non-treated, obtaining vehicles. 
Group 2: asthma control, was sensitized and challenged 
with OVA. Group 3: asthmatic rats were treated with 
DEXA as a standard drug (1 mg/kg, orally) [15]. Groups 
4 and 5: asthmatic rats were treated with NAC (300 and 
500 mg/kg, orally, respectively) [16, 17].

2.4  Bronchial asthma induction
2.4.1  Intra‑peritoneal sensitization with OVA
On days 1, 2, 3, and 11, animals of all groups except nor-
mal were actively sensitized with an intraperitoneal injec-
tion of 1 ml suspension of 200 µg OVA/10 mg Al(OH)3 as 
previously reported by Shimizu [18]. While normal con-
trol received vehicle intra-peritoneally.

2.4.2  Intranasal challenge with OVA
On days 20, 21, and 22, thiopental (50 mg/kg, intraperi-
toneally) was used to anesthetize the rats of all groups 
then, all except normally challenged intra-nasally with 
1.5 mg of OVA suspended in 300 µl of saline, while nor-
mal received intranasal saline only (Fig. 1). The challenge 
method was carried out as previously described [3].

2.4.3  Assessment of respiratory function
One hour after the last OVA challenge dose, respiratory 
function was assessed for all groups. The non-anesthe-
tized rat was put in the main chamber of the whole body 
plethysmograph (AD Instruments spirometer, ML140, 
England) to measure tidal volume (TV) and peak expira-
tory flow rate (PEFR), rat heads were protruded into a 
chamber connected to a spirometer via a latex neck collar 
as mentioned previously [3].

2.4.4  Handling of blood samples
On day 23, blood samples were obtained from a vein of 
the retro-orbital plexus for serum separation. Thereafter, 
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blood samples were allowed to clot before being centri-
fuged for 10  min at 1500  rpm. Samples of serum were 
maintained at − 20 °C for IgE level analysis [19].

2.4.5  Collection of bronchoalveolar lavage fluid (BALF)
After the blood sampling on the same day, all rats were 
killed under anesthesia by cervical dislocation, and their 
lungs were lavaged with two aliquots of ice-cooled saline, 
each of 5  ml. A cooling centrifuge (Sigma 3-30k, USA) 
was used to centrifuge BALF for 10  min at 400  rpm, 
4 °C). The supernatant liquid was maintained at − 80 °C 
till the time of total nitrate/nitrite (NOx) analysis. For 
absolute eosinophil count (AEC), the cell pellets were re-
suspended in 50 µl of phosphate-buffered saline [20].

2.4.6  Handling of lung tissue
The lungs of rats were isolated, cleaned, and dried with 
filter paper. The left lung was examined histopathologi-
cally, and the right lung was homogenized with a homog-
enizer (yellow line, DI18 basic, Germany), to form a 25% 
w/v homogenate. Lung homogenates were centrifuged 
(2000 rpm for 20 min at 4 °C), then maintained at − 80 °C 
for superoxide dismutase (SOD), reduced glutathione 
(GSH), TNF-α, also interleukin-5 (IL-5) analysis.

2.5  Biochemical estimations
Within 1 h of BALF collection, AEC was counted in the 
pellets with the aid of a hemocytometer and Dunger’s 
diluting fluid that prepared fresh. Dunger’s diluting fluid 

was made by adding 0.5 ml of 95% acetone, 0.5 g Eosin 
Yellow and 0.5 ml of 40% formalin to 99 ml of bidistilled 
water. As Dunger’s diluting fluid lyses RBCs and other 
WBCs, it stained the eosinophilic granules brightly and 
clearly [21].

Using the ELISA technique, serum samples were ana-
lyzed for IgE by the manufacturer’s guidelines [22]. The 
content of NOx in BALF was determined as previously 
described [23] briefly, NOx level assessment based on the 
reduction of any nitrate to nitrite by vanadium followed 
by the detection of total nitrite by Griess reagent. The 
chromophoric azo derivative can be measured colori-
metrically at 540  nm. Lung homogenates were assessed 
for the oxidative stress biomarkers as GSH, MDA, and 
SOD by chemical methods as previously reported [24–
26]. Pulmonary content of TNF-α [27] and IL-5 [28] was 
assessed with ELISA kits according to the manufacturer’s 
guidelines as previously described using the Sandwich 
technique, and then, the yield yellow color is measured 
at 450 nm.

2.6  Histopathological study
Soon after killing, left lungs of rats were isolated, 
washed from blood, dried then fixed in 10% formal 
saline for 48 h, dehydrated through ascending grades of 
alcohol, cleared in xylene for 4  h followed by embed-
ding in paraffin wax at 58  °C to prepare 5  µm thick 
paraffin sections, finally stained with hematoxylin and 
eosin (H&E) as previously described [29], as firstly 
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Fig. 1 A schematic illustration of the experimental design, showing the schedule of OVA sensitization and challenge also, drug administration
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stained with hematoxylin for 3  min followed by eosin 
for 45  s and covered. Then, the scores of perivascular 
and peribronchiolar inflammation were assessed for 5 
rats/group as follows: scores of 0 given to normal sec-
tions, 1 given to sections with few inflammatory cells, 2 
given to sections with a one-cell layer ring of inflamma-
tory cells, 3 given to a ring of two to four cells deep of 
inflammatory cells, finally, 4 given to a ring of inflam-
matory cells that is more than four cells deep [30].

2.7  Statistical analysis
All data of respiratory functions and biochemical 
parameters were expressed as mean ± SEM (standard 
error of the mean). The statistical package for social sci-
ences (SPSS) software was used to conduct the analysis 
(version 16). One-way analysis of variance (ANOVA), 
followed by the Bonferroni test, was used to evaluate 
the statistical significance of differences in each param-
eter among the different groups, and a P-value < 0.05 
was considered statistically significant. The Chi-square 
test was used to perform perivascular and peribronchi-
olar inflammation scores in a histological examination.

3  Results
3.1  Effect of administration of NAC in the lower and higher 

dose levels on the pulmonary function tests TV 
and PEFR in asthmatic rats

Rats that received intranasal OVA showed a significant 
decrease in TV and PEFR to 17% and 19%, respectively, 
as compared with the normal rats, while DEXA pre-
treatment significantly increased TV and PEFR to 542% 
and 496%, respectively, compared with the asthma con-
trol group. Also, NAC pretreatment in the lower and 
higher dose levels induced a significant elevation in TV 
to 349% and 529%, respectively, and also elevate PEFR 
to 238% and 487%, respectively, concerning asthma 
control rats (Table 1).

3.2  Effect of administration of NAC in the lower and higher 
dose levels on AEC and NOx of BALF in asthmatic rats

Induction of bronchial asthma was associated with a 
significant increase in AEC and NOx levels in BALF to 
824% and 268%, respectively, concerning normal rats. 
DEXA pretreatment induced a significant decrease in 
AEC and NOx to 23% and 60%, respectively. Further-
more, NAC administration in the lower and higher 
dose levels induced a significant reduction of AEC to 
32% and 17%, respectively, and reduced NOx to 62% 
and 41%, respectively, concerning the asthma control 
rats (Table 2).

3.3  Effect of administration of NAC in the lower and higher 
dose levels on GSH, SOD, and MDA levels in asthmatic 
rats

Rats that received intranasal OVA showed a significant 
decrease in GSH and SOD to 27% and 58%, respectively, 
and induced a significant elevation in MDA to 240% 
concerning the normal rats, while DEXA pretreatment 
significantly elevated GSH and SOD to 372% and 175%, 
respectively, and significantly decreased MDA to 29% 
concerning asthma control rats. Additionally, NAC pre-
treatment in the lower and higher dose levels induced a 
significant elevation of GSH to 339% and 429%, SOD to 
112% and 143%, and decreasing MDA to 34% and 28%, 
respectively, concerning asthma control rats (Table 3).

3.4  Effect of administration of NAC in the lower and higher 
dose levels on the level of serum IgE in asthmatic rats

Rats that received intranasal OVA challenge showed a 
significant elevation of IgE level to 1270% concerning 
the normal control rats. While DEXA administration 

Table 1 Effects of NAC as compared to the reference treatment 
DEXA on TV and PEFR in asthma rats

Data were expressed as mean ± SEM (N = 8 rats). Statistical analysis was carried 
out by one‑way analysis of variance (ANOVA) followed by Bonferroni test
a Significantly different from normal control at p < 0.05
b Significantly different from asthma control group at p < 0.05
c Significantly different from DEXA group at p < 0.05

Groups Parameters

TV (ml) PEFR (ml/min)

Normal control 0.0992 ± 0.0029 11.675 ± 0.27

Asthma control 0.017 ± 0.00041a 2.22 ± 0.16a

DEXA (1 mg/kg; p.o.) 0.09215 ± 0.00125b 11 ± 0.35b

NAC (300 mg/kg; p.o.) 0.05925 ± 0.0035abc 5.28 ± 0.2abc

NAC (500 mg/kg; p.o.) 0.09 ± 0.0014b 10.8 ± 0.23b

Table 2 Effects of NAC as compared to the reference treatment 
DEXA on AEC and NOx in BALF pellets in asthmatic rats

Data were expressed as mean ± SEM (N = 8 rats). Statistical analysis was carried 
out by one‑way analysis of variance (ANOVA) followed by Bonferroni test
a Significantly different from normal control at p < 0.05
b Significantly different from asthma control group at p < 0.05
c Significantly different from DEXA group at p < 0.05

Groups Parameters

AEC (cumm) NOx (µMol/L)

Normal control 862 ± 74.6 20.9 ± 2.46

Asthma control 7100 ± 643.2a 56 ± 4.5a

DEXA (1 mg/kg; p.o.) 1650 ± 311.5b 33.6 ± 4.52b

NAC (300 mg/kg; p.o.) 2308 ± 381.5b 35 ±  4b

NAC (500 mg/kg; p.o.) 1200 ± 173.6b 22.8 ± 1.87b
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significantly lowered serum IgE level to reach 13% con-
cerning the asthma control group. Also, NAC admin-
istration in the lower and higher dose levels induced a 
significant lowering in IgE level to 15% and 11%, respec-
tively (Fig. 2a).

3.5  Effect of administration of NAC in the lower and higher 
dose levels on TNF‑α and IL‑5 levels in asthmatic rats

Rats that received intranasal OVA challenge signifi-
cantly increased the levels of TNF-α and IL-5 to 741% 
and 474%, respectively, concerning the normal control 
rats, while DEXA pretreatment significantly lowered the 
levels of TNF-α and IL-5 to 29% and 30%, respectively, 
concerning asthma control rats. Also, NAC pretreatment 
in the lower and higher dose levels significantly lowered 
both TNF-α to 41% and 30%, respectively, and IL-5 to 
32% and 23%, respectively, concerning asthma control 
rats (Fig. 2b, c).

3.6  Effect of administration of NAC in the lower and higher 
dose levels on the histopathological study

In photomicrographs examination, the pulmonary 
architecture of normal rats’ lungs was normal, with no 
perivascular or peribronchiolar inflammatory infiltra-
tion (Fig. 3a, b). In contrast, lung sections from rats that 
received intranasal OVA showed severe injury in the lung 
architecture, with severe perivascular and peribronchi-
olar inflammatory cell infiltration (Fig. 3c, d).

Lung sections from DEXA pretreated rats revealed 
more or less normal lung architecture, and mild perivas-
cular and peribronchiolar inflammatory cell infiltration 
(Fig. 3e, f ).

Also, lung sections of NAC pretreated rats in the 
lower dose level revealed moderate perivascular and 

peribronchiolar inflammatory cell infiltration and mod-
erate bronchial and alveolar architectures injury (Fig. 3g, 
h). Likewise, sections obtained from NAC pretreated rats 
in the higher dose level revealed mild lung architecture 
injury and mild inflammatory cell infiltration perivascu-
larly and peribronchiolar (Fig. 3i, j).

The rats of the asthma control group revealed a signifi-
cant increase in perivascular and peribronchiolar inflam-
matory scores concerning normal rat scores. On the 
other hand, the scores were significantly decreased in the 
DEXA and the two NAC pretreated groups (Fig. 4).

4  Discussion
In a previous study, we used OVA sensitization followed 
by a challenge as a model of bronchial asthma [2]. In the 
current work, intranasal OVA administration induced a 
significant decrease in TV and PEFR as compared with 
normal rats. On the other side, NAC showed a significant 
increase in TV and PEFR compared to asthma control 
values. Moreover, NAC in the higher dose level (500 mg/
kg) precipitated TV and PEFR values not significantly 
different from those obtained by DEXA, the reference 
standard treatment, indicating attenuation of airway 
hyper-responsiveness.

According to the results of the present investigation, 
NAC administration to rats with OVA-induced bron-
chial asthma was found to reduce eosinophil penetra-
tion into the BALF, a finding coming in agreement with 
the previous investigation [31]. A suggested mechanism 
is the NAC’s capability to inhibit NADPH oxidase trans-
location to eosinophils’ membrane [32]. Additionally, 
the model of allergic asthma in a guinea pig reported an 
early increase in mucus (MUC5AC) expression before 

Table 3 Effects of NAC as compared to the reference treatment DEXA, on GSH level and SOD activity in asthmatic rats

Data were expressed as mean ± SEM (N = 8 rats). Statistical analysis was carried out by one‑way analysis of variance (ANOVA) followed by Bonferroni test
a Significantly different from normal control at p < 0.05
b Significantly different from asthma control group at p < 0.05
c Significantly different from DEXA group at p < 0.05

Parameters treatments Tissue GSH (µg/g tissue) Tissue SOD (U/g tissue) Tissue MDA 
(nmol/g 
tissue)

Normal control 135.0 ± 10.1 60.83 ± 1.66 27.48 ± 0.85

Asthma control 36.4 ± 4.5a 34.98 ± 0.94a 65.83 ± 5.46a

DEXA (1 mg/kg; p.o.) 135.6 ± 6.1b 61.33 ± 4.66b 19.2 ± 1.56b

NAC (300 mg/kg; p.o.) 123.4 ± 10.9b 39 ± 2.89ac 22.65 ± 0.90b

NAC (500 mg/kg; p.o.) 156 ± 7.8b 50 ± 2.50b 18.39 ± 1.23b
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eosinophil infiltration [33], suggesting a potential inhibi-
tory effect for NAC on the expression of MUC5AC and 
consequently on eosinophils infiltration.

Besides its direct effect on eosinophils, NAC in the 
present study showed an inhibitory effect on immune 
cell attractive chemokines including IL-5 as compared to 
asthma control, reaching values not significantly different 
from those of the DEXA group. As explained in a previ-
ous study, IL-5 is an eosinophil recruiting cytokine [34]. 
In agreement, NAC was reported in a previous study 
to decrease the number of eosinophils in the lungs via 
reducing IL-5 [35].

The current study found that an OVA challenge 
resulted in a substantial increase in serum IgE levels. 
IgE antibody is a key mediator in atopic asthma, which 
is generated by OVA that induced sensitization. As it 
can elicit an allergic response and increase the serum 
IgE levels in susceptible people after sensitization. IgE 
antibodies bind to the Fc epsilon receptor I, a high-
affinity IgE receptor found on mast cells. As a result of 
allergens cross-linking related IgE–FcεRI complexes, 
cytoplasmic vesicles containing histamine degranu-
late, resulting in the synthesis of reactive oxygen spe-
cies and eicosanoids. As previously mentioned, this 
causes smooth muscle contraction, vasodilation, and 
mucous secretion all that are asthma hallmarks [36]. 
This elevation was also observed in another study [2]. 
In  vivo, however, there is little evidence that NAC 
has a suppressive effect on allergen-specific IgE pro-
duction; our results revealed that NAC significantly 
attenuated IgE level by elevating the cellular GSH con-
tent in comparison with asthma control rats. This is 
in line with previous research suggesting that the thiol 
compound NAC can serve as a free radical scavenger 
as well as its role in GSH biosynthesis as a precur-
sor [37–39]. According to the theory, IgE formation 
necessitates the activation of the NF-kB signaling 
pathway in antigen-presenting cells or B and T lym-
phocytes, and ROS enhances this pathway. It was also 
discovered that a higher level of GSH inhibited the 
increase of the Th-2 cytokine, which is responsible for 
IgE formation in cells [40]. In addition, the increased 
TNF-α level in asthma control rats was decreased in 
NAC-pretreated rats. This result is in agreement with 
the idea that the levels of GSH control, TNF-α pro-
duction in  vivo, as well as the observation of TNF-α 
inhibition by NAC in several studies [41]. Side by side, 
TNF-α production increased the production of ROS, 
which was inhibited by NAC in previous studies [42, 
43].

The findings of the histopathological analysis cor-
roborated the biochemical estimates. Sections prepared 
from rats receiving the lower dose of NAC (300  mg/
kg) showed moderate perivascular and peribronchiolar 

Fig. 2 NAC effects on the levels of a serum IgE, b lung TNF‑α and c 
lung IL‑5 in asthmatic Rats. The results were presented as % of asthma 
control (N = 8 rats). One‑way analysis of variance (ANOVA) was used 
in the statistical analysis, followed by the Bonferroni test. aat p < 0.05, 
considered significantly different from normal control. bat p < 0.05, 
considered significantly different from the asthma control group. cat 
p < 0.05, considered significantly different from the DEXA group
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inflammatory infiltration and moderate distorted bron-
chial and alveolar architectures. Alternatively, the sec-
tions from rats pretreated with the higher dose of NAC 
(500 mg/kg) revealed a slight injury in lung architecture 
with mild inflammatory cell infiltration perivascularly 
and peribronchiolar.

However, one previous clinical study demonstrated 
that the addition of NAC to usual asthma medication for 
only five days showed no significant effect in the treat-
ment of asthma [44]. Another research found that NAC 
therapy improved the clinical course and lung function 
in patients with fibrosing alveolitis [45]. Despite these 
conflicts, we believe the findings of this study support 
the current concept that NAC could be a promising 

treatment for bronchial asthma due to its inhibitor effect 
on oxidative and nitrosative stress, IgE antibody forma-
tion, inflammatory cytokines release, eosinophil infil-
tration, and airway remodeling. Additionally, further 
clinical studies are needed to prove the mechanistic role 
of NAC on asthma due to its effect on IgE level.

5  Conclusions
N-Acetyl cysteine may protect bronchial asthma induced 
experimentally. NAC’s anti-asthmatic ability can be 
explained by its suppressant effect on IgE antibody for-
mation, inflammatory cytokines release, infiltration of 
eosinophil, and oxidative stress.

Fig. 3 Photomicrographs of lung sections from normal rats (a, b), OVA‑induced bronchial asthma (c, d), DEXA treatment group (e, f), NAC (300 mg/
kg) treatment group (g, h) and NAC (500 mg/kg) treatment group (i, j) (H&E × 100, × 400)
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