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Abstract
Allergic asthma is an important public health problem and is a complicated respiratory sick-
ness that is characterized by bronchial inflammation, bronchoconstriction, and breathlessness. 
Asthma is orchestrated by type 2 immune response and remodeling is one of the important 
outputted problem in chronic asthma. Thymol is a naturally occurring monocyclic phenolic, it 
has a series of biological properties, and its immunomodulatory and anti-remodeling effects 
on allergic asthma were evaluated. The OVA-LPS-induced asthmatic mice were treated with 
thymol. Methacholine challenge test, eosinophil count, and levels of IL-4, IL-5, IL-13, and IL-33 
in bronchoalveolar lavage fluid, total and OVA-specific IgE levels in serum, remodeling factors, 
gene expression of TGF-β, Smad2, Smad3, and lung histopathology were done. Treatment with 
thymol could control AHR, eosinophil percentage levels of Th2 cytokines and Igs, remodeling 
factors, expression of TGF-β, Smad2 and Smad3 genes, inflammation, goblet cell hyperplasia, 
and mucus production in asthmatic mice. Thymol can control asthma pathogens and related 
remodeling and fibrosis bio-factors and can be a potential treatment of asthma.
© 2024 Codon Publications. Published by Codon Publications.
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Key massage

Allergic asthma is an important public health problem and 
remodeling is one of the important outputted problem in 
chronic asthma.

Thymol is a naturally occurring monocyclic phenolic, 
and treatment of asthma with thymol could control remod-
eling, inflammation, and immune reactions.

Introduction

Asthma is an important and complicated respiratory sick-
ness that has higher prevalence in the world and leads 
to more socioeconomic costs for its prevention, diagno-
sis, and treatment. Asthma is characterized by airway 
hyperresponsiveness (AHR), bronchial inflammation, bron-
choconstriction, and recurrent attacks of breathlessness. 
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OVA‑LPS sensitization and challenge

During the study, all mice received food and water ad libi-
tum. To produce the OVA-LPS asthma model, on days 1, 
7, and 14, the mice were sensitized by intra-peritoneal 
injection of OVA emulsified in alum. On days 15, 17, and 
19, the mice were challenged intra-nasally with OVA and 
LPS in saline and on days 21, 23, and 25, the mice were 
challenged with OVA aerosol in saline by a nebulizer.6 The 
negative control group only received normal saline follow-
ing the same protocol. Treatments were done on days 20 
and 22. and on day 27, sampling was done.

AHR Assessment

In each group, five mice were used for AHR, and five 
mice were used for histopathology and biological factors 
analyses. The AHR in mice were assessed in response to 
methacholine (MCH) challenge via intubation on day 27. AHR 
was measured by determining the enhanced pause (penh 
value) according to the previously described method.6

Cell count in BALF

After the last challenge, the mice were euthanized, tra-
cheotomized bronchoalveolar lavage fluid (BALF) was 
collected, and differential cell count was done in cyto-
spin slide (with Gimsa stain) to determine the eosinophil 
percentage. Firstly, BALF was cryo-centrifuged, the super-
natant was separated, and the cell sediment was used for 
the preparation of slides.6,10,11

Cytokines

The supernatant of BALF was stored and used for the 
measurement of cytokines’ levels. The bioplex-multiplex 
method was used to determine levels of interleukin (IL)-4, 
IL-5, IL-13, and IL-33 in BALF’s supernatant.

Immunoglobulins

Blood samples were taken. After separation of serum, total 
and OVA-specific immunoglobulin (Ig)E levels were mea-
sured by specific ELISA kits following the manufacturer’s 
protocol.

Remodeling factors

In the lung tissue, content of hydroxyproline (HP) as an 
important index of collagen deposition was measured by a 
colorimetric modified method.10 Also, transforming growth 
factor-beta (TGF-β) as another remodeling factor was mea-
sured in homogenate lung tissue supernatants.10

Gene expression

To determine gene expression of three related molecules of 
remodeling signaling pathways, TGF-β, Smad2, and Smad3, 

Allergic asthma is an important public health problem 
and a major cause of respiratory morbidity and mortality. 
Asthmatic patients cannot be completely cured, and all 
produced treatments generally aim to control the patho-
logical conditions.1–3

Asthma is orchestrated by type 2 immune response, 
and several pathways are identified in the allergic asthma 
pathophysiology. The imbalance between Th1 and Th2, 
inflammatory and anti-inflammatory factors, and also dys-
regulation of the lung immune system through the signaling 
pathways lead to pulmonary injury.4,5

There are many components that can activate toll-
like receptors (TLRs) signaling and may have an effect on 
asthma pathogenesis. Lipopolysaccharide (LPS) is part 
of bacteria’s structure and ligand of TLR4. Activation of 
TLR4 is initiated through LPS/TLR4/NF-kB pathway. On 
the other hand, LPS induces acute lung inflammation 
that leads to inflammatory cell accumulation in the lung 
and airway. Ovalbumin (OVA) induces allergic asthma l, 
but OVA/LPS induces asthma and acute inflammation in 
airways.6,7

Thymol as a monoterpenic phenol is found in oil of 
thyme. Thymol (2-isopropyl-5-methylphenol) is a natu-
rally occurring monocyclic phenolic compound derived 
from lamiaceae (thymus vulgaris), and it has many bio-
logical properties, including antispasmodic, antioxidant, 
anti-platelet aggregation and anti-inflammatory effects. 
Thymol reduces the DNA oxidative damage by H2O2. 
Thymol’s antioxidant potential has been demonstrated 
in vitro and in vivo in the form of nephrotoxicity and 
cardiotoxicity.8,9

However, several studies in the asthma model focused 
more on the anti-inflammatory effect of thymol, while 
there is little information about the effect of this sub-
stance on remodeling. In this study, immunomodulatory 
and anti-remodeling effects of thymol on allergic asthma 
pathophysiology in a mouse model were evaluated. Also, 
pulmonary pathological features and allegro-inflammatory 
airway response were studied.

Materials and methods

Experimental animal model

A total of 40 male BALB/c mice, aged 6–8 weeks, were 
acclimatized to standard laboratory conditions (free 
access to water and food, 55±15% humidity, 22±2⁰C tem-
perature with 12 hour dark/light cycle). All experimental 
protocols were followed in accordance with the stipula-
tions of the Institutional Animal Ethical Committee. The 
mice were allocated in four groups (N=10), namely, the 
negative control group [Control (normal saline adminis-
trated)]; asthma group (Asthma [OVA, aluminum hydroxide 
and (alum) and LPS administrated]; thymol group [Thymol, 
induced asthma (OVA, alum, LPS), and treated with 
intra-peritoneal injection of thymol]; drug control group 
[Drug, induced asthma (OVA, alum, LPS) and treated 
with intra-peritoneal injection of aminophylline saline 
solution].
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MCH (Figure 1). The penh value was decreased in drug and 
thymol groups compared to the asthma group in all concen-
trations of MCH. The penh value decreasing in the thymol 
group was similar to that in the drug group.

Cell count in BALF

Percentage of eosinophil was increased in the asthma 
group (79±5%) compared to the control group (3±2%), and 
treatments in thymol (53±4%) and drug (59±8%) groups 
could decrease eosinophil’s percentage (Figure 2).

Cytokines

The main type 2 cytokines IL-4, 5, 13, and 33 were sig-
nificantly (p<0.05) increased in the asthma group (99±8, 
102±7, 170±18 and 395±37 pg/mL, respectively) compared 
to the control group (43±4, 41±5, 73±8 and 152±21 pg/mL, 
respectively). Increased levels of the main type 2 cytokines 
(IL-4, 5, 13, and 33) were significantly (p<0.05) controlled in 
thymol and drug groups (Figure 3).

Immunoglobulins

The main two allergic immunoglobulins (total and OVA-
specific IgE) were significantly (p<0.05) increased in the 
asthma group (2974±301 and 239±19 ng/mL, respectively) 
compared to the control group (154±21 and 0±0 ng/mL, 
respectively). Increased levels of total and OVA-specific IgE 

quantitative real-time PCR was applied. From BALF cells, 
total RNA was extracted and reversed transcribed to cDNA 
and also, with specific primers, PCR was applied. GAPDH 
was used as an internal gene.

Histopathology

After interception and fixation of lung tissues, slides of 
the histological sections were prepared and stained with 
hematoxylin and eosin (H&E), periodic acid Schiff (PAS), 
Alcian blue, and AB-PAS stains. The sections were evalu-
ated under the light microscopy for eosinophilic infiltration 
in and around bronchi and vessels, hyperplasia of the gob-
let cell, and mucus hypersecretion.6,10,11

Statistical Analysis

Result’s data were expressed as mean±SD, and correlation 
was analyzed using Pearson’s method. To analyze the dif-
ferences between groups, the paired t-test was applied. 
P-value less than 0.05 was supposed to be significant. 
SPSS software was used for analysis and performed using 
GraphPad Prism to draw graphs.

Result

AHR Assessment

The penh value was increased in the asthma group com-
pared to the control group in all concentrations of 

Figure 1.  AHR. Methacholine (MCH) challenge test was done in all groups, and airway hyperresponsiveness was assessed in 
response to MHC as penh value.
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Gene expression

To evaluate the potential mechanisms of thymol treatment 
in reversing the asthma symptoms and inflammation in 
allergen-sensitized and challenged mice, the expressions of 
the genes, which were involved in the remodeling process 
(TGF-β, Smad2, and Smad3), were examined. Gene expres-
sions of TGF-β, Smad2, and Smad3 were increased in the 
asthma group (1.6±0.2, 0.9±0.2, and 1.6±0.2). The thymol 
group could control gene expressions of TGF-β, Smad2, and 
Smad3 compared to the asthma group. The controlling was 
significant (p<0.05) in TGF-β and Smad3, but decreasing 
gene expressions of Smad2 in the thymol group was not sig-
nificant (p>0.05) compared to the asthma group (Figure 6).

Histopathology

In a histopathological study of the lung tissue sections, 
pulmonary infiltration by inflammatory cells (especially 
eosinophils) into the peribronchial and perivascular 
regions, scores of goblet cell hyperplasia, and mucus pro-
duction were increased in the asthma group (3.7±0.3, 
3.6±0.3, 3.7±0.2, and 3.8±0.2) significantly (p<0.05) com-
pared to the control group (0.5±0.1, 0.5±0.2, 0.5±0.2, and 
0.5±0.1). Inflammation in the peribronchial and perivascu-
lar regions were significantly (p<0.05) controlled in thymol 
and drug groups (Figure 7). The goblet cell hyperplasia and 
mucus production were significantly (p<0.05) controlled 
only in the thymol group, and the controlling was not signif-
icant (p>0.05) in the drug group.

were significantly (p<0.05) controlled in thymol and drug 
groups (Figure 4).

Remodeling factors

HP and TGF-β were elevated in the asthma group (6.4±0.5 
mg/g and 437±21 pg/mL, respectively) significantly (p<0.05) 
compared to the control group (1.5±0.2 mg/g and 81±16 
pg/mL, respectively). Treatments in two thymol and drug 
groups could decrease levels of HP and TGF-β significantly 
(p<0.05) compared to the asthma group (Figure 5).

Figure 2.  BALF Cells. The count of eosinophil in 
bronchoalveolar lavage fluid was done in all groups, and it was 
observed that treatments had a significant effect on eosinophil 
count.

Figure 3.  Cytokines. The main Th2 cytokines levels, IL-4, -5, -13, and -33, were measured in the bronchoalveolar lavage fluid of 
all mice.
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process of immunity and inflammatory responses.12 In this 
study, AHR as the main concept of allergic reaction in air-
ways was notable in the asthma group that was challenged 
with MCH. Using thymol for treatment could decrease AHR 
and response to the MCH challenge test. Also, percentage 
of eosinophil as the main cell in allergic asthma pathogen-
esis was decreased by thymol treatment in asthmatic mice.

Airway remodeling in asthma is the result of persistent 
inflammation that is a major driver of airway remodel-
ing. Infiltrating inflammatory cells and damaged bronchial 
structure cells release large number of cytokines, growth 

Discussion

Allergy affects more than 30% of the global population. 
The prevalence of allergic diseases has been increas-
ing in developed countries during the past two decades. 
Bronchial inflammation is the principal problem in asthma. 
Free oxygen radicals can play an important role in air-
way inflammation and allergic asthma pathogenesis, and 
antioxidative defense modulation is the new therapy 
for asthma.6,11 Bronchial epithelial cells not only act as a 
physical barrier but also play an important function in the 

Figure 4.  Immunoglobulin. The level of total and ovalbumin-specific IgE was measured in serum of all mice.

Figure 5.  Remodeling Biomarkers. Levels of hydroxyproline and TGF-β were measured in all groups, and it was observed that 
treatment with thymol could decrease levels of these biomarkers.

Figure 6.  Gene expression. Expression of three genes that were involved in remodeling signaling pathways was studied in all 
mice.
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the main processes in the lung that can be interfaced by 
growth factors and inflammation. TGF-β is the most potent 
inducer of EMT. It leads to disruption of the mucosal barrier 
function by reduced epithelial cadherin and disruption of 
epithelial adherens junctions. In addition, EMT enables to 
force transformed epithelial cells to express α-SMA fibers 
and intermediate filament vimentin, secretion of colla-
gen and fibronectin, and expression of matrix metallopro-
teinases (MMPs) to promote airway remodeling. Although 
EMT (type II) is a protective mechanism to repair tissues, 
excessive and prolonged EMT processes can lead to lung 
fibrosis, and EMT plays an important role in the pathogen-
esis of asthma subtypes.20–23 TGF-β can bind to its receptor 
type II (TGFβRII) that recruits and phosphorylates TGFβRI. 
The activated TGFβRI/II complex recruits cytoplasmic tran-
scription factors. Smads 2/3 are phosphorylated by TGFβRI, 
and phosphorylated Smad2/3 binds to Smad4 and then, the 
complex translocates to the nucleus. The complex binds to 
Smad-binding elements in jun-B and c-Jun, and modulates 
transcription with other coactivators including the cAMP 
response element–binding protein (CBP)/p300 histone acet-
yltransferases. TGF-β1 binding to its receptors stimulates 
signaling pathways including PI3K/Akt, p38, Wnt/β-catenin, 
Ras small GTPases, ERK, and JNK. All three MAPKs’ activa-
tion leads to cell proliferation, and fibronectin production 
is dependent on ERK1/2 and JNK.21–25 To evaluate the poten-
tial mechanisms of thymol treatment in reversing of inflam-
mation in allergen-sensitized and challenged mice, it was 
observed that the expressions of the genes were involved 
in remodeling process; TGF-β, Smad2, and Smad3 were 
increased in the asthma group, and thymol could control 

factors, enzymes, and metabolites that result in remod-
eling of the airway. In addition, IL-13 induces profibrotic 
TGF-β releasing by epithelial cells. However, whether 
IL-17 is directly involved in airway remodeling and loss of 
Th17 cells leads to reduced collagen fibers staining, alpha-
smooth muscle actin (α-SMA), and airway remodeling in 
chronic asthma.13,14 Pulmonary fibrosis has several patho-
logical and genetic mechanisms. In lung fibrosis, thymol 
can modulate oxidative stress, inflammation, and PI3K/
phospho-Akt signaling and exert anti-oxidant and anti-in-
flammatory effects, while decreasing TGF-β and PI3K/Akt 
signaling.15 HP and TGF-β as main remodeling trigger fac-
tors were elevated in the asthma group, and treatments 
with thymol could decrease the levels of HP and TGF-β 
significantly. Therefore, thymol can inhibit remodeling and 
in continues, lung fibrosis in asthmatic mice. Also, other 
main type 2 allergic cytokines (which have important role 
in asthma pathogenesis and airway obstruction) and their 
upper-hand cytokine, IL-33 were controlled in asthma group 
by treatment with thymol.

TGF-β is a crucial factor in the development, injury, 
and repair of lung tissue. Fibroblasts and myofibroblasts 
can secrete TGF-β1 that plays a critical role in the process 
of pathological pulmonary fibrosis. The TGF-β1/Smad3/p-
Smad3 pathway is one of the mechanisms of fibrosis in the 
lung tissues.16,17 Various factors such as SERPINE1, SMAD6, 
SMAD7, TGFB1, and LTBP3 were reported as Smad2/3 tar-
get genes.18,19 The epithelium is the central component of 
bronchial inflammation and remodeling. The cellular biol-
ogy of an epithelial transcriptional reprogramming event 
known as epithelial-mesenchymal transition (EMT) is one of 

Figure 7.  Pathology. Eosinophilic inflammation in perivascular and peribronchial metaplasia of goblet cells and mucus 
hyperproduction were studied in pathological sections.
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