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Abstract 

Background: Pulmonary fibrosis (PF) is an irreversible interstitial lung disease in which TGF-
β/SMAD signaling pathway plays a critical role in pathogenesis. Thymus species are known for their 
anti-inflammatory and antioxidant properties and may suppress PF by modulating this pathway. 
Therefore, this study aimed to investigate the potential antifibrotic effects of Thymus syriacus essential 
oil (TS) on TGF-β/SMAD pathway in bleomycin-induced PF. Metods: PF was induced with 
bleomycin and TS was administered at concentrations of 50 and 100 mg/ml for 28 days. At the end of 
the experiment, mRNA and protein levels of TGF-β, Smad2, Col1, and α-SMA in lung tissues were 
analyzed using real-time PCR and ELISA. TNF-α levels in BALF were measured by ELISA, while 
tissue ROS levels were determined using 2,7-DHCFDA. Histopathological evaluation was performed 
using Hematoxylin-Eosin and Masson’s-trichrome staining. Blood samples were analyzed for 
kidney, liver, and cardiac toxicity markers. The chemical composition of TS was determined by GC-
MS. Results: TS-treated groups showed increased body weight and significantly reduced levels of 
TGF-β, Smad2, Col1, α-SMA, TNF-α, and ROS compared to the BLM group. PF alterations were 
markedly attenuated by TS treatment. Carvacrol was identified as major constituent of TS. 
Conclusion: Overall, TS alleviates pulmonary fibrosis by suppressing the TGF-β/SMAD2 signaling 
pathway. 
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1. Introduction 

Pulmonary fibrosis is a fatal form of interstitial lung diseases and is chronic, progressive, and 
irreversible [1]. It is characterized by the progressive accumulation of fibroblasts and extracellular 
matrix in the lung [2]. The fibrotic process is associated with chronic inflammation, metabolic 
homeostasis, and transforming growth factor-β1 (TGF-β1) signaling, and the balance between 
oxidant and antioxidant systems appears to be a key modulator in the regulation of these processes 
[3]. Dysregulation of the immune system, together with inflammation, plays a role in the 
development of pulmonary fibrosis. In addition, the process of fibroblast activation also contributes 
to the progression of pulmonary fibrosis. From this perspective, it can be concluded that both 
inflammatory and epithelial pathways lead to the development of lung fibrosis [4]. 

Although smoking is known to be a triggering factor in the development of fibrosis [5], genetic 
and environmental factors may also lead to the formation of pulmonary fibrosis [6]. In addition, 
pulmonary fibrosis can occur as a result of viral infections, most notably herpesviruses. Previous 
studies have reported that SARS-CoV-2 (Covid-19), Torque teno virus and Epstein–Barr virus can 
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induce pulmonary fibrosis [7][8]. Moreover, Additionally, several conditions, including lung cancer, 
atherosclerosis, gastroesophageal reflux, and diastolic dysfunction, are also thought to be associated 
with the development of pulmonary fibrosis. The TGF-β/SMAD pathway is one of the best-known 
fundamental signaling pathways involved in the development of fibrosis. The SMAD family 
signaling cascade plays a critical role in fibrosis and is essential for the activation of the myofibroblast 
phenotype, stimulation of extracellular matrix synthesis, and regulation of integrin expression [9]. 
Specifically, Smad2/Smad3 phosphorylated by TGF-β translocate to the nucleus, where they regulate 
the transcription of fibrosis-related target genes such as MMP1, collagen I, and α-SMA [10]. 

Pirfenidone, which is used in the treatment of pulmonary fibrosis, has been shown to reduce 
fibroblast proliferation and to suppress the mRNA and protein expression levels of transforming 
growth factor-β (TGF-β)–induced α-smooth muscle actin (α-SMA) and procollagen I (Col-I) [11]. 
Studies have demonstrated that pirfenidone inhibits TGF-β, which stimulates collagen production, 
thereby preventing fibroblast proliferation [12]. 

In addition to its antifibrotic effects, pirfenidone may cause gastrointestinal, hepatic, and skin-
related adverse effects. Moreover, pirfenidone is particularly associated with drug–drug interactions 
[13]. Although pirfenidone is used in the treatment of pulmonary fibrosis, it remains insufficient for 
the treatment or suppression of this currently incurable disease, highlighting the need for novel 
antifibrotic agents with fewer or no adverse effects. 

Plants contain secondary metabolites that have fewer or no side effects compared to synthetic 
compounds and are widely used in the treatment of many diseases. Many of these compounds exhibit 
antioxidant and anti-inflammatory activities. Owing to these properties, medicinal plants could be 
considered an alternative approach for suppressing oxidative stress and inflammation-induced 
pulmonary fibrosis. Previous studies have demonstrated that various plant-derived compounds 
contribute to the suppression of fibrosis by modulating TGF-β, SMAD2, SMAD3, α-SMA, COL1 and 
TNF-α which plays a critical role in epithelial–mesenchymal transition (EMT) and extracellular 
matrix aggregation in fibrosis [14]. Furthermore, a study conducted on human airway granulation 
fibroblasts showed that the TGF-β/SMAD2 signaling pathway can be inhibited by phytochemical 
compounds [15].  

The genus Thymus, belonging to the Lamiaceae family, comprises approximately 214 species and 
is primarily distributed across North Africa, Europe, and temperate Asia region [16]. Compounds 
such as thymol obtained from Thymus species are used in the pharmaceutical, food, and cosmetic 
industries due to their antimicrobial, antioxidant, anticarcinogenic, anti-inflammatory, and 
antispasmodic activities [17]. Although previous studies have reported antifibrotic roles of Thymus 
species in liver and lung fibrosis, these studies are quite limited in number [18][19]. While the 
essential oils of Thymus species contain a variety of chemical compounds, no studies have yet 
investigated their antifibrotic effects specifically on pulmonary fibrosis. Within this context, the 
present study aims to determine the effects of Thymus syriacus essential oil, which contains significant 
terpenoid compounds, on the TGF-β/SMAD2 signaling pathway, as well as its role in the expression 
of α-SMA, collagen I, and the proinflammatory cytokine TNF-α. 

2. Results 

2.1. Assessment of Body Weight and Lung Index Parameters 

On the day of bleomycin administration, animals were weighed, and starting three days after 
bleomycin treatment, saline, vehicle, TS-50, and TS-100 were administered. Body weights were 
recorded every three days until the end of the experiment. The body weight changes and total body 
weight percentages of the groups were presented in Figure 1. As shown in the figure 1, control 
(34.29%) and sham (31.14%) groups gained weight throughout the experimental period, and no 
significant difference was observed between these two groups in terms of percentage body weight 
change (p = 0.1839). In contrast, compared with the control group, the BLM (21.36%) and 
BLM+Vehicle (14.6%) groups exhibited a significantly reduced percentage of weight gain (p < 0.0001 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 7 January 2026 doi:10.20944/preprints202601.0519.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202601.0519.v1
http://creativecommons.org/licenses/by/4.0/


 3 of 22 

 

for both groups). However, the BLM+TS50 (32.50%) and BLM + 100 (31.93%) groups showed a 
significantly greater increase in body weight compared with the BLM and BLM+Vehicle groups. 
Moreover, the percentage of body weight gain in the BLM+TS50 (32.50%) and BLM+TS100 (31.93%) 
groups was similar to that of the control group (p = 0.6347 and p = 0.3966, respectively). 

 

Fi�ure 1. Body weights of animals measured over 28 days and percentage changes in body weight. 

Figure 2 displays lung images of the experimental groups taken after sacrifice on day 28 of the 
experiment. As can be seen Figure 2, no pathological changes are visible in the Control and SHAM 
groups, while fibrotic areas are apparent in the BLM and BLM+Vehicle groups. On the other hand, 
fibrotic areas are also visible in the BLM+TS50 and BLM+TS100 groups; however, these are shown to 
be less extensive compared to the BLM and BLM+Vehicle groups. 

Furthermore, lung index results, obtained by calculating the ratio of lung weight to the final day 
body weight of the animals, were presented in Figure 3. Figure 3 shows that the lung index score 
determined in the BLM and BLM + Vehicle groups is higher than that observed in the control and TS-
treated groups. However, when compared with the control group, although an increase in the lung 
index score was observed in the BLM group, this increase was not statistically significant (p = 0.1286); 
in contrast, the increase observed in the BLM + Vehicle group was statistically significant (p = 0.0036). 
When compared with the BLM + Vehicle group, a significant decrease in the lung index score was 
observed in the BLM + TS100 group (p = 0.003). In contrast, although a reduction in the lung index 
score was calculated in the BLM + TS50 group, this decrease was not statistically significant (p = 
0.0814). 
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Fi�ure 2. The lung images of the Control (A), Sham (B), BLM (C), BLM + Vehicle (D), BLM + TS50 (E), and BLM 
+ TS100 (F) groups. 
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Fi�ure 3. Lung Index Scores. 

2.2. Real-Time PCR Analysis of TGF-β1, SMAD-2, COL1, and α-SMA mRNA Levels in Lung Tissues 

TGF-β1, SMAD-2, COL1, and α-SMA mRNA levels in lung tissues were determined using the 
Real-Time PCR method, and the results are presented in Figure 4. As can be seen figure 4, TGF-β1 
mRNA levels did not change in the Control and SHAM groups. However, TGF-β1 mRNA levels were 
significantly elevated in the BLM (2.97-fold) and BLM+Vehicle (2.48-fold) groups compared to the 
Control group (p < 0.0001 and p = 0.0014, respectively). Furthermore, when compared to the 
BLM+Vehicle group, TGF-β1 levels were found to be significantly decreased in the BLM+TS50 (0.57-
fold) and BLM+TS100 (0.54-fold) groups (p = 0.0185 and p = 0.0092, respectively). In addition, SMAD-
2 mRNA levels in lung tissues were increased in the BLM and BLM + Vehicle groups compared with 
the Control and Sham groups, although this increase was not statistically significant (p> 0.05). 
Furthermore, compared with the BLM+Vehicle group, SMAD-2 levels were reduced in the BLM + 
TS50 and BLM + TS100 groups, but this reduction was not statistically significant (p > 0.05). 

COL1 mRNA levels were found to be significantly increased in the BLM (3.15-fold) and 
BLM+Vehicle (2.42-fold) groups compared to the control group (p < 0.0001 and p = 0.0001, 
respectively). When the BLM+Vehicle and BLM+TS50 groups were compared, a decrease in COL1 
levels was observed; however, this decrease was not statistically significant (p > 0.05). On the other 
hand, COL1 mRNA levels in the BLM+TS100 group were found to be significantly decreased 
compared to the BLM+Vehicle group (0.59-fold, p = 0.007). 

Furthermore, α-SMA mRNA levels were observed to be increased in the BLM (2.23-fold) and 
BLM+Vehicle (2.2-fold) groups compared to the control group (p = 0.0001 and p = 0.0004, 
respectively). However, compared to the BLM+Vehicle group, α-SMA mRNA levels were 
significantly reduced in the BLM+TS50 (0.52-fold) and BLM+TS100 (0.49-fold) groups (p = 0.0035 and 
p = 0.001, respectively). 
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Fi�ure 4. TGF-β1, SMAD-2, COL1, and α-SMA mRNA levels in lung tissues. 

2.3. Determination of TGF-β1, SMAD2, COL1, and α-SMA Protein Levels  

The total protein amounts in the supernatants obtained from lung tissues were determined using 
the BCA assay, and protein levels were normalized prior to use in the experiments. Subsequently, 
TGF-β, Smad-2, α-SMA, and Col-1 levels in the lung tissues were compared among the different 
experimental groups, and the results were presented in Figure 5. No statistically significant difference 
was detected in TGF-β, Smad-2, α-SMA, and Col-1 levels between the Control and Sham groups. In 
BLM group, TGF-β levels in lung tissues were found to be significantly increased compared to the 
Control and Sham groups (p = 0.0389). Similarly, Smad-2, α-SMA, and Col-1 levels were also 
significantly increased in the BLM group (p = 0.0012, p = 0.0261, and p = 0.0002, respectively), 
indicating that bleomycin induces a strong fibrotic response.  

In the groups treated with TS (BLM+TS50 and BLM+TS100), a distinct reduction was observed 
in the levels of all fibrotic markers compared to the BLM and BLM+Vehicle groups. Specifically, TGF-
β levels decreased significantly with TS treatment (p = 0.0027 and p = 0.0034), and a similar reduction 
was detected in Smad-2 levels (p = 0.016 and p = 0.0183). Furthermore, α-SMA and Col-1 levels were 
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found to be significantly decreased following TS administration (p = 0.0099 for α-SMA; p = 0.0152 and 
p = 0.0022 for Col-1), and these values were determined to be similar to those in the Control/Sham 
groups. 

 

Fi�ure 5. TGF-β1, SMAD2, COL1, and α-SMA Protein Levels. 

2.4. Determination of TNF-α Levels in BALF 

Figure 6 shows the BALF TNF-α concentrations in the Control, SHAM, BLM, and TS groups. No 
statistically significant difference in TNF-α levels was detected between the Control and Sham groups 
(p = 0.7034). On the other hand, in the group administered BLM, BALF TNF-α levels were 
significantly elevated compared to the Control and Sham groups (p = 0.0231 and p = 0.0146, 
respectively). TNF-α levels in the BLM+Vehicle group were similarly high compared to the BLM 
group, indicating that vehicle administration had no additional effect on BLM-induced inflammation. 
In contrast, in the BLM+TS50 and BLM+TS100 groups, BALF TNF-α levels were significantly reduced 
compared to both the BLM and BLM+Vehicle groups (p = 0.0225 and p = 0.0240, respectively). 
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Fi�ure 6. TNF-α levels in BALF and ROS levels in Lung tissues. 

2.5. Determination of ROS Levels in Lung Tissue 

ROS levels in lung tissue homogenates were determined fluorometrically using the DCFH-DA 
method, and the results are expressed in fluorescence units (Figure 6). As seen in Figure 6, ROS levels 
were significantly increased in the BLM and BLM+Vehicle groups compared to the Control group (p 
= 0.0126 and p = 0.0002, respectively). When the BLM+Vehicle group was compared to the TS50 and 
TS100 groups, ROS levels were found to be significantly decreased in both groups (p = 0.003 and p = 
0.0053, respectively). However, no significant difference was detected between BLM+TS50 and 
BLM+TS100 groups (p = 0.9998). 

2.6. Histopathological Evaluation and Ashcroft Scoring Results 

Lung tissue samples were histopathologically examined using hematoxylin-eosin (H&E) and 
Massonʹs trichrome staining methods, and the degree of fibrosis was assessed using the Ashcroft 
scoring system (Table 2) [20]. The fibrosis scoring results were presented in Figure 7. Compared with 
the control group, the fibrosis score (severity of lung fibrosis) was significantly increased in the BLM 
and BLM+Vehicle groups (p < 0.0001 for both). In contrast, fibrosis scores were significantly reduced 
in the BLM+TS50 and BLM+TS100 groups compared to the BLM+Vehicle group (p = 0.005 and p < 
0.0001, respectively). 

Table 2. Ashcroft scale for histological grading of lung damage. 

Grade Histolo�ical Findin�s 
0 Normal lung,  
1 Alveoli partly enlarged and rarefied, but no fibrotic masses present 
2 Alveoli partly enlarged and rarefied, but no fibrotic masses 
3 Alveoli partly enlarged and rarefied, but no fibrotic masses 
4 Single fibrotic masses (fibrotic area covering ≤10% of the microscopic field) 
5 Confluent fibrotic masses (fibrotic area covering >10% and ≤50% of the microscopic field). 
6 Large contiguous fibrotic masses (fibrotic area covering >50% of the microscopic field) 
7 Alveoli nearly obliterated with fibrous masses but a few air bubbles remain 
8 Microscopic field completely occupied by fibrotic masses 
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Fi�ure 7. Histological fibrosis scores in lung tissues. 

Lung tissues were stained using hematoxylin-eosin (H&E) and Massonʹs trichrome staining 
methods, and the images are presented in Figures 8 and 9, respectively. In the Control and Sham 
groups, the Ashcroft score was determined as “0”. H&E staining revealed no fibrotic burden in the 
alveolar septa, and no septal thickening, cellular inflammation, or fibrotic changes were observed. 
The normal alveolar architecture of the lung parenchyma was fully preserved. Similarly, Massonʹs 
trichrome staining showed no increase in connective tissue, indicating that the lung tissue maintained 
a completely normal histological structure. 

In the BLM group, the Ashcroft score was evaluated as “4”. H&E staining revealed variable 
fibrotic changes between areas in the alveolar septa. Limited, small foci of fibrotic masses were 
observed in less than 10% of the microscopic fields of the lung tissue. Massonʹs trichrome staining 
showed a marked increase in connective tissue, consistent with the presence of these limited fibrotic 
area. In the BLM + Vehicle group, the Ashcroft score was determined as “5”. H&E staining revealed 
marked thickening of the alveolar septa and dense fibrotic bands. Large, contiguous fibrotic masses 
were observed in 10–50% of the microscopic fields. Despite substantial damage to the parenchymal 
structure, the overall architecture of the lung was preserved. Massonʹs trichrome staining showed a 
pronounced increase in connective tissue, consistent with an advanced fibrotic pattern. 

In the BLM + TS50 group, the Ashcroft score was evaluated as “3”. H&E staining revealed septal 
thickening and contiguous fibrotic bands throughout the microscopic fields, with septal thickness 
reaching approximately three times that of normal. Alveoli were mildly enlarged and sparsely 
distributed, but no prominent fibrotic masses were observed. Massonʹs trichrome staining showed a 
mild increase in connective tissue. In the BLM + TS100 group, the Ashcroft score was determined as 
“2”. H&E staining demonstrated marked thickening of the alveolar septa (approximately three-fold) 
with nodular, non-contiguous fibrotic areas. Although alveolar spaces were slightly enlarged and 
sparse, no significant fibrotic masses were detected. Massonʹs trichrome staining revealed a very mild 
increase in connective tissue. 
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Fi�ure 8. Histopathological images of lung tissues stained with hematoxylin and eosin. A: Control, B:SHAM, 
C:BLM, D:BM+Vehicle, E:BLM+TS50, F:BLM+TS100. 

 

Fi�ure 9. Massonʹs trichrome-stained lung tissue sections. A: Control, B:SHAM, C:BLM, D:BM+Vehicle, 
E:BLM+TS50, F:BLM+TS100. 

2.7. Evaluation of Serum Biochemical Parameters 

Serum biochemical parameters were analyzed to assess potential systemic toxicity and organ 
functions in the experimental groups, and the results are presented in Figure 10. The parameters 
examined include low-density lipoprotein (LDL), total protein, serum albumin, alanine 
aminotransferase (ALT), aspartate aminotransferaz (AST), alkaline phosphatase (ALP), creatine 
kinase (CK), urea nitrogen, and uric acid. LDL levels showed a similar distribution among the groups, 
and it was observed that BLM and TS applications did not lead to a significant change in the lipid 
profile. No significant differences were detected in total protein and serum albumin levels among the 
control, saline, BLM, and BLM+TS groups. This finding suggests that the treatments did not adversely 
affect general protein metabolism and nutritional status. 
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When the levels of liver function indicators ALT, AST, and ALP were evaluated, a slight 
increasing trend was observed in the BLM and BLM+Vehicle groups; however, these increases were 
not at a level indicative of marked hepatotoxicity. In the TS-treated groups (BLM+TS50 and 
BLM+TS100), ALT and AST levels tended to be lower compared to the BLM group, while ALP levels 
were observed to be close to those of the control group. No significant differences were observed 
among the groups in creatine kinase levels, which reflect cardiac damage. Kidney function indicators, 
urea nitrogen and uric acid levels, remained within physiological limits in all groups. Specifically, in 
the TS-treated groups, urea nitrogen levels were found to be similar to those of the control group, 
and no clinically significant increase was observed in uric acid levels. 

 

Fi�ure 10. Serum Biochemical Parameters. 

2.8. Evaluation of GC–MS Analysis 

GC–MS analysis identified a total of 57 compounds in the TS essential oil, with the identified 
compounds accounting for 97.15% of the total oil composition (Table 3). As can be seen, the essential 
oil was found to be rich in monoterpenes (2.8%), oxygenated monoterpenes (78.6%), and 
sesquiterpenes (7.5%). The most dominant compound was carvacrol, constituting more than half of 
the total oil components at 53.36%. The second most abundant compound was identified as carvone 
(15.59%). Other major components included endo-borneol (6.85%) and (+)-2-borneanone (1.87%). 
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Within the sesquiterpene category, compounds such as caryophyllene (1.24%), caryophyllene oxide 
(1.36%), germacrene-D (0.14%), and δ-cadinene (0.42%) were detected. Notably, globulol (0.37%), 
isospathulenol (0.40%), and α-/τ-cadinol derivatives were prominent as oxygenated sesquiterpenes. 
Aliphatic compounds, including n-hexadecanoic acid (0.18%) and eicosane (1.72%), were also 
detected, albeit at lower concentrations.  

Table 3. Compounds identified in the GC-MS analysis of T. syriacus essential oil. 

NO R.T. % Compounds 
1 11.833 0.09 Bicyclo[3.1.0]hex-2-ene, 4-methylene-1-(1-methylethyl)- 
2 11.969 0.09 Camphene 
3 13.591 0.08 1-octen-3-ol 
4 13.934 0.15 3-octanone  
5 14.394 0.20 3-octanol 
6 15.356 0.24 α-Terpinene 
7 15.740 0.52 Benzene, methyl(1-methylethyl)-  
8 17.510 0.44 γ-terpinene 
9 19.645 0.26 Linalool 

10 21.593 0.10 Bicyclo[3.1.1]heptan-3-ol,6,6-dimethyl-2-methylene- 
11 21.935 1.87 (+)-2-Bornanone 
12 22.979 6.85 Endo-borneol 
13 24.370 0.23 α-Terpineol 
14 24.684 0.24 Dihydrocarvone 
15 26.378 0.18 Thymyl methyl ether 
16 27.247 0.83 Thymoquinone 
17 27.430 0.24 Cis-α-bisabolene 
18 27.645 0.34 Linalyl acetate 
19 29.455 53.36 Carvacrol 
20 29.795 15.59 Carvone 
22 35.031 1.24 Caryophyllene 
23 35.885 0.17 (+)-Aromadendrene 
24 37.473 2.60 1h-cycloprop[e]azulen-7-ol,decahydro-1,1,7-trimethyl-4-methylene 
25 37.665 0.10 γ-muurolene 
26 37.886 0.37 Globulol 
27 38.318 0.34 Ledene 
28 38.495 0.23 Naphthalene 
29 38.723 0.40 Isospathulenol 
30 39.100 0.14 Germacrene-d 
31 39.486 0.42 δ-cadinene 
32 40.741 0.12 1h-benzocyclohepten-7-ol,  
33 41.376 0.13 Cyclohexene, 1,2,4-trimethyl-4-(1-methylethenyl)- 
34 41.762 2.16 1h-cycloprop[e]azulen-7-ol,  
35 41.998 1.36 Caryophyllene oxide 
37 43.079 0.24 3-methyl-5-(2,6,6-trımethyl-1-cyclohexen-1-yl)-1-pentyn-3-ol 
38 43.593 0.12 Ledene 
39 43.939 0.29 1h-cycloprop[e]azulene,  
41 44.265 0.11 Tau-cadinol 
42 44.482 0.31 4a,7-methano-4ah-naphth[1,8a-b]oxirene,  
43 44.798 0.21 α-Cadinol 
44 44.914 0.16 Androstan-17-one, 3-ethyl-3-hydroxy 
46 46.039 0.11 1-naphthalenamine, 4-bromo 
47 53.643 0.15 3-benzylsulfonyl-2,6,6-trimethylbicyclo(3.1.1)heptane 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 7 January 2026 doi:10.20944/preprints202601.0519.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202601.0519.v1
http://creativecommons.org/licenses/by/4.0/


 13 of 22 

 

49 54.165 0.12 7,9-di-tert-butyl-1-oxaspiro[4.5]deca-6,9-diene-2,8-dione 
51 55.666 0.18 n-Hexadecanoic acid 
52 61.282 1.03 Methanesulfonic acid,  

54 61.728 0.10 3,3,5,8,10,10-hexamethyltricyclo[6.2.2.0(2,7)]dodeca-5,11-diene-4-spiro-1ʹ-
cyclo 

55 61.991 0.53 Indan, 2-butyl-5-hexyl 
56 63.397 0.09 2,6,11,15-tetramethyl-hexadeca-2,6,8,10,14-pentaene 
57 66.156 1.72 Eicosane 

  2.8 Monoterpenes 
  78.6 Oxy�enated monoterpenes 
  7.5 Sesquitepernes 
  8.1 Other 
  Total 97.15   

R.T: Retention Time. 

3. Discussion 

Bleomycin is an agent used in cancer treatment; however, as a side effect, it also triggers 
pulmonary fibrosis and affects approximately 10% of patients taking the drug[21]. Fibrosis is 
characterized by excessive growth, hardening, and/or scar formation in various tissues. It is attributed 
to the excessive accumulation of extracellular matrix components, primarily collagen, and is the end 
product of chronic inflammatory reactions[22]. In the BLM-induced pulmonary fibrosis model, key 
factors include oxidative stress and cytokines. Cytokines such as TNF-α and growth factors such as 
TGF-β play a role in the development of pulmonary fibrosis in association with oxidative stress. TNF-
α exacerbates inflammation and supports the fibrotic process due to oxidative stress. Furthermore, 
fibrosis is characterized by increased TGF-β1 expression [23–25] and TGF-β1 is involved in fibroblast 
activation, myofibroblast transformation, and the accumulation of collagen and extracellular matrix 
[26,27]. The activation of TGF-β1 triggers the SMAD signaling pathway[28]. Activated 
SMAD2/SMAD3 molecules are translocated into the nucleus, where they stimulate fibrosis-related 
transcription factors and activate genes such as collagen type 1 and α-SMA in the fibrotic 
mechanism[29]. The development of pulmonary fibrosis is a critical stage associated with collagen 
accumulation resulting from the activation of fibroblasts and their differentiation into 
myofibroblasts[30]. Excessive collagen accumulation is regarded as a source of severe disruption in 
the normal histological structure of lung tissue, such as thickening of the alveolar walls. It is 
accompanied by the loss of alveolar structures in the lung and thickening of the alveolar walls due to 
follicular accumulations of lymphocytes in the interstitial space. The number of agents used clinically 
for the treatment of pulmonary fibrosis is limited. Drugs such as pirfenidone and nintedanib are used 
in the treatment of the disease, but these drugs can only slow its progression[31,32]. Indeed, the 
identification of new and non-toxic compounds with antifibrotic effects in this field is of great 
importance. 

Medicinal plants possess a wide range of biological activities, including antioxidant[33], 
anticancer[34], anti-inflammatory[35], antidiabetic, antimutagenic effects[36], among others. 
Furthermore, plants and their isolated compounds have been reported to exhibit significant 
antifibrotic effects in experimental models of pulmonary fibrosis[21]. Previous studies have reported 
that Thymus species may play a role in suppressing pulmonary and liver fibrosis[18,19].  the 
discovery of natural and easily accessible agents with no side effects for the suppression or treatment 
of pulmonary fibrosis is important, and the antifibrotic effects of Thymus species require more 
detailed investigation. In this context, our study molecularly investigated the antifibrotic effect of T. 
syriacus essential oil in a bleomycin-induced lung fibrosis model. Following daily administration of 
TS essential oil at concentrations of 50 and 100 mg/ml for 28 days, animal body weights were found 
to be higher compared to the BLM and BLM+vehicle groups. Conversely, only in the BLM and 
BLM+vehicle groups was a decrease in animal body weight observed relative to the other groups. 
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Consistent with our findings, previous studies have similarly demonstrated that animal body 
weights decrease in BLM-treated groups and increase with the use of antifibrotic agents[37]. 
Furthermore, our study determined that lung index scores increased in the BLM and BLM+Vehicle 
groups, whereas they decreased in the TS-treated groups. The increase in lung index scores in BLM 
groups and their reduction in treatment groups have also been demonstrated in previous studies[37].  

Among the key markers of fibrosis, cytokines such as TNF-alpha and Interleukin-1β play a 
role[38]. TNF-α binds to TNFR1 receptors, activating signaling pathways that lead to the production 
of reactive oxygen species (ROS). ROS, such as hydrogen peroxide (H₂O₂), superoxide anion (O₂•⁻), 
hydroxyl radical (HO•), and nitric oxide (NO), cause oxidative stress, resulting in tissue damage. The 
interaction between oxidative stress and TGF-β plays a critical role in inducing fibrosis. By increasing 
ROS production, TGF-β triggers oxidative stress[3]. In present study, it has been demonstrated that 
TNF-α, a marker of bleomycin-induced lung inflammation, was increased in the bronchoalveolar 
lavage fluid (BALF) isolated from the lungs of the BLM and BLM+Vehicle groups. Furthermore, the 
rise in TNF-α levels was suppressed in a concentration-dependent manner following treatment with 
TS essential oil. Additionally, ROS levels were elevated in the BLM and BLM+Vehicle group tissues, 
while they were reduced in the BLM+TS50 and BLM+TS100 groups. In this context, it can be stated 
that TS administration significantly suppressed the inflammatory response, indicating that TS may 
possess anti-inflammatory effects in bleomycin-induced lung inflammation. Studies conducted with 
different species of the Lamiaceae family have reported that TNF-α levels are suppressed in 
pulmonary fibrosis[39]. Based on our literature review, no previous studies have been found 
demonstrating the effects of Thymus species on TNF-α and ROS levels in lung tissues or BALF. In 
addition, it has been demonstrated that various plants belonging to Lamiaceae species play a role in 
suppressing organ fibrosis triggered by an increase in TGF-β-induced SMAD2 and α-SMA levels[39]. 
In this context, our study showed that in groups treated with TS essential oil, the expression of α-
SMA and Collagen 1 was suppressed at both the mRNA and protein levels, which is associated with 
the inhibition of the TGF-β/Smad2 signaling pathway. The reduction in TGF-β/Smad2, α-SMA, and 
collagen 1 levels at the mRNA and protein levels suggests that TS essential oil significantly attenuates 
the fibrotic response and indicates that TS may be a potential antifibrotic agent against bleomycin-
induced pulmonary fibrosis. 

In this study, it was demonstrated that bleomycin administration caused significant fibrotic 
changes in lung tissue and that TS essential oil application reduced the severity of fibrosis, consistent 
with Ashcroft scores and histopathological findings. Following histopathological examination, 
fibrotic alterations such as thickening of alveolar septa, adjacent fibrotic bands, and expansion of 
alveoli were observed in the BLM and BLM+Vehicle groups, whereas these fibrotic changes 
decreased with TS essential oil treatment. These findings support the conclusion that TS possesses 
significant potential in suppressing bleomycin-induced pulmonary fibrosis. Moreover, blood 
samples taken from all groups were biochemically evaluated for kidney, liver, and cardiac toxicity. 
Among the examined parameters including low-density lipoprotein (LDL), total protein, serum 
albumin, alanine aminotransferase (ALT), aspartate aminotransferase (AST), alkaline phosphatase 
(ALP), creatine kinase (CK), urea nitrogen, and uric acid—no significant changes were observed 
between the control, BLM, and treatment groups. Overall, these findings indicate that bleomycin and 
TS applications do not cause serious toxicity in systemic biochemical parameters. It was concluded 
that TS treatment exhibits a safe profile in terms of liver, kidney, and metabolic functions in the 
bleomycin-induced lung injury model, and that the observed therapeutic effects are independent of 
systemic side effects.  

Finally, in our study, the volatile oil components of T. syriacus were identified using the GC–MS 
method. The major constituents of the essential oil were determined to be carvacrol and carvone, 
respectively, with carvacrol accounting for more than half of the total oil content. Previous studies 
have similarly demonstrated that carvacrol is the principal component of T. syriacus essential 
oil[40,41]. Carvacrol has been reported to exhibit antioxidant properties by suppressing 
malondialdehyde (MDA) production and increasing glutathione levels, as well as anti-inflammatory 
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effects through modulation of inflammatory markers such as TNF-α and IL-6[42]. Moreover, it has 
been demonstrated that carvacrol plays a role in attenuating renal and hepatic fibrosis through 
inhibition of the TGF-β/Smad signaling pathway[43,44]. Finally, a reduction in inflammation and 
fibrotic lesions has been shown in a bleomycin-induced pulmonary fibrosis model following 
carvacrol treatment[45]. Taken together, these findings suggest that the antifibrotic effects observed 
in our study may be largely attributed to the high carvacrol content of T. syriacus essential oil. 

4. Materials and Methods 

4.1. Collection, Drying, and Essential Oil Extraction of Thymus syriacus 

Thymus syriacus was collected on May 30, 2024, from the Gaziantep-Nizip region, Turkey. The 
species was taxonomically identified by Associate Professor Dr. Mustafa Pehlivan from the 
Department of Biology, Gaziantep University, and was assigned an individual herbarium number 
(MPH2022-1). The aerial parts of the collected plants were washed and subsequently air-dried in a 
dark, well-ventilated environment. For essential oil extraction, the dried plant material was ground 
into a fine powder and subjected to hydrodistillation using a Clevenger apparatus for 3 hours, 
yielding 2.09% (w/w) essential oil. The obtained oil was stored at +4 °C until further experimental 
use. 

4.2. Pulmonary Fibrosis Model 

This study was approved by the Adıyaman University Experimental Animals Ethics Committee 
(protocol number: 2024/044). Male Wistar albino rats, aged 8-12 weeks and bred at the Adıyaman 
University Experimental Animals Center, were used in the experiments. The animals were 
maintained under a controlled 12-hour light/dark cycle and provided with ad libitum access to 
drinking water and standard rat chow  

Pulmonary fibrosis was induced in rats via intratracheal administration of bleomycin. Briefly, 
the pulmonary fibrosis model was established by administering bleomycin at a dose of 5 mg/kg, 
dissolved in 100 µL of sterile saline, directly into the trachea. Rats were anesthetized, and a small 
midline incision was made at the cervical region to access the trachea, after which the solution was 
delivered using an insulin syringe (Figure 11).  
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Fi�ure 11. Establishment of the pulmonary fibrosis model by intratracheal administration of bleomycin. 

Experimental 1. This group serves as the untreated control, in which no interventions were 
performed. 

Group 2: The sham group consisted of rats that underwent surgical exposure of the trachea only 
and received 0.1 mL of saline (the bleomycin vehicle). 

Group 3: the bleomycin group, pulmonary fibrosis was induced by surgically exposing the 
trachea and administering bleomycin at a dose of 5 mg/kg. 

Group 4: the bleomycin + vehicle group, rats that received bleomycin were additionally 
administered 0.5 mL of sunflower oil, which served as the vehicle for the essential oils. 
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Group 5: the bleomycin + Thymus syriacus essential oil group (50 mg/mL), the essential oil was 
administered via gavage starting on 3 days after bleomycin administration. 

Group 6: the bleomycin + Thymus syriacus essential oil group (100 mg/mL), the essential oil was 
administered via gavage starting on 3 days after bleomycin administration. 

On day 28 of the experiment, all animals were sacrificed under ketamine and xylazine 
anesthesia, and lung tissues were harvested. The thorax was opened via a midline incision under 
anesthesia, and the trachea was cannulated using a plastic catheter attached to a 10 mL syringe. 
Bronchoalveolar lavage fluid (BALF) was collected by instilling 5 mL of sterile saline into the lungs 
five times, with gentle massage to facilitate fluid recovery. The BALF was then centrifuged at 300 × g 
for 10 minutes at 4 °C to obtain the supernatant for biochemical analyses.  

For histopathological examinations, one-third of the lung tissue was fixed in 10% formalin. The 
remaining tissue samples were stored at −80 °C until further molecular analyses. In addition, blood 
samples were collected for biochemical analyses and stored at +4 °C. 

4.3. Determination of Animal Body Weights 

The body weight of the animals was assessed at the beginning and the end of the experiment. 
The percentage of body weight gain for each group was calculated using the following equation: 

BW (%) = [(fBW - iBW) / fBW] × 100 (1) 

where BW is the percentage of body weight gain, fBW is the final body weight at the end of the 
experimental period, and iBW is the initial body weight at the beginning of the experimental period. 

4.4. Determination of the Lung Index 

After the sacrifice of the rats, the lungs, including the trachea, were completely excised and 
weighed at the end of the experiment to determine the lung-to-body weight ratio. The lung index 
was calculated using the following formula: 

Lung Index= Lung Weight / Body Weight (2) 

4.5. Determination of Total Protein Levels 

Lung tissue samples weighing 100 mg each were homogenized in 1/10 (w/v) cold saline using a 
homogenizer. The homogenate was then centrifuged at 10000 g for 10 minutes, and the supernatant 
was collected. Total protein levels in the supernatant were determined using a BCA-ELISA kit. The 
total protein concentrations in the lung samples were measured according to the manufacturer’s 
protocol. 

4.6. Evaluation of the Pro-Inflammatory Cytokine TNF-α in BALF 

The levels of the pro-inflammatory cytokine tumor necrosis factor-alpha (TNF-α) in the BALF 
were quantified using a commercial rat-specific enzyme-linked immunosorbent assay (ELISA) kit 
(Finetest, China), according to the manufacturerʹs instructions 

4.7. Determination of TGF-β, SMAD2, Col1, and α-SMA Levels  

The levels of transforming growth factor-beta (TGF-β), mothers against decapentaplegic 
homolog 2 (SMAD2), collagen type I (COL1), and alpha-smooth muscle actin (α-SMA) in lung tissue 
homogenates were quantified using commercial rat-specific enzyme-linked immunosorbent assay 
(ELISA) kits (FineTest, China), following the respective manufacturerʹs protocols.  

4.8. RNA Isolation from Lung Tissues and Preparation of cDNA Samples 

The lung tissues were placed into sterile tubes and homogenized using a homogenizer. RNA 
was isolated from the tissues, and the extracted RNA was subsequently reverse-transcribed into 
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cDNA using a cDNA synthesis kit according to manufacturerʹs protocols. . cDNA synthesis reactions 
were performed for real-time PCR. The forward primer sequences for TGF-β, SMAD2, COL1, and α-
SMA are listed in Table 1. 

4.9. Analysis of Gene Expression Using Quantitative Real-Time PCR (qRT-PCR) 

Gene expression analyses were performed using SYBR Green PCR Master Mix on a QIAGEN 
Rotor-Gene Q Real-Time PCR system (QIAGEN Sample & Assay Technologies, Germany), according 
to the manufacturerʹs protocol. 

Table 1.  Primer sequences for target mRNA analysis in lung tissue. 

Gapdh Forward CACAGTCAAGGCTGAGAATG 
 Reverse GCATTGCTGACAATCTTGAG 

Tgf-β Forward TACGCCAAAGAAGTCACCCG 
 Reverse GTGAGCACTGAAGCGAAAGC 

SMAD2 Forward AGGGCTTTGAGGCTGTCTACC 
 Reverse GTCCACGCTGGCATCTTCTG 

COL1 Forward     GCAAGAGGCGAGAGAGGTTT   
 Reverse     ACCAACGTTACCAATGGGGC   

α-SMA Forward TTCGTGACTACTGCTGAGCG 
 Reverse CTGTCAGCAATGCCTGGGTA 

4.9. Assesment of Histopathological of Lung Tissues 

Lung specimens were fixed in 10% neutral-buffered formalin for 7 days. Following fixation, the 
specimens were dehydrated through a graded alcohol series, cleared in xylene, and embedded in 
paraffin. Sections were cut at 7 µm using a manual microtome (RM 2125; Leica Instruments, 
Nussloch, Germany). Sections were mounted on slides, deparaffinized, rehydrated, and then stained 
using a Masson’s trichrome kit (Bio-Optica, Milan, Italy). For histopathological evaluation, sections 
were photographed at 40× magnification using a light microscope (Axiocam ERc5s; Carl Zeiss, 
Göttingen, Germany) equipped with a digital camera. 

4.10. Biochemical Analyses of Blood Samples 

For biochemical analyses, blood samples collected in EDTA-containing tubes were centrifuged 
at 4000 rpm for 10 minutes at 4°C to separate the serum. The serum was then aliquoted and stored at 
-20°C until analysis. Clinical biochemistry parameters were measured using an automated analyzer. 
The liver profile included total protein, alkaline phosphatase (ALP), alanine aminotransferase (ALT), 
and aspartate aminotransferase (AST); the renal profile included urea and uric acid; and the cardiac 
profile included creatinine kinase (CK). 

4.11. Determination of the Phytochemical Content of Thymus syriacus Essential Oil 

The chemical composition of the essential oil obtained from Thymus syriacus was determined by 
gas chromatography–mass spectrometry (GC-MS). The analysis was performed using an Agilent 
Technologies 6890 N gas chromatograph equipped with an HP-5 MS capillary column (30 m × 0.25 
mm i.d., 0.25 µm film thickness; 5% phenyl methyl siloxane) coupled to an Agilent 5972 
mass-selective detector. Electron-ionization (EI) mode was used at 70 eV. Helium was employed as 
the carrier gas at a flow rate of 1 mL/min. The injector and detector temperatures were set at 220 °C 
and 290 °C, respectively. The following temperature program was applied to achieve optimal 
separation: the column temperature was initially held at 50 °C for 2 min, then increased at a rate of 
3 °C/min to 250 °C and held for 5 min. Samples were prepared by diluting the essential oil in acetone 
(1:100, v/v), and 1.0 µL of each diluted sample was injected in splitless mode. 
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4.12. Statistical Analyses 

Statistical comparisons between multiple groups were performed using one-way analysis of 
variance (ANOVA) followed by Tukey’s post-hoc test for pairwise comparisons. Analyses were 
conducted using GraphPad Prism software version 8.0.2 (GraphPad Software, San Diego, CA, USA). 
A p-value of less than 0.05 was considered statistically significant. 

5. Conclusions 

In this study, the antifibrotic properties of T. syriacus (TS) essential oil on the TGF-β1/SMAD2 
signaling pathway and its associated fibrotic markers, collagen type I (Col1) and α-smooth muscle 
actin (α-SMA), were investigated in a bleomycin-induced pulmonary fibrosis model using molecular, 
biochemical, and histopathological approaches. The results demonstrated that TS essential oil 
suppresses the TGF-β1/SMAD2 pathway, targets Col1 and α-SMA expression, and consequently 
inhibits the mechanisms underlying fibrotic formation in lung tissue. In addition, TS administration 
was shown to exert no toxic effects on vital organs such as the heart, liver, and kidneys. 

To the best of our knowledge, no previous studies have reported the effects of TS on pulmonary 
fibrotic signaling pathways; therefore, the findings of the present study may represent the first report 
in this field. Overall, our in vivo results provide evidence that TS essential oil may serve as a potential 
therapeutic agent by exerting anti-inflammatory and antifibrotic effects in bleomycin-induced 
pulmonary fibrosis, and these findings may contribute to and guide future research in this area.  

Nevertheless, this study has some of limitations. These include the lack of protein-level 
validation of the tested markers using Western blot analysis, the absence of tissue malondialdehyde 
(MDA) level measurements, and the lack of a positive control treatment such as pirfenidone. 
Therefore, future studies are recommended to address these limitations. Moreover, while the present 
study focused solely on the TGF-β/SMAD signaling pathway, it is suggested that other fibrosis-
related mechanisms, particularly the Wnt/β-catenin signaling pathway, should also be investigated 
following TS essential oil treatment and compared with the TGF-β/SMAD pathway to provide a more 
comprehensive understanding of its antifibrotic mechanisms 
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TNF-α Tumor Necrosis Factor alpha 
TGF-β Transforming Growth Factor beta 
Col-1 Collagen type I 
α-SMA Alpha–Smooth Muscle Actin 
Smad SMAD family signaling proteins 
GC-MS Gas Chromatography–Mass Spectrometry 
EDTA Ethylenediaminetetraacetic Acid 
PCR Polymerase Chain Reaction 
BALF Bronchoalveolar Lavage Fluid 
BCA Bicinchoninic Acid 
MMP Matrix Metalloproteinase 
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