
Vol.:(0123456789)

Naunyn-Schmiedeberg's Archives of Pharmacology 
https://doi.org/10.1007/s00210-024-03273-7

RESEARCH

Carvacrol protects rats against bleomycin‑induced lung oxidative 
stress, inflammation, and fibrosis

Marzieh Pashmforosh1 · Hossein Rajabi Vardanjani2 · Layasadat Khorsandi3 · Saeedeh Shariati4,5,6 · 
Shokooh Mohtadi4,5,6 · Mohammad Javad Khodayar5,6 

Received: 29 August 2023 / Accepted: 1 July 2024 
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2024

Abstract
The main objective of this study was to investigate the potential efficacy of carvacrol (CAR) in mitigating bleomycin (BLM)-
induced pulmonary fibrosis (PF). Sixty-six male Wistar rats were assigned into two main groups of 7 and 21 days. They 
were divided into the subgroups of control, BLM, CAR 80 (only for the 21-day group), and CAR treatment groups. The 
CAR treatment groups received CAR (20, 40, and 80 mg/kg, orally) for 7 or 21 days after an instillation of BLM (5 mg/kg, 
intratracheally). Results indicated that BLM significantly increased total cell count in bronchoalveolar lavage fluid and the 
percentages of neutrophils and lymphocytes, and reduced the percentage of macrophages. CAR dose-dependently decreased 
total cell count and the percentage of neutrophils and lymphocytes. CAR significantly reduced thiobarbituric acid reactive 
substances and hydroxyproline levels and elevated the total thiol level and catalase, superoxide dismutase, and glutathione 
peroxidase activities in BLM-exposed rats. Furthermore, CAR decreased the transforming growth factor-β1, connective 
transforming growth factor, and tumor necrosis factor-α on days 7 and 21. BLM increased interferon-γ on day 7 but decreased 
its level on day 21. However, CAR reversed interferon-γ levels on days 7 and 21. Based on histopathological findings, BLM 
induced inflammation on days 7 and 21, but for induction of fibrosis, 21-day study showed more fibrotic injuries than the 
7-day group. CAR showed the improvement of fibrotic injuries. The effect of CAR against BLM-induced pulmonary fibrosis 
is possibly due to its antioxidant, anti-inflammatory, and antifibrotic activity.
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Introduction

Pulmonary fibrosis (PF) is the serious adverse effect of ble-
omycin therapy in up to 10% of patients and leads to death 
in 1–3% of them. Proliferation of fibroblasts, excessive dep-
osition of collagen, and loss of lung function are all symp-
toms of this condition (Liu et al. 2017; Shariati et al. 2019b; 
Zhang et al. 2019). Bleomycin (BLM)-induced PF occurs 
probably due to oxidative stress, low level of BLM hydro-
lase in the lung, genetic susceptibility, and amplification 
of fibrotic cytokines (Ge et al. 2018; Shariati et al. 2019a). 
Since the Food and Drug Administration (FDA) approved 
drugs for the PF have poor efficacy in most patients, fur-
ther investigations are essential to find antifibrotic drugs 
with high efficacy and low adverse effects (Canestaro et al. 
2016). According to some research, inflammatory cells can 
generate reactive species, pro-inflammatory cytokines, pro-
teases, peroxidases, and growth factors like transforming 
growth factor beta-1 (TGF-β1) can harm lung tissue (Lee 
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et al. 2010; Zhang et al. 2015; Rangarajan et al. 2018). The 
most critical cytokines in the pathogenesis of PF include 
TGF-β1, connective tissue growth factor-β (CTGF-β), tumor 
necrosis factor-α (TNF-α), and interferon-γ (IFN-γ). The 
imbalance of these mediators leads to the proliferation of 
fibroblasts and activation of myofibroblasts, which causes 
massive collagen accumulation, lung tissue remodeling, and 
respiratory impairment (Zaghloul et al. 2019; Zhao et al. 
2019). Therefore, suppression of inflammatory cytokines 
secretion by anti-inflammatory agents is considered an 
important therapeutic target in PF (Zhao et al. 2019).

Carvacrol [C6H3CH3 (OH) (C3H7)] (CAR) is a phenolic 
monoterpene that has shown many pharmacological activi-
ties, including anti-inflammatory, antioxidant, antispas-
modic, and tracheal muscle-relaxing effects (Sharifi‐Rad 
et al. 2018, Silva et al. 2018).

CAR, a monoterpenoid phenolic compound found in 
plants like oregano and thyme, exhibits wide therapeu-
tic effects, including reducing respiratory inflammation. 
In Iranian traditional medicine, Zataria multiflora Boiss 
(Labiatae) is utilized to manage respiratory conditions like 
colds and bronchitis, with CAR being a key component 
in Zataria multiflora, thyme oil, and oregano oil. Studies 
have confirmed CAR's anti-proliferative and anti-cancer 
properties in human lung cancer (Dai et al. 2016; Khazdair 
and Boskabady 2019).

Furthermore, CAR showed a protective effect in oval-
bumin-induced airway inflammation, chronic obstructive 
pulmonary (COPD) disease in guinea pigs (Boskabady 
et al. 2014). In a similar study, the protective effect of 
CAR on the COPD model caused by cigarette smoke 
in guinea pigs has been proven (Mahtaj et  al. 2015). 
A clinical trial study found that CAR was effective in 
improving asthma and reducing respiratory symptoms 
due to its anti-inflammatory effect (Alavinezhad et al. 
2018). According to the antioxidant and anti-inflamma-
tory effects observed in different experimental models 
and in humans (Alavinezhad et al. 2018; Khazdair and 
Boskabady 2019; Ezz-Eldin et al. 2020), this research is 
focused on investigating the potential effects of CAR on 
BLM-induced PF in rats.

Materials and methods

Drugs

BLM sulfate was purchased from Nippon Kayaku (Tokyo, 
Japan). CAR and other reagents were purchased from 
Sigma–Aldrich. CAR and BLM were dissolved in normal 
saline (NS) immediately before administration.

Animals

Male Wistar rats (weighing 200–250 g) were obtained 
from Research Center & Experimental Animal House 
of Ahvaz Jundishapur University of Medical Sciences 
(AJUMS) Ahvaz, Iran. The study protocol was approved 
by the Institutional Animal Ethical Committee of AJUMS 
(IR.AJUMS.REC.1396.256).

Induction of PF by BLM

The BLM-induced PF model is a reproducible and practi-
cal in vivo model in rats (Moeller et al. 2008).This model 
generates an initial inflammatory phase (day 7) and a late 
fibrotic phase (day 21) in the lung (Chaudhary et al. 2006). 
A pilot study was performed to determine the appropriate 
dose of BLM to produce typical fibrosis without chang-
ing the survival rate. After induction of anesthesia with 
ketamine and xylazine, the PF was induced in rats by 
single-dose intratracheal (i.t.) administration of BLM, 5 
mg/kg BW (body weight), in 0.25 mL fresh NS on day 1. 
The control group received NS (i.t.) with an equal volume 
(Şener et al. 2007; Egger et al. 2013).

Experimental design

The study was conducted at two-time end points of 7 and 
21 days to distinguish the anti-inflammatory and antifi-
brotic mechanisms. Sixty-six rats were assigned into two 
main groups at random:

A) 7- day duration with five subgroups (n = 6):

I. The control group received a single dose of NS 
(i.t.) + NS (5 mL/kg/day) by gavage for 7 days;
II. BLM group received a single dose of BLM 
(i.t.) + NS (5 mL/kg/day) by gavage for 7 days;
III-V. Treatment groups received a single dose of 
BLM (i.t.) + CAR at the doses of 20, 40 and 80 mg/
kg/day by gavage for 7 days.

B) 21- day duration with six subgroups (n = 6):

I. The control group received a single dose of NS 
(i.t.) + NS (5 mL/kg/day) by gavage for 21 days;
II. BLM group received a single dose of BLM 
(i.t.) + NS (5 mL/kg/day), by gavage for 21 days;
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III-V. Treatment groups received a single dose of BLM 
(i.t.) + CAR at the doses of 20, 40 and 80 mg/kg/day 
by gavage for 21 days;
VI. The CAR control group only received CAR (80 
mg/kg/day) by gavage for 21 days. CAR control group 
evaluates the possible pulmonary toxicity effect of 
CAR on the lung.

CAR doses were selected based on a previous study 
showing that CAR at these doses was well tolerated in 
rats and significantly attenuated acute pulmonary injury 
(Feng and Jia 2014).

Animals were euthanized on days 7 and 21 after BLM 
administration, and lung tissue was harvested. During the 
experiment, the BW of the rats was measured, and weight 
changes were analyzed. Lung weight was normalized with 
BW as pulmonary index of all groups. The schematic dia-
gram of the experimental design is illustrated in Fig. 1.

Lung sample and bronchoalveolar lavage fluid 
(BALF) collection

The lungs were lavages four times with 5 mL of phos-
phate-buffered saline solution. After that, the BALFs were 
centrifuged at 1500 × g for 10 min at 4 °C, and total leu-
kocyte count and differential percentages of neutrophils, 
macrophages, and lymphocytes were calculated using the 
Wright-Giemsa staining and hemocytometer. To prepare 
a 10% homogenate (w/v), the right lobe of lung tissue was 
excised and homogenized in the radioimmunoprecipitation 
(RIPA) lysis buffer solution. The supernatants were kept at 
–80 °C after centrifugation for further analysis. The total 
protein content of tissue homogenates was determined 
using the Bradford technique (Bradford 1976).

Lung index calculation

The lung index (%) was calculated as the ratio of wet lung 
weight (g) to body weight (g) multiplied by 100.

Hydroxyproline (HP) content measurement

The colorimetric assay of Edwards and O’Brien was carried 
out to measure the lung tissue HP concentration (Edwards and 
O'Brien Jr 1980). The wavelength of 550 nm was used to meas-
ure the absorbance of the red chromophore complex. Finally, 
the HP content was measured and reported as mg/g lung tissue.

Thiobarbituric acid reactive substances (TBARS) 
level estimation

The thiobarbituric acid method was used to determine the 
TBARS level in lung tissue homogenates (Uchiyama and 
Mihara 1978). A pink luminous complex is formed at high 
temperatures and low pH. The absorbance was read at 532 
nm and the results were reported as nmol/mg protein.

Determination of total thiol (TT) content

The TT content in lung tissue homogenates was deter-
mined using Ellman’s method (Ellman 1959). The amount 
of TT was calculated using extrapolation from standard 
curve, then the TT content was reported as µmol/mg pro-
tein. Briefly, concentrations of 0.2–0.8 mM glutathione 
(GSH) were prepared from a 1 mM GSH stock solution 
(15.4 mg of GSH in 50 mL of 0.1 N HCL solution). Next, 
20 μl of standard samples and tissue homogenate samples 
were mixed with 230 μl of phosphate buffer (pH 7.6) 
and 50 μl of 1 mM 5,5'-dithiobis-(2-nitrobenzoic acid) 
(DTNB), and incubated for 5 min at room temperature. 

Fig. 1  Schematic diagram of 
the experimental design. Rats 
were divided into 2 main groups 
of 7- day and 21- day (n = 6), 
respectively. Animals received 
bleomycin on day 1 and carvac-
rol (20, 40 and 80 mg/kg, p.o.) 
from day 1 to days 7 or 21
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The absorbance of the samples was read at a wavelength 
of 412 nm.

Determination of antioxidant enzyme activity

The RANSOD (Cat. No. SD125, Randox Labs, Crumlin, 
UK) and RANSEL (Cat. No. RS 504, Randox Labs, Crum-
lin, UK) kits were used to measure, respectively, SOD and 
GPx activity in tissue homogenates as per the manufactur-
er’s instructions. The GPx and SOD activity was reported 
as U/mg protein. Goth's colorimetric assay was conducted 
to measure the catalase (CAT) activity (Goth 1991). The 
absorbance of the yellow complex was read at 410 nm, and 
the results were reported as µmol/min/mg protein.

Measurement of cytokines

IFN-γ, TNF-α, and TGF-β tissue levels were evaluated using 
French commercial ELISA kits (Diaclone Research) accord-
ing to the manufacturer's protocol. The CTGF-β concentration 
was detected by an ELISA kit (MyBioSource). The cytokine 
levels of tissue homogenates were reported as pg/mg protein.

Histological studies

The left lobe of the lungs was fixed in buffer formaldehyde 
(10%). The specimens were embedded in paraffin, cut into 5 
µm sections, and stained with Masson's trichrome and hema-
toxylin and eosin (H&E). An experienced histologist con-
ducted a single-blind examination by a light optical micro-
scope. The inflammatory and fibrosis score were defined 
according to the Szapiel scoring method (0–3) (Szapiel 
et al. 1979) and modified numerical Ashcroft scoring sys-
tem (0–8) (Ashcroft et al. 1988), respectively. Ten randomly 
selected fields from each of the three slides per animal were 
examined for grading fibrosis and inflammation. Magnifi-
cence of all histopathological figures was 100 x.

Statistical analysis

All results were reported as mean ± SD. The BW changes 
between groups were analyzed by the Kruskal–Wallis test fol-
lowed by Dunn’s test, and other results were analyzed by one-
way ANOVA followed by Tukey’s Post hoc test. The statistical 
analysis was performed using the GraphPad Prism version 9.

Results

Effect of CAR on BW and lung index

The effect of CAR on BW (on days 7, 14, and 21) and lung 
index (on days 7 and 21) in BLM-treated rats is indicated 

in Fig. 2A and B, respectively. BLM significantly reduced 
BW at all time points and increased lung index compared to 
the control group on day 7 (p < 0.05 and p < 0.001, respec-
tively). While treatment with CAR did not cause a significant 
increase in BW compared to the BLM group at any time, 
a dose of 80 mg/kg of CAR led to a significant decrease 
in lung index compared to the BLM group (p < 0.001). In 
addition, on day 21, the lung index significantly increased 
in the BLM-treated group compared to the control group 
(p < 0.001), and CAR treatment (40 and 80 mg/kg) signifi-
cantly decreased it compared to the BLM group (p < 0.001).

Effect of CAR on inflammatory cells in lung BALF

On day 7, BLM markedly elevated total cell count (Fig. 3A, 
p < 0.001) and the percentages of neutrophils (Fig.  3B, 
p < 0.001) and lymphocytes (Fig. 3D, p < 0.001), and reduced 
the percentage of macrophages (Fig. 3C, p < 0.001) in BALF 
in comparison with the control group. However, on day 7, 
CAR at doses of 40 and 80 mg/kg significantly decreased 
total cell count (Fig. 3A) and the percentages of neutrophils 
(Fig. 3B) and lymphocytes (Fig. 3D), and at a dose of 80 mg/
kg, it remarkably elevated the percentage of macrophages 
(Fig. 3C, p < 0.001) in BALF compared to the BLM-treated 
group. Also, on day 21, BLM significantly increased total cell 
count (Fig. 3A, p < 0.001) and the percentages of neutrophils 
(Fig. 3B, p < 0.001) and lymphocytes (Fig. 3D, p < 0.001), and 
diminished the percentage of macrophages (Fig. 3C, p < 0.001) 
in BALF compared to the control group. However, on day 
21, CAR at doses of 40 and 80 mg/kg markedly decreased 
total cell count (Fig. 3A) and the percentages of neutrophils 
(Fig. 3B) and lymphocytes (Fig. 3D) in BALF compared to 
the BLM-treated group. In addition, CAR at a dose of 80 mg/
kg was able to increase the percentage of macrophages in the 
BALF compared to the BLM group (Fig. 3C. p < 0.05).

Effect of CAR on BLM‑induced lung histological 
changes

The effect of CAR on lung histological changes induced by 
BLM on days 7 and 21 is shown in Fig. 4A and B, respec-
tively. The results of lung histopathological study using 
H&E and Masson’s trichrome staining on day 7 indicated 
that the control group had normal lung structure (a thin 
alveolar wall and no collagen deposition). Administra-
tion of BLM led to severe pathological changes, such as 
inflammatory cell infiltration in alveolar spaces, destruc-
tion of alveoli, mild fibrosis, and edematous alveolar walls 
(Fig. 4A). These extensive histological changes induced by 
BLM were mildly ameliorated by CAR 40 mg/kg and sig-
nificantly decreased by CAR 80 mg/kg. On day 21, control 
group demonstrated normal lung appearance. In the BLM-
treated group, there was an accumulation of inflammatory 
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cells (predominantly lymphocytes) and collagen deposition 
in the interstitial space (Fig. 4B). The significant histologi-
cal changes induced by BLM were slightly improved with 
a dose of 40 mg/kg of CAR and significantly resolved with 
a dose of 80 mg/kg of CAR. In Masson's trichrome stain-
ing, C represents collagen accumulation (blue strings). In 
H&E staining, I and E represent the infiltration of inflam-
matory cells and exudate, respectively.

Effect of CAR on the scores of alveolitis and fibrosis

As illustrated in Fig. 5A and B the scores of alveolitis 
and fibrosis on day 7 significantly increased in the BLM 
group in comparison with the control group, respectively 
(p < 0.001). However, CAR (40 and 80 mg/kg) signifi-
cantly reduced the alveolitis score (Fig. 5A, p < 0.05 and 
p < 0.001, respectively), and at a dose of 80 mg/kg, it also 
decreased the fibrosis score (Fig. 5B, p < 0.001). Moreo-
ver, the results of day 21 showed that the administration of 
BLM increased the scores of alveolitis and fibrosis com-
pared to the control group (Fig. 5A, p < 0.001) and treat-
ment with CAR (40 and 80 mg/kg) remarkably reversed 
these increases.

Effect of CAR on HP content in the lung tissue

The effect of CAR on HP levels on days 7 and 21 after 
administration of BLM was demonstrated in Fig. 6. BLM 
significantly increased the lung HP content compared to the 
control group (p < 0.001) on day 7, and treatment with CAR 
(40 and 80 mg/kg) markedly reduced the amount of HP in 
comparison with the BLM group (p < 0.05 and p < 0.001, 
respectively). Additionally, on day 21, the levels of HP 
remarkably elevated in BLM group compared to the control 
group (p < 0.001) and CAR treatment (40 and 80 mg/kg) 
significantly decreased the levels of HP in comparison with 
the BLM group (p < 0.01 and p < 0.001, respectively).

Effect of CAR on oxidative stress markers in the lung 
tissue

On day 7, BLM-treated rats showed a significant elevation in 
TBARS level in comparison with the control group (Fig. 7A, 
p < 0.001). Also, the levels of total thiol and the activities of 
CAT, GPx, and SOD enzymes significantly decreased com-
pared to the control group (Fig. 7B, C, D, and E, respec-
tively, p < 0.001). However, treatment with CAR (40 and 80 
mg/kg) markedly reversed the changes in oxidative stress 

Fig. 2  Effect of CAR (carvac-
rol) (20, 40 and 80 mg/kg/day, 
orally) on the (A) body weight 
(on days 7, 14, and 21) and (B) 
lung index (on days 7 and 21) 
after intratracheal instillation 
of BLM (bleomycin) (5 mg/
kg) in rats. Data are reported 
as mean ± SD (n = 6). *p < 0.05 
and ***p < 0.001 vs. respective 
control group. ###p < 0.001 vs. 
respective BLM group
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Fig. 3  Effect of CAR (carvac-
rol) (20, 40, and 80 mg/kg/day, 
orally) on inflammatory cells 
in lung BALF (bronchoalveolar 
lavage fluid) on days 7 and 21 
after intratracheal instillation 
of BLM (bleomycin) (5 mg/
kg) in rats. A total cells, B 
neutrophil, C macrophage, 
and (D) lymphocytes. Data are 
reported as mean ± SD (n = 6). 
***p < 0.001 vs. respective con-
trol group. #p < 0.05, ##p < 0.01, 
and ###p < 0.001 vs. respective 
BLM group
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indices compared to the BLM group (p < 0.001). Moreover, 
on day 21, administration of BLM led to a marked increase 
in TBARS level compared to the control group (Fig. 7A, 
p < 0.001). Also, the levels of total thiol and the activities 
of CAT, GPx, and SOD enzymes significantly decreased in 
comparison with the control group (Fig. 7B, C, D, and E, 
respectively, p < 0.001). However, CAR at a dose of 80 mg/
kg significantly reduced TBARS level (p < 0.001) and at 
doses of 40 and 80 mg/kg, it restored total thiol content and 

the activities of CAT, GPx, and SOD enzymes compared to 
the BLM group.

Effect of CAR on cytokines in lung tissue

The effect of CAR on cytokines in lung tissue is presented 
in Fig. 8. Results showed that on day 7, BLM significantly 
increased TNF-α, INF-γ, TGF-β1, and CTGF-β levels com-
pared to the control group (Fig. 8A, B, C, and D, respectively, 

Fig. 4  Effect of CAR (carvacrol) (20, 40, and 80 mg/kg/day, orally) 
on lung histological changes in rats stained with H&E (hematoxylin 
and eosin) and Masson’s trichrome on days (A) 7 and (B) 21 after 

intratracheal instillation of BLM (bleomycin) (5 mg/kg). The magnifi-
cation of all histopathological figures was 100x. C (collagen accumu-
lation), I (infiltration of inflammatory cells), and E (exudate)
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p < 0.001). However, CAR (80 mg/kg, as the maximum 
effective dose in this study) significantly reduced the lev-
els of these cytokines in comparison with the BLM group 
(p < 0.001). In addition, on day 21, the levels of TNF-α 
(Fig. 8A, p < 0.05), TGF-β1 (Fig. 8C, p < 0.001), and CTGF-β 
(Fig. 8D, p < 0.001) remarkably enhanced, and INF-γ level 
(Fig. 8B, p < 0.01) significantly reduced in the BLM-treated 
group compared to control group. Treatment with CAR mark-
edly reversed the BLM-induced alterations in cytokine levels.

Discussion

The BLM-induced PF model is one of the most well-
known animal models of inflammation and pulmonary 
fibrosis that has been mentioned in many studies. The 
inflammatory phase is usually studied in 7 days and the 
fibrotic phase in 14 or 21 days (Chaudhary et al. 2006; 
Gauldie and Kolb 2008; Liu et  al. 2017). Despite the 
substantial morbidity and mortality linked to PF, there is 

Fig. 5  Effect of CAR (carvac-
rol) (20, 40, and 80 mg/kg/day, 
orally) on (A) alveolitis score 
and (B) fibrosis score in the 
lung tissue of rats on days 7 and 
21 after intratracheal instillation 
of BLM (bleomycin) (5 mg/kg). 
Data are reported as mean ± SD 
(n = 6). ***p < 0.001 vs. respec-
tive control group. #p < 0.05 and 
###p < 0.001 vs. respective BLM 
group

Fig. 6  Effect of CAR (carvac-
rol) (20, 40, and 80 mg/kg/day, 
orally) on hydroxyproline levels 
in the lung tissue of rats on 
days 7 and 21 after intratracheal 
instillation of BLM (bleomycin) 
(5 mg/kg). Data are reported as 
mean ± SD (n = 6). ***p < 0.001 
vs. respective control group. 
#p < 0.05, ##p < 0.01, and 
###p < 0.001 vs. respective BLM 
group
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Fig. 7  Effect of CAR (carvac-
rol) (20, 40, and 80 mg/kg/day, 
orally) on oxidative stress mark-
ers in the lung tissue of rats on 
days 7 and 21 after intratracheal 
instillation of BLM (bleomycin) 
(5 mg/kg). A thiobarbituric 
acid reactive substances, B total 
thiol content, C CAT (catalase) 
activity, D GPx (glutathione 
peroxidase) activity, and (E) 
SOD (superoxide dismutase) 
activity. Data are reported as 
mean ± SD (n = 6). ***p < 0.001 
vs. respective control group. 
##p < 0.01 and ###p < 0.001 vs. 
respective BLM group
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Fig. 8  Effect of CAR (car-
vacrol) (20, 40, and 80 mg/
kg/day, orally) on the lev-
els of (A) TNF-α (tumor 
necrosis factor-α), B INF-γ 
(interferon-γ), C TGF-β1 
(transforming growth factor-β1), 
and (D) CTGF-β (connective 
tissue growth factor-β) in the 
lung tissue of rats on days 7 and 
21 after intratracheal instillation 
of BLM (bleomycin) (5 mg/kg). 
Data are reported as mean ± SD 
(n = 4). *p < 0.05, **p < 0.01, 
and ***p < 0.001 vs. respective 
control group. #p < 0.05 and 
###p < 0.001 vs. respective BLM 
group
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currently no effective treatment available that efficiently 
reverses the underlying pathologies of this disease. 
Recently, several therapeutic regimens have been discov-
ered that are powerful and effective in the treatment of 
PF in preclinical stages. However, the non-selectivity and 
non-specificity of therapeutic molecules also lead to severe 
side effects (Diwan et al. 2023). Therefore, it is crucial 
to conduct further research on the therapeutic potential 
of safe compounds in managing BLM-induced PF. One 
of these compounds is CAR, which has been approved 
by FDA as an food additive, confirming its non-toxicity 
(Mączka et  al. 2023). In the present study, during the 
investigation of the effects of CAR on the alterations of 
assessed factors in BLM-induced PF, CAR alone group at 
a dose of 80 mg/kg after 21 days did not cause any signifi-
cant changes in the investigated factors compared to the 
control group. This finding showed that CAR had no tox-
icity on lung tissue. Carvacrol has anti-inflammatory and 
antioxidant effects, especially in the respiratory system 
(Şen et al. 2014; Carvalho et al. 2020; de Carvalho et al. 
2020b). Therefore, in this study, the effects of CAR on PF 
caused by BLM were investigated.

Typically, in animal models, lung index and BALF analy-
sis are used as inflammatory indices (Kenyon et al. 2002; 
Kadam and Schnitzer 2023). White blood cell infiltration, 
known as leukocytic infiltration, is a notable feature seen 
in lung inflammation and fibrosis. It is thought to play a 
role in the development of fibrosis by triggering or exacer-
bating the fibrotic response within the lung tissues (Gross 
and Hunninghake 2001). The administration of BLM in 
rodent models leads to a cascade of events, starting with 
the increased recruitment of neutrophils to the affected site. 
This influx of neutrophils plays a crucial role in the sub-
sequent development of fibrosis, a process characterized 
by the excessive accumulation of fibrous connective tissue 
(Herrmann et al. 2017). Myeloperoxidase released by neu-
trophils has the ability to cause cell damage. Neutrophils 
release myeloperoxidase, which has the ability to trigger 
cellular damage (Klebanoff 1988). Fibrosis developed as a 
result of the activation of fibroblasts caused by the infiltra-
tion of leukocytes, leading to a hyperproliferative response 
that altered the functional properties of the alveoli (Chandler 
et al. 1983). In our study, the total cell counts, neutrophils, 
and lymphocyte percentage increased in the BLM groups of 
two endpoint times, and CAR in different doses was able to 
reverse them. In many studies these results were consistent 
with the results of our study (Feng and Jia 2014; Mahtaj 
et al. 2015). In our study, administration of BLM signifi-
cantly reduced BW and increased lung index, which may be 
due to the inflammation and fibrosis, and CAR reversed the 
changes of BW and lung index by its anti-inflammatory and 
anti-fibrotic effects. These results were consistent with the 
results of our previous studies (Mirzaee et al. 2019; Shariati 

et al. 2019a). In our study, according to the histopathologi-
cal examination and BALF cell count results, CAR reduced 
the infiltration of inflammatory cells in the lung. BLM pro-
duces reactive oxygen species (ROS), leading to DNA chain 
breakage and lipid peroxidation. The excess ROS in the lung 
leads to alveolar epithelial damage, inflammation, and acti-
vation of various fibrotic signaling pathways such as TGF-β1 
(Zaghloul et al. 2019). Moreover, TGF-β1 induces oxidative 
stress by producing ROS (Barratt et al. 2018). ROS activate 
various redox-sensitive signaling cascades that caused acti-
vation of the inflammatory and profibrotic cytokines such as 
TNF-α, interleukin (IL-1), and growth factors. It is argued 
that this is one of the most important causes of lung injury 
(Ozer et al. 2017; Cui et al. 2019). GSH is an intracellu-
lar thiol that protects the lung against oxidative stress and 
inflammatory responses (Rahman and MacNee 2000). CAT, 
GPx, and SOD are essential constituents of the antioxidant 
enzyme defense system and are responsible for the detoxifi-
cation of free radicals in the lung (Day 2008). In our study, 
BLM increased lipid peroxidation and impaired antioxidant 
defense system. CAR treatment decreased TBARS level and 
increased the level of TT and the activity of CAT, GPx, and 
SOD enzymes in both inflammatory and fibrotic phases in 
the lung. These findings are consistent with prior research 
demonstrating antioxidant and free radical scavenging action 
of CAR and other pharmacological interventions such as 
sumatriptan in pulmonary system (Kianmehr et al. 2016; 
Bahramifar et al. 2024). The hydroxyl group connected to 
the aromatic ring in CAR’s molecular structure is thought 
to be responsible for its antioxidant effect (de Carvalho et al. 
2020b; Imran et al. 2022). These findings suggest that anti-
inflammatory and antifibrotic activity of CAR is partly due 
to its antioxidant effect.

Chronic inflammation is a pathological signaling of PF, 
and an increase in the number of inflammatory cells in both 
the alveolar space and the interstitial tissue has been well 
documented in PF. Activated inflammatory cells produce 
ROS and various cytokines such as TNF-α, IFN-γ, TGF-
β1, and CTGF-β, which lead to proliferation, migration of 
fibroblasts/myofibroblasts, and fibrosis (Barratt et al. 2018). 
In accordance with previous research, BLM raised the 
alveolitis score, presence of inflammatory cells, and pro-
duction of TNF-α and INF-γ in the lung tissue (Kandhare 
et al. 2015). INF-γ is one of the inflammatory factors that 
also has anti-fibrotic properties (Gurujeyalakshmi and Giri 
1995). This role of INF-γ is evident in the present study. 
IFN-γ exhibited a pro-inflammatory effect in the inflam-
matory phase, but has an antifibrotic effect in the fibrosis 
phase. The antifibrotic effect of IFN-γ is achieved by pre-
venting fibroblasts from transforming into myofibroblasts 
and consequently reducing the production of collagen and 
α-smooth muscle actin (α-SMA), potentially by neutraliz-
ing the effects of TGF-β1 (Vu et al. 2019). The antifibrotic 
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activity of CAR was confirmed by reduction in HP level, 
score of fibrosis, TGF-β1, and CTGF-β and reserving path-
ological changes in the lung induced by BLM. In similar 
studies, CAR and other antioxidants reduced inflammation 
and fibrosis (Akgedik et al. 2012; Kianmehr et al. 2016; 
Shariati et al. 2019a; Bahramifar et al. 2024; Mady et al. 
2024). CAR markedly decreased the TNF-α level in the 
lung tissue at both inflammatory and fibrotic phases, which 
possibly is due to inhibition of inflammatory cell influx 
into the lung (Kianmehr et al. 2016; de Carvalho et al. 
2020a). TGF-β1 is the most intense fibrotic cytokine, and 
it is involved in the development of fibrotic illness and can-
cer. TGF-β1 induces profibrotic effectors such as CTGF-β, 
α-SMA, and collagen in activated fibroblasts (Fisher et al. 
2017). In addition, it increases ROS production and serves 
as a chemotactic agent for macrophages. CTGF-β is a major 
mediator of tissue remodeling and fibrosis that is involved 
in angiogenesis, cell migration, and adhesion, as well as 
fibroblast activation. There is strong evidence that down-
regulation of TGF-β1 and CTGF-β decreases the expres-
sion of collagen that can be considered as a therapeutic 
choice for PF and other malignancies (Katsuno et al. 2013; 
Barratt et al. 2018). In this study, TGF-β1 and CTGF-β 
levels significantly increased after BLM instillation; mean-
while, CAR could effectively reverse these fibrotic markers. 

Kianmehr et al. found that CAR inhibited expression of 
TGF-β1 gene in the splenocytes of ovalbumin-sensitive 
mice, which is consistent with our findings (Kianmehr et al. 
2016). According to these results, it seems that the antifi-
brotic effect of CAR is due to the downregulation of TGF-
β1 and inhibition of its downstream signaling pathways.

To prevent PF induced by BLM in patients receiving 
this drug, it is important to use agents along with BLM 
that are both safe and effective, and do not interfere with 
the anticancer activity of BLM. In a study by Fan et al. 
(Fan et al. 2015), it was indicated that CAR suppressed 
proliferation and caused apoptosis in human colon cancer 
cells. In another study conducted by Ahmad and Ansari 
(Ahmad and Ansari 2021), CAR reduced the growth of 
cervical cancer cells by inhibiting cell cycle progression 
and caspase-dependent apoptosis. Also, studies have dem-
onstrated that CAR enhances the apoptotic effect of 5-FU 
on the MCF-7 cell line (Azimi et al. 2022). However, the 
effect of CAR on the anticancer activity of BLM has not 
been investigated and it can be evaluated in future studies. 
Considering the antioxidant, anti-inflammatory and anti-
fibrotic properties demonstrated by CAR in this study, it 
can be considered as an adjunctive therapeutic agent in 
combination with chemotherapy regimens such as BLM 
in the future. As limitations of the present study, fibrotic 
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Fig. 9  The graphical abstract shows carvacrol effects against bleomycin-induced lung oxidative stress, inflammation, and fibrosis
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factors such as the level of α-SMA and inflammatory mark-
ers such as NF-κB and MPO enzyme activity were not 
investigated, which can be evaluated in future studies. Fur-
thermore, future research could explore potential strategies 
for targeted delivery of CAR to the lungs.

Conclusions

Our study revealed that CAR alleviated BLM-induced PF, 
probably through inhibiting oxidative stress, inflammation, 
and fibrosis (Fig. 9). Therefore, CAR can be considered as 
a therapeutic approach for the prevention and treatment of 
PF in patients receiving BLM.
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