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Abstract

Background: Paraquat (PQ) is a commonly used herbicide known for its high toxicity. Despite its
hazardous nature, there are currently no effective treatments for PQ poisoning. This study aimed to
evaluate the effects of Rosmarinic acid (RA), a phenolic compound, on PQ-induced lung injury in mice.
Methods: Mice were divided into ten groups for two experimental periods, 6- and 24-day periods (five
groups each). The first group received normal saline daily, as the control group. Animals in the second
group received a single intraperitoneal (i.p.) dose of PQ (25 mg/kg) on day 3. Groups three and four
received RA (50 and 100 mg/kg, respectively) orally for 6 or 24 days. Group five received 100 mg/kg of
RA daily. Animals were sacrificed 24 h after the last treatment, and lung samples were collected to
determine histopathological changes and expression of TLR9, IL-1pB, and TNF-a genes using RT-PCR.
Results: Hematoxylin and eosin staining revealed a significant reduction in lung injury following RA
treatment. RA notably reduced inflammatory cell infiltration and lung tissue congestion. Furthermore,
inflammatory responses triggered by PQ were suppressed after RA treatment, as demonstrated by the
downregulation of IL-13, TNF-a, and TLRO levels.

Conclusion: These findings suggest the therapeutic potential of RA for mitigating PQ-induced lung
damage and inflammation.
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Introduction

Paraquat (PQ) is one of the most common
herbicides used for weed control in agriculture
and has adverse effects on human health,
particularly on the respiratory system (1). It
causes specific cellular damage through a
nicotinamide adenine dinucleotide phosphate
(NADPH)-dependent mechanism, leading to
lipid peroxidation, mitochondrial dysfunction,
and the overproduction of intracellular free
radicals (2). Lung damage caused by PQ is

marked by a destructive phase occurring within
days, which results in damaged cellular
structures, pulmonary hemorrhage, fluid
accumulation, and inflammatory responses (3).
The final stage occurs approximately 14-21
days after PQ exposure (4). During this phase,
the inflammatory processes produce excessive
extracellular matrix components, such as
collagen, in the lung parenchyma (5). The
second phase signifies chronic and irreversible
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changes in the lungs following PQ-induced
damage (6). Currently, there is no effective
treatment for PQ poisoning, underscoring the
urgent need for further research in this area.
Researchers are investigating strategies to
alleviate the respiratory symptoms induced by
PQ and improve patient outcomes. These
strategies focus on developing innovative
treatments to reduce PQ toxicity, including anti-
inflammatory  agents, antioxidants, and
compounds that promote lung repair (5, 6).

Rosmarinic acid (RA) is a phenolic
compound composed of a 3,4-dihydroxy lactic
acid caffeic acid ester, first isolated from
Rosmarinus officinalis L., a plant belonging to
the Lamiaceae family (7). It exhibits several
biological activities, including antioxidant, anti-
inflammatory, antimutagenic, anti-apoptotic,
antibacterial, and antiviral properties (8,9).
Rosmarinic acid (RA) attenuates reactive
oxygen species production by inhibiting
caspase-3  activity,  thereby  reducing
mitochondrial outer membrane permeability
alterations (10). It exerts anti-inflammatory
effects and reduces the activity of inflammatory
factors such as tumor necrosis factor-alpha
(TNF-a), interleukin-1 beta (IL-1B), and
interleukin-6 (IL-6) (11). Moreover, recent
studies suggest that RA influences the Toll-like
receptor (TLR) signaling pathway, a crucial
component of the innate immune system
responsible for recognizing specific molecular
patterns associated with pathogens (12,13).
These findings suggest that RA could represent
a potential therapeutic approach for treating
PQ-induced lung injury. Therefore, this study
aims to explore whether RA can mitigate PQ-
induced lung damage in mice by investigating
both  biochemical and histopathological
alterations.

Materials and Methods

Chemicals

Paraguat (PQ) and Rosmarinic acid (RA) were
purchased from Merck (Germany) and Sigma-
Aldrich (USA). All the compounds were
dissolved in saline. Doses were chosen based
on previous studies (14,15).
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Animals

Sixty male NMRI albino mice, initially
weighing between 25-30 g, were obtained
from the animal house of Ahvaz Jundishapur
University of Medical Sciences, Iran. The mice
were kept under standard conditions of 23 + 2
°C and 12-hour light/dark cycles and were
provided ad libitum access to food and water.

Ethical Consideration

All protocols were approved by the Research
Ethics Committee of Ahvaz Jundishapur
University of Medical Sciences (Ethical code:
IR.AJUMS.ABHC.REC.1397.031), which is
affiliated with the National Institutes of
Health.

Study design

The study was conducted during the 6- and 24-
day periods, with mice divided into five groups
for each experimental period (n=6) and treated
as follows:

Group I: Received saline daily.

Group Il: Received a single dose of PQ (25
mg/kg, i.p.) on day 3.

Groups Il and IV: Received 50 mg/kg and 100
mg/kg of RA for 6 or 24 days, respectively.
Group V: Received 100 mg/kg of RA daily.

Sample Collection

Mice were anesthetized with ketamine and
xylazine (100/10 mg/kg, Alfasan, Netherlands)
24 h after the last treatment (16). Surgical
procedures, including opening the chest and
immediate removal of the Ilungs, were
performed under anesthesia. The right lung
was used to evaluate gene expression, and the
left lung was used for histological analysis.

RNA extraction and real-time polymerase
chain reaction (RT-PCR)

The lung tissues were stored at -80 °C until
total RNA was isolated. According to the
manufacturer's instructions, total RNA was
isolated from homogenized tissues using an
RNX-Plus solution (CinnaGen, Iran). Isolated
RNA concentrations were measured by
determining absorbance at 260 nm using a
spectrophotometer (NanoDrop 1000, Thermo
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Scientific). According to the manufacturer's
instructions, cDNA was synthesized from
isolated RNA using a cDNA synthesis kit
(Fermentas, Canada). Relative expression of
TLR9 (NCBI reference sequence
NM_031178.2), IL-1B (NCBI reference
sequence NM_008361.4), and TNF-a (NCBI
reference sequence NM _013693.2) was
normalized to that of the housekeeping gene [3-
actin (NCBI reference sequence
NM_007393.3) and analyzed by the 272ACt
method. Primer sequences were as follows:
[-actin forward,
5-GGCTGTATTCCCCTCCATCG-3’;
[-actin reverse,
5-CCAGTTGGTAACAATGCCATGT-3’;
TLR9 forward,
5-ATGGTTCTCCGTCGAAGGACT-3;
TLRO reverse,
5’-GAGGCTTCAGCTCACAGGG-3;

IL-1pB forward,
5-GCAACTGTTCCTGAACTCAACT-3’;
IL-1p reverse,
5-ATCTTTTGGGGTCCGTCAACT-3’;
TNF-a forward,
5’-CACAGAAAGCATGATCCGCG-3’,
TNF-a reverse,
5-GAGGCTGAGACATAGGCACC-3".
RT-PCR amplification was performed in 45
cycles under the following conditions: 95 °C
for 15 min, 95 °C for 15 s, 60 °C for 35 s, and
72 °Cfor 10s.

Histopathological assessment

One part of the lung tissue was fixed in 10%
formalin (Merck, Germany) and embedded in
paraffin. Paraffin-embedded tissue sections (5
pm) were obtained and subjected to
hematoxylin and eosin (H&E, Merck,
Germany) staining. These sections were then
examined under a photomicroscope (Olympus,
Japan) to detect congestion, inflammatory cell
infiltration, and histopathological changes
7).

Statistical analysis

GraphPad Prism (version 9, CA, USA) was
used for the data analysis. Results are
expressed as mean = SEM, and all statistical

comparisons were conducted using one-way
ANOVA followed by Tukey’s post hoc
analysis. Statistical significance was set at p<
0.05.

Results
No animal mortality due to PQ treatment was
observed in the current study.

Results of TLR9, IL-1f, and TNF-o gene
expression

The RT-PCR assay evaluated TLR9, IL-1p,
and TNF-a gene expression in lung tissue in
the 6-day and 24-day studies. The PQ group
exhibited significant changes in TLR9 gene
expression compared with the control group in
the 24-day study (p< 0.05) (Fig. 1). Rosmarinic
acid (RA) administration (50 and 100 mg/kQ)
significantly reduced TLR9 expression
compared to the PQ group (p< 0.05 and p<
0.01). These changes in gene expression in the
RA-treated groups indicate the potential of RA
to mitigate lung tissue damage. A substantial
increase in IL-1p gene expression in the PQ
group compared to the control group in the 6
and 24-day studies (p< 0.001) (Fig. 2) was
found. The RA-treated groups, at doses of 50
and 100 mg/kg, showed a significant decrease
compared to the PQ group after 3 and 21 days
of PQ exposure (p< 0.001). This substantial
decrease in gene expression in the RA-treated
groups provides reassurance regarding the
potential effectiveness of RA treatment
strategies. A significant elevation in TNF-a
gene expression was noted in the PQ group, in
stark contrast to the control group, at both 6
and 24 days (p< 0.001) (Fig. 3). RA-treated
groups (50 and 100 mg/kg) exhibited a
significant decrease compared to the PQ group
(p< 0.05, p< 0.01 and p< 0.001).

Histopathological examination

Histopathological analysis of the lungs of PQ-
exposed mice revealed significant findings in
both studies (Fig. 4, Tables 1 & 2). Lesions,
congestion, and inflammatory cell infiltration
were observed in the PQ-exposed group.
Lesions refer to any abnormality or damage in
the tissue, congestion is the accumulation of
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blood or fluid; and inflammatory cell
infiltration is the migration of immune cells to
the site of injury. In contrast, the lungs of the
control groups (saline or RA 100 mg/kg)
appeared normal without any abnormalities in
either study. In the 24-day study, treatment
with RA at a 50 mg/kg dose significantly
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Fig. 1. Comparison of TLR9 levels in lung tissue samples collected from mice 24 h after the last treatment. The relative
changes in TLR9Y levels were expressed as TLR9 to B-actin ratio. PQ: Paraquat, RA: Rosmarinic acid, TLR: Toll-like
receptor. Each value represents the mean + SEM (n=6). (*P< 0.05 and ** P< 0.01).
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Fig. 2. Comparison of IL-1f levels in lung tissue samples collected from mice 24 h after the last treatment. The relative
changes in IL-1p levels were expressed as the IL-1B to B-actin ratio. PQ: Paraquat, RA: Rosmarinic acid, IL-1p:
interleukin-1 beta. Each value represents the mean + SEM (n=6) (***p< 0.001).
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Fig. 3. Comparison of TNF-a levels in lung tissue samples collected from mice 24 h after the last treatment. The relative
changes in TNF-a levels were expressed as the TNF-a to B-actin ratio. PQ: Paraquat, RA: Rosmarinic acid, TNF-a: tumor
necrosis factor alpha. Each value represents the mean + SEM (n=6) (*p< 0.05, **p< 0.01 and *** p< 0.001).
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Fig. 4. Histopathological observation of lung tissues was performed by staining with hematoxylin and eosin (H&E,
magnification 100x, scale bars 100 um). PQ: Paraquat, RA: Rosmarinic acid. Blue arrows: inflammatory cell infiltration,

yellow arrows: congestion.
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Schematic timeline of the study to evaluate the effects of RA in preventing PQ-induced lung injury. PQ: Paraquat, RA:
Rosmarinic acid.
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Table 1. The effects of PQ and RA on histopathological parameters in the 6-day study.

Groups Congestion Inflammatory cell infiltration
Control 0.07 £0.03 0.06 £ 0.02
PQ 1.52 + 0.24*** 2.68 + 0.38***
PQ +RA50 1.43+£0.23 1.18 £ 0.24###
PQ + RA100 0.36 + 0.06### 0.21 + 0.03###
RA100 0.05+0.01 0.03+£0.00

PQ: Paraquat, RA: Rosmarinic acid. Each value represents the mean £ SEM (n=6). * Statistical differences vs. control
group (***p< 0.001), # statistical differences vs. PQ group (### p< 0.001).

Table 2. The effects of PQ and RA on histopathological parameters in the 24-day study.
PQ: Paraquat, RA: Rosmarinic acid. Each value represents the mean + SEM (n=6). * Statistical differences vs. control
group (**p< 0.01, ***p< 0.001). # statistical differences vs. PQ group (## p< 0.01, ### p< 0.001).

Groups Congestion Inflammatory cell infiltration
Control 0.07 £0.02 0.05+0.02
PQ 2.76 £ 0.31*** 1.15 £ 0.24**
PQ + RA50 1.54 + 0.28## 0.48+0.14
PQ + RA100 1.01 + 0.18### 0.12 + 0.24##
RA100 0.06 £ 0.02 0.04 £0.00

Discussion

This study demonstrated that RA significantly
ameliorated the PQ-induced pulmonary injury
in mice. This protective effect is evidenced by
reduced inflammatory cell infiltration,
decreased lung congestion, and notably, the
down-regulation of TLRY, IL-1B, and TNF-a
gene expression. Collectively, these findings
suggest that RA possesses promising
therapeutic potential against PQ-induced lung
damage.

Our observation of lung injury following PQ
treatment aligns with a previous study by
Molaviniaetal. (18). They reported that a single
dose of PQ (20 mg/kg, i.p.) induced fibrotic
lesions, including hydroxyproline deposition,
inflammatory cell infiltration, and congestion
after three weeks of treatment in rats. Our study
extends these findings by demonstrating the
protective effects of RA against PQ-induced
abnormalities, underscoring the importance of
our research in this field. Unlike studies
focusing solely on the acute effects of PQ, we
examined both the 6-day and 24-day
experimental  periods to observe the
development of lung damage over time, as
previously described (19,20). This allowed us to
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, to assess the impact of RA on both the early
and later phases of PQ-induced lung injury.
Rosmarinic acid (RA) has been shown to
exhibit anti-inflammatory and antioxidant
activities in various animal models. A recent
study demonstrated that RA, an antioxidant,
protects against pulmonary
ischemia/reperfusion injury in mice. It
improved hypoxemia, pulmonary edema, and
inflammatory cytokine levels while reducing
pro-oxidant NADPH oxidases and enhancing
antioxidant superoxide dismutase. It also
activated the phosphatidylinositol 3-kinase/Akt
pathway to decrease reactive oxygen species
and lower alveolar epithelial cell apoptosis,
highlighting its potential as a treatment for
pulmonary injury (19). In a mouse asthma
model, RA treatment significantly reduced
inflammatory cell numbers, T helper 2 cytokine
production, and airway hyperresponsiveness,
suggesting that RA is a potential therapeutic
agent for allergic asthma (20). Another study
also found that RA significantly reduced
inflammatory cell numbers and cytokine
production via the modulation of NADPH
oxidases (21). Given that PQ produces free
radicals and superoxide anions via NADPH-
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dependent single-electron reduction (22), RA
may be a promising approach to address this
issue, offering hope for the development of
effective treatments for pulmonary diseases.

A key finding of our study was the reduction
in TLRY expression following RA treatment.
TLRs are key components of the host immune
system and can initiate immune responses
against invading pathogens and non-microbial
endogenous molecules that originate from
tissue damage (21). Studies have shown that the
expression of TLR4 and TLR9 is increased in
PQ-induced acute tissue injury, which is related
to the extent and severity of the injury (22, 23).
Our findings are consistent with those of Qian
et al. (24), who found that the expression of
TLR9 in the lung significantly increases in
pulmonary fibrosis and is associated with the
severity of lung damage caused by PQ in mice.
Similarly, Shen et al. (25) showed that TLR9
expression was elevated following PQ
poisoning and that TLR9 knockout mitigated
PQ-induced lung injury. Our results build upon
these studies by suggesting that RA's protective
effects may be mediated through the
modulation of TLR9 expression. This aligns
with research demonstrating that RA can reduce
inflammatory reactions by inhibiting high-
mobility group box 1 (HMGB1), TLR4, and
nuclear factor kappa-B signaling pathway and
decreasing the generation of pro-inflammatory
cytokines (26). Given that TLRs play a crucial
role in immune response and inflammation, it is
plausible that RA could potentially impact TLR
signaling, including TLR9. Our findings
revealed that RA can reduce the expression of
TLR9, suggesting the potential for further
exploration of RA as a therapeutic agent in
conditions where TLR9 activation plays a
significant role.

Furthermore, we observed that RA treatment
significantly reduced the levels of IL-1B and
TNF-a during both phases of PQ-induced lung
injury. PQ interferes with the mitochondrial
electron transport chain, causing mitochondrial
DNA (mtDNA) to leak into the cytoplasm (27).
Given its lack of methylation, mtDNA is likely
ecognized by TLR9, triggering subsequent
inflammatory signaling pathways (28). It is

known that several genes are expressed during
inflammation, leading to fibroblast proliferation
and increased collagen levels, resulting leading
to pulmonary failure (29). As previously
reported, administration of PQ at a dose of 20
mg/kg increases lung injury by increasing
cytokines, chemokines, and growth factors in
mice (30). The results of the current study
indicate that PQ administration causes a
significant reduction in the expression of IL-1§
and TNF-a, which is consistent with previous
studies (31, 32). Our results are consistent with
previous studies showing that RA exerts anti-
inflammatory effects by decreasing TNF-a, IL-
6, and IL-1B levels in a lipopolysaccharide
model of lung injury in mice (33). These results
support the idea that RA's protective effects are
linked to its anti-inflammatory properties,
providing further evidence for its potential
therapeutic use in treating inflammatory lung
injury conditions.

While our study provides valuable insights
into the therapeutic effects of RA on PQ-
induced lung injury, it is essential to
acknowledge its limitations. Future studies
should focus on elucidating the precise
mechanisms of RA's action and conducting
clinical trials to validate its effectiveness in
treating pulmonary diseases in humans. Such
research will pave the way for developing novel
therapies and guidelines for clinical diagnosis
and treatment.

Our findings underscore the potential of RA
to protect against lung injury induced by PQ at
various stages of PQ toxicity. This study
provides compelling evidence that RA
modulates  inflammatory  responses, as
demonstrated by the downregulation of IL-1,
TNF-a, and TLR9. These results
encourage further research on RA as a
promising therapeutic agent for treating PQ-
induced lung injury.
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