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Abstract

Background: Abrupt inflammation and alveolar epithelial membrane damage, which may cause the alveolar membrane’s
malfunction, are related to acute lung injury (ALI). This could eventually lead to pulmonary fibrosis. While lung injury can happen
in many ways, the current study will concentrate on the changes in lung pathology mediated by paraquat (PQ). Paraquat, a widely
used herbicide, targets lung toxicity through inflammation and oxidative stress, which significantly contribute to lung damage.
Objective: The current research was to ascertain whether low-dose gamma radiation (R) and misoprostol (MP) could lessen
the lung inflammatory cascade started by PQ injection in rats.

Methods: The ALI model was induced by I.P. injection of PQ (20 mg/kg once), and then treatment was done by MP and/or R for
14 days, and finally, the biochemical and histological parameters were measured in the lung tissues.

Results: Our data suggest that PQ can promote ALl through TGF-f/smad, Notch, NF-kB, and ET-I signaling pathways,
resulting in EMT. These suggestions were supported by increased levels of TGF-f, inflammatory cytokines, a-SMA, NF-«B, ET-1,
CTGF protein, and LPA, whereas PPAR-y decreased. The aforementioned results have been confirmed by lung histopathology.
Conclusion: We suggest that the pulmonary inflammatory cascade was hindered and all the previously described gauges
improved with R and/or MP therapy.
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to adopt M1 phenotypes that promote inflammation and
start to secrete proinflammatory cytokines (interleukin-1
(IL-1), tumor necrosis factor-a (TNF-a), interleukin-6 (IL-
6)) and chemokines (IL-8, CCL7, CCL2), which cause
raised chemotaxis and ongoing enhancement of alveolar
spaces by monocytes and neutrophils.* Neutrophils, in
response, produce many mediators of inflammation, in-
cluding reactive oxygen species (ROS) and proteinases,
which cause damage to surfactant, basal membranes, and the
epithelial-endothelial barrier.” While undergoing ALI develop-
ment, the destruction of alveolar epithelial type II cells (AEC 1I)
causes a substantial decline in surfactant production. Conse-
quently, the alveolar disruption causes a cascade of proteins to
enter the alveolar space, besides the subsequent spreading of
pulmonary edema,’ the formation of hyalin membranes during
the exudative phase, and the deposition of extracellular matrix
(ECM) during the proliferative phase.7’8 In some cases, in-
flammation transforms from acute into chronic, which may result
in fibrosis progression. Myofibroblasts, which are a distinct type
of fibroblasts with contractile abilities, have a vital role in both
wound healing and the pulmonary fibrosis progress.’ During the
process of lung tissue restoration, myofibroblasts engage in
active synthesis of ECM components. In a healthy organism,
these myofibroblasts are naturally discarded during apoptosis
once an adequate quantity of ECM has been produced. However,
in the context of chronic inflammation, myofibroblasts persist
and avoid apoptosis, leading to the development of aberrant
wound healing, extravagant ECM production, and ultimately,
pulmonary fibrosis. The conversion of fibroblasts into myofi-
broblasts is typically coordinated by the presence of transforming
growth factor beta (TGF-B1) and mechanical stress.'® There are a
great number of causative factors of ALI and ARDS, counting
bacterial and viral pneumonia, continuous mechanical ventila-
tion, chemicals, electronic cigarettes, acute brain injury, sepsis,
acute pancreatitis, and others."'

Paraquat (1,1’-dimethyl-4,4’-bipyridinium dichloride, PQ) is a
commonly used defoliant known for its extreme toxicity to people,
resulting in significant fatality rates. This is due to its tremendous
toxicity and the absence of an effective rescue approach.'” PQ
primarily accumulates within the lung tissues, especially in type I
and type II pneumocytes as well as Clara cells, at levels ap-
proximately 6 to 10 times higher than those found in plasma.'?
PQ poisoning leads to a two-phase lung pathology character-
ized by destructive and proliferative stages. During the de-
structive phase, there is swelling and fragmentation of the
alveolar epithelium, along with alveolar edema and acute in-
flammation. In the proliferative phase, fibroblasts infiltrate the
alveolar space, resulting in diffuse intra-alveolar fibrosis.'* PQ
induces lung damage and fibrosis via various molecular
pathways, including matrix metalloproteinase-9 (MMP-9),
peroxisome proliferator-activated receptor-gamma (PPAR-y),
caspase cleavage, nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-kB), jun N-terminal kinase/p38 mitogen-
activated protein kinase (JNK/p38 MAPK), nuclear factor
erythroid 2-related factor 2/NADPH oxidase4 (Nrf2/Nox4)

redox balance, and transforming growth factor-beta/small
mothers against decapentaplegic3 (TGF-f1/Smad3) signaling
pathways.'>'® Epithelial mesenchymal transition (EMT) is also
one of the central factors of PQ poisoning in which alveolar
epithelial cells in the fibrotic areas show the mesenchymal
marker alpha smooth muscle actin (0-SMA), leading to a de-
crease in the functionality of the alveolar epithelium and a rise
in the dysfunction of epithelial-mesenchymal cells.'” NF-kB, a
crucial element of EMT, facilitates the secretion of numerous
inflammation-related molecules, including TNF-q, IL-15, and
TGF-B. The EMT is brought through the TGF-f/smad signaling
cascade.'®

The treatment of PQ poisoning faces numerous chal-
lenges, and there is a deficit of universally accepted pro-
cedures for managing patients poisoned by PQ. Presently,
available therapies for PQ-induced lung injury, which may
lead to fibrotic stages, are designed based on inhibiting the
inflammatory cascade that triggers the initial damage, in-
cluding anti-inflammatory medications such as glucocorti-
coids, as well as immunosuppressive and cytotoxic agents
like azathioprine and cyclophosphamide.'’

Prostaglandin E1 (PGE1) is a member of a group of naturally
occurring acidic lipids that possess pulmonary and systemic
vasodilator actions, along with anti-inflammatory effects. These
medications are considered the established medical treatment
for managing arterial pulmonary hypertension.”’ Previous
research has demonstrated that administering a low dose of
PGE]1 can decrease the production of IL-6, enhance oxygen-
ation, and reduce the duration of systemic inflammatory re-
sponse syndrome.?' Misoprostol (MP), which is a structural
analogue of naturally occurring PGE1, exhibits decreased side
effects related to prostaglandins, such as vomiting and diarrhea,
and also shows reduced adverse impacts on the circulatory
system. It’s an FDA-approved medication, prescribed with a
recommended dose of 200 pg taken orally 4 times a day for
preventing or treating Non-Steroidal Anti-Inflammatory Drugs
(NSAID)-induced gastric ulcers in high-risk patients. In various
diseases or experimental contexts not involving the liver, mi-
soprostol has been documented to lower the secreted inflam-
matory promoters (TNF-a, IL-6, and IL-8) while increasing IL-
10 levels.”

Research has been conducted to discover effective thera-
pies for lung injury, including the assessment of low-dose
radiation (R). This is based on the logic that R possesses anti-
inflammatory and immune-regulating actions, which could
potentially neutralize the pro-inflammatory condition
seen.”>"** Cytokines released by macrophages, other immune
cells, endothelial cells (EC), and fibroblasts rule the sequence
of pulmonary fibrosis. Low-dose radiation could control the
cytokine production through its anti-inflammatory activity and
accordingly avert the harm brought to lung tissue leading to
ALJARDS.>>?

Hence, the current investigation was conducted to ascertain
the prophylactic and curative efficacy of MP (PGEI analog)
and/or R against PQ-induced lung damage in rats.
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Materials and Methods

Animals

Forty-nine Sprague-Dawley rats, weighing about 0.12-
0.15 kg, were obtained from the animal house of Nile Co for
the Pharmaceuticals and Chemical Industries. Upon arrival at
the animal house of the National Centre for Radiation
Research and Technology (NCRRT), Egyptian Atomic En-
ergy Authority, Cairo, Egypt, the animals were housed in
controlled environmental circumstances, where they were
given a week to acclimate before the start of the experiment.
They were kept in conventional cages with regulated tem-
perature and a 12-hour light/dark cycle. The animals had
unrestricted access to food and water.

The Research Ethics Committee at NCRRT gave their
approval to all experiments, and they were all conducted in
accordance with the 2012 CIOMS and ICLAS international
guiding principles for biomedical research involving animals,
which follow the 3Rs principle of animal experimentation:
replace, reduce, refine. The approval number is 53A/23, dated
on December 28, 2023.

Chemicals

PQ was got from Sigma-Aldrich Co (USA) and dissolved in
0.9% NaCl to be prepared for the study. MP was obtained from
Sigma Pharmaceutical Industries and was prepared in normal
saline.

y-irradiation

Whole body gamma irradiation was carried out using a Caesium
gamma cell provided by the NCRRT at Cairo, Egypt. The type of
source used was Caesium-137 (Gamma Cell-40). Animals were
irradiated with a total dose of 1 Gray (0.5 Gy once weekly for
2 weeks) delivered at a dose rate of 0.05 Gy/sec.

Experimental Design

A lung damage model was created in male albino rats by
administering PQ (20 mg/kg) intraperitoneally (IP).”” The
power analysis conducted using G*Power 3.1.9.4 software
from Heinrich-Heine Dusseldorf University determined that a
total of 49 samples divided into 7 groups should be included in
this investigation. The desired test power is set at 85%, with an
effect size of 0.65 and a margin of error of 0.05.

The rats were divided into 7 groups (7 rats each) as follows:
Group 1 (control), rats were injected with a single dose of
saline through L.P. route, and then 1 day after saline injection,
the rats received oral saline for 2 weeks. Group 2 (PQ), rats
were administered a single I.P. injection of PQ at a dose of
20 mg/kg. Group 3 (MP), rats were received oral MP
(200 pg/kg/day) for 2 weeks.”® Group 4 (R), entire bodies of
rats were exposed to a dose of 1 Gy of y-irradiation (0.5 Gy

once weekly for 2 weeks).”” Group 5 (PQ + MP), rats were
administered a single L.P. injection of PQ at a dose of
20 mg/kg, and then, 1 day after PQ injection, rats received oral
MP (200 pg/kg/day) for 2 weeks. Group 6 (PQ + R), rats were
administered a single LP. injection of PQ at a dose of
20 mg/kg, and then, 1 day after PQ injection rats were exposed
to whole-body y-irradiation of 1 Gy (0.5 Gy once weekly for
2 weeks). Group 7 (PQ + MP + R) rats were administered a
single I.P. injection of PQ at a dose of 20 mg/kg, and then,
1 day after PQ injection, rats were exposed to whole-body
y-irradiation of 1 Gy (0.5 Gy once weekly for 2 weeks)
combined with oral MP (200 pg/kg/day) for 2 weeks.

Preparation of Lung Tissue Homogenate

After the study completion (after 15 days), all rats were an-
aesthetized with urethane (Sigma Aldrich Co, USA; 1.5 g/kg,
L.P.) and sacrificed. The lung tissues were extracted, and one
lobe of the lung was promptly immersed in a 10% neutral
buffered formalin solution for subsequent histological eval-
uations. A tissue homogenate was prepared using the other
lobe of the lung in a potassium phosphate buffer with a pH of
7.4. The homogenates that were obtained were divided into
smaller portions and promptly stored at a temperature
of —80°C for the purpose of conducting Western blot analysis
and measuring various oxidative and antioxidant parameters.

Biochemical Parameters Measurements

Assessment of Some Proinflammatory Cytokines, NF-xB, Nrf2, and
Lysophosphatidic Acid (LPA) in Lung Tissue Using ELISA. The
microplates provided were coated with 1™ antibodies for LPA,
Nrf2, IL-6, TNF-a, IL-1p and NF-«kB. Standards or samples
were added to the appropriate microplate wells with a biotin-
conjugated antibody specific to each of them. Subsequently,
Horseradish peroxidase (HRP) coupled with avidin was in-
troduced into every well of the microplate and allowed to
incubate. Upon addition of the 3, 3/, 5, 5’-tetramethylbenzidine
(TMB) substrate solution, a noticeable alteration in color oc-
curred. The enzyme-substrate reaction was halted by the in-
troduction of a solution of sulphuric acid, and the alteration in
color was quantitatively assessed using spectrophotometry at a
wavelength of 450 nm. The concentration of each parameter is
thereafter determined by matching the optical density of the
samples to the standard curve.

Western Blot Analysis

Endothelin-1 (ET-1), a-SMA, TGF-B, connective tissue
growth factor (CTGF), and PPAR-y were identified in the lung
tissue using Western blot analysis. The lung tissue sample was
placed in a lysis solution that has protease suppressors and
then homogenized. Protein concentrations were measured
using the Bradford reagent. Each sample was loaded with an
identical volume of 2x sample buffer with 20 pg protein
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concentration. The sample buffer consisted of 4% SDS, 10%
2-mercaptoethanol, 20% glycerol, 0.004% bromophenol blue,
and 0.125 M Tris HCL. The pH level was measured and ad-
justed to 6.8. Samples were stacked onto an SDS-PAGE gel.
Later the isolated proteins were allowed to run for 7 min at
25 V to allow protein bands to transfer from the gel to the
membrane made of polyvinylidene difluoride. The nonspecific
sites were blocked using Tris-buffered saline with Tween 20
(TBST) buffer and 3% bovine serum albumin for 1 h. The blot
was then treated overnight at 4°C with ET-1, a-SMA, TGF-f,
CTGEF, and PPAR-y antibodies.

The blot was rinsed 3-5 times for 5 min with TBST. Goat
anti-rabbit conjugated IgG antibodies were utilized to identify
antibodies binding. The incubation process involved exposing
the blotted target protein to the HRP-conjugated secondary
antibody solution for a duration of 1 h at room temperature.
The blot was washed 3-5 times for 5 min with TBST. The
chemiluminescent substrate was applied to the blot. The
chemiluminescent signals were recorded using a camera-
based imager that utilizes a charge-coupled device (CCD)
technology. The band intensity of the required proteins was
measured against the control sample beta actin (a house-
keeping protein) using specific software. This was done by
protein normalization on the ChemiDoc MP imager.

Histopathologic Examinations and Lung Injury Scoring

The lung tissue was fixed using a 10% solution of formalin. After
fixation, the lung tissues were inserted in paraffin wax and sliced
into sections that were 4-6 pm thick. These sections were then
stained with hematoxylin and eosin (H&E).*° Slides were in-
spected under a light magnifying lens. The extent of interstitial
inflammation, alveolar wall thickening, peribronchial inflam-
mation, and interstitial edema in each tissue part of the lung was
assessed and assigned a score ranging from 0 to 4. The score
corresponded to the percentage of the affected area, with 0 in-
dicating no more than 10% impacted, 1 indicating up to 30%
affected, 2 indicating up to 50% affected, 3 indicating up to 70%
affected, and 4 indicating 70% or more affected.’’

Statistical Analysis

Using GraphPad Prism (version 8.0.2) software, one-way
analysis of variance (ANOVA) and Tukey’s test as a post-
ANOVA test were used to analyze the data, which were re-
ported as mean + S.E. P value less than or equal to 0.05 was
taken as the significance at a minimum level.

Results
Proinflammatory Cytokines TNF-o, IL-15 and IL-6

Some features confirmed the occurrence of paraquat lung
damage in our study. The paraquat-intoxicated rats showed a
significant increase in the levels of some proinflammatory

cytokines, for example, TNF-a, IL-1fB, and IL-6, compared
with the control group of rats (P < 0.0001). Whereas the
individual treatment of MP or R in PQ-administered rats
significantly decreased TNF-a, IL-1, and IL-6 (P < 0.0001)
as compared with the PQ-intoxicated rats. Compared with the
PQ group, the levels of TNF-a, IL-1B, and IL-6 in the
combination group (PQ + MP + R) were significantly reduced
(P <0.001). Additionally, the combination group (PQ + MP +
R) also exerted a significant decline in these proinflammatory
mediators compared to the (PQ + MP) and (PQ + R) groups
(P <0.001). Finally, the MP and R groups didn’t induce any
alterations in the preceding parameters in comparison with the
normal control rats (P > 0.05). (Figure 1).

NF-«xB and Nrf2

Figure 2 revealed that PQ significantly (P < 0.0001) raised the
level of NF-kB and diminished the Nrf2 level in lung tissues in
comparison with those in the control group. In contrast, treatment
with either MP or R can reverse these changes in the NF-kB and
Nrf2 levels significantly (P < 0.0001) in the PQ-administered
rats. The combination group (PQ + MP + R) decreased the level
of NF-«B and increased the Nrf2 levels significantly (P <0.0001)
compared to the PQ group with a result better than that seen in the
other treated groups. Against the control group, there were non-
significant changes in the levels of NF-kB and Nrf2 in the MP
and R groups (P > 0.05). (Figure 2)

LPA

Compared to the control group result, the LPA concentration
was significantly (P < 0.001) increased in damaged lung
tissues after PQ injection. Inversely, the PQ-administered rats
treated with either MP or R, especially the MP, induced a
significant reduction (P < 0.0001) in the LPA level compared
to the PQ group.

The MP and R administration in the PQ-intoxicated rats
also significantly reduced the level of LPA (P < 0.0001)
compared to both the PQ group and the other treated groups.
The MP and R groups induced a non-significant change in the
LPA level compared to the control group (P> 0.05). (Figure 3)

Western Plot Results

Results of rat lung tissue showed that in comparison with the
control group, the expression of ET-1, a-SMA, TGF-f, and
CTGF in the lung tissue increased while PPAR-y decreased in the
PQ-intoxicated rats (P < 0.0001). Both the PQ + MP and PQ +R
groups significantly decreased the levels of protein expression of
ET-1, a-SMA, TGF-, and CTGF, and PPAR-y expression was
significantly raised (P < 0.0001) compared with the PQ
group. When the PQ-intoxicated rats were treated with MP and
R, the expression levels of ET-1, a-SMA, TGF-f and CTGF
were significantly reduced, and PPAR-y was upregulated
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compared to the PQ group, with more effective results than those
in the other treated groups (P < 0.0001). (Figure 4A and B)

Histology

Histopathological assessment of paraquat-treated rats showed
massive inflammatory cell infiltration of interstitial tissue in-
between alveoli, mainly neutrophils, lymphocytes, and
macrophages. Perivascular and peribronchial mononuclear
cell aggregation. Considerable condensing of the inter-
alveolar septa and with full depletion of bronchial goblet
cells and exfoliation of epithelial lining were detected.
Multifocal collapsed area with alveolar oedema, which ap-
peared as eosinophilic homogenous fluid. Numerous focal

emphysematous regions accompanied by giant alveoli ap-
pearances were noticed (Figure SA and B). Furthermore, PQ
significantly increased the lung injury scores (score 4)
(Figure 6) in comparison with the control group.

The individual treatment of MP (Figure 5E and F) and R
(Figure 5C and D) presented moderate injury, but the severity
was significantly alleviated and lung injury score (Figure 6)
significantly cut back (score 2) compared with the PQ group.

As shown in Figure 5G and H the combination group, few
numbers of cellular aggregation in the interstitium by
mononuclear cells, mainly lymphocytes and macrophages,
were found in peribronchial and perivascular spaces. Mild
thickening of the inter-alveolar septa was identified. Intact
alveolar and bronchial epithelial lining were noticed.
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Therefore, the lung injury score (Figure 6) significantly
lowered (score 1) compared with the PQ group and compared
with the PQ + MP and PQ + R groups.

The histopathological examinations for the control
(Figure 5I), MP, (Figure 5J) and R (Figure 5K) groups ex-
hibited typical lung structure, with air spaces separated by thin
and delicate inter-alveolar septa.

The vasculature appeared normal, with minimal connective
tissue surrounding the blood vessels. The bronchioles dis-
played folded columnar epithelial cells, and the distribution of
fibrous tissues was normal.

The alveoli seemed to be expanded with delicate partitions
between them, so the lung injury score was 0, like the control
group (Figure 6).

Discussion

The lung tissue is the organ affected mainly during paraquat
(PQ) poisoning, which quickly results in the onset of acute
lung injury (ALI) and the progression of respiratory failure.>>
In the current work, it was suggested that the transforming
growth factor-beta/small mothers against decapentaplegic3
(TGF-B/smad), notch pathway, canonical nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-kB), and
endothelin-1 (ET-1) routes are included in the mechanism of
PQ-induced lung tissue injury, and these pathways coopera-
tively induce epithelial-mesenchymal transition (EMT).
Numerous research findings indicate that TGF-B, a ver-
satile cytokine, is pivotal in the fibrosis process by promoting
the fibroblasts to be transformed into myofibroblasts and
stimulating collagen synthesis.>® It has been observed that
increased TGF-B production is linked to PQ-induced lung
fibrosis, as well as various chronic inflammatory and fibrotic
conditions, in both humans and laboratory animals.**

The interaction between TGF- and its receptor initiates the
phosphorylation of SMAD2 and SMAD3, leading to their
combination with phosphorylated SMAD4 to form a complex.””
This complex then translocates to the cell nucleus, where it
associates with nuclear transcription factors, including connec-
tive tissue growth factor (CTGF). It has been noticed that CTGF
actively triggers the transcription of genes responsible for some
processes like cell proliferation, cell adhesion, cell migration,
angiogenesis, and additional physiological processes.*®

In healthy individuals, CTGF expression is typically
minimal; however, during the progression of pulmonary fi-
brosis, there is a notable rise in CTGF expression, exhibiting a
pro-fibrotic impact that leads to the heightened production of
TGF-B, increased deposition of extracellular matrix (ECM)
components, and the suppression of ECM degradation by
suppressing metalloproteinases.®” Based on these discoveries,
we noticed in our recent study that the degrees of TGF-f and
CTGF expression were notably upregulated in PQ-intoxicated
rats. These findings confirm the previous reports regarding
TGF-p and CTGF upregulation.*® Interestingly, we also found
that compared to the low-dose radiation (R) treatment alone,
misoprostol (MP) could achieve a more significant suppres-
sion of those inflammatory cytokines after PQ injection.
Treatment with low-dose radiation (R) reversed the effect of
PQ toxicity and led to TGF-$ and CTGF downregulation.

Interestingly, Rodriguez-Tomas et al*® (2022) reported a
notable decline in inflammation biomarkers like TGF-B1 and
C-reactive protein in COVID-19 patients after delivering
0.5 Gy of low-dose radiation singly to the entire lungs. Our
study confirmed that administration of MP and/or R attenuates
PQ alterations noticeably; this may be because of its anti-
inflammatory and antioxidant properties.

The Notch cascade has a marked role in controlling multiple
cellular routes like cell differentiation, proliferation, and auto-
phagy. Notch has the ability to trigger EMT in alveolar epithelial
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cells by interacting with TGF-f, resulting in pulmonary inter-
stitial fibrosis evolution. This condition is distinguished by the
appearance of alpha smooth muscle actin (a-SMA) as a marker.*’
Myofibroblasts that express a-SMA are actively involved in the
synthesis of ECM components. This process leads to the gradual
and irreversible disruption of the intact lung architecture, as it
gets replaced with connective tissue. Ultimately, this results in a
disturbance of gas exchange and leads to pulmonary failure.*!
So, in the ongoing study, PQ was found to trigger ALI through
the raised expression levels of a-SMA in the PQ group. Other
studies also confirmed the involvement of the Notch signal in the

EMT process via the TGF-$1/Smad3 pathway, and this mech-
anism potentially plays a role in the transformation of alveolar
epithelial cells into myofibroblasts during the advancement of
pulmonary fibrosis triggered by PQ poisoning.** Misoprostol
treatment could significantly decrease the expression levels of
a-SMA and TGF- compared with the PQ group. It is shown that
low-dose radiation vs acute inflammatory lung damage lowers
the paraquat-induced elevation of a-SMA levels, referring to its
beneficial effects that have also been confirmed by an earlier
study by Arenas et al*® (2021) that reported the presence of an
enhancement in respiratory complications, clinical parameters
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Figure 5. Representative lung pathological graphs (H&E X200). (A) massive inflammatory cells infiltration of interstitium tissue (B) Multifocal
collapsed area with alveolar oedema. (C) moderate cellular infiltration of the interstitium in peribronchial and perivascular spaces. (D) mild
thickening of the inter-alveolar septa and hyperplasia of bronchial epithelial lining. (E) Cellular infiltration in peribronchial and perivascular
spaces. (F) Hyperplasia of bronchial epithelial lining with complete loss of bronchial goblet cells. (G) Mild thickening of the inter-alveolar septa.
(H) few numbers of cellular aggregation in the interstitium. (1, ], K) normal archicture of alveoli interstitium (arrow head) and bronchiolar

epithelial lining (arrow).

(oxygen saturation and temperature), and markers of inflam-
mation in patients with lung issues. The protective and repairing
effect of this combination (MP + R) was found to be more
effective than MP or R alone against the lung injury caused by
PQ exposure.

When lungs are subjected to detrimental agents, the endo-
thelial cells (EC) and the macrophages become activated fol-
lowing exposure to proinflammatory cytokines such as tumor
necrosis factor-a (TNF-a)) and interleukin-18 (IL-1B). The ac-
tivated endothelium has an obvious role in inflammation by
facilitating the adhesion and migration of polymorphonuclear
leukocytes (PMNs) across the endothelial barrier to reach the site
of inflammation. Activation and migration of PMNs leads to
PMN alveolitis and the damage of vascular endothelial and
alveolar epithelial barriers. Intravascular coagulation occurs
when the endothelium undergoes a transformation that makes it
more likely to promote blood clot formation and the endothelial
and epithelial barriers disruption. Pulmonary edema occurs as a
consequence of the leakage of plasma and inflammatory cells,
causing a surface area reduction of the alveoli and a disruption in

the exchange of gases. Importantly, all the participating proteins
in the PMN-EC adhesion are regulated by the NF-kB.** The
severity and fatality of ALI/ARDS is mainly linked to a “cy-
tokine storm” mediated by NF-kB. This storm is characterized by
a significant influx of PMNs and the subsequent release of
cytokines, leading to fast deterioration caused by widespread
inflammation and coagulation. The canonical NF-kB pathway is
triggered by proinflammatory stimuli, including IL-1p and TNF-
o.** Based on the significantly elevated levels of IL-1p, TNF-a,
and NF-kB in the current study, it can be said that PQ intoxication
also activated the canonical NF-kB pathway, causing lung tissue
injury. In this direction, recently a few publications appeared
suggesting that the inhibition of the NF-kB pathway is a new idea
to treat PQ-induced lung injury.*>*® While TNF-a by itself may
not cause significant damage, it has the potential to amplify the
detrimental effects of IL-18, NF-xB, and IL-6 in lung inflam-
mation. In our present research, we detected that misoprostol
inhibited the inflammatory response and the evolution of ALI
through the significant lowering of TNF-a, IL-1p, IL-6, NF-xB,
and LPA levels. Administering low-dose radiation decreased the
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Figure 6. Statistical analysis of lung injury score. Data are expressed as
*P < 0.05 vs (PQ + MP + R).

inflammatory cytokine levels (TNF-a, IL-1B, and IL-6) in rats
intoxicated with paraquat. This was in accord with previous
findings indicating the role of R in inflammation inhibition.*’
Within this research, MP and/or R have been investigated for
their possible pulmonary protective impact and their therapeutic
applications in illnesses resulting from aberrant oxidative stress
and inflammation.

Endothelin-1 is a potent vasoconstrictor peptide expressed
by different cell types in the lungs, including EC, smooth
muscle cells, Clara cells, neuroendocrine cells, and alveolar
macrophages*®; and degraded principally in the pulmonary
vasculature. It has been linked to the ALI development, and its
levels are higher in ARDS due to both increased production
and reduced elimination.*” It is also one of the growth factors
that are possibly to be involved in the EMT, where it is up-
regulated by some factors like angiotensin II, thrombin, li-
popolysaccharide, TGF-B, and epithelial growth factor and
downregulated by nitric oxide and prostaglandin.*®

Both ET-1 and TGF-f independently trigger resistance of
fibroblasts to apoptosis through signaling pathways involving
p38 mitogen-activated protein kinase (MAPK) and pro-
survival phosphatidylinositol 3’-OH kinase (PI3K)/AKT.>
Importantly, it was observed that the rise in ET-1 levels
came before the collagen deposition enhancement.** ET-1
appears to be functional via the upregulation of TGF-f,
causing a loss of pro-surfactant protein B and the gain of
0-SMA.>!" Our study detected that ET-1 expression levels in
the lung tissue were significantly increased in PQ-injected rats
compared to those in the control group. Therefore, it can be
suggested that the ET-1 pathway is a possible route for ALI
induction by PQ. Some previous studies have indicated that
PQ exposure significantly raises the vasoconstrictor factor ET-
1 expression degree. "

The lysophosphatidic acid (LPA) cascade has gained sig-
nificant attention due to its potential as a valuable biomarker

mean + S.E. #P < 0.05 vs control. *P < 0.05 vs PQ-treated group of rats.

for understanding the development of many lung disorders
and its possible application in therapeutic strategies. The lung
tissues contain glycerophospholipids, specifically phosphati-
dylcholine and phosphatidylethanolamine. These glycer-
ophospholipids are transformed into lysophosphatidylcholine
by the enzyme phospholipase A2. Subsequently, lysophos-
phatidylcholine is changed into LPA by the enzymes lyso-
phospholipase D and autotaxin.>* It has been reported that
ATX, LPA, and their receptors are involved in the EMT-
stimulating and the formation of profibrotic cytokines (IL-6,
CTGF, and TGF-P) from monocytes and macrophages.’> Our
outcomes declared that in comparison to the control group, PQ
significantly increased concentrations of LPA and IL-6. Mi-
soprostol treatment effectively downregulates the elevated
expression levels of ET-1& LPA. The mechanism of low-dose
radiation for lowering ET-1 & LPA in paraquat-intoxicated
rats may be through multiple routes, including lowering pro-
inflammatory cytokines while suppressing the interaction
between PMNs and the vascular endothelium and enhancing
the polarization of lung macrophages from a pro-inflammatory
M-1 phenotype to an anti-inflammatory M-2 phenotype as
mentioned previously by Lara et al (2020); Prasanna et al
(2020).°%7 The obtained results clearly reflect the efficacy of
MP combined with R against PQ in rats and significantly
reversed the ET-1& LPA high levels caused by PQ.
Peroxisome proliferator-activated receptors (PPAR-y) are
transcription factors that belong to the nuclear receptor super-
family and are activated by ligands. PPAR-y, a member of this
superfamily, is present in alveolar epithelial cells, vascular en-
dothelial cells, and macrophages. PPAR-y has a role in the
formation of fat cells, sensitivity to insulin, the creation of new
mitochondria, reducing inflammation, and protecting the nervous
system. Furthermore, PPAR-y has a defensive function in ALI,
lung cancer, chronic obstructive pulmonary disease (COPD), and
various other pulmonary ailments. Activation of PPAR-y can
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decrease the release of inflammatory mediators, but its expres-
sion is always suppressed during ALIL>®

Our results confirmed that PQ poisoning indeed signifi-
cantly downregulated the expression levels of PPAR-y com-
pared to those that were observed in the control group. Prior
administration of MP resulted in a notable rise in PPAR-y
activity. These data indicate that the activation of PPAR-y by
MP may have an antioxidant effect. In the same concern,
PPAR-y upregulation was observed by using low-dose radi-
ation after PQ injection, leading to a decline in the release of
inflammatory mediators.’® This might be due to the sup-
pression of PPAR-y by R, which triggered the DNA binding
and transactivation of PPAR- y and raised the transcription of
PPAR-y target genes.®® Our outcomes demonstrated that the
concurrent administration of MP in the presence of R ame-
liorates lung injury induced by paraquat.

In the current study, the histopathological examination in
the PQ-intoxicated group was consistent with all the preceding
findings where PQ was observed to induce the migration of
inflammatory cells into the interstitial and alveolar spaces, as
well as enhance the secretion of pro-inflammatory mediators
(IL-6, TNF-a, and IL-1pB). Additionally, PQ caused damage to
the alveolar epithelial cells, resulting in hemorrhage, edema,
and the infiltration of inflammatory cells into the lung tissue.
The results of our study, combined with prior reports, indicate
that administering early treatment for MP and/or R following
PQ injection can prevent lung harm and restore the cellular
architecture to its normal state. These findings are corrobo-
rated by other investigations in which the lung tissue capil-
laries dilated and became congested due to a considerable
increase in neutrophils. In addition, there was thickening of
the lung septa, which did not exhibit any signs of improve-
ment, and the lung injury score was significantly elevated.®'

In summary, our findings indicate that low-dose gamma
radiation and/or misoprostol can be incorporated into a reg-
imen that effectively reduces the severity of paraquat-induced
lung injury, as assessed by histological and other investiga-
tions. This may be achieved by restricting the hypothesized
pathways leading to lung injury. These results broaden the
scope of the present therapy and offer a fresh approach to
treating and avoiding lung tissue damage. This limited study
does not ascertain the applicability of this conclusion to
various clinical settings.
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