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This study evaluated the antioxidant, anti-inflammatory, and anti-fibrotic effects of boric acid-
functionalized bentonite nanostructures (BABTs) in a rat model of paraquat (PQ)-induced pulmonary 
toxicity, a well-established model for herbicide-related lung fibrosis. BABTs (20–60 nm) were 
synthesized via a microwave-assisted technique, characterized by dynamic light scattering, scanning 
electron microscopy, Fourier-transform infrared, and ultraviolet–visible spectroscopy, confirming 
PQ-BABT complex formation. Forty-eight male Wistar rats were randomized into eight groups (n = 6/
group): negative control (saline), positive control (single 100 mg/kg PQ oral dose), and experimental 
groups receiving BABTs or boric acid (BA) at 10, 50, or 100 mg/kg/day orally, 30 min post-PQ. 
After 14 days, lung malondialdehyde (MDA) levels and histopathological changes (H&E, Masson’s 
Trichrome) were assessed. BABTs at 50 mg/kg significantly decreased lung malondialdehyde (MDA) 
levels (P < 0.05) and significantly attenuated tissue injury (P < 0.05), suggesting an attenuation of 
oxidative stress, inflammation, and fibrosis, while boric acid (BA) demonstrated no significant effect. 
BABTs mitigate PQ-induced lung injury through antioxidant, anti-inflammatory, and anti-fibrotic 
mechanisms, enhanced by reducing PQ bioavailability. These findings position BABTs as a promising 
therapeutic candidate for PQ-induced pulmonary fibrosis, warranting further clinical evaluation.
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Paraquat (PQ), also known as Gramoxone or methyl viologen, is a cationic, fast-acting, and non-selective 
quaternary nitrogen herbicide commonly used for its high effectiveness and minimal residue in crops1,2. 
However, PQ is highly toxic to humans and animals, contributing to significant annual mortality due to 
accidental or intentional ingestion, dermal exposure, or inhalation3,4. PQ is a multifunctional poison that affects 
several organs, including the liver, kidneys, heart, and central nervous system. But the most common and 
fatal injuries are lung damage and pulmonary fibrosis3,4. PQ accumulates in lung tissue, particularly in type II 
pneumocytes, via a selective, active polyamine uptake process5,6. The mechanisms underlying PQ toxicity are not 
fully understood. Oxidative stress, primarily driven by reactive oxygen species generation2,7,8. The reduction of 
PQ leads to the production of free radicals, causing oxidative damage, intra-alveolar fibrosis, and lung failure9,10. 
The lung injury caused by PQ leads to damage to alveolar epithelial cells (type I and II pneumocytes) and Clara 
cells, as well as disruptions to the surfactant system1,2. It also causes hemorrhage, edema, hypoxemia, infiltration 
of inflammatory cells into the interstitial and alveolar spaces, proliferation of fibroblasts, and excessive collagen 
deposition11,12. The high mortality rate of PQ-intoxicated patients poses a challenge for clinical practitioners 
due to the lack of an antidote or effective treatment to prevent these injuries13. Preventing the gastrointestinal 
absorption of toxins and reducing their bioavailability using chemical or natural adsorbents are among the 
detoxification strategies in the management of poisoning. Clays are composed of aluminum, magnesium, or 
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iron that are octahedrally coordinated with tetrahedral silica layers14. Bentonite, a cationic clay (depicted in 
Fig. 1b), exhibits a nearly constant negative surface charge15. The charge distribution, internal surface area, and 
heat resistance of bentonite may make it a suitable adsorbent for cationic herbicides16,17. The high adsorption 
capacities of bentonite for organic pollutants can be attributed to its swelling characteristics, internal and external 
cationic exchange capacity, and the availability of its interlamellar region for adsorption18–20. Several strategies 
have been used to enhance the adsorption capacity of bentonite nanostructures, including bentonite/CTAB21, 
bentonite/Mg(OH)2

22, bentonite/γ-alumina23, graphene oxide/bentonite24, and graphene oxide/bentonite-
supported nano-iron25. Modification with nonylammonium chloride has increased bentonite interlayer spacing 
and PQ adsorption capacity through the exchangeability of ammonium cation with the clay interlayer cation26. A 
study confirmed that bentonite-supported zero-valent iron nanostructures were effective in PQ adsorption20,27. 
Bentonite-supported mesoporous silica nanostructures showed better PQ adsorption compared to bentonite 
due to electrostatic interactions28.

Boron, identified as a metalloid element, has been demonstrated to impact a range of biological factors in 
animals, such as electrolyte levels, hormonal concentrations, antioxidant defense systems, and the lipid profile 
of the blood29–31. In medicine, boron compounds are used for treating arthritis, osteoporosis, and coronary 
heart disease29,32. Boron, a metalloid element, has been shown to influence various biological parameters in 
animals, including electrolyte levels, hormone concentrations, antioxidant defense systems, and blood lipid 
profiles33,34. As depicted in Fig. 1c, BA is classified as a weak Lewis acid due to its ability to accept a pair of 
nonbonding electrons. BA exhibits a trigonal-planar geometry as a consequence of the distribution of electrons 
in the valence shell of the boron atom, with electrons occupying only three locations. This arrangement results 
in sp2 hybridization of the boron atom, creating an unoccupied 2pz orbital. Consequently, BA can function 
as an electron-pair acceptor or Lewis acid by utilizing the vacant 2pz orbital to attract a pair of nonbonding 
electrons from a Lewis base, thereby forming a covalent bond35,36. One of the most significant uses of boric 
acid (BA) is in neutron capture therapy for various types of cancers37. The bipyridyl groups in paraquat (PQ) 
(Fig. 1a) confer nucleophilic characteristics, enabling it to act as a Lewis base by donating a pair of nonbonding 
electrons38. It is expected that boric acid-functionalized bentonite nanostructures (BABTs) will likely show a 
specific binding affinity towards PQ due to the unique properties of bentonite and boric acid. To the best of 
our knowledge, this study is the first to explore the synergistic therapeutic potential of BABTs in mitigating 
PQ-induced pulmonary fibrosis. Unlike previous studies that investigated bentonite’s adsorption of organic 
pollutants, such as paraquat20,28, or BA’s antioxidant effects in other models (e.g., bleomycin-induced fibrosis39 
or cisplatin-induced nephrotoxicity40), our work uniquely combines BA’s Lewis acid properties with bentonite’s 
electrostatic adsorption capacity to target PQ’s nucleophilic characteristics, thereby reducing its bioavailability 
and associated lung damage. In this study, BABTs were synthesized and characterized using SEM, DLS, UV, and 
FT-IR analyses. Their binding affinity to PQ and their antioxidant, anti-inflammatory, and anti-fibrotic effects on 
PQ-induced histopathological injuries and lipid peroxidation in rat lung tissues were evaluated. These findings 
position BABTs as a promising therapeutic candidate for managing herbicide-related lung toxicities, addressing 
a critical gap in current treatment options.

Materials and methods
Chemicals
All chemicals were of analytical grade unless otherwise specified. Bentonite (sodium montmorillonite, ≥ 98% 
purity) was obtained from Dr. Mojallali Industrial Chemical Complex Co. (Arak, Iran). Boric acid (≥ 99.5% 
purity, catalog no. 100165) and paraquat dichloride (42% purity) were sourced from Kavosh Kimia Co. Ltd. 
(Iran). Other reagents, including those used for biochemical assays (e.g., malondialdehyde, superoxide dismutase, 
glutathione, and catalase kits) and histological staining (e.g., hematoxylin and eosin, Masson’s Trichrome), were 
purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO, USA). Deionized water was used throughout the 
experiments to ensure consistency in nanoparticle synthesis and biochemical analyses.

Fig. 1.  Structure of (a) Paraquat, (b) Bentonite, and (c) Boric acid.
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Instruments
A scanning electron microscope (SEM) was used to analyze the surface morphology of bentonite nanostructures. 
The mean size and size distribution of BABTs were determined using dynamic light scattering with a Malvern 
Nano ZS light scattering apparatus (Worcestershire, Malvern Instruments Ltd., UK). Ultraviolet spectroscopy 
(UV) spectra were obtained using the GBC CINTRA 20 instrument within the wavelength range of 200–400 nm. 
All nanostructures were recorded by Fourier-transform infrared (FT-IR) spectra (Shimadzu IRPRESTIGE-21 IR 
spectrophotometer) over the range of 400–4000 cm−1 using the KBr disc method.

Preparation of BABTs
To prepare BABTs (Fig.  2), bentonite powder (10  mg) was dispersed in a mixture of ethanol (2  mL) and 
deionized water (8 mL) in three Erlenmeyer flasks and heated at 40  °C for 30 min with continuous stirring 
using a magnetic stirrer. Subsequently, the surfactant cetyl trimethyl ammonium bromide (10 mg) was added 
to the above solutions, and they were placed in a reflux system for 30 min. Following this, the solutions were 
subjected to microwave radiation (300 W) for 5 min to produce nanometer-sized bentonite (characterized by 
DLS analysis). In the second step, boric acid (BA) powder (10, 50, or 100 mg) was added to each of the three 
Erlenmeyer flasks, which were then placed in a reflux system for 45 min. To co-phase bentonite and boric acid, 
all three solutions were exposed to microwave radiation (300 W) for 5 min to produce nanometer-sized BABTs. 
Finally, the as-prepared BABTs were characterized using SEM, UV, and FT-IR.

Animals
Male Wistar rats, 8 weeks old and each weighing 200 ± 25 g, were obtained from the animal house and research 
center of Kerman University of Medical Sciences, Kerman, Iran. The rats were kept under controlled conditions 
of temperature (25 ± 2 °C) and humidity (50 ± 5%) with a 12:12-h light/dark cycle in specific cages for 1 week 
before use. They were provided with standard rat chow and drinking water ad libitum.

This study was approved by the Ethical Committee of Kerman University of Medical Sciences, Kerman, Iran 
(Ethic approval code: IR.KMU.REC.1400.362). All experimental procedures were conducted in accordance with 
the relevant guidelines and regulations, including the National Institutes of Health Guide for the Care and Use 
of Laboratory Animals. This study is reported in accordance with the ARRIVE guidelines ​(​​​h​t​t​p​s​:​/​/​a​r​r​i​v​e​g​u​i​d​e​l​i​
n​e​s​.​o​r​g​​​​​) for the reporting of animal experiments.

Pilot study
To determine an effective dose for inducing pulmonary fibrosis without mortality, a pilot study was conducted 
where rats were orally administered a single dose of paraquat (PQ) at 50 or 100 mg/kg. After 14 days, lung tissues 
were examined for histological changes via hematoxylin and eosin (H&E) staining and for fibrosis severity via 
Masson’s trichrome staining. The severity of histological changes was classified as none (−), mild ( +), moderate 
(+ +), or severe (+ + +)41. The extent of fibrosis was assessed based on the Ashcroft criteria42. The pilot study 
results demonstrated that a single oral dose of 100 mg/kg PQ induced significant pulmonary fibrosis within 
14 days without causing mortality, consistent with previous studies reporting that this dose effectively induces 
lung injury and fibrosis in rat models without fatalities1,43,44. Consequently, the 100 mg/kg single oral dose of PQ 
was selected for further investigation in this study.

Experimental design
To investigate whether synthesized BABTs modulated PQ-induced pulmonary injuries, 48 male Wistar rats 
were randomly assigned to eight experimental groups, with six rats in each group. All groups except Group 
I received a single oral dose of 100 mg/kg aqueous solution of PQ by gastric gavage on the first day. Thirty 

Fig. 2.  Preparation of BABT nanostructures.
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minutes after PQ administration, the respective treatments (BABTs or BA at 10, 50, and 100 mg/kg/day) were 
initiated and continued once daily for 14 consecutive days to establish a therapeutic intervention model rather 
than a preventive protocol. Group I, the negative control group, received 1 ml of 0.9% NaCl solution orally for 
14 days. Group II, the positive control group, received a single oral dose of 100 mg/kg of PQ. Groups III, IV, and 
V were PQ-poisoned rats that received BABTs containing 10, 50, and 100 mg of BA/kg/day orally (PQ + BABT10, 
PQ + BABT50, and PQ + BABT100). Groups VI, VII, and VIII were PQ-poisoned rats that received 10, 50, and 
100 mg/kg/day of BA orally (PQ + BA10, PQ + BA50, and PQ + BA100).

Tissue collection and analytical procedures
The rats were sacrificed 14  days after PQ treatment, and the lung tissues were collected to evaluate lipid 
peroxidation and pathological alterations. Briefly, the rats were deeply anesthetized by intraperitoneal injection 
of Ketamine (90 mg/kg) and Xylazine (10 mg/kg). While under deep anesthesia, the animals were euthanized 
by thoracotomy, and the lungs were immediately removed and washed with saline. All procedures were carried 
out in accordance with the ARRIVE guidelines and the AVMA Guidelines for the Euthanasia of Animals.The 
left lung lobe was separated and stored in 10% neutral buffered formalin for histopathological evaluation. The 
right lobe was used to prepare a tissue homogenate in a potassium phosphate buffer, pH 7.4. The obtained 
homogenates were immediately frozen at − 80 °C for lipid peroxidation evaluation.

Lipid peroxidation assay
Lipid peroxidation is commonly assessed by quantifying the malondialdehyde (MDA)45 levels in tissues, serving 
as a marker for lipid peroxidation, using thiobarbituric acid (TBA). The tissue samples were homogenized with 
20% trichloroacetic acid and centrifuged at 4000 rpm for 10 min, and then the precipitate was reconstituted in 
0.05 mM H2SO4. Subsequently, TBA solution (0.2% in sodium sulfate) was added to the mixture and incubated 
in a boiling water bath for 30 min. The resulting lipid peroxidation adducts were extracted using n-butanol, and 
the absorbance was measured at 532 nm. The extent of lipid peroxidation was expressed as mmol MDA/mg 
protein of tissue according to a MDA standard curve46.

Histopathological examination
The lung specimens were fixed in a 10% formalin solution and embedded in paraffin. The tissue sections, 5 µm 
thick, of the fixed lung tissues were prepared. For each animal, five tissue sections were analyzed. The sections 
were stained using hematoxylin and eosin (H & E) as well as Masson’s Trichrome staining methods. The method 
proposed by Szapiel et al.47 was employed to assess the degree of alveolitis. A total of 10 random fields/slides 
were examined. The average score of all the fields in each section was considered the alveolitis score. The extent 
of fibrosis was graded according to the Ashcroft criteria42. Similar to the alveolitis score, a total of 10 random 
fields/slides were analyzed. The average score of all the fields in each section was considered the fibrosis score. 
All histopathological evaluations, including H&E and Masson’s Trichrome staining, were performed by an 
experienced pathologist who was blinded to the group assignments to ensure unbiased assessment of alveolitis 
and fibrosis scores.

Statistical analysis
The results were expressed as the mean ± standard deviation (SD). The statistical analyses were carried out by 
one-way analysis of variance (ANOVA) followed by Tukey’s post hoc test using GraphPad Prism version 6 
(GraphPad Software Inc., San Diego, CA, USA). The data were analyzed using SPSS version 20. The differences 
with a p-value less than 0.05 were considered significant in all cases. The histopathological data compared 
between groups underwent the Kruskal–Wallis multiple comparison test, and the Mann–Whitney U test was 
conducted for binary comparisons.

Results
Characterization of BABTs and evaluation of their bonding to PQ
Scanning electron microscopy (SEM) analysis revealed that boric acid-functionalized bentonite nanostructures 
(BABTs) possess a layered and porous morphology. The dimensions of these nanostructures ranged from 
approximately 34 to 136 nm. The images in Fig. 3a, b illustrate the SEM micrographs of BABTs at magnifications 
of 1 µm and 500 nm, respectively.

Based on the DLS analysis, the average dimensions of BABTs ranged from approximately 20–60  nm. 
Statistical parameters related to the distribution of BABTs were determined, with values for the distribution 
number (Dn) at different percentiles as follows: Dn 10%: 28.17 nm, Dn 50%: 35.5 nm, and Dn 90%: 56.36 nm. 
Figure 4 illustrates the DLS analysis of the BABTs.

The ultraviolet (UV) absorption spectra of the synthesized BABTs, paraquat (PQ), and the PQ-BABT 
complex are illustrated in Fig. 5. The peak absorption intensity of PQ and PQ-BABTs complex is consistent at 
260 nm without any shift in position. However, there is a notable reduction in the absorption peak intensity of 
the PQ-BABTs complex at 260 nm compared to that of PQ. These findings suggest that upon exposure to UV 
light, the active sites of BABTs become inactive as a result of bonding with PQ molecules. Consequently, in the 
PQ-BABTs complex, the presence of PQ molecules occupying the active sites of BABTs leads to a decrease in 
electron excitation and absorption peak intensity.Ù

Fourier-transform infrared (FT-IR) spectroscopy involves acquiring an interferogram of a sample signal using 
an interferometer, followed by applying a Fourier transform for data analysis42. The FT-IR spectrum (Fig. 6a) 
exhibits band characteristics of the PQ molecule centered at 3052 and 3107 cm−1, which are assigned to the C–H 
stretching mode of the methyl groups on the aromatic ring in the PQ molecule48. A characteristic set of bands 
can also be seen between 1200 and 1600 cm−1, which may be assigned to the C–C stretching mode and the C-H 
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deformation mode in the aromatic ring plane48,49. Furthermore, the band at 1640 cm−1 is related to the stretching 
vibration of C=N/C–N in the PQ structure50. In Fig. 6b, the FT-IR spectra of the produced BABTs are shown 
within the 400–4000 cm−1 range. The spectrum of the BABTs exhibits a broad peak at 3453 cm−1, associated 
with the stretching vibrations of OH functional groups from crystallization water molecules. Another peak at 
1637 cm−1 is linked to OH deformation caused by the existence of water between bentonite layers. Furthermore, 
a peak at 1046 cm−1 is attributed to the asymmetric stretching vibrations of Si–O–Si51,52. The band at 1420 cm−1 
is related to the B–O asymmetric stretching of trigonal B and B–OH in-plane bending of trigonal B53.

Mechanism of PQ adsorbed onto BABTs
The mechanism of PQ adsorption was investigated using FT-IR before and after adsorption (Fig. 7). The FT-IR 
spectra of the prepared BABTs showed four principal peaks corresponding to –OH functional groups (3453 cm−1), 

Fig. 4.  DLS analysis of Boric acid-functionalized Bentonite nanostructures (BABT).

 

Fig. 3.  SEM images of the Bentonite nanostructures at scale 1 µm (a), and scale 500 nm (b).
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–OH deformation (1637 cm−1), Si–O–Si bonds (1046 cm−1), and B–O and B–OH bonds (1420 cm−1). However, 
the FT-IR spectra after PQ adsorption showed shifted peaks. The shifts attributed to -OH, -OH deformation, 
Si–O–Si, and B–O and B–OH, shifted by − 3 cm−1, − 2 cm−1, − 2 cm−1, and − 3 cm−1, respectively, confirming the 
interaction between these groups and PQ.

Effect of BABTs on lipid peroxidation
The levels of MDA in the samples were assessed as a measure of lipid peroxidation. The research findings 
demonstrated a notable rise in MDA levels in the rats treated with PQ (P < 0.0001) compared to those in the 
control group. Figure  8 shows a significant reduction in MDA levels in the rats treated with both PQ and 
BABT50 compared to those treated solely with PQ (P < 0.05). No significant differences in MDA concentration 
were observed between the remaining experimental groups and the PQ-treated rats. The results depicted in 
Fig. 8 indicated a significant increase in MDA levels in the PQ + BABT10, PQ + BABT100, and PQ + BA50 groups 
(P < 0.05) as well as the PQ + BA100 group (P < 0.001) when compared to those in the control group.

Effect of BABTs on histopathological alterations
Evaluation of the H&E-stained and Masson’s Trichrome-stained sections revealed that the normal lung 
architecture was destroyed following PQ administration, and a fibrotic pattern was observed. The tissue 
photomicrographs in the control group displayed ideal lung architecture. In the PQ group, extensive tissue 
damage was evident, with destroyed alveoli, thickening of the alveolar wall, accumulation of inflammatory cells, 
atelectasis, and lung fibrosis. The tissue images of the PQ group treated with BABTs showed significant recovery 
with a considerable decrease in the fibrosis score. No observable differences in pathological changes were noted 
between the BABT-treated groups. No significant restoration was observed in the PQ group treated with BA, 
with the tissue structure remaining similar to that of the PQ group, showing alveolar destruction, atelectasis, 
accumulation of inflammatory cells, and thickening of the alveolar walls (Table 1).

Fig. 5.  UV absorption spectra of (a) Boric acid-functionalized Bentonite nanostructures (BABT), (b) Paraquat 
(PQ), and (c) PQ-BABT complex. The star symbol indicates the absorption peak of PQ occurs at 260 nm.
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Fig. 7.  FT-IR spectra of (a) Boric acid-functionalized bentonite nanostructures (BABT), and (b) PQ-BABT 
complex.

 

Fig. 6.  FT-IR spectra of (a) Paraquat (PQ), and (b) Boric acid-functionalized Bentonite nanostructures 
(BABT).
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Determination of inflammation in the histopathologic study by Szapiel scoring method
The Szapiel score of the PQ group exhibited a statistically significant increase compared to that of the normal 
control group (P < 0.0001). In contrast, the Szapiel scores of the BABT10 and BABT50 treated groups showed a 
significant decrease (P < 0.05), while the BABT100 treated group displayed an even more pronounced reduction 
(P < 0.001) compared to the PQ group. These findings indicated the anti-inflammatory properties of BABTs. 
Conversely, the BA-treated groups did not demonstrate a notable decrease in Szapiel scores, suggesting that BA 
did not yield a significant anti-inflammatory effect on PQ-intoxicated rats (refer to Fig. 9 and Table 2).

Assessment of lung fibrosis degree by Ashcroft scoring method in the histopathologic study
The histopathological examination showed that exposure to PQ caused tissue damage and fibrotic changes, as 
indicated by a significant difference (P < 0.001). After administering BABTs orally in the PQ-induced lung injury 
model, a statistically significant decrease in the extent of fibrosis was observed (P < 0.05). In contrast, treatment 
with BA did not result in a significant reduction in the observed damage. As a result, the groups treated with 
BABTs showed a marked decrease in the severity of fibrosis compared to that in the PQ-exposed group, as 
depicted in Fig. 10 and Table 2.

Discussion
This study evaluated the antioxidant, anti-inflammatory, and anti-fibrotic effects of boric acid-functionalized 
bentonite nanostructures (BABTs) on paraquat (PQ)-induced lung injuries. The findings from examinations 
utilizing DLS and SEM demonstrated that BABTs exhibited dimensions ranging from 20 to 60 nm and displayed 
the intended morphology. FT-IR and UV spectroscopy confirmed active components on BABTs’ surface, 
validating their interaction with paraquat to form the PQ-BABTs complex. Notably, when compared to BA, the 
administration of BABTs at a dose of 50 mg/kg led to a substantial reduction in the lung lipid peroxidation levels 
and demonstrated significant improvement in histological outcomes.

Oxidative stress, inflammation, and fibrosis were identified as key factors in the development of these injuries 
following exposure to PQ. Exposure to PQ can result in significant and irreversible lung injury, leading to fibrosis 

Animal group Emphysema Atelectasis Inflammation Alveolar hemorrhage Fibrosis score

Control – – – – 2

50 mg/kg PQ  +   +  +   +  – 5

100 mg/kg PQ  +   +  +  +   +  +   +  8

Table 1.  Lung histopathology results after oral administration of Paraquat (PQ) in a pilot study.

 

Fig. 8.  Effect of treatment with Boric acid-functionalized Bentonite nanostructures (BABT) on the levels of 
malondialdehyde (MDA) in lung tissue homogenate in PQ-induced oxidative stress. Values are expressed as 
Mean ± SD (n = 6). * Significant increase in comparison with the Control group (*P < 0.05, ***P < 0.001, ****P < 
0.0001). #Significant decrease in comparison with the Paraquat (PQ) group (#P < 0.05).
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that shares similarities with the toxic effects observed in other pulmonary agents, such as bleomycin54. In cases of 
PQ toxicity, oxidative stress in pulmonary cells, particularly alveolar type I and type II epithelial cells, is caused 
by the generation of free radicals and reduction of antioxidants, which consequently results in cellular and tissue 
oxidative damage through the development of macromolecular oxidation, including lipid peroxidation, and 
protein carbonylation55. Enzymatic and non-enzymatic antioxidant enzyme systems protect the lungs from 
oxidative damage. Exposure to toxic substances can affect the function of antioxidant enzymes and decrease the 
levels of antioxidants such as glutathione56–58. Following oxidative injury, pulmonary cell death triggers alveolitis 
and pulmonary edema, ultimately leading to marked lung fibrosis during the proliferative stage43. The results of 
this study demonstrated the significant fibrogenic effect of PQ on lung tissues, accompanied by elevated levels of 
lipid peroxidation as an oxidative stress marker in the PQ-treated group, potentially by enhancing the activity of 
antioxidant enzymes in the injured lung tissue.

Our findings showed that BABTs significantly attenuated PQ-induced fibrosis in rat lungs. Bentonite, as 
an adsorbent with molecular sieving properties, reduced lipid peroxidation and mitigated oxidative stress59. 
BA also exhibits strong antioxidant properties by efficiently scavenging free radicals and superoxide radicals. 
It also supports the function of different antioxidant enzymes and reduces the concentrations of inflammatory 

Fig. 9.  H&E-stained histological evaluation of rat lungs in the Control, Paraquat (PQ), Paraquat with Boric 
acid-functionalized Bentonite nanostructures (PQ + BABT), and Paraquat with Boric acid (PQ + BA) groups on 
day 14 after PQ administration (× 100 magnification, Scale bar= 200 µm). Compared with the Control group, 
PQ intoxication showed progressive atelectasis and accumulation of inflammatory cells (chronic inflammation) 
in the alveolar space and septum. BABT nanostructures-treated groups showed remarkably decreased 
atelectasis (AT) and chronic inflammation (CI), while these changes were no less in the BA-treated groups.
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biomarkers60. Following our results, Sogut et al. illustrated the hepatoprotective benefits of BA in rats subjected 
to chronic alcohol consumption by its antioxidative and antiapoptotic characteristics61. Previous studies have 
reported BA’s ability to ameliorate pulmonary fibrosis triggered by bleomycin and renal impairment induced 
by cyclophosphamide39,62. These observations are consistent with earlier investigations suggesting that BA 
could alleviate cisplatin-induced nephrotoxicity by mechanisms such as the inhibition of oxidative stress, 
inflammation, and apoptotic damage in the serum, red blood cells, and kidney tissues of rats40. Previous studies 
also found the protective effect of BA against lung toxicity induced by other agents, such as bleomycin and 
formaldehyde39,63. As expected, the lipid peroxidation results aligned with the histopathology findings in the 
lung tissue. The findings from the tissue staining using Masson’s Trichrome support previous studies indicating 
that PQ induces the accumulation of collagen and the development of lung fibrotic lesions54,64. The BABTs were 
found to significantly reduce collagen deposition and pulmonary fibrosis in histopathology findings.

The present study demonstrates that BABTs mitigate PQ-induced pulmonary damage. In addition to the 
attenuating effect of BABTs on pulmonary injury and fibrosis through their potent antioxidant properties, the 
noted protective effect could be attributed to other various factors. Firstly, it could be due to the bonding of PQ 
molecules with BABTs. The adsorption mechanism of PQ onto BABTs involves a Lewis acid–base interaction 
between BA and PQ molecules, facilitated by dative bonds, resulting in the generation of additional products60. 
Secondly, the protective effect may also be influenced by the electrostatic interactions between the PQ2+ 
molecules and the negative surface charge on the bentonite nanostructures. Lastly, hydrogen bonding between 
the OH-groups located on the surface of BABTs and the nitrogen atoms within the structure of the PQ molecule 
could also contribute to this protective effect.

The translational relevance of our findings lies in the potential application of BABTs for managing PQ-
induced pulmonary fibrosis in humans, where rat models have been shown to closely mimic the oxidative stress, 
inflammation, and fibrotic progression observed in clinical cases of PQ poisoning65. Using FDA-recommended 
allometric scaling for dose extrapolation (HED = rat dose × [rat Km / human Km], where Km rat = 6 and Km 
human = 37, yielding a conversion factor of approximately 0.162)66, the effective rat dose of BABTs at 50 mg/
kg/day corresponds to a human equivalent dose (HED) of approximately 8.1  mg/kg/day, which could serve 
as a starting point for future preclinical safety studies. However, safety concerns associated with nanoparticles 
must be addressed; boric acid, while generally low in acute toxicity, has been linked to reproductive and 
developmental effects in chronic exposures67, and bentonite NPs may pose risks of inhalation-induced lung 
inflammation or oxidative stress, as evidenced by increased malondialdehyde levels in exposed models68. General 
nanoparticle risks, including enhanced systemic absorption and potential organ toxicity, further necessitate 
rigorous toxicokinetic evaluations in larger animal models or human cell lines. Clinically, BABTs could offer 
a practical adjunct therapy for PQ intoxication, where current management relies on supportive measures like 
activated charcoal and immunosuppression without a specific antidote; by reducing PQ bioavailability through 
complex formation, BABTs may mitigate acute lung injury and fibrosis, potentially improving survival rates 
in emergency settings. Nonetheless, these implications require validation through Phase I/II clinical trials to 
confirm efficacy, dosing, and safety in humans. This study utilized only male Wistar rats to minimize potential 
confounding effects of female hormonal fluctuations, particularly estrogen, which can modulate oxidative stress 
and inflammatory pathways relevant to paraquat (PQ)-induced pulmonary fibrosis69. In initial animal studies, 
selecting a single sex, typically males, is a common practice to reduce variability due to hormonal influences, 
ensuring clearer interpretation of treatment effects70. Current evidence suggests that PQ toxicity mechanisms are 
largely consistent across genders in rat models43. However, female hormones may subtly influence the severity 
of lung injury or response to BABTs. Future studies incorporating both male and female rats are essential to 
confirm the generalizability of BABTs’ antioxidant, anti-inflammatory, and anti-fibrotic effects across genders.

Conclusion
Collectively, BABTs exhibited a protective effect against PQ-induced pulmonary injuries across various stages 
of toxicity, mediated by their antioxidant, anti-inflammatory, and anti-fibrotic properties, as well as potential 

Animal group Fibrosis score (The Ashcroft scale) Alveolitis score (The Szapiel scale)

Control 2.1 ± 0.57 1.6 ± 0.54

PQ 8 ± 1*** 3.4 ± 0.54****

PQ + BABT 10 5.5 ± 0.57* 2.2 ± 0.44*

PQ + BABT 50 5.5 ± 0.57* 2.2 ± 0.44*

PQ + BABT 100 5.25 ± 0.5* 1.8 ± 0.44***

PQ + BA 10 7.25 ± 0.5** 2.6 ± 0.54

PQ + BA 50 7.25 ± 0.5** 2.8 ± 0.44*

PQ + BA 100 7.25 ± 0.5** 2.8 ± 0.44*

Table 2.  Comparisons of alveolitis score and fibrosis score among groups of control, Paraquat (PQ) treatment, 
Paraquat with boric acid-functionalized bentonite nanostructures (PQ + BABT) treatment, and Paraquat 
with boric acid (PQ + BA) treatment (Mean ± SD; n = 6). Data were analyzed by the Kruskal–Wallis multiple 
comparison test followed by the Mann–Whitney U post hoc test for multiple comparisons. * Significant 
increase in comparison with the Control group (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001). * Significant 
decrease in comparison with the Paraquat (PQ) group (*P < 0.05, ***P < 0.001).
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physicochemical interactions with PQ. The multifaceted antioxidant, anti-inflammatory, and anti-fibrotic 
activities of BABTs warrant further investigation of their therapeutic potential for pulmonary injuries induced 
by pharmaceuticals, toxins, or medical conditions. Future studies should incorporate direct mechanistic assays, 
such as reactive oxygen species (ROS) detection, NF-κB pathway inhibition, monoamine oxidase (MAO) 
activity measurement, and comprehensive evaluation of antioxidant defense systems (e.g., GSH, SOD, and CAT) 
to clarify the molecular and oxidative pathways involved in the protective effects of BABTs.

Data availability
All data generated or analyzed during this study are included in this published article.
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