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ABSTRACT 

	
Aims: To evaluate and compare the protective efficacy of galangin and piperine—individually and in combination—against bleomycin-induced pulmonary fibrosis in C57BL/6 mice, with emphasis on oxidative and nitrosative stress modulation and histopathological recovery. The study focused on changes in antioxidant enzymes (SOD, CAT, GSH), oxidative stress markers (MDA, nitrite, MPO), and microscopic alterations in lung architecture.
Study design:  Controlled, randomised, experimental animal study with seven parallel groups.
Place and Duration of Study: Department of Veterinary Pharmacology and Toxicology, College of Veterinary Science, Hyderabad, India; 21-day experimental period conducted under IAEC approval.
Methodology: Fifty male C57BL/6 mice (6–7 weeks old) were assigned to seven groups (n = 6–8): (1) Control; (2) Bleomycin (BLM, 1.5 U/kg, oropharyngeal, day 0); (3) Galangin (GA, 5 mg/kg/day, p.o.); (4) Piperine (PIP, 50 mg/kg/day, p.o.); (5) BLM + GA; (6) BLM + PIP; (7) BLM + GA (2.5 mg/kg) + PIP (25 mg/kg). On day 21, lungs were harvested for biochemical assays of SOD, CAT, GSH, MDA, nitrite, and MPO, and for histopathological analysis using H&E and Masson’s trichrome staining. Statistical analysis was performed using one-way ANOVA followed by Tukey’s post-hoc test (P < 0.05).
Results: BLM administration significantly reduced antioxidant enzyme activities (SOD, CAT, GSH) and elevated MDA, nitrite, and MPO levels (P < 0.05), indicating oxidative and nitrosative stress. Treatment with galangin or piperine restored antioxidant status and reduced oxidative biomarkers, while their combination showed the most pronounced effect (P < 0.05). Histopathologically, BLM-treated lungs exhibited severe alveolar destruction, oedema, inflammatory infiltration, and collagen deposition. These lesions were markedly ameliorated by galangin and piperine treatment, with the combination group demonstrating near-normal alveolar structure, minimal congestion, and reduced fibrotic changes.
Conclusion: Galangin and piperine protect against bleomycin-induced pulmonary fibrosis by attenuating oxidative and nitrosative stress, reducing MPO-mediated inflammation, and preserving normal lung histoarchitecture. Their combination produced synergistic antioxidant and histological protection, underscoring their potential as natural, multi-targeted therapeutic agents against pulmonary fibrosis.
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1. INTRODUCTION 
Pulmonary fibrosis is a chronic, progressive interstitial lung disease characterised by extensive remodelling of the lung parenchyma, excessive deposition of extracellular matrix (ECM), and gradual loss of pulmonary function. Among various experimental models, bleomycin (BLM)-induced pulmonary fibrosis in mice is the most widely accepted and reproducible system, as it closely resembles the oxidative and histopathological features of human idiopathic pulmonary fibrosis (IPF) (Krishnan et al.,2025; Williamson et al., 2015).
The pathogenesis of BLM-induced fibrosis involves a complex interaction between oxidative stress and inflammatory injury. Following administration, bleomycin undergoes redox cycling and generates reactive oxygen species (ROS) such as superoxide anions, hydroxyl radicals, and hydrogen peroxide (Allawzi et al., 2019). These free radicals cause DNA strand breaks, lipid peroxidation, and mitochondrial dysfunction, leading to alveolar epithelial injury and activation of fibroblasts and myofibroblasts (Wang et al., 2021). The imbalance between oxidant generation and antioxidant defence marked by depletion of superoxide dismutase (SOD), catalase (CAT), and reduced glutathione (GSH) plays a pivotal role in disease progression (Kıran et al., 2023). Elevated malondialdehyde (MDA) and nitrite levels further reflect lipid peroxidation and nitrosative stress, perpetuating cellular and tissue injury (Hanuman et al., 2024).
Oxidative stress arises when the production of ROS exceeds the capacity of the body’s antioxidant defence system to neutralise and eliminate them. Reactive oxygen species, including free radicals and peroxides, are naturally generated during cellular metabolism, immune responses, and energy production (Ozougwu et al., 2016). When antioxidant mechanisms are overwhelmed, excessive ROS can attack vital biomolecules such as lipids, proteins, and deoxyribonucleic acid (DNA), resulting in cellular dysfunction and contributing to the pathogenesis of numerous diseases, including pulmonary fibrosis (Krishnan et al.,2025).
Histopathologically, BLM-induced lung injury is characterised by alveolar wall thickening, congestion, interstitial oedema, and infiltration of mononuclear cells, followed by collagen deposition and fibroblast proliferation (Pinart et al., 2009). The distortion of alveolar architecture and accumulation of fibrous tissue in the interstitium are hallmarks of advanced fibrosis (Confalonieri et al., 2022).
Given that oxidative stress and subsequent histopathological remodelling are central to BLM-induced pulmonary fibrosis, simultaneous assessment of biochemical antioxidant markers (SOD, CAT, GSH, MDA, and nitrite) and microscopic tissue alterations offers a comprehensive understanding of the disease process. Therefore, the present study was designed to evaluate the protective effects of galangin and piperine against oxidative stress and histological alterations in bleomycin-induced pulmonary fibrosis in C57BL/6 mice.

2. material and methods 
2.1 Chemicals and Reagents
Galangin and piperine were obtained from Tokyo Chemical Industry (TCI), Japan, and bleomycin from Cipla Ltd., India. All other chemicals and reagents for oxidative analysis were of analytical grade  procured from HiMEDIA Laboratories (India), Thermo Fisher Scientific (India), Sigma Aldrich (USA), 
2.2 Animals
A total of 50 healthy, 6-7 week old male C57BL/6 mice, with an average body weight of 28 g, were procured from VYAS Labs, Hyderabad (CPCSEA: 2085/PO/Rc.Bi.Bt/S/19/CPCSEA). The animals were housed in polypropylene cages under controlled environmental conditions with a temperature of 22 ± 2°C and a 12-hour light/dark cycle. Standard pellet feed (M/s. VRK Nutritional solutions, Hyderabad) and clean drinking water were provided ad libitum. The mice were acclimatized for 15 days prior to the commencement of the experiment. All experimental protocols were approved by the Institutional Animal Ethics Committee (IAEC), College of Veterinary Science, Hyderabad (Approval No. 40/24/C.V.Sc, Hyd, IAEC.MICE/ dated 12.06.2021) and were conducted in accordance with the guidelines.
2.3 Experimental Design
Chart 1: Experimental Design
	Group
	                     Treatment
	No. of Mice

	1.
	Control ( 0.9% saline) oropharyngeal route, Single dose on 0th day
	
6

	2.
	Bleomycin sulphate @ 1.5 U/Kg bwt,  oropharyngeal route, Single dose on 0th day 
	
8

	3.
	Galangin @ 5mg/kg bwt/orally/daily
	6

	4.
	Piperine@ 50mg/kg bwt/orally/daily
	6

	5.
	Bleomycin sulphate + Galangin @ 5mg/kg bwt/orally/daily
	8

	6.
	Bleomycin sulphate + Piperine@ 50mg/kg bwt/orally/daily
	8

	7.
	Bleomycin sulphate + Galangin @ 2.5mg/kg bwt/orally/daily + Piperine @ 25mg/kg bwt/orally/daily
	
8
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Fig.1: Experimental design

2.4 Preparation of Tissue Homogenates
After euthanasia using CO₂ on day 21, the lungs were promptly removed and sectioned for oxidative stress evaluation. The tissues were homogenised in phosphate-buffered saline (PBS, pH 7.4) maintained at 4 °C. All procedures were carried out under chilled conditions to ensure enzyme stability, and the homogenates were stored at low temperature until further biochemical analyses.
2.5 Estimation of oxidative stress and nitrosative stress:  Lipid peroxidation was estimated by measuring malondialdehyde (MDA) using the thiobarbituric acid reactive substances (TBARS) method. Lung tissue (20 mg) was homogenised in 500 µL PBS and reacted with SDS, acetic acid, and thiobarbituric acid. After heating at 95 °C for 1 h and centrifugation at 10,000 rpm for 10 min, the absorbance of the supernatant was recorded at 532 nm and expressed as nM/mg protein (De Leon et al., 2020). Reduced glutathione (GSH) was determined following the method of Moron et al. (1979) using Ellman’s reagent, with absorbance measured at 412 nm and results expressed as µM/mg protein. Superoxide dismutase (SOD) activity was measured by a pyrogallol-based assay, with absorbance taken at 570 nm and expressed as IU/mg protein (Madesh and Balasubramanian 1998]. Catalase (CAT) activity was assessed using hydrogen peroxide–dichromate acetic acid reagent, measuring absorbance at 610 nm and expressed as IU/mg protein (Sinha et al., 1972). Nitrite levels were quantified by the Griess reaction at 540 nm and expressed as µM/mg protein (Chelpuri et al., 2022).
2.7 Histopathological Examination
Lung tissues were fixed in 10% neutral buffered formalin (NBF) and processed through ascending grades of alcohol for dehydration, followed by clearing in xylene and embedding in paraffin wax at 55–56 °C. Paraffin blocks were sectioned at 5 µm thickness using a rotary microtome. The sections were mounted on grease-free glass slides pre-coated with Mayer’s egg albumin and dried overnight at 37 °C. Staining was performed using haematoxylin and eosin (H&E) following standard procedures. 
2.8  Analytical statistics
The experiment findings are presented as mean ± standard error values. For the statistical study, a one-way analysis of variance followed by Tukey's multiple comparison test P <0.05 was used to determine the significance of the findings.

3. results and discussion
3.1 Antioxidant Profile
3.1.1 Catalase (CAT): Catalase activity (IU/mg protein) was significantly (P < 0.05) reduced in the bleomycin control group (Group 2: 3.29 ± 0.18) compared with the normal control (Group 1: 8.86 ± 0.18). Treatment with galangin (Group 5: 5.96 ± 0.16) and piperine (Group 6: 5.37 ± 0.18) significantly (P < 0.05) increased CAT levels relative to Group 2. The combination group (Group 7: 7.17 ± 0.21) exhibited a greater improvement than the individual treatments. Groups 3 (9.15 ± 0.11) and 4 (9.84 ± 0.16) showed no significant difference from the control.
3.1.2 Nitrite: Nitrite concentration (µM/mg protein) was markedly (P < 0.05) elevated in the bleomycin group (Group 2: 31.18 ± 0.95) compared with the control (Group 1: 2.38 ± 0.50). Treatment with galangin (Group 5: 18.24 ± 0.67) and piperine (Group 6: 20.45 ± 0.96) significantly lowered nitrite levels, while the combination group (Group 7: 15.47 ± 0.67) showed the most pronounced reduction (P < 0.05). Groups 3 (3.23 ± 0.56) and 4 (3.18 ± 0.54) were comparable to Group 1.
3.1.3  Superoxide Dismutase (SOD): SOD activity (IU/mg protein) declined significantly (P < 0.05) in Group 2 (1.84 ± 1.21) versus Group 1 (18.54 ± 1.66). Both galangin (Group 5: 12.83 ± 1.21) and piperine (Group 6: 11.92 ± 1.09) treatment improved enzyme levels, with the combination group (Group 7: 15.67 ± 1.54) showing the highest increase (P < 0.05). Groups 3 (19.23 ± 1.27) and 4 (18.45 ± 1.83) remained similar to controls. 
3.1.4 Malondialdehyde (MDA): MDA concentration (nM/mg protein) was significantly (P < 0.05) higher in the bleomycin group (Group 2: 43.53 ± 1.31) compared with the control (Group 1: 3.92 ± 1.25), indicating increased lipid peroxidation. Treatment with galangin (Group 5: 23.72 ± 1.14) and piperine (Group 6: 24.64 ± 1.83) significantly reduced MDA levels, while the combination (Group 7: 15.92 ± 1.38) achieved the greatest reduction. Groups 3 (4.35 ± 1.40) and 4 (4.94 ± 1.46) were statistically comparable to Group 1. 
3.1.5  Reduced Glutathione (GSH): GSH concentration (µM/mg protein) was significantly (P < 0.05) decreased in Group 2 (8.79 ± 1.11) compared with Group 1 (42.93 ± 2.07). A significant (P < 0.05) elevation was observed in galangin (Group 5: 17.93 ± 1.65), piperine (Group 6: 19.31 ± 1.06), and combination (Group 7: 27.21 ± 1.54) groups, the latter showing superior recovery. Groups 3 (43.33 ± 2.56) and 4 (40.28 ± 1.72) did not differ significantly from Group 1. 
3.1.6 Myeloperoxidase (MPO): MPO activity (pg/mg protein) increased significantly (P < 0.05) in the bleomycin group (Group 2: 6.81 ± 0.80) relative to the control (Group 1: 2.29 ± 0.28). This elevation was reduced by galangin (Group 5: 4.76 ± 0.53), piperine (Group 6: 4.53 ± 0.36), and most effectively by their combination (Group 7: 3.97 ± 0.06) (P < 0.05). Groups 3 (3.02 ± 0.05) and 4 (3.16 ± 0.32) showed no significant difference from Group 1. 

Table 1:  Effect of Different Treatments on Antioxidant and Oxidative Stress Markers in Experimental Groups
	Group
	Catalase
	Nitrite
	SOD
	MDA
	GSH
	Myeloperoxidase

	1.
	8.86±0.18a
	2.38±0.50a
	18.54±1.66a
	3.92±1.25a
	42.93±2.07a
	2.29±0.28a

	2.
	3.29±0.18b
	31.18±0.95b
	1.84±1.21b
	43.53±1.31b
	8.79±1.11b
	6.81±0.80b

	3.
	9.15±0.11a
	3.23±0.56a
	19.23±1.27a
	4.35±1.40a
	43.33±2.56a
	3.02±0.05a

	4.
	9.84±0.16a
	3.18±0.54a
	18.45±1.83a
	4.94±1.46a
	40.28±1.72a
	3.16±0.32a

	5.
	5.96±0.16c
	18.24±0.67c
	12.83±1.21c
	23.72±1.14c
	17.93±1.65c
	4.76±0.53c

	6.
	5.37±0.18c
	20.45±0.96c
	11.92±1.09c
	24.64±1.83c
	19.31±1.06c
	4.53±0.36c

	7.
	7.17±0.21d
	15.47±0.67d
	15.67±1.54cd
	15.92±1.38d
	27.21±1.54d
	3.97±0.06d



3.2  Histopathology of the Lung
Grossly, the lungs of Group 1 mice exhibited normal appearance with mild congestion and pulmonary oedema. In contrast, Group 2 (bleomycin control) displayed marked congestion, pronounced oedema, and diffuse haemorrhagic areas. The treatment groups (Groups 5, 6, and 7) showed only mild to very mild congestion with noticeable clearance of pulmonary oedema. The lungs of Groups 3 and 4 appeared normal and comparable to the control.
Histopathological examination revealed that Group 1 lungs maintained normal architecture, showing intact alveoli, bronchioles lined by epithelium and well-defined alveolar septa and venules. In contrast, Group 2 exhibited severe pathological changes, including marked congestion, emphysema, alveolar wall collapse, oedematous fluid accumulation in the alveolar lumen, and dense mononuclear cell infiltration around bronchioles and peribronchiolar regions, along with mild fibrous tissue proliferation in the interstitium.
Group 5 lungs displayed moderate lesions characterised by alveolar emphysema, moderate perivascular and peribronchiolar infiltration of mononuclear cells. Group 6 sections showed moderate inflammatory cell infiltration within the interstitial tissue. The combination treatment group (Group 7) demonstrated only mild peribronchiolar infiltration of mononuclear cells and mild emphysematous changes, indicating significant histological recovery.
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Fig. 2. Galangin and Piperine effect on fibrotic parameters. Catalase (A), Nitrite (B), SOD (C), MDA (D), GSH (E), Myeloperoxidase (F).
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Fig. 3. Galangin and Piperine effect on a) gross pathology and b) histology.

Pulmonary fibrosis represents a progressive interstitial lung disorder marked by persistent epithelial injury, fibroblast activation, and excessive deposition of extracellular matrix (ECM), culminating in impaired gas exchange and lung stiffness ((Lederer and Martinez, 2018; Raghu et al., 2022). In experimental models, bleomycin (BLM) administration is widely used to reproduce the oxidative, inflammatory, and fibrotic characteristics of idiopathic pulmonary fibrosis (IPF) (Williamson et al., 2015). In the present study, BLM exposure induced a series of biochemical and structural changes in C57BL/6 mice, including elevated oxidative stress and severe histopathological alterations. Conversely, treatment with galangin (GA) and piperine (PIP) alone or in combination attenuated these changes, with the combination therapy exhibiting the most pronounced protective effect.
Oxidative Stress by BLM markedly increased malondialdehyde (MDA) and nitrite levels, indicating enhanced lipid peroxidation and nitrosative stress, while significantly depleting superoxide dismutase (SOD), catalase (CAT), and reduced glutathione (GSH). These results are consistent with earlier studies reporting ROS-mediated oxidative damage as a central driver of fibrosis (Lederer et al., 2018). The excessive generation of reactive oxygen and nitrogen species disrupts mitochondrial function and cellular redox balance, further amplifying inflammatory and apoptotic cascades (Checa and Aran, 2020).
Treatment with galangin or piperine significantly restored antioxidant enzyme activities and reduced oxidative biomarkers, suggesting their efficacy in counteracting free-radical-induced injury. Both phytochemicals are known to possess strong antioxidant and anti-inflammatory properties mediated via Nrf2 activation and NF-κB inhibition (7,8). The combination of galangin and piperine (Group 7) exhibited the greatest improvement in antioxidant status, likely due to piperine’s bioenhancing properties that enhance the absorption and bioavailability of co-administered compounds. These findings corroborate reports by Thangaiyan et al. (2020), which documented the role of galangin in restoring enzymatic antioxidant defences in oxidative lung injury models.
Myeloperoxidase (MPO), a pro-oxidant enzyme released from activated neutrophils, contributes to tissue injury through hypochlorous acid formation and secondary ROS production. The elevated MPO activity in the BLM-treated group supports an ongoing inflammatory process. Galangin and piperine, particularly in combination, significantly lowered MPO activity, indicating their potential to suppress neutrophil infiltration and oxidative burst. Similar anti-inflammatory effects of these compounds have been reported in models of LPS-induced and ovalbumin-induced pulmonary injury (Kwon et al., 2025; Ren et al., 2019).
Histopathological findings reinforced the biochemical data. Lungs from the BLM-treated group displayed severe alveolar destruction, emphysema, interstitial oedema, and dense inflammatory infiltration hallmarks of fibrotic remodelling (Pinart et al., 2009). These changes are attributed to oxidative injury, epithelial apoptosis and the activation of fibroblasts and myofibroblasts (Confalonieri et al., 2022). Treatment with galangin or piperine markedly ameliorated these lesions, showing reduced cellular infiltration, less alveolar wall thickening and restoration of normal lung architecture. The combination group exhibited near-normal histoarchitecture with minimal congestion and emphysema, confirming synergistic protective effects.
Galangin and piperine mitigate bleomycin-induced pulmonary fibrosis by inhibiting the TGF-β1/NF-κB signalling axis, activating Nrf2-mediated antioxidant defence and reducing oxidative stress and inflammation. Their combined action downregulates profibrotic mediators while restoring normal lung architecture, highlighting the multifaceted protective potential of these antioxidant and anti-inflammatory phytochemicals in preventing fibrogenic progression.

4. Conclusion

In summary, galangin and piperine exhibited substantial protective effects against BLM-induced oxidative stress and fibrotic lung injury in C57BL/6 mice. The combination therapy provided superior efficacy compared with individual treatments, suggesting a synergistic interaction between both compounds. This dual phytotherapeutic approach mitigated ROS-mediated damage and preserved normal lung histology. These findings highlight the potential of galangin piperine co-therapy as a promising, natural, and multi-targeted strategy for the management of pulmonary fibrosis.
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