
Targeting TGF-β1/MMP-9/α-SMA signaling axes using piperine and galangin in bleomycin induced pulmonary fibrosis model
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ABSTRACT 

	Aims: To evaluate and compare the anti-fibrotic efficacy of galangin and piperine alone and in combination against bleomycin-induced pulmonary fibrosis in C57BL/6 mice, using biochemical (hydroxyproline, TGF-β1), histological (Masson’s trichrome), and immunohistochemical (MMP-9, α-SMA) endpoints.
Study design: Controlled, randomized, experimental animal study with seven parallel groups.
Place and Duration of Study: Department of Veterinary Pharmacology and Toxicology, College of Veterinary Science, Hyderabad, India. Experiments were conducted under IAEC approval using a 21-day protocol.
Methodology: Fifty male C57BL/6 mice were allocated into seven groups, including control, bleomycin, galangin, piperine, and their combinations. After 21 days of treatment, lung tissues were analyzed for hydroxyproline, TGF-β1, collagen (Masson’s trichrome), and MMP-9 and α-SMA (IHC). Data were statistically evaluated using one-way ANOVA followed by Tukey’s test (P < 0.05).
Results: BLM significantly increased hydroxyproline vs control (171.41±6.46 vs 27.35±2.57 pg/mg protein; P<0.05) and TGF-β1 (129.24±2.87 vs 16.61±2.09 pg/mg; P<0.05). Treatment reduced both biomarkers vs BLM: GA (hydroxyproline 110.87±2.84; TGF-β1 64.17±2.87), PIP (97.68±3.22; 58.73±2.56), and combination (65.82±5.22; 42.15±2.41), with the combination superior to monotherapies (all P<0.05). Per se GA and PIP (groups 3–4) did not differ from control for either marker (P>0.05). Masson’s trichrome showed marked collagen deposition in BLM lungs, attenuated to mild (GA, PIP) and very mild (combination) fibrosis. IHC demonstrated strong MMP-9 and α-SMA expression in BLM lungs, reduced with GA or PIP and minimal with combination therapy.
Conclusion: Galangin and piperine mitigate bleomycin-induced lung fibrosis, with combination therapy yielding the greatest improvement across biochemical, histological, and immunohistochemical endpoints. Benefits likely arise from dampening profibrotic signaling (TGF-β1/α-SMA/MMP-9) alongside antioxidant/anti-inflammatory actions, supporting these phytochemicals particularly in combination as promising candidates for anti-fibrotic intervention.
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1. INTRODUCTION 
Pulmonary fibrosis is a chronic, progressive and often fatal interstitial lung disease characterized by excessive deposition of extracellular matrix (ECM) components such as collagen and fibronectin, resulting in irreversible scarring, stiffening of lung tissue and progressive loss of respiratory function (Faverio et al., 2018; Marinescu et al., 2022). It commonly develops as a pathological consequence of several inflammatory airway diseases, including idiopathic pulmonary fibrosis (IPF), acute respiratory distress syndrome (ARDS) and interstitial pneumonitis. Despite differences in etiology, these conditions share common pathophysiological features such as epithelial injury, oxidative stress, fibroblast activation and chronic inflammation, ultimately leading to fibrotic remodeling and poor clinical outcomes (Nadrous et al., 2005; Wang et al., 2021).
A hallmark of pulmonary fibrosis is the abnormal activation and proliferation of fibroblasts and their differentiation into myofibroblasts, which are the key effector cells responsible for ECM accumulation. Myofibroblasts are characterized by the expression of alpha-smooth muscle actin (α-SMA) and have enhanced contractile and secretory properties. They produce large amounts of collagen, fibronectin and other ECM proteins that contribute to tissue stiffening and impaired gas exchange (Guo et al., 2022). Among the various profibrotic mediators, transforming growth factor-beta 1 (TGF-β1) plays a central role in the initiation and progression of fibrosis. TGF-β1 induces fibroblast proliferation, myofibroblast differentiation, and ECM synthesis while suppressing the expression of matrix-degrading enzymes, thereby tipping the balance toward tissue scarring (Kim et al., 2021; Wang et al., 2021).
The biochemical quantification of fibrosis often involves the measurement of hydroxyproline, a major amino acid component of collagen. Elevated hydroxyproline levels are indicative of increased collagen content and serve as a reliable marker of fibrotic severity in lung tissue (Zhao et al., 2022). In parallel, matrix metalloproteinase-9 (MMP-9), an ECM-degrading enzyme, contributes to both tissue remodeling and fibrosis. Dysregulated MMP-9 activity disrupts epithelial integrity, promotes epithelial–mesenchymal transition (EMT), and facilitates further fibroblast activation (Arpino et al., 2015). The imbalance between TGF-β1 signaling and MMP-9 activity perpetuates abnormal ECM turnover and fibrogenesis. Histologically, pulmonary fibrosis is confirmed through Masson’s trichrome staining, which distinctly highlights collagen fibers as blue-stained regions within the lung parenchyma, enabling qualitative and quantitative assessment of fibrotic lesions (Khalili et al., 2018).
Experimental models have been extensively developed to mimic human pulmonary fibrosis, with bleomycin-induced fibrosis being the most widely used due to its reproducibility and pathophysiological relevance. Bleomycin, a chemotherapeutic antibiotic, induces DNA strand breaks and generates reactive oxygen species (ROS), leading to epithelial injury, inflammation, and fibroblast activation (Song et al., 2022). The lungs are particularly susceptible to bleomycin-induced toxicity due to low levels of bleomycin hydrolase, an enzyme responsible for its inactivation (Ferrando et al., 1997).
Given the multifactorial nature of fibrosis involving oxidative stress, inflammation, and dysregulated cytokine signaling, phytochemicals with antioxidant and anti-inflammatory potential are being actively investigated. Galangin, a natural flavonoid found in Alpinia officinarum and honey, has demonstrated antifibrotic and antioxidant effects through activation of the Nrf2 pathway and inhibition of TGF-β1/NF-κB signaling (Thangaiyan et al., 2020; Aladaileh et al., 2019). Similarly, piperine, a bioactive alkaloid from Piper nigrum, enhances the bioavailability of therapeutic agents and exhibits strong antioxidant, anti-inflammatory and antifibrotic properties by modulating cellular redox and inflammatory pathways (Meghwal and Goswami, 2013).
Collectively, these observations suggest that targeting oxidative stress and TGF-β1/MMP-9/α-SMA signaling axes using naturally derived compounds such as galangin and piperine may represent a promising therapeutic approach for the prevention and management of pulmonary fibrosis.

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. ELISA kits for TGF-β and Hydroxyproline were purchased from Krishgen Biosystems, Mumbai. MMP-9 and α-SMA antibodies are procured from Thermoscientific, Hyderabad.All other reagents used were of analytical grade.
2.2 Animals
Fifty healthy male C57BL/6 mice (6–7 weeks old) were acclimatized for 15 days under standard laboratory conditions (22–24 °C, 12 h light/dark cycle) with free access to food and water. The animals were randomly allocated into seven groups: groups 1, 3, and 4 had six mice each, while groups 2, 5, 6, and 7 had eight mice each. A minimum of six animals per group was used for statistical analysis. Treatments were administered for three weeks according to group protocols. All procedures were approved by the Institutional Animal Ethics Committee (Approval No. 40/24/C.V.Sc., Hyd. IAEC-mice/12.06.2021).
2.3 Experimental Design

List 1 :  Experimental Design for Evaluating the Protective Effects of Galangin and Piperine on Bleomycin-Induced Pulmonary Fibrosis in Mice
	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
Following euthanasia by CO₂ inhalation on day 21, lung tissues were immediately excised and divided into portions for subsequent analyses. For ELISA-based assessments, lung tissue was homogenized in Tris-Triton buffer (pH 7.4) at 4 °C. All homogenates were prepared under cold conditions to preserve protein integrity and stored appropriately until further analysis.
2.5 Immunohistochemistry and Masson Trichrome staining:
Immunohistochemistry was performed on lung sections using the standard kit protocol. After deparaffinization, rehydration, antigen retrieval and blocking, tissues were incubated with primary antibodies (1:100 dilution) overnight at 4 °C, followed by DAB visualization and hematoxylin counterstaining. Immunoreactivity was examined under a light microscope (100×). Masson’s trichrome staining was also performed to evaluate collagen deposition and assess the degree of fibrosis in lung tissues.
2.6 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 Hydroxyproline 
In bleomycin control i.e., group 2 (171.41±6.46), hydroxyproline (pg/mg protein) was significantly (P<0.05) increased when compared with normal control i.e., group 1 (27.35±2.57). The treatment groups 5 (110.87±2.84) and 6 (97.68±3.22) showed a significant (P<0.05) decrease as compared to group 2, while the combination group 7 (65.82±5.22) showed a significant (P<0.05) decrease in hydroxyproline when compared to group 2 and other treatment groups. On comparison with group 1, groups 3 (25.51±1.52) and 4 (26.58±2.30) did not show any significant (P<0.05) difference. 
3.2 Transforming growth factor (TGFβ1):
The TGFβ1 concentration (pg/mg protein) of bleomycin control i.e., group 2 (129.24±2.87) was significantly (P<0.05) increased when compared with normal control i.e., group 1 (16.61±2.09). In contrast, there is a significant (P<0.05) decrease in the treatment groups 5 (64.17±2.87) and 6 (58.73±2.56). The combination group 7 (42.15±2.41) showed significant (P<0.05) decrease when compared to group 2 and other treatment groups. On the other hand, groups 3 (17.25±2.36) and 4 (16.62±2.27) did not show any significant (P<0.05) difference when compared to group 1. 
Table 1 :  Effect of Galangin and Piperine on Hydroxyproline and TGF-β1 Levels in Bleomycin-Induced Pulmonary Fibrosis in Mice
	Group
	Treatment 
	Hydroxyproline
	TGF-β1

	1.
	Control 
	27.35±2.57a
	16.61±2.09a

	2.
	Bleomycin sulphate @1.5U/kg Bwt 
	171.41±6.46b
	129.24±2.87b

	3.
	Galangin @ 5mg/kg Bwt/p.o/daily 
	25.51±1.52a
	17.25±2.36a

	4.
	Piperine@ 50mg/kg Bwt/p.o/daily 
	26.58±2.30a
	16.62±2.27a

	5.
	Bleomycin sulphate + Galangin @ 5mg/kg Bwt/p.o/daily 
	110.87±2.84c
	64.17±2.87c

	6.
	Bleomycin sulphate + Piperine @ 50mg/kg Bwt/p.o/daily 
	97.68±3.22c
	58.73±2.56c

	7.
	Bleomycin sulphate + Galangin @ 2.5mg/kg Bwt/p.o/daily + Piperine @ 25mg/kg Bwt/p.o/daily 
	65.82±5.22d
	42.15±2.41d
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Fig. 2. Galangin and Piperine effect on fibrotic parameters. Hydroxyproline (A), TGFβ1 (B). 

[bookmark: _Hlk212052979]3.3 Special staining- Masson’s Trichome Staining (MTS): The MTS-stained lung sections of group 2 showed moderate fibrous tissue proliferation around peribronchiolar and perivascular areas whereas the lung section of group 5 and 6 revealed mild proliferation of fibrous tissue. The lung sections of group 7 showed very mild evidence of fibrous connective tissue. There was no evidence of fibrous tissue proliferation in the lungs of per se groups, 6 and 7.
3.4 Immunohistochemistry:  The immunohistochemistry was performed to assess the expression of MMP 9 and α- SMA (immunohistochemistry measured by the degree of intensity for the brown color) against bleomycin induced pulmonary toxicity and therapeutic effect of galangin and piperine.
[bookmark: _Hlk212053014]3.4.1 Expression of Matrix metallo proteinase 9 (MMP 9)
          The immunohistochemical staining of lung sections of group 2 revealed intense positivity for MMP 9 expression i.e, high intensity of brown color compared to section from group 1. The group 5 and 6 lung sections showed moderate positivity. Expression of MMP 9 in group 7 lung sections was very mild. The lung sections of group 1, 3 and 5 stained negative for MMP 9.
[bookmark: _Hlk212053047]3.4.2 Expression of Alpha- smooth muscle actin (α-SMA): The immunohistochemistry of lung tissue sections of bleomycin control mice i.e., group 2 revealed positive immunoreactivity for α-SMA protein. The sections of group 1 and 7 stained negative for α-SMA protein. Expression of α-SMA in groups 5 and 6 revealed mild immunoreactivity for α-SMA protein. The lung sections of group 3 and 5 stained negatives for α-SMA protein.
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Fig. 3. Galangin and Piperine effect on fibrotic parameters. Masson’s Trichome Staining (a), Matrix metallo proteinase 9 (b), Alpha- smooth muscle actin (c).

Pulmonary fibrosis represents a chronic, progressive interstitial lung disease marked by persistent epithelial injury, aberrant wound healing, fibroblast activation, and excessive deposition of extracellular matrix (ECM) components, particularly collagen. These pathological processes culminate in irreversible architectural remodeling of the lung parenchyma, reduced elasticity, and impaired gas exchange (Lederer and Martinez, 2018). The disease involves a complex interplay of oxidative stress, inflammatory cytokines, and profibrotic mediators such as transforming growth factor-β1 (TGF-β1), which regulate fibroblast proliferation, myofibroblast differentiation and ECM turnover.
Bleomycin (BLM), an antineoplastic antibiotic, has been widely used to induce experimental pulmonary fibrosis due to its ability to mimic the histopathological and biochemical features of human idiopathic pulmonary fibrosis (IPF) (Fyfe and McKay, 2010). BLM triggers reactive oxygen species (ROS) generation and DNA strand breaks, initiating epithelial damage, inflammation, and fibrogenesis. In the present study, pulmonary fibrosis was successfully induced in C57BL/6 mice by oropharyngeal administration of BLM, resulting in characteristic increases in collagen deposition and fibrotic remodelling.
Hydroxyproline, a major amino acid component of collagen, is widely used as a biochemical index of ECM deposition and fibrosis severity. The present study revealed a marked elevation of hydroxyproline in the BLM control group, confirming excessive collagen synthesis and tissue scarring. These findings align with the reports by Zhao et al. (2022), who described hydroxyproline elevation as a hallmark of experimental and clinical pulmonary fibrosis. Treatment with galangin or piperine significantly reduced hydroxyproline content compared with the BLM group, while their combination showed the most pronounced decrease, approaching nearly-normal levels. Histologically, this biochemical improvement corresponded to minimal collagen staining in the Masson’s trichrome sections of treated lungs. The reduction in collagen accumulation can be attributed to the compounds’ ability to counter oxidative stress and inhibit profibrotic signalling. The combination therapy demonstrated a synergistic interaction, possibly due to piperine’s bioenhancing effect, which prolongs galangin’s systemic retention. Similar synergistic antifibrotic effects of combined phytochemicals have been reported by Choi et al. (2019) and Xin et al. (2019), emphasizing the role of multitargeted therapy in fibrosis modulation.
TGF-β1 is regarded as the master regulator of fibrosis and plays a crucial role in promoting fibroblast to myofibroblast differentiation, ECM synthesis and inhibition of matrix degradation. It acts through canonical Smad2/3 signaling and non-Smad pathways such as PI3K/AKT and MAPK (Chen et al., 2025; Kim et al., 2018). In the present study, TGF-β1 levels were markedly elevated in the BLM control group, consistent with previous studies (Reinert et al., 2013). Overexpression of TGF-β1 leads to the upregulation of α-smooth muscle actin (α-SMA), collagen type I, and fibronectin, while simultaneously suppressing matrix metalloproteinases (MMPs), thereby tipping the balance toward fibrogenesis.
Administration of galangin and piperine, either alone or in combination, significantly downregulated TGF-β1 levels. The combination treatment produced the most substantial decrease, indicating effective inhibition of the TGF-β1 signaling axis. This is supported by Liu et al. (2015) and Zha et al. (2013), who reported that galangin attenuates airway remodeling and inflammation through suppression of the TGF-β1/ROS/MAPK and NF-κB pathways. Piperine has also been shown to inhibit TGF-β1 in macrophages, reducing fibroblast proliferation and ECM accumulation (Ying et al., 2013; Damanhouri, 2014). By attenuating TGF-β1 signaling, both compounds disrupt the feed-forward cycle of epithelial injury, cytokine release, and fibroblast activation that perpetuates fibrosis. These findings indicate that TGF-β1 suppression is one of the primary mechanisms through which galangin and piperine exert their antifibrotic actions.
The transformation of fibroblasts into contractile myofibroblasts expressing α-SMA is a key event in the pathogenesis of fibrosis. α-SMA serves as a marker for myofibroblast activation and correlates with ECM production and tissue stiffness (Guo et al., 2022). In the present study, immunohistochemical analysis revealed intense α-SMA expression in the BLM control group, indicating abundant myofibroblast presence and active fibrogenesis. In contrast, galangin and piperine treatments significantly reduced α-SMA expression, and the combination group displayed only mild staining comparable to usual tissue architecture. These findings align with the reports of Tseng et al. (2013) and Xin et al. (2019), who observed reduced α-SMA immunoreactivity following inhibition of TGF-β1. The suppression of α-SMA in the present study may result from direct interference with TGF-β1-mediated Smad signaling.This downregulation of α-SMA reflects decreased fibroblast differentiation and reduced contractile activity, both of which are essential for limiting ECM deposition and promoting tissue recovery.
Matrix metalloproteinase-9 (MMP-9) plays a dual role in fibrosis: while physiologically involved in ECM degradation and tissue remodelling, its dysregulated expression contributes to inflammation, epithelial–mesenchymal transition (EMT), and basement membrane disruption (Boharau et al., 2025, Arpino et al., 2015). In BLM-induced fibrosis, persistent MMP-9 activity amplifies tissue injury and perpetuates fibroblast activation. In the current study, strong MMP-9 immunostaining was observed in the BLM control group, signifying elevated matrix turnover and inflammation. However, groups treated with galangin and piperine showed a marked reduction in MMP-9 expression, with the combination therapy producing the most substantial decline. This observation supports the findings of Xin et al. (2019), who demonstrated that pharmacological inhibition of MMP-9 reduced collagen accumulation and improved lung architecture in bleomycin-challenged mice. Both galangin and piperine have been previously shown to inhibit MMP-9 expression through suppression of NF-κB and MAPK signaling (Liu et al., 2015; Choi et al., 2019). The normalization of MMP-9 activity observed in this study suggests restoration of balanced ECM turnover, preventing excessive collagen crosslinking and promoting resolution of fibrosis.
The collective modulation of hydroxyproline, TGF-β1, α-SMA, and MMP-9 observed in this study highlights the multifaceted protective actions of galangin and piperine. The decline in hydroxyproline and TGF-β1 indicates inhibition of collagen synthesis and fibroblast activation, while the downregulation of α-SMA and MMP-9 suggests attenuation of myofibroblast differentiation and normalization of ECM metabolism. Histopathological findings further corroborate these biochemical outcomes: the BLM control group exhibited distorted alveolar structures, peribronchiolar fibrous thickening, and inflammatory infiltration, whereas treatment groups, especially the combination group, displayed near-normal alveolar architecture with minimal collagen deposition.
The observed antifibrotic effects are likely mediated through multiple interconnected pathways like suppression of oxidative stress via Nrf2 activation, inhibition of NF-κB-driven cytokine release, and blockade of TGF-β1/Smad signaling. By concurrently modulating these molecular circuits, galangin and piperine restore redox balance, limit inflammation, and halt fibrogenic progression. These findings are in agreement with studies demonstrating that natural antioxidants exert pleiotropic antifibrotic effects by targeting both inflammatory and profibrotic mediators (Aladaileh et al., 2019).

4. Conclusion
In summary, the present study demonstrates that galangin and piperine, individually and in combination, confer significant protection against bleomycin-induced pulmonary fibrosis in C57BL/6 mice. Their beneficial effects are reflected by reduced hydroxyproline levels, suppressed TGF-β1 expression, decreased α-SMA and MMP-9 immunoreactivity, and restoration of typical lung histoarchitecture. The combination therapy yielded the most effective response, suggesting synergistic interaction between galangin’s antioxidant and anti-inflammatory potential and piperine’s bioenhancing capacity. Collectively, these findings indicate that co-administration of galangin and piperine mitigates pulmonary fibrosis by inhibiting oxidative stress, downregulating TGF-β1/α-SMA/MMP-9 pathways, and normalizing ECM turnover. This combined phytotherapeutic approach may thus serve as a promising strategy for managing fibrotic lung disorders such as idiopathic pulmonary fibrosis.
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