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Abstract


Pulmonary fibrosis (PF) is a group of chronic progressive lung diseases characterized by irreversible remodeling of lung tissue structure, abnormal proliferation of fibroblasts, and excessive deposition of extracellular matrix (ECM), among which idiopathic pulmonary fibrosis (IPF) is the most typical subtype. Currently, the only two clinically approved therapeutic drugs (nintedanib and pirfenidone) can only partially slow disease progression without reversing fibrotic lesions, and are associated with varying degrees of adverse effects. Oxidative stress, defined as a pathological imbalance between systemic oxidant and antioxidant systems, has been substantiated by extensive research as a pivotal mechanism driving the pathogenesis and progression of pulmonary fibrosis. This review summarizes the regulatory mechanisms of oxidative stress in pulmonary fibrosis, with a focus on its critical role in inducing and promoting fibrosis through relevant target cells and signaling pathways. We also specifically highlight the latest progress and challenges in therapeutic strategies targeting oxidative stress, and discuss next-generation therapies, including the modulation of endogenous antioxidant pathways, supplementation of exogenous antioxidants, as well as nanomaterials, exosomes, and combination therapies. We hope this review will deepen the understanding of oxidative stress and pulmonary fibrosis, and provide new directions for improving the clinical efficacy of oxidative stress-targeted therapies.
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1. Introduction


Pulmonary fibrosis (PF) is fundamentally defined as a dysregulation of the lung tissue repair response to chronic injury, wherein the homeostatic balance of the reparative process is perturbed. Its pathogenesis is closely linked to aging and is influenced by multiple risk factors, such as genetics, smoking, occupational exposure (e.g., dust, chemical toxins), and radiation exposure [1]. At present, common types of PF include radiation-induced pulmonary fibrosis (RIPF), idiopathic pulmonary fibrosis (IPF), and silicosis. IPF is by definition “idiopathic” with rapid disease progression. Multiple factors have been reported to increase disease risk, aging being the most prominent one. Many of the predisposing factors appear to act also as triggers for acute exacerbations of the disease, which herald a poor prognosis. The 5-year survival rate of patients after diagnosis is approximately 20%, indicating an extremely poor prognosis [2]. RIPF has an incidence rate as high as 50%, which severely limits the clinical application of radiotherapy in the treatment of thoracic tumors [3]. Preventing RIPF is crucial for controlling tumor growth and improving quality of life [4]. Although silicosis has a well-defined etiology and is preventable and controllable, its pathogenic process is insidious and protracted, rendering early diagnosis and effective treatment difficult [5]. As a result, the disease is often not identified until it progresses to the fibrotic stage [6]. All types of PF share an identical disease progression trajectory, which is characterized by an initial phase of pulmonary inflammation followed by the gradual development of fibrosis [7]. Due to the complex pathogenesis of PF and the lack of effective therapeutic targets, clinical strategies for managing PF remain inadequate [8].



As a respiratory organ in direct contact with the external environment, the lung is highly susceptible to exogenous oxidative stressors (e.g., cigarette smoke, air pollution, radiation, pathogen infection, chemical toxins). Meanwhile, endogenous factors (e.g., inflammatory cell activation, mitochondrial damage, and endoplasmic reticulum stress) can also promote the production of free radicals [9]. As shown in Figure 1, under normal physiological conditions, the lungs initiate repair programs in response to stress following injury, and the proliferation of fibroblasts and synthesis of extracellular matrix (ECM) are tightly regulated to maintain the integrity of lung tissue structure. Nonetheless, when the level of oxidative stress in the lungs exceeds the compensatory capacity of the antioxidant system, it can manifest as an oxidative stress-related accelerated aging phenotype, including DNA damage, epigenetic changes, cellular senescence, protein homeostasis disruption, and mitochondrial dysfunction [10]. Free radicals directly induce apoptosis of alveolar epithelial cells, thereby initiating tissue repair cascades. Additionally, they drive the transdifferentiation of fibroblasts into myofibroblasts, accelerate excessive extracellular matrix (ECM) deposition, modulate macrophage polarization, and sustain a pro-fibrotic inflammatory microenvironment that perpetuates pathological fibrogenesis. Consequently, normal lung tissue is gradually replaced by fibrotic tissue, culminating in the progressive loss of pulmonary function, characterized by impaired gas exchange and dyspnea [11,12].




2. Overview of Pulmonary Oxidative Stress and Antioxidant Systems


The dynamic regulation of redox homeostasis is crucial for maintaining the normal functions of the body, and its dysregulation is a pivotal pathogenic driver of various major diseases [13,14]. Generally, low to moderate concentrations of reactive oxygen species (ROS) are beneficial for maintaining intracellular physiological activities and signaling pathways, while excessive ROS accumulation may induce malignant transformation, cellular damage, or even death. Fundamentally, oxidative stress is characterized by an imbalance between the generation and elimination of free radicals. Free radicals are defined as molecules or ions containing one or more unpaired electrons and are primarily categorized into ROS and reactive nitrogen species (RNS) [15].



ROS include both free radicals, such as the superoxide anion (O2•−) and the hydroxyl radical (HO•), and non-radical species, including hydrogen peroxide (H2O2) [16]. ROS production in cells has multiple sources. The mitochondrial ETC is the primary source of intracellular ROS [17]. Additionally, ROS are generated within the endoplasmic reticulum (ER) during physiological protein folding and ER stress [18]. In immune cells, the activation of NADPH oxidase (NOX) and dual oxidase (DUOX) enzymes during the oxidative burst leads to ROS production [19], while peroxisomes generate H2O2 and participate in substrate oxidation [20,21].



Reactive nitrogen species (RNS), a family of nitrogen-derived reactive intermediates encompassing NO•, NO2, N2O3, and ONOO− [22], are mainly produced by subtypes of nitric oxide synthase (NOS), including neuronal Noxidative stress (nNOS), inducible NOS (iNOS), and endothelial NOS (eNOS). The synthesis of NO• depends on molecular oxygen, L-arginine, and the cofactor tetrahydrobiopterin (BH4) [23]. Under conditions of L-arginine deficiency, NOS undergoes uncoupling and produces O2•−, which then combines with NO• to form the highly oxidizing ONOO− [24].



In the pulmonary environment, various cells are involved in the production of ROS/RNS. For example, immune cells such as macrophages and neutrophils generate reactive substances through NOX2 activation during oxidative burst to defend against pathogens [25]. Ciliated bronchial epithelial cells (BECs) express DUOX1/2 [26], whereas type 2 alveolar epithelial cells (AEC2s) can upregulate the expression of DUOX2 and NOX1/4 under pathological conditions [27]. Fibroblasts mainly produce H2O2 through NADPH oxidase 4 (NOX4) [28]. Additionally, pulmonary endothelial cells and vascular smooth muscle cells generate ROS through NOX1/2/4/5, xanthine oxidase (XO), and mitochondrial pathways, and endothelial cells also produce NO• through eNOS [29,30].



Lung tissue possesses a robust detoxification mechanism to maintain oxidative balance, which is mainly divided into non-specific (non-enzymatic) and specific (enzymatic) systems. The non-enzymatic mechanism relies on small-molecule antioxidants such as glutathione (GSH), which can directly scavenge ROS and act as a coenzyme in enzymatic reactions to participate in the repair of oxidative damage [31,32]. The enzymatic mechanism consists of specialized enzyme systems, covering multiple functional families, including GSH metabolism-related enzymes, superoxide anion scavenging enzymes, hydrogen peroxide-degrading enzymes, peroxiredoxins, thioredoxins, and heme oxygenases [33]. In patients with PF, the function of this antioxidant system is significantly impaired, characterized by decreased GSH levels, reduced antioxidant enzyme activity, and insufficient activation of the nuclear factor erythroid 2-related factor 2 (Nrf2) pathway [34]. Meanwhile, the status of oxidative stress in the lungs is also associated with systemic inflammation, which is particularly prominent in patients with chronic obstructive pulmonary disease (COPD) [35]. Airway inflammation, such as the excessive production of nitric oxide in the peripheral airways, may be linked to the involvement of the distal lungs in pulmonary fibrosis [36]. In addition, pulmonary rehabilitation can reduce the risk factors for cardiovascular diseases and the incidence of cardiovascular diseases themselves, with patients experiencing acute exacerbations deriving greater benefits from pulmonary rehabilitation [37].




3. Key Mechanisms by Which Oxidative Stress Drives Pulmonary Fibrosis


3.1. Direct Injury to Pulmonary Tissue Cells and Initiation of the Fibrotic Process


Alveolar epithelial cells (AECs) are the primary target cells of oxidative stress-induced damage in the lungs, and their sustained injury serves as the initiating signal for pulmonary fibrosis [38]. ROS/RNS produced by exogenous (e.g., radiotherapy, smoking, air pollution) or endogenous (e.g., macrophage activation, mitochondrial dysfunction) sources can damage alveolar epithelial cells through multiple pathways [39]. ROS/RNS can attack membrane lipids, triggering lipid peroxidation and disrupting membrane integrity; they can also oxidize intracellular proteins, leading to loss of enzyme activity and denaturation of structural proteins. Additionally, they can damage DNA, causing gene mutations or breaks and interfering with the balance between normal cell proliferation and apoptosis. Furthermore, they can disrupt mitochondrial structure (e.g., inducing mitochondrial DNA mutations and ETC dysfunction), thereby further exacerbating ROS production [40]. These damages ultimately result in apoptosis or senescence of alveolar epithelial cells. Apoptosis of epithelial cells hinders lung tissue re-epithelialization, while senescent epithelial cells secrete senescence-associated secretory phenotype (SASP), which contains pro-fibrotic cytokines and chemokines, further activating fibroblasts and initiating the pathological process of fibrosis [41,42].



In addition, oxidative stress directly affects ECM metabolism homeostasis: ROS/RNS can induce oxidative damage to collagen and fibronectin in the ECM, thereby triggering their fragmentation or abnormal cross-linking and ultimately disrupting the normal structure and function integrity of the ECM [43]. Fragmented ECM can act as a damage signal to stimulate fibroblast activation [44,45]. Meanwhile, oxidative stress inhibits the activity of matrix metalloproteinases (MMPs, key enzymes for ECM degradation) and promotes the expression of tissue inhibitors of metalloproteinases (TIMPs, which inhibit MMP function), resulting in reduced ECM degradation and increased deposition, thereby exacerbating fibrotic remodeling of lung tissue [46].




3.2. Modulation of Cellular Phenotypes and Functions to Accelerate Fibrosis Progression


As shown in Figure 2, oxidative stress plays a key regulatory role in the phenotype and function of pulmonary fibrosis-related cells, directly promoting the fibrotic process.



Alveolar epithelial cells: In addition to direct damage leading to apoptosis, oxidative stress can induce epithelial–mesenchymal transition (EMT) in alveolar epithelial cells. ROS activate signaling pathways such as Smad and PI3K/Akt, promoting epithelial cells to express mesenchymal cell markers (e.g., α-smooth muscle actin, vimentin), lose epithelial cell characteristics, and transform into cells with fibroblast functions, thereby further increasing ECM sources [47]. Meanwhile, oxidative stress synergizes with endoplasmic reticulum stress and mitochondrial dysfunction to exacerbate the senescence of alveolar epithelial cells, which continuously release pro-fibrotic factors (e.g., transforming growth factor β1 (TGF-β1), PDGF) through SASP to activate fibroblasts [48].



Fibroblasts and myofibroblasts: The transdifferentiation, senescence, and apoptosis resistance of myofibroblasts represent core markers of fibrotic progression, and oxidative stress exerts a pivotal regulatory role in orchestrating these pathological cellular processes. On the one hand, ROS, especially NOX4-mediated H2O2, are important inductive signals for the differentiation of fibroblasts into myofibroblasts [49]. ROS can activate the TGF-β1/Smad pathway, upregulate the expression of genes such as α-SMA and collagen, and promote myofibroblast formation. On the other hand, oxidative stress induces senescence but inhibits apoptosis in myofibroblasts [50]. ROS induce cellular senescence by damaging DNA and simultaneously activate anti-apoptotic pathways such as PI3K/Akt, enabling senescent myofibroblasts to survive continuously and secrete ECM, leading to long-term maintenance of fibrosis [51]. In addition, a bidirectional regulatory crosstalk exists between TGF-β1 (the core pro-fibrotic cytokine) and oxidative stress: TGF-β1 can promote ROS production by upregulating NOX4 expression, while ROS can activate latent TGF-β1 (e.g., by degrading the latency-associated peptide and activating integrins), forming a “TGF-β1-ROS” positive feedback loop that further accelerates myofibroblast activation and ECM deposition [52].



Macrophages: Alveolar macrophages (AMs) are involved in the development of IPF from the initial stage due to their direct exposure to air and response to external oxidative damage. Macrophages produce high levels of ROS under oxidative stress, which further promotes the recruitment of pulmonary macrophages [53]. Studies have shown that the lungs of IPF patients are mainly infiltrated by pro-fibrotic M2-like macrophages. Excessive oxidants not only directly damage lung cells but also induce the secretion of various chemokines and pro-fibrotic cytokines, such as chemokine ligand 2 (CCL2) and TGF-β1, and regulate macrophage polarization, thereby promoting the development of IPF. In the initial stage of tissue damage, oxidative stress (e.g., LPS- or TNF-α-induced ROS) can promote the polarization of macrophages to the M1 type (pro-inflammatory phenotype). M1 macrophages clear pathogens and initiate inflammatory responses by producing large amounts of ROS and releasing pro-inflammatory factors such as TNF-α and IL-6 [54]. In the repair stage, changes in ROS levels (e.g., H2O2 accumulation) and pro-fibrotic factors (e.g., TGF-β1, IL-4, IL-13) can induce the polarization of macrophages to the M2 type (pro-fibrotic phenotype) [55]. M2 macrophages secrete pro-fibrotic factors such as TGF-β1, PDGF, and CCL-18 to stimulate fibroblast proliferation and differentiation; they also produce TIMPs to inhibit ECM degradation. The chemokines, such as CCL2, secreted by M2 macrophages can further recruit fibroblasts and pro-fibrotic macrophages, amplifying the fibrotic response [56,57].




3.3. Activation of Pro-Fibrotic Signaling Pathways and the Immune Microenvironment to Sustain the Fibrotic State


Oxidative stress serves as a key factor governing pulmonary inflammatory responses and immune homeostasis in the lung microenvironment. On the one hand, oxidative stress activates neutrophils, promoting their infiltration into lung tissue and the release of ROS and elastase, thereby exacerbating lung tissue injury [58,59]. Oxidative stress also activates the NLRP3 inflammasome, inducing pyroptosis in macrophages and alveolar epithelial cells. The pro-inflammatory factors (e.g., IL-1β, IL-18) released by pyroptotic cells can further exacerbate the inflammatory response and recruit more inflammatory cells, forming a chronic inflammatory loop that provides conditions for the continuous development of fibrosis [60]. On the other hand, oxidative stress exerts a sustained impact on the immune microenvironment. Oxidative stress promotes the differentiation of Th2 cells, which secrete pro-fibrotic cytokines such as IL-4 and IL-13, further inducing M2 macrophage polarization [61]. Concurrently, it also inhibits the function of Treg cells (regulatory T cells), weakening their anti-inflammatory effects, leading to uncontrolled inflammatory responses and shaping a pro-fibrotic immune microenvironment that supports fibrosis [62]. As shown in Figure 3, oxidative stress can activate multiple pro-fibrotic signaling pathways, regulate the expression of pulmonary fibrosis-related molecules, and form a complex molecular network [63].



TGF-β1/Smad pathway: TGF-β1 is currently recognized as the core pro-fibrotic cytokine, and OS can activate this pathway through multiple mechanisms. ROS can directly oxidize the LAP in the latent TGF-β1 complex, releasing active TGF-β1 [64]; ROS can also activate integrins (e.g., αvβ6) to mediate the activation of latent TGF-β1 [65]. Furthermore, by activating pathways such as MAPK and PI3K/Akt, ROS enhance Smad2/3 phosphorylation, promote their nuclear translocation, and upregulate the expression of downstream pro-fibrotic target genes [66]. Additionally, TGF-β1 can promote ROS production by upregulating NOX4 expression, forming a “TGF-β1-ROS-TGF-β1” positive feedback loop that continuously drives fibrosis [52].



NOX4/ROS Pathway: NOX4 is a critical ROS-generating enzyme in pulmonary fibrosis, predominantly expressed in fibroblasts, alveolar epithelial cells, and endothelial cells [67]. NOX4 expression is significantly elevated in the lung tissues of patients with IPF. The H2O2 produced by NOX4 induces the differentiation of fibroblasts into myofibroblasts and confers resistance to apoptosis, thereby inhibiting fibroblast apoptosis [68]. Concurrently, it promotes the oxidative cross-linking of ECM proteins, enhancing ECM stability, and activates the NLRP3 inflammasome, exacerbating the inflammatory response [69].



Nrf2/ARE pathway: Nrf2 is a key transcription factor for the body to resist oxidative stress. Under normal conditions, Nrf2 binds to Keap1 in the cytoplasm and remains inactive [70]. Under oxidative stress, Keap1 undergoes oxidative modification, releasing Nrf2. Nrf2 enters the nucleus and binds to ARE, activating the expression of downstream antioxidant genes and anti-fibrotic genes [71,72]. In IPF patients, the Nrf2 pathway is insufficiently activated, characterized by reduced nuclear localization of Nrf2 and decreased expression of target genes, leading to a decline in the body’s antioxidant capacity and failure to inhibit the expression of pro-fibrotic molecules such as TGF-β1 and NOX4, thereby exacerbating oxidative stress and fibrosis [73].



Other Signaling Pathways: Oxidative stress can also activate the MAPK, PI3K, and NF-κB pathways [74]. Specifically, the MAPK pathway is involved in the regulation of fibroblast proliferation and differentiation, while the NF-κB pathway maintains a pro-fibrotic inflammatory microenvironment by promoting the expression of pro-inflammatory cytokines (e.g., TNF-α, IL-6) [75]. Furthermore, oxidative stress influences cellular senescence and metabolism by modulating SIRT family proteins (e.g., SIRT1, SIRT3) [76]. Downregulation of SIRT1 exacerbates alveolar epithelial cell senescence, whereas SIRT3 deficiency results in mitochondrial dysfunction, further augmenting ROS production [77,78].





4. Intervention Strategies for Pulmonary Fibrosis Targeting Oxidative Stress


Current intervention strategies for PF targeting oxidative stress mainly include regulating the endogenous oxidative stress response and supplementing exogenous antioxidants, which rebalance the oxidative stress system through targeted interventions. Table 1 summarizes the clinical and preclinical evidence for pulmonary fibrosis therapies targeting oxidative stress.



4.1. Regulation of Endogenous Oxidative Stress Responses


The modulation of endogenous antioxidant pathways, along with the development of specific inhibitors targeting the primary sources of ROS to reduce their generation, constitutes a precision strategy for targeting oxidative stress [107].



4.1.1. Activation of the Nrf2 Pathway


Nrf2 is a transcription factor recognized as the primary regulator of the cellular antioxidant responses. Augmenting the endogenous antioxidant capacity of the organism via activation of the Nrf2 signaling pathway constitutes a core therapeutic strategy for the targeted modulation of oxidative stress. In a bleomycin-induced PF mouse model, Nrf2-knockout mice exhibited more severe fibrosis [108], whereas Nrf2 activators significantly increased the activities of superoxide dismutase (SOD) and GSH peroxidase (GPx) as well as the level of GSH (GSH) in lung tissues, eliminated excessive ROS, and alleviated fibrosis [64]. Currently, multiple approaches achieve antifibrotic effects by activating Nrf2: initially, inhibiting the Keap1-Nrf2 interaction to promote Nrf2 release and nuclear translocation [109,110,111]; secondly, directly phosphorylating Nrf2 to enhance its stability and transcriptional activity [112,113]; and finally, regulating the expression of Nrf2 downstream target genes to mitigate PF [114,115]. Among these, GC-1 (a thyroid hormone analog) exerts its effects by activating Nrf2, scavenging excessive ROS, inhibiting macrophage inflammasome assembly and pyroptosis, restoring mitochondrial function in epithelial cells, thereby alleviating acute lung injury (ALI) and subsequent fibrotic progression [80]. Epigallocatechin gallate (EGCG), a polyphenol and the major bioactive component of green tea, possesses potent free radical scavenging activity against peroxides, hydroxyl radicals, peroxyl radicals, nitric oxide, carbon-centered ROS, and lipid oxidation products. It primarily exerts antioxidant, anti-inflammatory, and antifibrotic protection in various IPF models by activating the Nrf2 pathway [79,116].




4.1.2. NOX Inhibitors


As is a key enzyme responsible for ROS production in pulmonary fibrosis, NOX4 induces mitochondrial ROS generation, regulates mitochondrial biogenesis, promotes anti-apoptosis, and mediates fibrotic progression [117]. NOX4 inhibitors can significantly reduce ROS levels in fibroblasts and ROS production in immune cells of IPF patients, inhibit myofibroblast differentiation and ECM synthesis, and attenuate inflammatory responses [118], while also demonstrating antifibrotic effects in animal models [81]. Simultaneously, genkyotex compounds, which act as dual inhibitors of NOX4/NOX1, have been reported to exert protective effects in various preclinical in vitro and in vivo studies [82]. Metformin possesses antioxidant potential, as it can inhibit transforming growth factor-β1 (TGF-β1)-induced NOX4 expression, ROS generation, and myofibroblast differentiation in lung fibroblasts in vitro, and mitigate bleomycin-induced pulmonary fibrosis [83]. However, Metformin has no effect on clinically relevant outcomes in patients with IPF [106].




4.1.3. Mitochondrial Protective Agents


Mitochondria serve as both a major source of ROS and a target organelle for oxidative stress [119]. Mitochondrial protective agents can reduce ROS production by enhancing mitochondrial antioxidant capacity and improving electron transport chain (ETC) function. Coenzyme Q10 promotes mitochondrial ETC function, thereby reducing ROS generation. In mouse models of pulmonary fibrosis, MitoQ, a mitochondria-targeted coenzyme Q10 derivative, reduced mitochondrial ROS levels, inhibited fibroblast activation, and alleviated PF [84].




4.1.4. Heat Shock Proteins Antibody


Heat shock proteins (HSPs), a conserved family of molecular chaperones encompassing HSP70 and HSP90, play crucial roles in protein folding and antioxidant defense [120]. These proteins contribute to cellular protection by preventing protein misfolding and acting as molecular chaperones under oxidative stress conditions [121]. HSP70 is widely expressed in human primary lung fibroblasts [122]. HSP90 is involved in ECM remodeling, myofibroblast differentiation, and apoptosis, and has been identified as a key molecule in the pathogenesis of PF [123]. Specific inhibition of HSP90 can suppress myofibroblast differentiation and survival, and improve PF in mice [124,125].



Interestingly, activating oxidative stress in specific cells can also be utilized for the treatment of PF. Selenite can upregulate the expression of GSH reductase and thioredoxin reductase (TrxR) in mouse lung fibroblasts, induce ROS production and apoptosis in these cells, thereby exerting a therapeutic effect on bleomycin-induced IPF [126].





4.2. Supplementation with Exogenous Antioxidants


The direct scavenging of ROS or the enhancement of antioxidant system function through the supplementation of exogenous antioxidant substances represents an early clinical intervention approach.



4.2.1. GSH and Its Precursors


GSH (GSH) is an intracellular polypeptide with diverse functions, including detoxification, antioxidant defense, maintenance of thiol status, and regulation of cell proliferation [127]. Direct inhalation of GSH by patients can improve lung function, while oral administration can reduce oxidative stress levels [128]. N-acetylcysteine (NAC) possesses strong reducing capacity; it not only serves as a GSH precursor that can be converted to GSH in vivo to increase lung tissue GSH levels but also has direct ROS-scavenging ability and can induce Nrf2 expression [129]. Preclinical studies have shown that the combination of NAC and PFD in the treatment can improve lung function, alleviate oxidative stress-induced damage, and reduce PF [85,130]. However, other studies have demonstrated that the combination of NAC and PFD is associated with a higher incidence of photosensitivity and a faster rate of disease progression compared with pirfenidone monotherapy. The therapeutic response to NAC may vary according to the TOLLIP genotype [131]. The TOLLIP gene plays a crucial role in pulmonary host defense, which is an immune process modulated by oxidative signals. In particular, studies have found that NAC may exert therapeutic efficacy in IPF patients with the TOLLIP TT genotype, but it is associated with a detrimental trend in those with the CC genotype. Overall, the therapeutic potential of NAC in IPF patients remains unclear, and future pharmacogenomic trials are warranted.




4.2.2. Vitamin-Based Antioxidants


Vitamin C can directly scavenge ROS [87], and vitamin E can inhibit lipid peroxidation [89]; both can alleviate PF in animal models. In addition to participating in calcium and phosphorus metabolism, vitamin D3 exerts dual effects of antifibrosis and regulation of oxidative stress, which can significantly increase lung tissue SOD activity and reduce the severity of PF [132]. However, although numerous in vitro and in vivo studies have demonstrated the benefits of using such antioxidants in the treatment of diseases such as IPF, the clinical application of antioxidants has proven mostly ineffective. Antioxidant compounds require extremely high doses to achieve physiological effects. For instance, vitamin C can be administered orally, but when the dose exceeds 500 milligrams (approximately equivalent to five oranges), its absorption rate becomes negligible, and the plasma concentration reaches a steady state of 80 micromoles. Rapid depletion of a non-regenerating non-enzymatic antioxidant, with accumulation of the oxidized form. When the store of the non-enzymatic antioxidant is exhausted, there is rapid oxidation of the cellular proteins. Therefore, in practical applications, it is difficult to achieve the desired antioxidant effects relying solely on vitamins [133].




4.2.3. Other Antioxidants


Lipoic acid is capable of scavenging ROS and regenerating other antioxidants [134]. Alamandine exerts antioxidant effects by inhibiting the production of reactive oxygen species (ROS), thereby maintaining the pulmonary epithelial tissue in a state close to normal physiological conditions and alleviating pulmonary fibrosis [91]. Forsythiaside A ameliorates bleomycin-induced pulmonary fibrosis by inhibiting oxidative stress and apoptosis [92]. Curcumin reduces redox imbalance by activating the Nrf2 signaling pathway, thereby suppressing pulmonary inflammation and fibrosis [93,135]. Melatonin (N-acetyl-5-methoxytryptamine), a potent antioxidant with both lipophilic and hydrophilic properties, exerts antioxidant effects by directly scavenging ROS and RNS or indirectly upregulating the expression and activity of endogenous antioxidants [104]. Beyond supplementing naturally occurring antioxidants, synthetic compounds play a significant role. Naltrexone (NTX) is an opioid receptor antagonist. At higher doses, NTX can significantly downregulate the expression of pro-inflammatory cytokines, oxidative stress markers, and fibrotic markers, and restore the function of the body’s antioxidant defense system by increasing the levels of GSH and total antioxidant capacity [95]. The antioxidant and anti-fibrotic potential of PFD have been extensively verified in in vitro and in vivo IPF models [136]. However, these effects likely stem largely from its primary anti-fibrotic mechanisms; thus, PFD cannot be classified solely as an antioxidant drug. Quercetin is a potent direct ROS scavenger that also functions indirectly to alleviate PF by activating the Nrf2 pathway and inducing Nrf2-regulated genes [137]. Intratracheal administration of catalase in asbestos-treated mice has been proven to prevent PF by inhibiting H2O2 production by Rac1-activated inflammatory cells [96]. Subcutaneous injection of bovine superoxide dismutase (bSOD) has also been confirmed to attenuate RIPF [97].




4.2.4. Emerging Materials Science


With the advancement of materials science, significant progress has been achieved in the development of ROS-based nanotherapeutics for the targeted intervention of fibrotic diseases [107,138,139]. Due to the unique composition of nanomaterials, they often carry multiple drugs to achieve multi-targeted inhibition of PF. For example, ROS-responsive lipid-polymer hybrid nanoparticles loaded with metformin and macitentan can eliminate lung ROS and prevent the transformation of endothelial cells into a fibrotic phenotype [140]; ROS-responsive microneedles loaded with integrin αvβ6-blocking antibodies target PF [56]; and ROS-responsive liposomes serve as an inhaled drug delivery nanoplatform for the treatment of idiopathic PF via the Nrf2 signaling pathway [53]. Manganese-curcumin metal–organic framework (MOF) nanocarriers, modified with M2-type profibrotic macrophage-binding peptide (M2pep) on their surface, achieve targeted recognition of M2 macrophages. These nanocarriers can eliminate approximately 80% of M2 macrophages and reduce the secretion of profibrotic factors. Meanwhile, manganese ions activate SOD activity and curcumin scavenges ROS and inhibits the NF-κB pathway. Both are released via carrier degradation, accumulate in fibrotic lung tissues, subsequently mitigate inflammatory responses and oxidative stress, and thereby exert robust antifibrotic efficacy [141]. In addition, mitochondria-targeted nanoantioxidants (such as liposomes encapsulating antioxidant enzymes) are under investigation, which can precisely deliver antioxidant substances to mitochondria for efficient ROS scavenging [142].



Cofactors essential for GSH, vitamins, and antioxidant enzyme activity can be delivered to the lungs via exosomes, playing a key role in neutralizing one of the major factors of oxidative stress. Moreover, the exosome-mediated delivery pathway enhances the ability of cells to scavenge harmful free radicals [143]. Simultaneously, exosomes encapsulating microRNAs (miRNAs) and long non-coding RNAs (lncRNAs) that target genes involved in oxidative stress pathways also contribute to combating PF [144].






5. Future Directions


Existing studies have clearly identified oxidative stress as a crucial driving factor in the pathological progression of PF. It participates in and amplifies the entire fibrotic process through multiple mechanisms, including direct damage to lung tissue cells, regulation of cellular phenotypes and functions, activation of profibrotic signaling pathways, and remodeling of the inflammatory and immune microenvironment. Although various drugs targeting oxidative stress have yielded promising results in preclinical experiments for inhibiting pulmonary fibrosis, monotherapy with antioxidants has been deemed unsuccessful in several clinical trials. Notably, the strategy of combining antioxidant and antifibrotic agents has yielded encouraging results in preclinical animal models, yet it has failed to demonstrate efficacy in multiple clinical trials.



This discrepancy may stem from the mismatch between the idealized conditions of animal models and the inherent complexity of clinical patients. In clinical trials, the vast majority of enrolled patients are diagnosed at the moderate to advanced stages of the disease. At this point, the pathogenic role of oxidative stress has diminished, and the core of the pathological process has shifted to the aberrant activation of fibroblasts and the irreversible deposition of the ECM. Even if ROS is scavenged by antioxidant drugs at this stage, the already formed fibrotic scars cannot be reversed, making it naturally difficult to achieve satisfactory therapeutic outcomes. Furthermore, the endpoints of animal experiments typically include pathological scores of lung tissue, hydroxyproline content, and changes in lung function—all of which can directly reflect the therapeutic efficacy of the tested drugs. In contrast, the endpoints of clinical trials generally consist of patient survival rate, time to disease progression, degree of lung function improvement, and quality of life enhancement. These clinical endpoints are influenced by multiple factors such as patient age, underlying diseases, concomitant medications, and treatment compliance, thus making it difficult to directly correlate them with the intrinsic therapeutic efficacy of the drugs. In addition, the limitations of drug delivery in clinical settings—where drugs struggle to penetrate the fibrotic barrier and reach the target lesion sites—may also contribute to the suboptimal clinical outcomes observed. On the other hand, this phenomenon may be attributed to the excessive or insufficient neutralization of the toxic effects mediated by ROS.



Encouragingly, the emergence of nanomedicine has enabled targeted strategies for the treatment of PF. The specific properties of the pulmonary fibrotic microenvironment can be recognized by Oxidative stress-responsive materials, allowing for the precise delivery of therapeutic agents. Nevertheless, nanomaterials are confronted with critical issues in clinical trials, such as biosafety, large-scale manufacturing, and cost management, which means they still have a long journey ahead to achieve clinical translation.



Given the complexity of redox mechanisms across different types of PF and distinct stages of disease progression, arbitrary modulation of the redox state may be inappropriate. Therefore, the precise regulation of redox balance holds significant importance and has become a key focus in the development of next-generation redox-targeted drugs for PF treatment. Multiple studies have indicated that the specific regulation of antioxidant pathways possesses enormous potential in reducing adverse reactions and overcoming therapeutic resistance. Despite the promising prospects, a comprehensive understanding of the mechanisms underlying redox regulation in PF progression remains challenging and requires substantial experimental validation. Additionally, individual variations may lead to differences in drug responses, making the development of personalized precision medicine an indispensable prerequisite for advancing redox medicine.
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	SASP
	Senescence-associated secretory phenotype



	MMPs
	Matrix metalloproteinases



	TIMPs
	Tissue inhibitors of metalloproteinases



	EMT
	Epithelial–mesenchymal transition



	PI3K/Akt
	Phosphoinositide 3-kinase/Protein kinase B



	α-SMA
	α-smooth muscle actin



	TGF-β1
	Transforming growth factor β1



	PDGF
	Platelet-derived growth factor



	AMs
	Alveolar macrophages



	CCL2
	Chemokine ligand 2



	LPS
	Lipopolysaccharide



	TNF-α
	Tumor necrosis factor α



	IL-6
	Interleukin 6



	IL-4
	Interleukin 4



	IL-13
	Interleukin 13



	CCL-18
	Chemokine ligand 18



	NLRP3
	NOD-like receptor family pyrin domain-containing 3



	IL-1β
	Interleukin 1β



	IL-18
	Interleukin 18



	Th2
	T helper 2 cells



	Treg
	Regulatory T cells



	MAPK
	Mitogen-activated protein kinase



	NF-κB
	Nuclear factor κB



	SIRT
	Sirtuin



	LAP
	Latency-associated peptide



	ARE
	Antioxidant response element



	Keap1
	Kelch-like ECH-associated protein 1



	SOD
	Superoxide dismutase



	GPx
	GSH peroxidase



	ALI
	Acute lung injury



	EGCG
	Epigallocatechin gallate



	HSPs
	Heat shock proteins



	HSP70
	Heat shock protein 70



	HSP90
	Heat shock protein 90



	TrxR
	Thioredoxin reductase



	NAC
	N-acetylcysteine



	PFD
	Pirfenidone



	MOF
	Metal–organic framework



	M2pep
	M2-type profibrotic macrophage-binding peptide



	miRNAs
	MicroRNAs



	lncRNAs
	Long non-coding RNAs
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Figure 1. Schematic overview of pulmonary oxidative stress: inducers and therapeutic strategies targeting redox imbalance. This diagram illustrates the key inducers of pulmonary oxidative stress (left and right upper panels), including exogenous stimuli (air pollution, chemical toxins, pathogen infection, cigarette smoke, radiation) and endogenous stressors (DNA damage, inflammatory cell activation, endoplasmic reticulum stress, mitochondrial damage). Interventions targeting intrinsic antioxidant pathways, including Nrf2 pathway activators such as GC-1 (a thyroid hormone analog) and EGGG (Epigallocatechin gallate), NOX inhibitors (Genkyotex compounds, Metformin), mitochondrial protective agents (Coenzyme Q10, MitoQ), and heat shock protein antibodies. Exogenous antioxidant interventions, including glutathione (GSH) and its precursors (N-acetylcysteine, NAC), vitamin-based antioxidants (vitamin C, D3, E), other antioxidants (lipoic acid, melatonin, etc.), and emerging materials science-based approaches (ROS-responsive microneedles, antioxidant-loaded liposomes, etc.). 
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Figure 2. Oxidative stress promotes fibrosis by directly damaging cells and regulating cellular phenotypes and functions. ROS/RNS directly damage alveolar epithelial cells, inducing epithelial–mesenchymal transition (EMT), promoting epithelial cell senescence and apoptosis, stimulating the secretion of senescence-associated secretory phenotype (SASP), and activating fibroblasts. Meanwhile, oxidative stress can drive the polarization of macrophages toward the M1 phenotype; M1 macrophages exacerbate oxidative stress responses by generating large amounts of ROS and releasing proinflammatory cytokines such as TNF-α and IL-6. ROS/RNS can also facilitate the differentiation, senescence and apoptosis resistance of myofibroblasts. ROS is able to activate the TGF-β1/Smad pathway, thereby promoting myofibroblast formation. TGF-β1 can upregulate NOX4 expression to induce ROS production, while ROS in turn activate latent TGF-β1, forming a TGF-β1-ROS positive feedback loop that further accelerates myofibroblast activation and extracellular matrix (ECM) deposition. 
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Figure 3. The related pathways activated by oxidative stress during the progression of pulmonary fibrosis. NOX2/4 can activate the production of ROS/RNS, while ROS/RNS and TGF-β1 form a positive feedback loop to further enhance their levels. ROS/RNS not only promote the progression of fibrosis by activating pathways such as NF-κB, MAPK, and PI3K/AKT, working in concert with TGF-β1, but also induce the Nrf2/ARE pathway to exert a fibrosis-inhibiting effect in response to their presence. 
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Table 1. Clinical and preclinical evidence for oxidative stress-targeted therapies.
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	Study Type
	Intervention
	Sample Size
	Outcomes and Safety Data
	Ref.





	preclinical
	EGCG
	 
	Effective in animal models
	[79]



	preclinical
	GC-1
	 
	Effective in animal models
	[80]



	preclinical
	NOX Inhibitors
	 
	Effective in animal models
	[81]



	preclinical
	Genkyotex
	 
	Effective in animal models
	[82]



	preclinical
	Metformin
	 
	Effective in animal models
	[83]



	preclinical
	MitoQ
	 
	Effective in animal models
	[84]



	preclinical
	NAC
	 
	Effective in animal models
	[85]



	preclinical
	Vitamins D
	 
	Effective in animal models
	[86]



	preclinical
	Vitamins C
	 
	Effective in animal models
	[87,88]



	preclinical
	Vitamins E
	 
	Effective in animal models
	[89]



	preclinical
	Lipoic acid
	 
	Effective in animal models
	[90]



	preclinical
	Alamandine
	 
	Effective in animal models
	[91]



	preclinical
	Forsythiaside A
	 
	Effective in animal models
	[92]



	preclinical
	Curcumin
	 
	Effective in animal models
	[93]



	preclinical
	Melatonin
	 
	Effective in animal models
	[94]



	preclinical
	Naltrexone
	 
	Effective in animal models
	[95]



	preclinical
	Inhibiting H2O2 production
	 
	Effective in animal models
	[96]



	preclinical
	Subcutaneous injection of bovine superoxide dismutase (bSOD)
	 
	Effective in animal models
	[97]



	clinical
	Metformin
	624
	No effect on clinically relevant outcomes
	[98]



	clinical
	GSH
	105
	Slight positive effects
	[99]



	clinical
	Combination therapy with inhaled NAC and PFD
	81
	Worse outcomes for IPF
	[100]



	clinical
	NAC
	564
	Decrease lung inflammation and fibrosis
	[101]



	clinical
	NAC
	66
	No evidence of reduced indicators of inflammation or oxidative stress
	[102]



	clinical
	Aerosolized NAC
	30
	Delay disease progression
	[103]



	clinical
	Combination therapy with NAC and PFD
	123
	A significantly higher incidence of photosensitivity and experienced more rapid disease progression
	[104]



	clinical
	Supplementation of vitamins D, C and E
	33
	Positively affect the respiratory function and alleviate the inflammation and oxidative stress
	[105]



	clinical
	Antioxidant-enriched multivitamin
	73
	No significant efficacy was observed in terms of lung function and growth-related endpoints, whereas it could decrease the risk of acute pulmonary exacerbations in patients
	[106]
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