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Abstract: Nuclear factor erythroid 2-related factor 2 (Nrf2), a Cap'n'Collar basic leucine zipper transcription factor, regu-
lates oxidative stress, inflammation, autophagy, metabolism, and immune responses. Chronic obstructive pulmonary disease
(COPD), the most prevalent respiratory disorder in China, is marked by high morbidity and mortality, posing a substantial
socioeconomic burden. This review examines Nrf2's role in COPD pathogenesis and progression through modulation of
oxidative stress, ferroptosis, autophagy, and inflammatory response.
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1. Introduction

Chronic obstructive pulmonary disease (COPD) is a heterogeneous lung disorder marked by persistent and progressive
airflow limitation due to airway abnormalities (bronchitis, bronchiolitis) and/or alveolar destruction (emphysema). Clinically,
it manifests as dyspnea, cough, sputum production, and acute exacerbations. With its high global prevalence and mortality,
COPD imposes a significant public health burden. COPD pathogenesis involves interconnected mechanisms, particularly
oxidative stress, chronic inflammation, and protease-antiprotease imbalance. Nuclear factor erythroid 2-related factor 2
(Nrf2), a Cap-n-Collar transcription factor, is a master regulator of redox homeostasis. Through its seven functional Neh
domains, Nrf2 governs oxidative stress responses, metabolism, and inflammation—processes central to COPD. This review
examines the Nrf2-COPD axis to identify potential therapeutic strategies.

2. Overview of the Nrf2 Pathway

Nrf2 is a master transcription factor that maintains redox homeostasis by regulating cytoprotective genes, including
SOD,GST,GPX and HO-1.[1]. In unstressed conditions, Nrf2 is primarily sequestered in the cytoplasm by its negative
regulator, Kelch-like ECH-associated protein 1 (Keapl). Keapl, as a substrate adaptor for the CUL3-based E3 ubiquitin
ligase complex, targets Nrf2 for continuous proteasomal degradation, maintaining low basal Nrf2 levels. Upon exposure to
electrophiles or reactive oxygen species (ROS), critical cysteine residues in Keapl are modified. This inhibits the ubiquitin
ligase activity of the Keapl1-CUL3 complex, allowing newly synthesized Nrf2 to accumulate and translocate to the nucleus.
In the nucleus, Nrf2 dimerizes with small Maf proteins and binds to Antioxidant Response Elements (AREs) to activate
target gene transcription. While this Keapl-Nrf2-ARE pathway serves as a critical adaptive response, its dysfunction—
frequently observed in chronic diseases—Ieads to persistent oxidative stress and tissue damage.

3. Nrf2 in the Pathogenesis of COPD
3.1 Oxidative Stress

Oxidative stress, driven by an imbalance between ROS production and antioxidant defenses, is central to COPD
pathogenesis. It originates from both exogenous sources and endogenous ROS generated by activated inflammatory
cells. Cigarette smoke, a primary risk factor, delivers high concentrations of ROS that directly damage lung cells, amplify
inflammation, and inactivate antiproteases.The Keap1-Nrf2 pathway is the primary cellular defense against oxidative stress.
Under oxidative challenge, Nrf2 activation induces a battery of antioxidant and detoxifying enzymes. Studies in COPD
patients and models have shown impaired Nrf2 activity, leading to a deficient antioxidant response and perpetuating oxidative
damage[2-4]. The Nrf2/HO-1 axis, in particular, helps mitigate lung injury by reducing ROS and downregulating pro-
inflammatory cytokines like TNF-a and IL-6. Agents such as irisin and astaxanthin have been shown to attenuate cigarette
smoke-induced lung injury, in part, by enhancing Nrf2 pathway activity[5-6].

3.2 Ferroptosis

Ferroptosis is an iron-dependent form of regulated cell death driven by lethal accumulation of phospholipid
hydroperoxides. It is distinct from apoptosis and can be inhibited by iron chelators and specific antioxidants[7]. Ferroptosis
is driven by iron overload, glutathione depletion, GPX4 inactivation, and subsequent lipid peroxidation. Emerging
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evidence implicates this pathway in COPD pathogenesis. Cigarette smoke exposure leads to iron accumulation, increased
lipid peroxidation, and decreased GPX4 activity in the lungs[8]. Furthermore, PM2.5 exposure can trigger ferroptosis by
elevating ROS and iron while depleting GSH[9].Nrf2 activation suppresses ferroptosis by upregulating genes involved
in iron metabolism, glutathione synthesis, and lipid peroxidation defense. For example, dihydroquercetin protects lung
epithelial cells from cigarette smoke-induced ferroptosis via Nrf2 activation[10].

3.3 Autophagy

Autophagy is a lysosomal degradation pathway that maintains cellular homeostasis by clearing damaged proteins and
organelles. While basal autophagy is protective, its dysregulation—either impairment or excessive activation, can contribute
to disease.In COPD, autophagy is dysregulated. Impaired autophagy may fail to remove damaged mitochondria and protein
aggregates, while excessive autophagy can lead to epithelial cell death and cilia loss, promoting emphysema[11].A reciprocal
regulatory relationship exists between Nrf2 and autophagy. The selective autophagy receptor p62 can bind and degrade
Keapl, leading to Nrf2 activation. Conversely, Nrf2 can transcriptionally upregulate p62, forming a positive feedback
loop[12]. Nrf2 activation has been shown to suppress cigarette smoke extract (CSE)-induced excessive autophagy and
to promote chaperone-mediated autophagy, thereby protecting lung epithelial cells[13]. Furthermore, Nrf2 activators can
enhance healthy mitophagy, improving mitochondrial function[14]. In contrast, pollutants like PM2.5 can disrupt the NOX4-
Nrf2 balance,causing ROS overproduction and pathogenic mitophagy[15].

3.4 Inflammatory Response

Chronic inflammation is a hallmark of COPD, driven by macrophages, neutrophils, and other immune cells. Alveolar
macrophages, upon cigarette smoke exposure, often polarize toward a pro-inflammatory M1 phenotype and release cytokines
such as IL-6, IL-8, and TNF-a, amplifying the inflammatory cascade. Nrf2 exerts potent anti-inflammatory effects, in part by
inhibiting NF-kB activation through stabilization of its inhibitor, IkBa. Furthermore, by reducing intracellular ROS levels,
Nrf2 activation can suppress the ROS-sensitive NLRP3 inflammasome, a complex that drives the maturation and release
of IL-1B and IL-18 [16].Therefore, boosting Nrf2 signaling represents a strategy to dampen the persistent inflammation
characteristic of COPD.

4. Summary

Nrf2 contributes to COPD pathogenesis through regulation of oxidative stress, ferroptosis, and autophagy. Its
downregulation correlates with disease severity and progression, making it a promising therapeutic target. However, COPD
is a systemic disorder, and Nrf2's role in mediating local versus systemic oxidative stress responses remains complex.
Further studies are required to elucidate its precise mechanisms.
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