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Protective factors against 
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Chronic obstructive pulmonary disease (COPD) continues to be the world’s primary 
cause of morbidity and mortality. The main mechanism driving the pathogenesis 
of COPD is oxidative stress. Antioxidant genes, regulated by the Nrf2/ARE signaling 
pathway, play a protective role against oxidative stress. Unfortunately, this 
pathway appears to be dysregulated in COPD, leading to decreased expression 
of antioxidant genes and persistent oxidative stress. We reviewed numerous studies 
measuring the expression of antioxidant genes in COPD. We also focused on 
developments in methods used to study gene expression in COPD over time, 
along with measuring antioxidant gene expression in various cell types, and the 
potential use of antioxidant gene expression as a predictor of COPD progression. 
And last but not least we discussed the association of cigarette smoke exposure 
with antioxidant gene expression together with antioxidant treatment in COPD. 
Understanding the altered expression of antioxidant genes in COPD could help 
in treating COPD, as well as predicting its progression.
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Introduction

One of the leading causes of morbidity and mortality worldwide still remains chronic 
obstructive pulmonary disease (COPD). Moreover, its prevalence and burden are expected to 
rise over the following decades due to a combination of continuing exposure to COPD risk 
factors and global population aging. The current definition of COPD according to the GOLD 
2025 report is stated as follows: COPD is a heterogeneous lung condition characterized by 
chronic respiratory symptoms (dyspnea, cough, sputum production and/or exacerbations) due 
to abnormalities of the airways (bronchitis, bronchiolitis) and/or alveoli (emphysema) that 
cause persistent, often progressive airflow obstruction (1). The COPD definition’s revision was 
proposed by Celli et al. (2). Regarding etiology, it is widely accepted that inflammatory damage 
to the lung is necessary for the development of COPD. This is typically associated with 
exposure to cigarette smoke in high-income countries and exposure to biofuel combustion in 
middle-and low-income countries. However, since some people develop COPD despite having 
no documented environmental exposures and among smokers, only a minority develop 
COPD, the involvement of genetic susceptibility is suggested. Alpha-1 antitrypsin deficiency 
is the best-defined genetic factor (3, 4).

Numerous factors influence the prognosis of COPD. The ones that not only worsen the 
prognosis but also increase burden and mortality are COPD exacerbations (1). That is why 
Hurst and colleagues systematically reviewed prognostic risk factors for moderate to severe 
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exacerbations in patients with COPD. They proposed that a history of 
exacerbations in the preceding year is the most accurate predictor of 
future exacerbations, along with disease severity, bronchodilator 
reversibility, and comorbidities (5). The most influential comorbidities 
associated with a poor prognosis include anxiety and depression, 
dyspepsia, cardiovascular and respiratory issues. The problem is that 
anxiety and depression are underdiagnosed and untreated (5–7). 
Other indicators of a poor prognosis are short distance walked in 
6 min, weight loss, and malnutrition (1). Persistent smoking is also 
known to be associated with a poor prognosis. Interestingly, patients 
who started smoking at an early age (smoking initiation ≤ 24 years 
old) have been shown to have a worse prognosis than those who began 
smoking later in life (8). The current gold standard for diagnosing and 
assessing the severity of COPD is spirometry (9). In COPD patients 
with forced expiratory volume in 1 s/forced vital capacity (FEV1/
FVC) < 0.7, the severity of airflow obstruction is divided into GOLD 
grades ranging from mild (GOLD 1), moderate (GOLD 2), severe 
(GOLD 3) to very severe (GOLD 4) based on post-bronchodilator 
FEV1 (1). Formerly, GOLD 0, defined by the presence of smoking, 
chronic cough, and sputum production with FEV1/FVC > 0.7, i.e., 
with normal spirometry, was also embodied in this grading. However, 
this grade has been dropped over time as not all of these individuals 
developed COPD. Given how extensive under and misdiagnosis 
nowadays lead to patients receiving no or incorrect treatment, this 
may not have been the wisest choice in retrospect (1, 10). The reason 
for such statement is that when taking into consideration only FEV1/
FVC < 0.7, individuals with early-stage disease, having reversible or 
delayable pathologic changes, might be omitted (11). As appropriate 
and earlier diagnosis of COPD can have a very significant public-
health impact, it is crucial to define a variety of clinical (bio)markers 
that embrace the term “pre-COPD” to identify individuals who have 
normal spirometry at present yet are at increased risk of developing 
COPD in the future. Apart from these diagnostic biomarkers, 
biomarkers of COPD progression to distinguish among subsequent 
COPD stages would also be useful (1, 12). Since spirometry has its 
limitations in diagnosing COPD (technique-dependent, nonspecific 
administration by a trained healthcare professional required), new 
alternative diagnostic tests are also needed. Such a fast, reliable, and 
precise alternative for spirometry was tested in a study by Talker et al. 
They used interpretable machine learning and TidalSense’s N-Tidal™ 
capnometer to diagnose COPD and evaluate its severity with 
promising results (9).

The main mechanism driving the pathogenesis of COPD is 
oxidative stress, which is further increased during exacerbations as 
oxidants are induced by cigarette smoke and other inhaled toxic 
particles. Oxidative stress comprises reactive molecules and free 
radicals derived from molecular oxygen, altogether known as reactive 
oxygen species (ROS) (1, 12, 13). These include, e.g., hydroxyl radicals, 
hydrogen peroxide, peroxynitrite, nitrogen dioxide, and others (14, 
15). The immune cells responsible for the release of ROS, but also 
other pro-inflammatory factors, e.g., neutrophil elastase and matrix 
metalloproteinases (MMPs) are neutrophils and macrophages (16, 
17). Cigarette smoke exposes lungs to exogenous ROS when 5 × 1014 
free radicals are thought to be released with each “puff.” Numerous of 
these free radicals have a half-life that allows them to enter the lower 
respiratory tract (15, 18). This results in an imbalance between 
oxidants and antioxidants in the lungs leading to excessive oxidative 
stress which amplifies airway inflammation and alters cellular 

metabolism causing the protease-antiprotease imbalance, along with 
activation of the DNA damage response and induction of cellular 
senescence (19–21). All these cause the loss of elasticity and narrowing 
of the airways, making it difficult for people with COPD to breathe 
(17). However, oxidative stress perseveres even in ex-smokers, 
indicating that oxidative stress occurs also endogenously (22). These 
endogenous ROS are produced mainly by malfunctioning or damaged 
mitochondria. Such ROS-induced oxidative stress damage has been 
demonstrated to be countered by antioxidants (13). However, it seems 
that in stable COPD and mainly during exacerbations there is a 
decrease in their production and/or function (23). This indicates that 
antioxidants should be efficient in COPD treatment, particularly in 
preventing the disease progression and exacerbations (24).

In terms of COPD treatment, bronchodilators are suggested as the 
first-line treatment in all stages of COPD severity by the GOLD 2025 
guidelines, typically in conjunction with inhaled corticosteroids (ICS). 
We distinguish between short-acting and long-acting bronchodilators. 
The short-acting ones are short-acting beta2-agonists (SABAs) along 
with short-acting muscarinic antagonists (SAMAs). Whereas the 
long-acting ones are long-acting beta2-agonists (LABAs) and long-
acting muscarinic antagonists (LAMAs). Oral corticosteroids (OCS) 
can also be used (1, 25). Even though several studies showed that 
steroid treatment is rather ineffective in improving lung function and 
reducing airway inflammation in patients with COPD, nowadays used 
triple therapy (LABA + LAMA + ICS) has been shown to improve 
lung function and reduce exacerbations more efficiently than either 
component alone (1, 26, 27). Despite these significant therapeutic 
benefits, these drugs have some limitations (27). Corticosteroids have 
several side effects including serious infectious complications which 
were reported already in 1989 by Wiest et al. (28). Even though long-
acting bronchodilators typically have modest side effects, patients with 
COPD and a history of heart failure or cardiovascular disease may 
be more vulnerable to uncommon, severe side effects, such as cardiac 
arrhythmias (29). Moreover, the concurrent use of long-acting 
bronchodilators in COPD is also linked to the risk of adverse 
cardiovascular events. This is because long-acting anticholinergics are 
assumed to suppress parasympathetic control, and LABAs stimulate 
sympathetic tone, which might lead to tachyarrhythmia and coronary 
insufficiency (30). Since the use of bronchodilators and corticosteroids 
is still critically essential for the management of COPD, the 
development of alternative, more effective, and safer therapies is 
needed. As recent studies showed positive effects of specific novel 
antioxidants, antioxidant treatment will be given more attention later 
in a separate paragraph (27, 31). Besides pharmacological treatment, 
we  must not forget non-pharmacologically focused strategies for 
treating COPD. These include for example smoking cessation, 
pulmonary rehabilitation, oxygen therapy, ventilatory support, 
nutrition, physical activity, and others (1, 25).

This paper aims to review the role of antioxidants against oxidative 
stress in COPD, with a focus on antioxidant gene expression. 
Antioxidant treatment receives attention as well.

Genes involved in oxidative stress 
response in COPD

As oxidative stress is the main mechanism driving the 
pathogenesis of COPD, genes that take part in the oxidative stress 
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response also have a crucial role in the pathogenesis of COPD. The key 
role plays the Nuclear factor erythroid 2-related factor 2 (Nrf2) 
transcription factor, which is essential in protecting lung cells from 
oxidative stress by upregulating antioxidant genes in response to 
tobacco smoke exposure in COPD patients (32). Its importance was 
unmasked already in 2004 by Rangasamy et al. as the disruption of the 
Nrf2 gene in mice led to earlier-onset and more extensive emphysema 
in response to cigarette smoke compared to Nrf2 wild-type littermates, 
which signifies that mice lacking Nrf2 are more susceptible to 
CS-induced emphysema/oxidative stress (33). Iizuka and colleagues 
confirmed this discovery a year later (34). The same results were 
observed in another study, which focused on examining the 
susceptibility of Nrf2-knockout mice to elastase-induced emphysema 
(35). As the protective effect of Nrf2 against oxidative stress lies in the 
Nrf2-dependent induction of antioxidants, all studies, therefore, 
focused also on measuring the expression of several antioxidant genes 
(e.g., HO-1, NQO1, etc.). The expression of these antioxidant genes 
was upregulated in the lungs of Nrf2 wild-type mice, but not in the 
lungs of Nrf2 knock-out mice (33–35). Silencing RNA experiments 
in vitro in THP-1 cells performed by Goven et al. in 2008 verified that 
the loss of Nrf2 results in a decrease of Nrf2-regulated antioxidant 
gene mRNA expression, namely HO-1, NQO1, and GPX2 (36).

The Nrf2-dependent induction of antioxidants is regulated by 
the Nrf2/ARE signaling pathway. Under normal conditions, low 

levels of Nrf2 are maintained since Nrf2 binds to its cytoplasmic 
inhibitor Kelch-like ECH-associated protein 1 (Keap1) and is 
subsequently proteasomally degraded. However, in the presence of 
oxidative stress which modifies the inhibitor Keap1, Nrf2 is released, 
stabilized, and translocated into the nucleus. This allows Nrf2 to 
form heterodimers with small Maf proteins, which bind to 
antioxidant response elements (AREs) and induce the expression of 
antioxidant genes (see Figure  1). These include for example 
superoxide dismutases (SODs), heme oxygenase-1 (HO-1), 
glutamate-cysteine ligase catalytic (GCLC) and modulator (GCLM) 
subunits, NADP(H): quinone oxidoreductase-1 (NQO1), glutathione 
peroxidases (GPXs), thioredoxin reductase-1 (TXNRD1) and others 
(21, 37–39).

Even though Nrf2 is the key player in antioxidant protection, 
other transcription factors and negative regulators participate in the 
production of antioxidants. It was found that the transcription factor 
BTB domain and CNC homolog 1 (Bach1) represses ARE activity by 
competing with NRF2 for ARE binding, thereby negatively controlling 
the transcription of genes such as HO-1 or NQO1 (40, 41). On the 
other hand, DJ-1 acts as a stabilizer of Nrf2 as it inhibits the 
Keap1-Nrf2 interaction and therefore proteasomal degradation of 
Nrf2 (42). Amatullah et al. demonstrated that the loss of DJ-1 leads to 
increased oxidative stress (43). Another study found that the loss of 
DJ-1 results in a decreased expression of NQO1. This is because DJ-1 

FIGURE 1

Nrf2/ARE signaling pathway: Under normal conditions, Nrf2 is degraded in the proteasome, whereas in the presence of oxidative stress, it is 
translocated into the nucleus where it induces antioxidant gene expression.
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is required for the activity of Nrf2. If it is not present, Nrf2 is unstable, 
which results in decreased transcriptional responses (39).

Nevertheless, this pathway seems to be dysregulated in COPD. In 
2008 a study by Goven et  al. showed altered Nrf2/Keap1-Bach1 
equilibrium in pulmonary emphysema (36). Moreover, according to 
Li et al. there is strong evidence of downstream dysregulation of the 
Nrf2 signaling pathway in alveolar macrophages (AM) from COPD 
patients (44). Unfortunately, little is known about the molecular 
mechanism behind COPD patients’ decrease in Nrf2 signaling (21). It 
might be caused by a reduction in the stabilizing protein DJ-1 and/or 
increased Keap1 levels leading to increased NRF2 proteasomal 
degradation and therefore decreased expression of antioxidant genes 
resulting in persistent oxidative stress (41, 45).

As stated by Bahmed et al. restoring such an impaired antioxidant 
defense system could be  possible by DJ-1 overproduction (46). It 
could also be possible by deleting Keap1 as in 2009 experiments on a 
novel conditional knockout mouse model with genetically deleted 
Keap1 in airway epithelial cells (Clara cells) showed that this deletion 
increased expression of Nrf2 dependent genes (e.g., NQO1, GCLM, 
GCLC, TXNRD1, GPX2). Such increased Nrf2 activation reduced 
oxidative stress (47).

As activation of the Nrf2/ARE antioxidant pathway is believed to 
be an efficient therapeutic strategy for redox-related lung diseases, it 
will be discussed later in a paragraph titled Antioxidant treatment in 
COPD (42).

Relative expression of the Nrf2/ARE 
pathway genes in COPD

We are interested in this topic because of the rapidly increasing 
prominence of the use of biomarkers in COPD (1). Numerous studies 
have measured the Nrf2-dependent gene expression but with rather 
varying results. An overview of these studies is shown in 
Supplementary Table 1. These inconsistent results may be due to the 
variability in the used biological material, methodology, control 
samples, and others. It is also important to point out that each study 
has its limitations, whether it is a small sample size which reduces the 
statistical power of the study (32, 36, 48–51), heterogeneity of COPD 
patients enrolled in the studies such as grouping of subjects with 
different GOLD stages into one group, as in a study by Pierrou et al. 
where COPD stages 2–4 were grouped together (48, 52–54) or not 
taking into account the COPD severity at all (32, 44, 49, 55–59) 
however, these studies focus mainly on the comparison of smoking 
status and COPD. In surgical tissue studies a frequent problem is the 
nonavailability of healthy controls, as control samples are often used 
paracancerous tissues from lung cancer patients, which might 
influence the results (36, 44, 48, 50, 51, 53, 55, 56, 59–63). Moreover, 
in the case of longitudinal studies, large amounts of data can go 
missing between the baseline and follow-up period (64). In succeeding 
paragraphs, we will discuss these issues and more.

Progression of methods used to study 
COPD gene expression

This section will focus on reviewing the developments in methods 
used to study gene expression in COPD over time. The basal method 

to measure the expression at the protein level is probably 
immunohistochemical analysis (81, 99, 100). This analysis is based on 
staining various tissues and counting the number of gene-positive 
nuclei. The problem is that commonly used are lung tissue samples 
often obtained from patients undergoing resection for lung tumor, 
which may influence the expression (56, 60, 61). Nowadays, 
immunohistochemical analysis is rather used as a complementary 
analysis either to western blotting (48, 50, 51, 59, 65) or RT-qPCR, 
which is undoubtedly the most commonly used method to measure 
gene expression (32, 36, 44, 49, 55, 62, 64, 66, 67, 97, 98).

All mentioned methods serve to measure gene expression more 
or less well; however, they are suitable for measuring only a few genes. 
Luckily with the development of more advanced technology, a bigger 
amount of data can be analyzed. As today’s standard is considered 
microarray analysis, most often using Affymetrix arrays (54, 68, 69). 
Such obtained microarray data are frequently confirmed by RT-qPCR 
and deposited in the Gene Expression Omnibus (GEO) website so 
other studies can use these microarray datasets for further analysis. 
For instance, Lin et al. identified differentially expressed genes (e.g., 
NQO1 among them) between COPD smokers and non-smokers in 
airway epithelium. Such genes could be used as potential biomarkers 
for the diagnosis and treatment of COPD, all thanks to these available 
datasets (58). Studies of this kind often do not focus only on measuring 
gene expression but also on analyzing pathways (gene sets), as the 
research by Pierrou et al., 2007. In addition to the assessment of global 
gene expression, they also performed gene set enrichment analysis 
(GSEA), which revealed that pathways involved in oxidant/antioxidant 
responses were among the most differentially expressed ones in 
smokers, with further differences seen in COPD patients (52).

Over the past decade, RNA sequencing has become an 
indispensable tool for transcriptome-wide analysis of differential gene 
expression, serving as an alluring substitute offering many advantages 
over conventional microarray platforms (70, 71). Ghosh et al. with the 
help of RNA sequencing identified a set of genes that overlap between 
multiple clinically relevant phenotypes and demonstrated that the 
overlapping genes are also associated with COPD progression (72). 
With the development of next-generation sequencing technologies, 
RNA sequencing developed as well. Currently, it may be  used to 
analyze even single-cell gene expression. The study by Sauler et al. 
used single-cell RNA sequencing to characterize the COPD alveolar 
niche and, among other things, to find several differentially expressed 
genes (DEGs) encoding antioxidants (73). Whereas An et al. used 
single-cell transcriptome sequencing not only to compare cell subsets 
in COPD and controls (74). As the cost of single-cell sequencing is 
relatively expensive at present, the sample size studied is small. There 
is a need for more COPD-related single-cell sequencing data available 
so the results can be  validated by performing more in-depth 
data analysis.

Regarding the study type, studies focusing on measuring only a 
few genes on a small sample size have been sidelined lately. That is why 
a promising direction might be  to focus on performing desirable 
longitudinal studies. A good example is an already mentioned article 
written by Fratta Pasini et al. dealing with Nrf2/ARE gene expression 
and lung function in COPD patients over time (64). Desired are also 
studies comprising of a huge number of patients involved and a lot of 
genes analyzed. These studies often pool COPD patient samples from 
large longitudinal observational studies. A great example is the 
ECLIPSE study (Evaluation of COPD Longitudinally to Identify 
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Predictive Surrogate Endpoints) which is a large observational study 
of COPD patients and controls conducted at 46 centers in 12 countries 
aimed at defining COPD phenotypes and identifying biomarkers and 
genetic parameters that help to predict disease progression. In three 
years, they managed to recruit 2083 COPD subjects, 332 control 
smokers and 237 non-smoking control subjects. Apart from the 
baseline visit, the subjects of the study were followed up at a total of 
seven visits at 3 months, 6 months, and every 6 months thereafter for 
3 years (75, 76). This cohort, along with subjects from additional 
COPD case–control studies, was used for instance by Qiu and 
colleagues, 2011 in a GWAS analysis studying the genetics of sputum 
gene expression in COPD (77). Another study using the ECLIPSE 
cohort performed GWAS of circulating COPD biomarkers, finding 
some novel loci affecting the levels of plasma protein biomarkers (78). 
The biomarker results of the ECLIPSE study were reviewed by Faner 
et al. (79). These so-called Genome-wide association studies (GWAS) 
examine single nucleotide polymorphisms (SNPs) across the genome 
enabling not only the identification of genes associated with a 
particular disease. Nowadays the sample sizes comprise hundreds of 
thousands of individuals. The downside of these studies is that they 
are inherently very expensive, so conducting such research is often a 
matter of funding.

The well-known COPDGene Study with over 10,000 patients 
involved and more than 425 publications resulting from the research 
of COPDGene investigators is one of the largest studies ever to 
investigate the underlying genetic factors of COPD and is as well 
designed longitudinally. At the moment, all participants enrolled in 
Phase 1 are being invited for a third study visit which is approximately 
ten years after their first visit, and participants enrolled in Phase 2 are 
currently being invited for their second study visit approximately five 
years after their first visit. Already mentioned articles studying gene 
expression and pathways in COPD (54, 72) are a part of the 
COPDGene Study. More information about the COPDGene Study 
and a list of publications can be found at: https://www.copdgene.org.

Measuring antioxidant gene 
expression in various cell types in 
COPD

As the primary site of the disease in COPD is the lung, most often 
the antioxidant gene expression is measured in lung tissue (36, 44, 48, 
49, 51, 53, 55–57, 59, 60, 65, 73, 80, 97) commonly the interest is 
shifted mainly to alveolar macrophages because they play a crucial role 
in the pathogenesis of COPD (36, 44, 53, 57, 60, 73) but also bronchial 
and airway epithelium (44, 53, 57, 60, 65, 73). Unfortunately, these 
studies typically have a small sample size because of the invasiveness 
of obtaining lung tissue samples. The results might be influenced by 
the presence of cancer because the subjects used are often undergoing 
lung resection for lung cancer. A less invasive option how to obtain 
alveolar macrophages, bronchial and airway epithelium samples is 
bronchoscopy (32, 53, 68, 69, 81). However, subject recruitment is also 
quite difficult as bronchoscopy is not commonly used to diagnose 
COPD, unlike sarcoidosis, moreover, it is not a pleasant procedure.

While the lung is the site of primary exposure to tobacco smoke, 
COPDGene investigators have confirmed the systemic symptoms of 
COPD by identifying numerous blood biomarkers even after adjusting 
for smoking. Thus, blood samples might be ideal for assessing these 

systemic effects and gene expression in COPD. Moreover, blood 
collection has several advantages over lung sampling: it is not so 
invasive and time-consuming, thus repeated sampling to monitor 
disease progression is possible, making blood practical in large 
research cohorts and biomarker screening where a large number of 
samples is needed (54, 82).

From collected blood can be  isolated peripheral blood 
mononuclear cells (PBMCs) which are precursors of the alveolar 
macrophages (32, 54, 64, 66, 83) or peripheral blood leucocytes (PBLs) 
(84) which can be  subsequently used for the analysis of gene 
expression and plenty of other experiments. Data obtained from such 
studies can be further analyzed. An and colleagues reanalyzed the 
scRNA-seq data of peripheral blood mononuclear cells of COPD 
patients downloaded from the Gene Expression Omnibus (GEO) 
database and besides several experiments, they performed a 
correlation analysis between the expression and immune infiltration 
abundance of COPD immune-related genes and found high positive 
correlation of HO-1 in macrophages (74).

Even though PBMC gene expression has a big potential to be used 
as a biomarker of COPD (54), not many studies have focused on 
measuring the Nrf2-target gene expression in the blood of COPD 
patients so far. Most likely, this issue has received the greatest attention 
from Fratta Pasini et al. They performed two studies, in the first one 
they found increased mRNA and protein expression of Nrf2 and 
HO-1 in PBMCs from mild–moderate (ex-smoker) COPD patients 
(66). In the second study, they confirmed these results, as the mRNA 
expression of Nrf2, HO-1, and in addition, GCLC was increased at 
baseline (= mild–moderate COPD) compared to controls (64). 
Unfortunately, these results are not in line with those from a study by 
Sidhaye et al. where neither of the studied genes (Nrf2, HO-1, NQ01, 
Keap1, and others) showed statistically increased expression. However, 
this may be due to the fact that they did not use healthy controls as 
Fratta Pasini et al. but former smokers with COPD (32, 64). A study 
by Bahr et al. involved a really big sample size (n = 211) and all COPD 
GOLD stages, which makes it one of the largest studies of PBMC 
microarray gene expression profiling for COPD in humans. They 
found a negative correlation of Bach1, SOD1, VDR, and FOXO1 with 
FEV1 (54). More studies measuring the Nrf2-target gene expression 
in the blood of COPD patients are needed.

It is important to note that presumably, increased Nrf2 activity is 
a response to local exposure, which explains why peripheral blood 
cells may not exhibit comparable alterations. Thus, substituting lung 
tissue for PBMCs must be  well considered as studied expression 
changes might be compartmentalized to the lung (32). As mentioned 
earlier, many other factors can influence the expression, so results may 
vary even when measuring the expression in the same cell type. At 
variance with studies measuring the Nrf2 target gene expression in 
PBMCs, those measuring it in the lung found decreased expression of 
several Nrf2 target genes (36, 53, 56, 60, 81, 97). On the other hand, 
numerous studies measured increased expression (48, 51, 52, 57, 58, 
69, 73). More studies measuring the Nrf2-target gene expression in 
blood and lung tissue from the same subjects, as was done by Sidhaye 
et al. are required to clarify these dissimilarities.

Adair-Kirk and colleagues discovered that Nrf2-regulated genes 
are also upregulated in Clara cells, which are non-ciliated secretory 
cells present within the bronchiolar epithelium of the mammalian 
lung (85). This is not surprising as Sidhaye et al. showed that bronchial 
epithelium is the most responsive tissue for transcriptional activation 
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of Nrf2 target genes (32). Clara cells are an important source of 
antioxidant/detoxification gene expression in response to cigarette 
smoke exposure via the Nrf2 transcription factor. Therefore, altered 
Clara cell function is likely to be a significant factor contributing to 
lung function decline (85, 86). Fortunately, Clara cell function, and 
thus lung function could be protected by increased Nrf2 activation 
resulting in reduced oxidative stress. As shown in already mentioned 
experiments by Blake et al. on a novel conditional knockout mouse 
model with genetically deleted Keap1  in Clara cells, where such 
deletion led to increased expression of Nrf2 dependent genes, e.g., 
NQO1, GCLM, GCLC, TXNRD1, GPX2 (47).

Antioxidant response gene expression 
as a predictor of COPD progression

In 2007 a longitudinal cohort study showed that increased serum 
CRP is a strong long-term predictor of COPD hospitalization and 
death, in other words of COPD progression (87). Later it was revealed 
that combinations of biomarkers (e.g., CRP, fibrinogen, SP-D) improve 
the predictive value (88). Several studies indicate that antioxidant-
related genes might also be used for this purpose.

It has been hypothesized that decreases in the expression of 
oxidant response genes may reflect a loss of defensive capabilities 
against infection as the disease becomes more severe. Pierrou et al. 
found that the expression of a number of genes involved in oxidant 
stress responses (namely GPX2, GCLM, GCLC, and others) was 
increased in healthy smokers compared with nonsmokers. This 
phenomenon was even stronger when compared with COPD stage 0 
and the strongest in stage 1. Whereas in more severe COPD (stage 
2–4) the mean expression fell to the same levels as in stage 0 (52). This 
hypothesis which practically means that the increase in antioxidant 
defenses is typical for the early stages of the disease and with the 
severity of the disease antioxidant defenses gradually fail is supported 
in a study by Fratta Pasini et  al. In this longitudinal study, they 
determined that at baseline the expression of Nrf2 and Nrf2-related 

genes (heme oxygenase (HO)-1 and glutamate-cysteine ligase catalytic 
(GCLC) subunit) in PBMCS was significantly increased in COPD 
compared to no-COPD subjects, whereas at the follow-up 
(49.7 ± 6.9 months) the expression was significantly decreased in 
COPD which worsened over that time, while no changes were 
observed in no-COPD subjects. Moreover, the percent variation (Δ) 
of FEV1 detected after the follow-up in COPD patients was directly 
correlated with ΔNrf2 (r = 0.826, p < 0.001), ΔHO-1 (r = 0.820, 
p < 0.001), and ΔGCLC (r = 0.840, p < 0.001), which means they can 
be taken as significant predictors of ΔFEV1 (64).

Even though not many studies distinguish among different stages 
of COPD when analyzing the gene expression, we were able to find 
some other studies supporting this hypothesis (see Figure 2). A study 
by Goven et al. found a decreased expression of HO-1, GPX2, and 
NQO1  in severe emphysema (36). Another study reported that 
severely emphysematous lung tissue is characterized by a decline in 
GPX3 gene expression (80). Wang with his colleagues showed a 
decreased expression of FOXO3A as airway obstruction progressed 
(63). Accordingly, the expression of NOX4, which is a major source of 
oxidative stress, was found to be increased with COPD severity (65).

Recently Zhang and colleagues identified numerous differentially 
expressed genes (DEGs) candidates of COPD progression (with 
antioxidant-related genes among them) in response to smoking. 
Furthermore, they created practical and efficient discriminant models 
that can precisely predict COPD progression (89).

Association of cigarette smoke 
exposure with antioxidant gene 
expression

It is alarming that about 40% of COPD patients are current 
smokers despite knowing that persisting smoking has a high 
correlation with the development of emphysema, disease progression, 
and poor prognosis (1, 90). In a recent study, it has been well 
established that smoking affects gene expression patterns (89). The 

FIGURE 2

Visual representation of the hypothesis that the antioxidant gene expression decreases with COPD severity.
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question we focused on is how smoking affects the Nrf2 target gene 
expression in smokers with and without COPD.

In 2003 Hackett et al. performed a study based on a hypothesis 
that oxidants are the major mechanism of smoking-induced airway 
damage, therefore smoking should be associated with upregulation of 
various antioxidant-related genes in the airway epithelium. From 44 
antioxidant-related genes, 16 (including GPX2, GPX3, GCLM, GCLC, 
and TXNRD1) showed a significant upregulation in the airway 
epithelium of smokers in comparison with nonsmokers (18). This 
hypothesis was also confirmed by Hübner et al. who demonstrated 
that Nrf2 is activated in the small airway epithelium of healthy 
smokers and that Nrf2 modulated genes (e.g., GCLC, GPX2, NQO1, 
TXNRD1) are highly responsive to cigarette smoking and exhibit a 
concordant pattern of upregulation in healthy smokers. These findings 
imply that Nrf2 regulates cellular defenses against smoking in the 
extremely susceptible small airway epithelial cells (69). Hackett et al. 
also noted a high inter-individual variability in the expression levels 
of the upregulated genes, interestingly some smokers had high 
expression levels of a subset of genes, whereas others exhibited low 
expression levels of the same gene subset (18). Suggesting that the 
Nrf2 target gene expression is probably also influenced by 
genetic factors.

Increased Nrf2 target gene expression was also detected by 
Fukano et al. while exposing the human lung epithelial cell line A549 
to CSC (cigarette smoke condensate), specifically, H0-1 gene 
expression was increased in a dose-dependent manner (91). In 2007 
Pierrou et al. also confirmed that the oxidative gene expression is 
influenced by cigarette smoke exposure as the expression of 
antioxidant genes was increased in the bronchial epithelium of healthy 
smokers, with even a further increase in smokers with COPD in 
comparison with nonsmokers (52). When contrasting the Nrf2 target 
gene expression in current and former smokers with COPD, the 
expression is significantly higher in current smokers compared to 
former smokers (32).

Antioxidant treatment in COPD

One of the most encouraging approaches to antioxidant 
therapy is the usage of Nrf2 activators that activate numerous 
antioxidant genes (92). The aforementioned study by Sidhaye et al. 
was the first to assess the Nrf2 levels and activity in different 
cellular compartments in response to active tobacco use in patients 
with COPD. They discovered that levels of Nrf2 expression were 
higher in bronchial epithelial cells and alveolar macrophages 
compared to nasal epithelium cells and PBMCs. This kind of 
research is important because knowing the differences in levels of 
Nrf2 between different compartments could unveil whether 
specific cellular targeting is required for the therapeutic efficacy of 
Nrf2 activators (32). Such Nrf2 activators were tested in a study by 
Li et  al. where all used Nrf2 activators (CDDO, GSK7, MMF, 
Sulforaphane, and C4X_6665) increased NQO1 activity and 
expression of Nrf2 target genes (NQO1, HO-1, SOD1, and 
TXNRD1) in COPD alveolar macrophages. The highest potency 
for inducing antioxidant activity and gene expression had a novel 
PPI Nrf2 compound C4X_6665 suggesting its big therapeutic 
potential. This new compound could be  used to address Nrf2 
pathway dysregulation in alveolar macrophages of COPD patients 

(44). Apart from these synthetic Nrf2 activators, numerous 
naturally occurring and plant-derived Nrf2 activators exist (93). 
For instance, very interesting research was carried out by Qian 
et al. using a plant that has a long history as a traditional medicine 
for cough and asthma in China. They discovered that oxidative 
stress induced by cigarette smoke in COPD rats was inhibited by 
Ginkgo biloba L. seeds through the Nrf2 pathway. Since Nrf2 is a 
transcription factor that regulates several antioxidants, it has a 
significant protective effect on lung oxidative airway disease and is 
likely to become a potential therapeutic target for emphysema 
prevention and intervention strategies (94). As reviewed by 
Satpathy et Prasad Parida, 2023, recent research has shown that 
also curcumin (Curcuma longa L.) demonstrated antioxidant 
activity and a protective effect on COPD (95). Other well-known 
naturally occurring Nrf2 activators are resveratrol from wine, 
sulforaphane from broccoli, and many others (93).

According to Barnes, 2022 there is a need to study further these 
activators of Nrf2, along with mitochondria-targeted antioxidants 
(mt-antioxidants) as already known thiol-based antioxidants, such as 
N-acetylcysteine have had disappointing clinical effects so far and 
some Nrf2 activators (sulforaphane and bardoxolone) seem to 
be nonspecific and toxic (20, 24). As mitochondrial ROS appears to 
be  the main source of oxidative stress in COPD, mentioned 
mitochondria-targeted antioxidants might be  a more promising 
approach because they are able to cross the mitochondria lipid bilayer 
and reduce ROS at its source. Mitochondria-targeted antioxidants are 
based on the structure of ubiquinone, they can be divided into several 
groups and include for example mitoQ, mito-TEMPO, and SkQ1. 
Overall, mitochondria-targeted antioxidants showed promising 
results in experiments in vitro, ex vivo, and in pre-clinical animal 
models of COPD as well. Human clinical trials are currently being in 
the process (13, 20). Even though there is not sufficient evidence, 
we cannot exclude dietary antioxidant supplementation (for instance, 
vitamin C and E), which might also improve lung function in patients 
with COPD (92).

With increasing evidence suggesting an acceleration of lung aging 
in COPD followed by the accumulation of senescent cells, a new 
therapy called senotherapy is being discussed. The underlying 
problem is that senescent cells fail to repair tissue damage causing 
disease progression. As cellular senescence is driven by chronic 
oxidative stress (mitochondrial), it is thought that novel antioxidants 
discussed above along with others, e.g., anti-FOXO4 may inhibit the 
development of cellular senescence and thus reduce COPD 
progression and mortality. Moreover, given that the majority of COPD 
patients have two or more age-related comorbidities (cardiovascular 
diseases and others) and that the same pathways of cellular senescence 
appear to operate in many age-related diseases, it may be possible to 
treat them all at once (20, 96).

Conclusion and future directions

Knowing that COPD is the leading cause of morbidity and 
mortality worldwide, with an expected increase in prevalence and 
burden, there is an urgent need for a better understanding of its 
pathogenesis. Numerous uncertainties still remain concerning the 
dysregulated Nrf2 signaling pathway in COPD patients. A decrease 
in the stabilizing protein DJ-1 and/or an increase in Keap1 levels 
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may be  the reason, which would enhance NRF2 proteasomal 
degradation and, in turn, decrease the expression of antioxidant 
genes, resulting in persistent oxidative stress. However, many more 
antioxidant gene expression studies are required to solve this issue. 
Concerning the invasiveness of obtaining lung tissue samples for 
these studies, blood samples from which can be isolated PBMCs 
might be a better alternative. As PBMC gene expression has also a 
big potential to be used as a biomarker of COPD, more studies 
should focus on measuring the Nrf2-target gene expression in the 
blood of COPD patients. Also, more longitudinal studies and 
studies distinguishing among different stages of COPD are needed 
to confirm the hypothesis that the antioxidant gene expression 
decreases with COPD severity.

Regarding the use of antioxidants in COPD treatment, one of the 
most promising appears to be the usage of Nrf2 activators. One such 
Nrf2 activator termed C4X_6665 is believed to be able to address Nrf2 
pathway dysregulation in alveolar macrophages of COPD patients. 
Mitochondria-targeted antioxidants may be even more promising as 
mitochondrial ROS appears to be the main source of oxidative stress 
in COPD. It is thought that these novel antioxidants could inhibit the 
development of cellular senescence and therefore reduce COPD 
progression and mortality. This new therapy which is currently being 
discussed is called senotherapy and it could be  of great use in 
the future.

Author contributions

EK: Conceptualization, Writing – original draft, Writing – review 
& editing. MP: Funding acquisition, Writing – review & editing. ZN: 
Supervision, Writing – review & editing, Conceptualization.

Funding

The author(s) declare that financial support was received for the 
research and/or publication of this article. This work was supported 
by IGA UP: LF_2024_005, LF_2025_002.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

The author(s) declared that they were an editorial board member 
of Frontiers, at the time of submission. This had no impact on the peer 
review process and the final decision.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product 
that may be evaluated in this article, or claim that may be made by its 
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fmed.2025.1492256/
full#supplementary-material

References
 1. GOLD. (2025). Global initiative for chronic obstructive lung disease. Global 

strategy for the diagnosis, management, and prevention of chronic obstructive 
pulmonary disease.

 2. Celli B, Fabbri L, Criner G, Martinez FJ, Mannino D, Vogelmeier C, et al. Definition 
and nomenclature of chronic obstructive pulmonary disease: time for its revision. Am J 
Respir Crit Care Med. (2022) 206:1317–25. doi: 10.1164/rccm.202204-0671PP

 3. Moll M, Silverman EK. Precision approaches to chronic obstructive pulmonary disease 
management. Annu Rev Med. (2024) 75:247–62. doi: 10.1146/annurev-med-060622-101239

 4. Dheera DDD, Ralalage JRH. Chronic obstructive pulmonary disease: Aetiology, 
pathology, physiology and outcome. Medicine. (2023) 51:737–41. doi: 
10.1016/j.mpmed.2023.07.008

 5. Hurst JR, Han MK, Singh B, Sharma S, Kaur G, de Nigris E, et al. Prognostic risk 
factors for moderate-to-severe exacerbations in patients with chronic obstructive 
pulmonary disease: a systematic literature review. Respir Res. (2022) 23:213. doi: 
10.1186/s12931-022-02123-5

 6. Martínez-Gestoso S, García-Sanz MT, Carreira JM, Salgado FJ, Calvo-Álvarez U, 
Doval-Oubiña L, et al. Impact of anxiety and depression on the prognosis of copd 
exacerbations. BMC Pulm Med. (2022) 22:169. doi: 10.1186/s12890-022-01934-y

 7. Wu K, Lu L, Chen Y, Peng J, Wu X, Tang G, et al. Associations of anxiety and depression 
with prognosis in chronic obstructive pulmonary disease: a systematic review and meta-
analysis. Pulmonology. (2025) 31:2438553. doi: 10.1080/25310429.2024.2438553

 8. Wu J, Meng W, Ma Y, Zhao Z, Xiong R, Wang J, et al. Early smoking lead to worse 
prognosis of COPD patients: a real world study. Respir Res. (2024) 25:140. doi: 
10.1186/s12931-024-02760-y

 9. Talker L, Dogan C, Neville D, Lim RH, Broomfield H, Lambert G, et al. Diagnosis and 
severity assessment of COPD using a novel fast-response Capnometer and interpretable 
machine learning. COPD. (2024) 21:2321379. doi: 10.1080/15412555.2024.2321379

 10. Han MK, Agusti A, Celli BR, Criner GJ, Halpin DMG, Roche N, et al. From GOLD 
0 to pre-COPD. Am J Respir Crit Care Med. (2021) 203:414–23. doi: 
10.1164/rccm.202008-3328PP

 11. Choi JY, Rhee CK. It is high time to discard a cut-off of 0.70 in the diagnosis 
of COPD. Expert rev. Respir Med. (2024) 18:709–19. doi: 
10.1080/17476348.2024.2397480

 12. Fan J, Fang L, Cong S, Zhang Y, Jiang X, Wang N, et al. Potential pre-COPD 
indicators in association with COPD development and COPD prediction models in 
Chinese: a prospective cohort study. Lancet Reg Health West Pac. (2024) 44:100984. doi: 
10.1016/j.lanwpc.2023.100984

 13. Fairley LH, Das S, Dharwal V, Amorim N, Hegarty KJ, Wadhwa R, et al. 
Mitochondria-targeted antioxidants as a therapeutic strategy for chronic obstructive 
pulmonary disease. Antioxidants. (2023) 12:973. doi: 10.3390/antiox12040973

 14. Hammad M, Raftari M, Cesário R, Salma R, Godoy P, Emami SN, et al. Roles of 
oxidative stress and Nrf2 signaling in pathogenic and non-pathogenic cells: a possible 
general mechanism of resistance to therapy. Antioxidants. (2023) 12:1371. doi: 
10.3390/antiox12071371

 15. Pryor WA, Prier DG, Church DF. Electron-spin resonance study of 
mainstream and sidestream cigarette smoke: nature of the free radicals in gas-phase 
smoke and in cigarette tar. Environ Health Perspect. (1983) 47:345–55. doi: 
10.1289/ehp.8347345

 16. Christenson SA, Smith BM, Bafadhel M, Putcha N. Chronic obstructive 
pulmonary disease. Lancet. (2022) 399:2227–42. doi: 10.1016/S0140-6736(22)00470-6

 17. Navratilova Z, Kominkova E, Petrek M. The immune response in the pathophysiology 
of pulmonary diseases. London: IntechOpen (2024). doi: 10.5772/intechopen.112587

 18. Hackett NR, Heguy A, Harvey BG, O'Connor TP, Luettich K, Flieder DB, et al. 
Variability of antioxidant-related gene expression in the airway epithelium of cigarette 
smokers. Am J Respir Cell Mol Biol. (2003) 29:331–43. doi: 10.1165/rcmb.2002-0321OC

 19. Brusselle GG, Joos GF, Bracke KR. New insights into the immunology of chronic 
obstructive pulmonary disease. Lancet. (2011) 378:1015–26. doi: 
10.1016/S0140-6736(11)60988-4

 20. Baker JR, Donnelly LE, Barnes PJ. Senotherapy: a new horizon for COPD therapy. 
Chest. (2020) 158:562–70. doi: 10.1016/j.chest.2020.01.027

https://doi.org/10.3389/fmed.2025.1492256
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fmed.2025.1492256/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmed.2025.1492256/full#supplementary-material
https://doi.org/10.1164/rccm.202204-0671PP
https://doi.org/10.1146/annurev-med-060622-101239
https://doi.org/10.1016/j.mpmed.2023.07.008
https://doi.org/10.1186/s12931-022-02123-5
https://doi.org/10.1186/s12890-022-01934-y
https://doi.org/10.1080/25310429.2024.2438553
https://doi.org/10.1186/s12931-024-02760-y
https://doi.org/10.1080/15412555.2024.2321379
https://doi.org/10.1164/rccm.202008-3328PP
https://doi.org/10.1080/17476348.2024.2397480
https://doi.org/10.1016/j.lanwpc.2023.100984
https://doi.org/10.3390/antiox12040973
https://doi.org/10.3390/antiox12071371
https://doi.org/10.1289/ehp.8347345
https://doi.org/10.1016/S0140-6736(22)00470-6
https://doi.org/10.5772/intechopen.112587
https://doi.org/10.1165/rcmb.2002-0321OC
https://doi.org/10.1016/S0140-6736(11)60988-4
https://doi.org/10.1016/j.chest.2020.01.027


Kominkova et al. 10.3389/fmed.2025.1492256

Frontiers in Medicine 09 frontiersin.org

 21. Chakraborti S, Parinandi NL, Ghosh R, Gangul NK, Chakraborti T. Oxidative 
stress in lung diseases. Berlin: Springer (2020).

 22. Saeed ZH. Chronic obstructive pulmonary disease in non-smokers: Role of 
oxidative stress. Egypt J Bronchol. (2021) 15:40. doi: 10.1186/s43168-021-00088-5

 23. Bartal M. COPD and tobacco smoke. Monaldi Arch Chest Dis. (2005) 63:213–25. 
doi: 10.4081/monaldi.2005.623

 24. Barnes PJ. Oxidative stress in chronic obstructive pulmonary disease. Antioxidants. 
(2022) 11:965. doi: 10.3390/antiox11050965

 25. Jacques MR, Kuhn BT, Albertson TE. Update on the pharmacological treatment 
of chronic obstructive pulmonary disease. Expert Opin Pharmacother. (2024) 
25:1903–22. doi: 10.1080/14656566.2024.2409322

 26. De Boer WI. Cytokines and therapy in COPD: a promising combination? Chest. 
(2002) 121:209S–18S. doi: 10.1378/chest.121.5_suppl.209S

 27. Ur Rehman A, MAA H, Abbas S. Pharmacological and non-pharmacological 
management of COPD; limitations and future prospects: a review of current literature. 
J Public Health. (2020) 28:357–66. doi: 10.1007/s10389-019-01021-3

 28. Wiest PM, Flanigan T, Salata RA, Shlaes DM, Katzman M, Lederman MM. Serious 
infectious complications of corticosteroid therapy for COPD. Chest. (1989) 95:1180–4. 
doi: 10.1378/chest.95.6.1180

 29. Lahousse L, Verhamme KM, Stricker BH, Brusselle GG. Cardiac effects of current 
treatments of chronic obstructive pulmonary disease. Lancet Respir Med. (2016) 
4:149–64. doi: 10.1016/S2213-2600(15)00518-4

 30. Suissa S, Dell'Aniello S, Ernst P. Concurrent use of long-acting bronchodilators in 
COPD and the risk of adverse cardiovascular events. Eur Respir J. (2017) 49:1602245. 
doi: 10.1183/13993003.02245-2016

 31. Matera MG, Cazzola M, Page C. Prospects for COPD treatment. Curr Opin 
Pharmacol. (2021) 56:74–84. doi: 10.1016/j.coph.2020.11.003

 32. Sidhaye VK, Holbrook JT, Burke A, Sudini KR, Sethi S, Criner GJ, et al. 
Compartmentalization of anti-oxidant and anti-inflammatory gene expression in 
current and former smokers with COPD. Respir Res. (2019) 20:190. doi: 
10.1186/s12931-019-1164-1

 33. Rangasamy T, Cho CY, Thimmulappa RK, Zhen L, Srisuma SS, Kensler TW, et al. 
Genetic ablation of Nrf2 enhances susceptibility to cigarette smoke-induced emphysema 
in mice. J Clin Invest. (2004) 114:1248–59. doi: 10.1172/JCI200421146

 34. Iizuka T, Ishii Y, Itoh K, Kiwamoto T, Kimura T, Matsuno Y, et al. Nrf2-deficient 
mice are highly susceptible to cigarette smoke-induced emphysema. Genes Cells. (2005) 
10:1113–25. doi: 10.1111/j.1365-2443.2005.00905.x

 35. Ishii Y, Itoh K, Morishima Y, Kimura T, Kiwamoto T, Iizuka T, et al. Transcription 
factor Nrf2 plays a pivotal role in protection against elastase-induced pulmonary 
inflammation and emphysema. J Immunol. (2005) 175:6968–75. doi: 
10.4049/jimmunol.175.10.6968

 36. Goven D, Boutten A, Leçon-Malas V, Marchal-Sommé J, Amara N, Crestani B, 
et al. Altered Nrf2/Keap1-Bach1 equilibrium in pulmonary emphysema. Thorax. (2008) 
63:916–24. doi: 10.1136/thx.2007.091181

 37. Ban WH, Rhee CK. Role of nuclear factor erythroid 2–related factor 2 in chronic 
obstructive pulmonary disease. Tuberc Respir Dis. (2022) 85:221–6. doi: 
10.4046/trd.2021.0162

 38. Chang WH, Thai P, Xu J, Yang DC, Wu R, Chen CH. Cigarette smoke regulates the 
competitive interactions between NRF2 and BACH1 for Heme Oxygenase-1 induction. 
Int J Mol Sci. (2017) 18:2386. doi: 10.3390/ijms18112386

 39. Clements CM, McNally RS, Conti BJ, Mak TW, Ting JP. DJ-1, a cancer-and 
Parkinson's disease-associated protein, stabilizes the antioxidant transcriptional master 
regulator Nrf2. Proc Natl Acad Sci USA. (2006) 103:15091–6. doi: 
10.1073/pnas.0607260103

 40. Boutten A, Goven D, Boczkowski J, Bonay M. Oxidative stress targets in 
pulmonary emphysema: focus on the Nrf2 pathway. Expert Opin Ther Targets. (2010) 
14:329–46. doi: 10.1517/14728221003629750

 41. Boutten A, Goven D, Artaud-Macari E, Boczkowski J, Bonay M. NRF2 targeting: 
a promising therapeutic strategy in chronic obstructive pulmonary disease. Trends Mol 
Med. (2011) 17:363–71. doi: 10.1016/j.molmed.2011.02.006

 42. Carlson J, Price L, Deng H. Nrf2 and the Nrf2-interacting network in respiratory 
inflammation and diseases In: H Deng, editor. Nrf2 and its modulation in inflammation, 
Progress in Inflammation Research. Cham: Springer Nature Switzerland AG 
(2020). 51–76.

 43. Amatullah H, Maron-Gutierrez T, Shan Y, Gupta S, Tsoporis JN, Varkouhi AK, 
et al. Protective function of DJ-1/PARK7 in lipopolysaccharide and ventilator-induced 
acute lung injury. Redox Biol. (2021) 38:101796. doi: 10.1016/j.redox.2020.101796

 44. Li J, Baker J, Higham A, Shah R, Montero-Fernandez A, Murray C, et al. COPD 
lung studies of Nrf2 expression and the effects of Nrf2 activators. Inflammopharmacology. 
(2022) 30:1431–43. doi: 10.1007/s10787-022-00967-3

 45. Barnes PJ. Defective antioxidant gene regulation in COPD: a case for broccoli. Am 
J Respir Crit Care Med. (2008) 178:552–4. doi: 10.1164/rccm.200806-956ED

 46. Bahmed K, Messier EM, Zhou W, Tuder RM, Freed CR, Chu HW, et al. DJ-1 
modulates nuclear erythroid 2-related Factor-2-mediated protection in human primary 

alveolar type II cells in smokers. Am J Respir Cell Mol Biol. (2016) 55:439–49. doi: 
10.1165/rcmb.2015-0304OC

 47. Blake DJ, Singh A, Kombairaju P, Malhotra D, Mariani TJ, Tuder RM, et al. 
Deletion of Keap1 in the lung attenuates acute cigarette smoke-induced oxidative stress 
and inflammation. Am J Respir Cell Mol Biol. (2010) 42:524–36. doi: 
10.1165/rcmb.2009-0054OC

 48. Xiang Y, Fu L, Xiang HX, Zheng L, Tan ZX, Wang LX, et al. Correlations among 
pulmonary DJ-1, VDR and Nrf-2  in patients with chronic obstructive pulmonary 
disease: a case-control study. Int J Med Sci. (2021) 18:2449–56. doi: 10.7150/ijms.58452

 49. Mathyssen C, Aelbrecht C, Serré J, Everaerts S, Maes K, Gayan-Ramirez G, et al. 
Local expression profiles of vitamin D-related genes in airways of COPD patients. Respir 
Res. (2020) 21:137. doi: 10.1186/s12931-020-01405-0

 50. Fu L, Fei J, Tan ZX, Chen YH, Hu B, Xiang HX, et al. Low vitamin D status is 
associated with inflammation in patients with chronic obstructive pulmonary disease. J 
Immunol. (2021) 206:515–23. doi: 10.4049/jimmunol.2000964

 51. Ma SX, Xie GF, Fang P, Tang MM, Deng YP, Lu YJ, et al. Low 15d-PGJ2 status is 
associated with oxidative stress in chronic obstructive pulmonary disease patients. 
Inflamm Res. (2023) 72:171–80. doi: 10.1007/s00011-022-01637-4

 52. Pierrou S, Broberg P, O'Donnell RA, Pawłowski K, Virtala R, Lindqvist E, et al. 
Expression of genes involved in oxidative stress responses in airway epithelial cells of 
smokers with chronic obstructive pulmonary disease. Am J Respir Crit Care Med. (2007) 
175:577–86. doi: 10.1164/rccm.200607-931OC

 53. Suzuki M, Betsuyaku T, Ito Y, Nagai K, Nasuhara Y, Kaga K, et al. Down-regulated 
NF-E2-related factor 2 in pulmonary macrophages of aged smokers and patients with 
chronic obstructive pulmonary disease. Am J Respir Cell Mol Biol. (2008) 39:673–82. doi: 
10.1165/rcmb.2007-0424OC

 54. Bahr TM, Hughes GJ, Armstrong M, Reisdorph R, Coldren CD, Edwards MG, et al. 
Peripheral blood mononuclear cell gene expression in chronic obstructive pulmonary 
disease. Am J Respir Cell Mol Biol. (2013) 49:316–23. doi: 10.1165/rcmb.2012-0230OC

 55. Tomaki M, Sugiura H, Koarai A, Komaki Y, Akita T, Matsumoto T, et al. Decreased 
expression of antioxidant enzymes and increased expression of chemokines in COPD 
lung. Pulm Pharmacol Ther. (2007) 20:596–605. doi: 10.1016/j.pupt.2006.06.006

 56. Harju T, Kaarteenaho-Wiik R, Soini Y, Sormunen R, Kinnula VL. Diminished 
immunoreactivity of gamma-glutamylcysteine synthetase in the airways of smokers' 
lung. Am J Respir Crit Care Med. (2002) 166:754–9. doi: 10.1164/rccm.2112014

 57. Rahman I, van Schadewijk AA, Hiemstra PS, Stolk J, van Krieken JH, MacNee W, 
et al. Localization of gamma-glutamylcysteine synthetase messenger RNA expression in 
lungs of smokers and patients with chronic obstructive pulmonary disease. Free Radic 
Biol Med. (2000) 28:920–5. doi: 10.1016/S0891-5849(00)00179-9

 58. Lin Z, Xu Y, Guan L, Qin L, Ding J, Zhang Q, et al. Seven ferroptosis-specific 
expressed genes are considered as potential biomarkers for the diagnosis and treatment 
of cigarette smoke-induced chronic obstructive pulmonary disease. Ann Transl Med. 
(2022) 10:331. doi: 10.21037/atm-22-1009

 59. Hwang JW, Rajendrasozhan S, Yao H, Chung S, Sundar IK, Huyck HL, et al. 
FOXO3 deficiency leads to increased susceptibility to cigarette smoke-induced 
inflammation, airspace enlargement, and chronic obstructive pulmonary disease. J 
Immunol. (2011) 187:987–98. doi: 10.4049/jimmunol.1001861

 60. Maestrelli P, Páska C, Saetta M, Turato G, Nowicki Y, Monti S, et al. Decreased 
haem oxygenase-1 and increased inducible nitric oxide synthase in the lung of severe 
COPD patients. Eur Respir J. (2003) 21:971–6. doi: 10.1183/09031936.03.00098203

 61. Harju T, Kaarteenaho-Wiik R, Sirviö R, Pääkkö P, Crapo JD, Oury TD, et al. 
Manganese superoxide dismutase is increased in the airways of smokers' lungs. Eur 
Respir J. (2004) 24:765–71. doi: 10.1183/09031936.04.00121203

 62. García-Valero J, Olloquequi J, Rodríguez E, Martín-Satué M, Texidó L, Ferrer J. 
Decreased expression of EC-SOD and Fibulin-5 in alveolar walls of lungs from COPD 
patients. Arch Bronconeumol. (2022) 58:482–9. doi: 10.1016/j.arbres.2020.12.032

 63. Wang IM, Stepaniants S, Boie Y, Mortimer JR, Kennedy B, Elliott M, et al. Gene 
expression profiling in patients with chronic obstructive pulmonary disease and lung 
cancer. Am J Respir Crit Care Med. (2008) 177:402–11. doi: 10.1164/rccm.200703-390OC

 64. Fratta Pasini AM, Stranieri C, Ferrari M, Garbin U, Cazzoletti L, Mozzini C, et al. 
Oxidative stress and Nrf2 expression in peripheral blood mononuclear cells derived 
from COPD patients: an observational longitudinal study. Respir Res. (2020) 21:37. doi: 
10.1186/s12931-020-1292-7

 65. Liu X, Hao B, Ma A, He J, Chen J. The expression of NOX4 in smooth muscles of 
small airway correlates with the disease severity of COPD. Biomed Res Int. (2016) 
2016:2891810–7. doi: 10.1155/2016/2891810

 66. Fratta Pasini AM, Ferrari M, Stranieri C, Vallerio P, Mozzini C, Garbin U, et al. 
Nrf2 expression is increased in peripheral blood mononuclear cells derived from mild-
moderate ex-smoker COPD patients with persistent oxidative stress. Int J Chron 
Obstruct Pulmon Dis. (2016) 11:1733–43. doi: 10.2147/COPD.S102218

 67. Hollins F, Sutcliffe A, Gomez E, Berair R, Russell R, Szyndralewiez C, et al. Airway 
smooth muscle NOX4 is upregulated and modulates ROS generation in COPD. Respir 
Res. (2016) 17:84. doi: 10.1186/s12931-016-0403-y

 68. Carolan BJ, Harvey BG, Hackett NR, O'Connor TP, Cassano PA, Crystal RG. 
Disparate oxidant gene expression of airway epithelium compared to alveolar 
macrophages in smokers. Respir Res. (2009) 10:111. doi: 10.1186/1465-9921-10-111

https://doi.org/10.3389/fmed.2025.1492256
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1186/s43168-021-00088-5
https://doi.org/10.4081/monaldi.2005.623
https://doi.org/10.3390/antiox11050965
https://doi.org/10.1080/14656566.2024.2409322
https://doi.org/10.1378/chest.121.5_suppl.209S
https://doi.org/10.1007/s10389-019-01021-3
https://doi.org/10.1378/chest.95.6.1180
https://doi.org/10.1016/S2213-2600(15)00518-4
https://doi.org/10.1183/13993003.02245-2016
https://doi.org/10.1016/j.coph.2020.11.003
https://doi.org/10.1186/s12931-019-1164-1
https://doi.org/10.1172/JCI200421146
https://doi.org/10.1111/j.1365-2443.2005.00905.x
https://doi.org/10.4049/jimmunol.175.10.6968
https://doi.org/10.1136/thx.2007.091181
https://doi.org/10.4046/trd.2021.0162
https://doi.org/10.3390/ijms18112386
https://doi.org/10.1073/pnas.0607260103
https://doi.org/10.1517/14728221003629750
https://doi.org/10.1016/j.molmed.2011.02.006
https://doi.org/10.1016/j.redox.2020.101796
https://doi.org/10.1007/s10787-022-00967-3
https://doi.org/10.1164/rccm.200806-956ED
https://doi.org/10.1165/rcmb.2015-0304OC
https://doi.org/10.1165/rcmb.2009-0054OC
https://doi.org/10.7150/ijms.58452
https://doi.org/10.1186/s12931-020-01405-0
https://doi.org/10.4049/jimmunol.2000964
https://doi.org/10.1007/s00011-022-01637-4
https://doi.org/10.1164/rccm.200607-931OC
https://doi.org/10.1165/rcmb.2007-0424OC
https://doi.org/10.1165/rcmb.2012-0230OC
https://doi.org/10.1016/j.pupt.2006.06.006
https://doi.org/10.1164/rccm.2112014
https://doi.org/10.1016/S0891-5849(00)00179-9
https://doi.org/10.21037/atm-22-1009
https://doi.org/10.4049/jimmunol.1001861
https://doi.org/10.1183/09031936.03.00098203
https://doi.org/10.1183/09031936.04.00121203
https://doi.org/10.1016/j.arbres.2020.12.032
https://doi.org/10.1164/rccm.200703-390OC
https://doi.org/10.1186/s12931-020-1292-7
https://doi.org/10.1155/2016/2891810
https://doi.org/10.2147/COPD.S102218
https://doi.org/10.1186/s12931-016-0403-y
https://doi.org/10.1186/1465-9921-10-111


Kominkova et al. 10.3389/fmed.2025.1492256

Frontiers in Medicine 10 frontiersin.org

 69. Hübner RH, Schwartz JD, De Bishnu P, Ferris B, Omberg L, Mezey JG, et al. 
Coordinate control of expression of Nrf2-modulated genes in the human small airway 
epithelium is highly responsive to cigarette smoking. Mol Med. (2009) 15:203–19. doi: 
10.2119/molmed.2008.00130

 70. Rao MS, Van Vleet TR, Ciurlionis R, Buck WR, Mittelstadt SW, Blomme EAG, 
et al. Comparison of RNA-Seq and microarray gene expression platforms for the 
Toxicogenomic evaluation of liver from short-term rat toxicity studies. Front Genet. 
(2018) 9:636. doi: 10.3389/fgene.2018.00636

 71. Stark R, Grzelak M, Hadfield J. RNA sequencing: the teenage years. Nat Rev Genet. 
(2019) 20:631–56. doi: 10.1038/s41576-019-0150-2

 72. Ghosh AJ, Saferali A, Lee S, Chase R, Moll M, Morrow J, et al. Blood RNA 
sequencing shows overlapping gene expression across COPD phenotype domains. 
Thorax. (2022) 77:115–22. doi: 10.1136/thoraxjnl-2020-216401

 73. Sauler M, McDonough JE, Adams TS, Kothapalli N, Barnthaler T, Werder RB, et al. 
Characterization of the COPD alveolar niche using single-cell RNA sequencing. Nat 
Commun. (2022) 13:494. doi: 10.1038/s41467-022-28062-9

 74. An L, Xia H, Zheng W, Hua L. Comparison of cell subsets in chronic obstructive 
pulmonary disease and controls based on single-cell transcriptome sequencing. Technol 
Health Care. (2023) 31:9–24. doi: 10.3233/THC-236002

 75. Agusti A, Calverley PM, Celli B, Coxson HO, Edwards LD, Lomas DA, et al. 
Characterisation of COPD heterogeneity in the ECLIPSE cohort. Respir Res. (2010) 
11:122. doi: 10.1186/1465-9921-11-122

 76. Vestbo J, Anderson W, Coxson HO, Crim C, Dawber F, Edwards L, et al. Evaluation 
of COPD longitudinally to identify predictive surrogate end-points (ECLIPSE). Eur 
Respir J. (2008) 31:869–73. doi: 10.1183/09031936.00111707

 77. Qiu W, Cho MH, Riley JH, Anderson WH, Singh D, Bakke P, et al. Genetics of 
sputum gene expression in chronic obstructive pulmonary disease. PLoS One. (2011) 
6:e24395. doi: 10.1371/journal.pone.0024395

 78. Kim DK, Cho MH, Hersh CP, Lomas DA, Miller BE, Kong X, et al. Genome-wide 
association analysis of blood biomarkers in chronic obstructive pulmonary disease. Am 
J Respir Crit Care Med. (2012) 186:1238–47. doi: 10.1164/rccm.201206-1013OC

 79. Faner R, Tal-Singer R, Riley JH, Celli B, Vestbo J, MacNee W, et al. Lessons from 
ECLIPSE: a review of COPD biomarkers. Thorax. (2014) 69:666–72. doi: 
10.1136/thoraxjnl-2013-204778

 80. Golpon HA, Coldren CD, Zamora MR, Cosgrove GP, Moore MD, Tuder RM, et al. 
Emphysema lung tissue gene expression profiling. Am J Respir Cell Mol Biol. (2004) 
31:595–600. doi: 10.1165/rcmb.2004-0008OC

 81. Slebos DJ, Kerstjens HA, Rutgers SR, Kauffman HF, Choi AM, Postma DS. 
Haem oxygenase-1 expression is diminished in alveolar macrophages of patients 
with COPD. Eur Respir J. (2004) 23:652–3; author reply 3. doi: 
10.1183/09031936.04.00127904

 82. Regan EA, Hersh CP, Castaldi PJ, DeMeo DL, Silverman EK, Crapo JD, et al. 
Omics and the search for blood biomarkers in chronic obstructive pulmonary 
disease. Insights from COPDGene. Am J Respir Cell Mol Biol. (2019) 61:143–9. doi: 
10.1165/rcmb.2018-0245PS

 83. Wang H, Zhong Y, Li N, Yu M, Zhu L, Wang L, et al. Transcriptomic analysis and 
validation reveal the pathogenesis and a novel biomarker of acute exacerbation of 
chronic obstructive pulmonary disease. Respir Res. (2022) 23:27. doi: 
10.1186/s12931-022-01950-w

 84. Edmiston JS, Archer KJ, Scian MJ, Joyce AR, Zedler BK, Murrelle EL. Gene 
expression profiling of peripheral blood leukocytes identifies potential novel biomarkers 
of chronic obstructive pulmonary disease in current and former smokers. Biomarkers. 
(2010) 15:715–30. doi: 10.3109/1354750X.2010.512091

 85. Adair-Kirk TL, Atkinson JJ, Griffin GL, Watson MA, Kelley DG, DeMello D, et al. Distal 
airways in mice exposed to cigarette smoke: Nrf2-regulated genes are increased in Clara cells. 
Am J Respir Cell Mol Biol. (2008) 39:400–11. doi: 10.1165/rcmb.2007-0295OC

 86. Stripp BR, Reynolds SD. Clara cells encyclopedia of respiratory medicine. 
Academic Press–Elsevier: St. Louis, MO. (2006). p. 471–478.

 87. Dahl M, Vestbo J, Lange P, Bojesen SE, Tybjaerg-Hansen A, Nordestgaard BG. 
C-reactive protein as a predictor of prognosis in chronic obstructive pulmonary disease. 
Am J Respir Crit Care Med. (2007) 175:250–5. doi: 10.1164/rccm.200605-713OC

 88. Zemans RL, Jacobson S, Keene J, Kechris K, Miller BE, Tal-Singer R, et al. Multiple 
biomarkers predict disease severity, progression and mortality in COPD. Respir Res. 
(2017) 18:117. doi: 10.1186/s12931-017-0597-7

 89. Zhang Z, Chen S, Li Q, Li D, Li Y, Xie X, et al. Gene expression trajectories from 
Normal nonsmokers to COPD smokers and disease progression discriminant modeling in 
response to cigarette smoking. Dis Markers. (2022) 2022:1–16. doi: 10.1155/2022/9354286

 90. Lange P, Ahmed E, Lahmar ZM, Martinez FJ, Bourdin A. Natural history and 
mechanisms of COPD. Respirology. (2021) 26:298–321. doi: 10.1111/resp.14007

 91. Fukano Y, Oishi M, Chibana F, Numazawa S, Yoshida T. Analysis of the expression 
of heme oxygenase-1 gene in human alveolar epithelial cells exposed to cigarette smoke 
condensate. J Toxicol Sci. (2006) 31:99–109. doi: 10.2131/jts.31.99

 92. Taniguchi A, Tsuge M, Miyahara N, Tsukahara H. Reactive oxygen species and 
Antioxidative defense in chronic obstructive pulmonary disease. Antioxidants. (2021) 
10:1537. doi: 10.3390/antiox10101537

 93. Hybertson BM, Gao B, Bose SK, McCord JM. Oxidative stress in health and 
disease: the therapeutic potential of Nrf2 activation. Mol Asp Med. (2011) 32:234–46. 
doi: 10.1016/j.mam.2011.10.006

 94. Qian Y, Yan L, Wei M, Song P, Wang L. Seeds of Ginkgo biloba L. inhibit oxidative 
stress and inflammation induced by cigarette smoke in COPD rats through the Nrf2 
pathway. J Ethnopharmacol. (2023) 301:115758. doi: 10.1016/j.jep.2022.115758

 95. Satpathy L, Prasad PS. Therapeutic role of Curcuma longa L. on pulmonary 
disorders: a review. Lett Appl NanoBioSci. (2023). doi: 10.33263/LIANBS131.005

 96. Barnes PJ. Senotherapy for lung diseases. Adv Pharmacol. (2023) 98:249–71. doi: 
10.1016/bs.apha.2023.04.001

 97. Cheng L, Liu J, Li B, Liu S, Li X, Tu H. Cigarette Smoke-Induced Hypermethylation 
of the GCLC Gene Is Associated With COPD. Chest. (2016) 149:474–82. doi: 10.1378/
chest.14-2309

 98. Kosmider B, Lin CR, Vlasenko L, Marchetti N, Bolla S, Criner GJ, et al. Impaired 
non-homologous end joining in human primary alveolar type II cells in emphysema. Sci 
Rep. (2019) 9:920. doi: 10.1038/s41598-018-37000-z

 99. Di Stefano A, Coccini T, Roda E, Signorini C, Balbi B, Brunetti G, et al. Blood 
MCP-1 levels are increased in chronic obstructive pulmonary disease patients with 
prevalent emphysema. Int J Chron Obstruct Pulmon Dis. (2018) 13:1691–700. doi: 
10.2147/COPD.S159915

 100. Regan EA, Mazur W, Meoni E, Toljamo T, Millar J, Vuopala K, et al. Smoking and 
COPD increase sputum levels of extracellular superoxide dismutase. Free Radic Biol Med. 
(2011) 51:726–32. doi: 10.1016/j.freeradbiomed.2011.05.008

https://doi.org/10.3389/fmed.2025.1492256
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.2119/molmed.2008.00130
https://doi.org/10.3389/fgene.2018.00636
https://doi.org/10.1038/s41576-019-0150-2
https://doi.org/10.1136/thoraxjnl-2020-216401
https://doi.org/10.1038/s41467-022-28062-9
https://doi.org/10.3233/THC-236002
https://doi.org/10.1186/1465-9921-11-122
https://doi.org/10.1183/09031936.00111707
https://doi.org/10.1371/journal.pone.0024395
https://doi.org/10.1164/rccm.201206-1013OC
https://doi.org/10.1136/thoraxjnl-2013-204778
https://doi.org/10.1165/rcmb.2004-0008OC
https://doi.org/10.1183/09031936.04.00127904
https://doi.org/10.1165/rcmb.2018-0245PS
https://doi.org/10.1186/s12931-022-01950-w
https://doi.org/10.3109/1354750X.2010.512091
https://doi.org/10.1165/rcmb.2007-0295OC
https://doi.org/10.1164/rccm.200605-713OC
https://doi.org/10.1186/s12931-017-0597-7
https://doi.org/10.1155/2022/9354286
https://doi.org/10.1111/resp.14007
https://doi.org/10.2131/jts.31.99
https://doi.org/10.3390/antiox10101537
https://doi.org/10.1016/j.mam.2011.10.006
https://doi.org/10.1016/j.jep.2022.115758
https://doi.org/10.33263/LIANBS131.005
https://doi.org/10.1016/bs.apha.2023.04.001
https://doi.org/10.1378/chest.14-2309
https://doi.org/10.1378/chest.14-2309
https://doi.org/10.1038/s41598-018-37000-z
https://doi.org/10.2147/COPD.S159915
https://doi.org/10.1016/j.freeradbiomed.2011.05.008

	Protective factors against oxidative stress in COPD: focus on Nrf2-dependent antioxidant gene expression
	Introduction
	Genes involved in oxidative stress response in COPD
	Relative expression of the Nrf2/ARE pathway genes in COPD
	Progression of methods used to study COPD gene expression
	Measuring antioxidant gene expression in various cell types in COPD
	Antioxidant response gene expression as a predictor of COPD progression
	Association of cigarette smoke exposure with antioxidant gene expression
	Antioxidant treatment in COPD
	Conclusion and future directions

	References

