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A B S T R A C T   

The airway smooth muscle (ASM) surrounding the airways is dysfunctional in both asthma and chronic 
obstructive pulmonary disease (COPD), exhibiting; increased contraction, increased mass, increased inflamma-
tory mediator release and decreased corticosteroid responsiveness. Due to this dysfunction, ASM is a key 
contributor to symptoms in patients that remain symptomatic despite optimal provision of currently available 
treatments. 

There is a significant body of research investigating the effects of oxidative stress/ROS on ASM behaviour, 
falling into the following categories; cigarette smoke and associated compounds, air pollutants, aero-allergens, 
asthma and COPD relevant mediators, and the anti-oxidant Nrf2/HO-1 signalling pathway. However, despite 
a number of recent reviews addressing the role of oxidative stress/ROS in asthma and COPD, the potential 
contribution of oxidative stress/ROS-related ASM dysfunction to asthma and COPD pathophysiology has not 
been comprehensively reviewed. 

We provide a thorough review of studies that have used primary airway, bronchial or tracheal smooth muscle 
cells to investigate the role of oxidative stress/ROS in ASM dysfunction and consider how they could contribute 
to the pathophysiology of asthma and COPD. We summarise the current state of play with regards to clinical 
trials/development of agents targeting oxidative stress and associated limitations, and the adverse effects of 
oxidative stress on the efficacy of current therapies, with reference to ASM related studies where appropriate. We 
also identify limitations in the current knowledge of the role of oxidative stress/ROS in ASM dysfunction and 
identify areas for future research.   

1. Introduction 

Asthma and COPD are both chronic diseases of the lungs. Asthma 
affects 1–18% of the population worldwide; amounting to an estimated 
358 million asthma sufferers [1] with 461,000 asthma-related deaths in 
2019 [2]. Asthma is defined by a history of classical asthma symptoms 
including wheeze, shortness of breath, chest tightness and cough 
accompanied by variable airflow obstruction, and typically associated 
with airway inflammation, and airway hyper-responsiveness (AHR) [1]. 
COPD affects ~10% of the population worldwide [3], amounting to an 
estimated 212 million COPD sufferers with 3.28 million COPD-related 
deaths, placing it 3rd in the causes of global deaths, in 2019 [2]. 
COPD is characterised by respiratory symptoms including breathless-
ness, cough and sputum production accompanied by airflow limitation 
resulting from pathophysiological changes to the airways and/or alveoli 
[3]. 

1.1. ASM dysfunction in asthma and COPD 

The ASM is present throughout the bronchial tree surrounding the 
airways in two opposing spirals, as well as the posterior of the trachea 
[4]. Although its role in healthy adults remains unclear, the dysfunction 
of ASM is known to contribute to symptoms and decline in lung function 
in asthma and COPD via contractile dysfunction, release of inflamma-
tory mediators and increased ASM mass, and is a key contributor to 
symptoms in patients that remain symptomatic despite optimal provi-
sion of currently available treatments [4–6]. 

1.1.1. ASM contractile dysfunction in asthma and COPD 
The airways are hyper-responsive in asthma meaning that they are 

more likely to narrow in response to a bronchoconstricting stimuli than 
in health. In addition, the ASM is hyper-contractile in asthma and is a 
key contributor to this AHR [6–8]. The ASM is also infiltrated by mast 
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cells in asthma, with the number increasing with disease severity and 
correlating with increased AHR [9,10]. 

Dysregulation of ASM contraction in COPD is not as widely docu-
mented, however COPD patients with airflow obstruction were shown to 
be very sensitive to inhaled methacholine [11], and airway rings from 
patients with obstructive lung disease (with all but one characterised as 
having COPD) demonstrated significantly increased maximal isometric 
force and isometric stress, which correlated to lung function decline 
[12]. 

1.1.2. Inflammatory mediator release by ASM in asthma and COPD 
The ASM can also contribute to the inflammatory milieu in both 

asthma and COPD, being capable of releasing various cytokines and 
chemokines in response to asthma and COPD relevant stimuli [13]. 

In asthma, compared to health, the ASM has been shown to release 
more thymic stromal lymphopoietin (TSLP), C–C Motif Chemokine 
Ligand (CCL)-2, CCL11, C-X-C Motif Chemokine Ligand (CXCL)-8, and 
CXCL10 at baseline and/or in response to asthma relevant stimuli such 
as; interleukin (IL)-1β, tumour necrosis factor (TNF)-α and interferon 
(IFN)-γ [14–19]. 

Likewise in COPD the ASM has also been shown to release increased 
amounts of inflammatory mediators; including IL-6 and IL-8, both under 
basal conditions and following stimulation with TNF-α and/or trans-
forming growth factor (TGF)-β1 [20–23]. Granulocyte-macrophage 
colony-stimulating factor (GM-CSF) release from ASM from COPD pa-
tients versus non-smokers was increased in one study, however it was 
decreased in another [20,21]. 

1.1.3. Increased ASM mass in asthma and COPD 
An increase in the amount of ASM surrounding the airways is a key 

hallmark of asthma, shown to be related to disease severity, but not 
duration, and to correlate with decline in lung function [24–30]. This 
increase in muscle mass contributes to increased shortening and nar-
rowing of the airways during an asthma attack and can contribute to 
more persistent airway narrowing in more severe asthma [30]. How-
ever, the mechanism driving the increase in ASM mass in asthma has still 
not been fully elucidated, with both ASM hypertrophy and hyperplasia 
being implicated depending on airway size and severity of asthma, as 
well as an increase in extracellular matrix (ECM) deposition [10,25, 
31–33]. The ASM hyperplasia could arise from increased proliferation of 
ASM cells however evidence for this is contradictory in both ex vivo and 
in vitro studies [34,35]. Alternatively, ASM could exhibit delayed 
apoptosis, this has not been widely studied although a number of rele-
vant mediators have been shown to be anti-apoptotic for ASM in vitro 
[13,36]. In addition, ASM cells or progenitors could migrate to the ASM 
bundle from the circulation or elsewhere in the airways, as reviewed by 
Berair et al., 2013 [34]. 

An increase in ASM mass in the central and peripheral airways in 
COPD has also been observed and like in asthma is related to disease 
severity and correlates with lung function decline [37–40]. The mech-
anism behind this increased ASM mass has not been thoroughly inves-
tigated, however there is some evidence for hyperplasia, associated with 
increased markers of proliferation [39], hypertrophy [31] and increased 
ECM deposition, namely fibronectin and laminin, associated with lung 
function decline [39,41–43]. 

1.2. Clinical unmet needs in asthma and COPD 

Uncontrolled asthma and asthma exacerbations remain a widespread 
problem [44]. Although a number of novel treatments are available for 
T2-high asthma (predominantly eosinophilic with high T2 cytokines) 
[45], ~50% of asthmatics are T2-low (non-eosinophilic with/without 
neutrophilia) and not all patients respond to these treatments [46–48]. 
There is an increasing understanding of T2-low mechanisms with some 
novel treatments in the pipeline for such asthma [45], however none of 
these specifically target the ASM, with ASM dysfunction contributing to 

asthma symptoms in these patients via the hyper-contractility, increased 
mass and inflammatory mediator release described above [7,8,29,49]. 
Thus, targeting ASM dysfunction is particularly important in patients 
with T2-low asthma whose symptoms are not driven by eosinophilic 
inflammation. 

In COPD the mainstay of therapy remains various combinations of 
short-acting β-agonists (SABA), long-acting β-agonists (LABA), short- 
acting muscarinic antagonists (SAMA), long-acting muscarinic antago-
nists (LAMA) and inhaled corticosteroids (ICS), with only one drug, 
roflumilast, developed belonging to a novel drug class, that of phos-
phodiesterase (PDE)-4 inhibition, in the last 20 years [50]. In addition, 
the majority of drugs currently under development belong to existing 
drug classes [50]. However, these drugs only provide relief of the 
symptoms of COPD and do not address the underlying pathophysiology 
of the disease having little impact on disease progression and mortality, 
with none specifically targeting the cause of ASM dysfunction [51]. 
Indeed, Polverino and Celli identify disease progression, prevention and 
treatment of exacerbations and reduction in mortality as key areas for 
the development of novel therapeutics in COPD [52]. 

Of the drugs available for asthma and COPD; current bronchodilator 
treatments used in asthma and COPD have limitations, including prob-
lems with effective inhaler use [53], side effects, drug tolerance and 
safety concerns associated with β-agonists [44,54,55], and the associa-
tion of long-term oral corticosteroid (OCS) treatment with side effects 
such as osteoporosis, diabetes, cataracts and dyspeptic disorders [56]. In 
addition, insensitivity to corticosteroids is common in COPD and present 
in up to 10% of asthmatic patients [57] with some evidence that ASM 
cells themselves are resistant to the anti-inflammatory effects of corti-
costeroids in COPD. The anti-inflammatory activity of the glucocorti-
costeroid dexamethasone in ASM from COPD patients was compromised 
with respect to; inhibition of IL-8 and GM-CSF release in response to 
TNF-α compared to ASM from smokers and non-smokers [20–22] as well 
as inhibition of IL-6 release in response to TGF-β1 compared to ASM 
from healthy individuals [23]. In contrast, the ability of the gluco-
corticosteroid fluticasone to inhibit TNF-α induced IL-6 and IL-8 release 
was not compromised in ASM from mild or severe asthmatics compared 
to healthy individuals [58]. 

With regards to increased ASM mass in asthma there is a lack of 
therapeutic options, with only one non-medicinal intervention licensed 
for use in the clinic; bronchial thermoplasty [59–63], and three inves-
tigational medicinal products; fevipiprant, benralizumab and gallapomil 
[64–66], showing any promise in targeting increased ASM mass in 
clinical trials. However, this has not translated into their use in the 
clinic. Thus, there is a clinical unmet need for novel therapies targeting 
ASM dysfunction in both asthma and COPD. 

1.3. Oxidative stress 

In normal physiology, anti-oxidant agents generate a reducing 
environment preventing damage mediated by free radicals [67]. How-
ever, in several chronic diseases oxidative stress is present resulting from 
an imbalance between oxidant clearing mechanisms, such as; catalase, 
glutathione peroxidase (GPx), superoxide dismutase (SOD) and gluta-
thione S-transferase (GST) and oxidant generating mechanisms that 
produce ROS; such as superoxide, hydrogen peroxide (H202), peroxyl 
and hydroxyl radicals. This results in cells being exposed to harmful 
levels of ROS, which can interact with cellular molecules to cause DNA, 
lipid and protein damage and can affect cell growth, apoptosis, migra-
tion, inflammation, and contraction to contribute to the clinical 
expression and pathophysiology of diseases. Indeed, oxidative stress 
plays a key role in a number of diseases, including cardiovascular dis-
ease, cancer, diabetes and Alzheimer’s disease [68,69]. 

However, ROS are also beneficial to a point and are essential for 
certain physiological processes, including redox regulation of protein 
activity, formation of intramolecular protein bonds and involvement in 
signalling pathways [70]. This has to be considered when developing 
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drugs that target oxidative stress, because indiscriminately reducing 
ROS can also tip the balance the other way and cause reductive stress, 
which can affect redox dependent signalling and protein folding, which 
can then amplify oxidative stress to form a positive feedback loop [70]. 
This could explain the contraindications and/or disappointing results 
with anti-oxidant therapies described in section 6. 

1.4. Evidence for oxidative stress asthma and COPD 

There is evidence of oxidative stress being present in both asthma 
and COPD. In asthma oxidative stress markers including; H202, malon-
dialdehyde (MDA) and isoprostanes are elevated in plasma and exhaled 
breath (EB), and linked to asthma severity or poorly controlled asthma 
[71]. A recent meta-analysis of oxidative stress markers in exhaled 
breath condensate (EBC) from adult asthmatics showed that in most 
cases H202 and 8-isoprostanes were elevated in asthma compared to in 
health, with some evidence of a link to poorer lung function [72], 
however comparisons across studies are hampered by differences in 
methodology and the need for standardisation [72]. In addition, 
markers of oxidative stress MDA, 8-isoprostane, and the oxidative DNA 
damage marker 8-oxo-7,8-dihydro-29-deoxyguanosine (8-OHdG) have 
been shown to be increased in sputum from asthmatics compared to 
non-asthmatic controls in several studies [73] and epithelial cells from 
patients with neutrophilic asthma demonstrated elevated levels of 
8-OHdG [74]. 

In COPD several studies show that markers of oxidative stress; such 
as; H202, myeloperoxidase (MPO) and 8-isoprostane, are elevated in EB 
from COPD patients compared to healthy individuals [75] and MDA, 
8-isoprostane, 8-OHdG and MPO are elevated in sputum from patients 
with COPD [73,76]. In addition, the markers of oxidative damage: 
8-oxo-7,8-dihydroguanosine (8-OHG) in RNA and 8-OHdG in DNA are 
also elevated in alveolar lung fibroblasts from emphysematous COPD 
patients [77]. 

With regards to the ASM itself, ASM from mild/moderate and severe 
asthmatics was shown to contain higher levels of 8-OHdG staining 
compared to non-asthmatics, with the level of staining correlating with 
both AHR and lung function decline [8]. In addition, although not a 
direct measure of oxidative stress, in ASM from COPD patients there was 
increased expression of the ROS generating enzyme NADPH oxidase 
(NOX)-4, which increased with disease severity and correlated with lung 
function decline [39]. Thus, oxidative stress could play a role in ASM 
dysfunction in asthma and COPD. 

Indeed, there is a significant body of research investigating the ef-
fects of oxidative stress/ROS on ASM behaviour, however, this has not 
been comprehensively reviewed. We provide a thorough review of 
studies that have used primary airway, bronchial or tracheal smooth 
muscle cells to investigate the role of oxidative stress/ROS in ASM 
dysfunction in relation to exposure to cigarette smoke and associated 
compounds, air pollutants, aero-allergens, asthma and COPD relevant 
mediators, and the role of the anti-oxidant nuclear factor-erythroid 
factor 2-related factor 2 (Nrf2)/haem oxygenase (HO)-1 signalling 
pathway and consider how they could contribute to the pathophysiology 
of asthma and COPD. We summarise the current state of play with 
regards to clinical trials/development of agents targeting oxidative 
stress and associated limitations, and the adverse effects of oxidative 
stress on the efficacy of current therapies, with reference to ASM related 
studies where appropriate. We also identify limitations in the current 
knowledge of the role of oxidative stress/ROS in ASM dysfunction and 
identify areas for future research. 

2. Effect of cigarette smoke and associated compounds on 
measures of ASM dysfunction 

Cigarette smoke (CS) is a complex mixture of noxious substances that 
can contribute to oxidative stress in its own right due to the high levels of 
oxidants and ROS within it, as well as stimulating downstream ROS 

production in cells [78]. Indeed, cigarette smoke extract (CSE) has been 
shown to induce ROS production by ASM in several studies [79–85]. 
Cigarette smoke is a major contributory factor in the development of 
COPD and can also aggravate asthma symptoms [3,86,87]. We will re-
view how CS affects ASM function related to AHR, increased ASM mass, 
inflammatory mediator release and Nrf2/HO-1 signalling in ASM cells. 

2.1. Effect of cigarette smoke on ASM contractility 

CSE is implicated in AHR in which ASM is one of the main drivers, 
with women more likely to experience asthma symptoms in response to 
CS [6,7,86–89]. However, surprisingly the mechanisms by which CSE 
affect ASM contraction remain to be fully elucidated. CSE has been 
shown to enhance intracellular calcium elevation in ASM cells in several 
studies [81,89,90]. Both CS and CSE resulted in elevation of cytosolic 
calcium in human ASM cells through stimulation of plasmalemmal 
calcium influx, but not store-operated and L-type calcium channels, in a 
transient receptor potential ankyrin 1 (TRPA1) dependent manner, 
leading to myosin light-chain (MLC) phosphorylation, a key step in 
regulating ASM contractility [90]. CSE also increased calcium elevation 
in response to bradykinin and histamine, both mediators of ASM 
contraction, involving increased store-operated calcium entry (SOCE), 
that occurred in a ROS dependent manner and was associated with 
CSE-induced upregulation of short transient receptor potential channel 
3 (TRPC3), cluster of differentiation 38 (CD38), stromal interaction 
molecule 1 (STIM1) and ORAI Calcium Release-Activated Calcium 
Modulator 1 (ORAI1) expression [81]. CSE is also implicated in 
increasing agonist induced ASM contraction, as assessed using epithe-
lium denuded human bronchial rings, via ROS-dependent upregulation 
of brain-derived neurotrophic growth factor (BDNF) secretion and 
expression of the tropomyosin-related kinase (Trk)B BDNF receptor by 
ASM cells. In support of this observation, increased histamine induced 
calcium elevation following CSE exposure in ASM cells, was also shown 
to be mediated by and enhanced by BDNF via the TrkB receptor [91]. 
CSE also mediated an increase in TSLP receptor (TSLP-R) and a ROS 
dependent increase in TSLP expression which was shown to contribute 
to a CSE-mediated increase in calcium elevation in response to histamine 
[92]. Interestingly CSE exposure reduced the inhibitory of effect of 
17β-estradiol (E2) on intracellular calcium elevation, SOCE and STIM1 
phosphorylation, and inhibited E2 mediated generation of cyclic aden-
osine monophosphate (cAMP) by ASM cells, which could have impli-
cations for increased AHR in women exposed to CS [89]. In contrast, 
despite mediating an increase in intracellular calcium levels, normal 
human bronchial smooth muscle (BSM) cells have been demonstrated to 
become hypocontractile in a ROS dependent manner following CSE 
exposure, however this was accompanied by a reduction in cell viability 
and may not be a true representation of the role of CSE in ASM 
contraction [80]. Indeed, the majority of studies point to a role for CSE 
in inducing ASM hypercontractility and thus have implications for AHR 
in asthma and to reduced airway calibre in COPD (see Fig. 1). 

Emerging studies also suggest a role for specific constituents of CS in 
ASM dysfunction (see Fig. 1). Formaldehyde, a major constituent of CS 
and an indoor air pollutant is known to exacerbate asthma symptoms, to 
enhance AHR in animal models, to increase carbachol-induced 
contraction in precision-cut human lung slices and to be involved in 
ROS generation [93,94]. Within human ASM cells, although it did not 
affect agonist-induced intracellular calcium elevation per se, it is sug-
gested to increase sensitisation of ASM cells to calcium due to enhancing 
basal Rho-kinase activity and myosin phosphatase targeting protein 
(MYPT)-1 phosphorylation [93]. 

Nicotine has also been shown to contribute to AHR, and can induce 
oxidative stress [95,96]. Indeed, conditioned media from 
nicotine-stimulated fibroblasts was able to mediate increased expression 
of the contractile protein p-MLC in ASM cells [97]. Nicotine and CSE also 
resulted in upregulation of nicotinic α7 acetylcholine receptor 
(α7nAChR) expression by ASM in vitro, although the functional 

R.M. Saunders et al.                                                                                                                                                                                                                           



Free Radical Biology and Medicine 185 (2022) 97–119

100

consequences of this upregulation were not explored [95]. Interestingly 
α7nAChR expression was shown to be upregulated in ASM from asth-
matics versus healthy controls and in ASM from smokers versus 
non-smokers [95], which could have downstream consequences for ASM 
function following nicotine exposure. 

2.2. Effect of cigarette smoke on mechanisms relevant to ASM mass 

CS induced oxidative stress is also implicated in ASM cell apoptosis 
and necrosis. CSE induced a dose dependent increase in oxidative DNA 
damage in ASM cells accompanied by a dose dependent decrease in 
levels of HSP70, which protects against DNA damage and oxidative 
stress [98]. This was correlated with increased levels of apoptosis and 
necrosis in the ASM cells following CSE exposure [98]. Indeed, CSE 

Fig. 1. Role of cigarette smoke and its constituents in increased ASM contractility and increased ASM mass. Enhancement of ASM contractility and ASM mass 
by CSE has implications for AHR in asthma and airflow obstruction in asthma and COPD. With regards to increased contractility, in primary ASM cells CSE and CSE 
induced ROS can mediate basal and agonist induced [Ca2+]i elevation via several mechanisms with implications for increased contractility; upregulation of TRPC, 
CD38, ORAI1 and STIM1 and associated SOCE, upregulation of BDNF and its receptor TrkB, upregulation of TSLP and its receptor TSLP-R, and stimulation of TRPA1 
which results in increased MLC phosphorylation. In addition, formaldehyde results in increased calcium sensitivity in ASM via ROCK and MYPT1 phosphorylation 
and a nicotine-induced fibroblast-derived mediator can increase MLC phosphorylation in ASM cells. CSE also counteracts the effects of 17β-estradiol, via ER re-
ceptors, in inhibiting calcium signalling and stimulating cAMP generation, shown to reduce ASM contractility, which has implications for AHR in females. With 
regards to increased ASM mass, in primary ASM cells CSE has been shown to inhibit apoptosis and stimulate proliferation via upregulation of calreticulin and 
subsequent down-regulation of C/EBPα, and via mitochondrial dysfunction induced by increased mitochondrial ROS and subsequent phosphoinositide signalling and 
transcriptional regulation via NF-κB. CSE can also induce proliferation via; upregulation of BDNF and its receptor TrkB, upregulation of PAF and downstream NF-κB 
activity, upregulation of TRPM7 expression, upregulation of TRPC, CD38, ORAI1 and STIM1 and associated SOCE and increased VEGF expression by ASM, which can 
also be mediated by acrolein. In addition, CSE increases COL8A1 production and levels of MMPs 1, 3 and 10 which are involved in ECM remodelling which can 
contribute to increased ASM mass. In contrast at high concentrations CSE can induce apoptosis and inhibit proliferation, accompanied by reduced contraction and 
migration, which could contribute to the ASM atrophy which can be observed in COPD. Blue arrows indicate a stimulatory effect, red diamond arrows indicate an 
inhibitory effect. Blue font indicates upregulation, bold red font indicates downregulation. Abbreviations used: airway hyper-responsiveness (AHR), airway smooth 
muscle (ASM), brain derived neurotrophic factor (BDNF), CCAAT/enhancer-binding protein alpha (C/EBPα), cigarette smoke extract (CSE), cluster of differentiation 
38 (CD38), collagen type VIII alpha 1 Chain (COL8A1), cyclic AMP (cAMP), estrogen receptor (ER), extracellular matrix (ECM), extracellular signal-regulated kinase 
(ERK), fibroblast conditioned media (FB CM), intracellular calcium ([Ca2+]i), matrix metalloproteinase (MMP), mitogen-activated protein kinase (MAPK), mROS 
(mitochondrial ROS), myosin light chain (MLC), myosin phosphatase targeting protein (MYPT1), nuclear factor-erythroid factor 2-related factor 2 (Nrf2), nuclear 
factor-kappaB (NF-κB), ORAI Calcium Release-Activated Calcium Modulator 1 (ORAI1), platelet activation factor (PAF), reactive oxygen species (ROS), rho-kinase 
(ROCK), short transient receptor potential channel 3 (TRPC), store-operated calcium entry (SOCE), stromal interaction molecule 1 (STIM1), thymic stromal lym-
phopoietin (TSLP), TSLP receptor (TSLP-R), transient receptor potential ankyrin 1 (TRPA1), transient receptor potential cation channel subfamily M member 7 
(TRPM7), tropomyosin receptor kinase B (TrkB), tumour necrosis factor alpha (TNF-α), vascular endothelial growth factor (VEGF). (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the Web version of this article.) 
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induced expression of pro-apoptotic Bcl-2-associated X protein (BAX), 
BCL2 associated agonist of cell death protein (BAD), and Fas cell surface 
death receptor (FAS) and inhibited expression of antiapoptotic B-cell 
lymphoma-2 (Bcl-2) and nuclear factor-kappaB (NF-κB p65/p50) [79] 
and reduced ASM cell viability at high concentrations [99]. The 
involvement of ROS in CSE-mediated cell death is inferred due to 
CSE-mediated reduction in BSM cell viability [80] and the increase in 
apoptotic and necrotic ASM cells [79] being inhibited in the presence of 
NAC. 

In contrast, 10% CSE resulted in a decrease in the percentage of 
apoptotic cells in a study by Guan et al., accompanied by an increase in 
ASM cell proliferation, which would be supportive of a role of CSE in 
ASM remodelling in COPD [100]. However, the reported effects of CSE 
on ASM proliferation are not consistent. In the same study, higher 
concentrations of CSE have no affect on ASM cell proliferation [100], 
and Hu et al., 2009 show that CSE inhibits ASM growth over a 72 h 
period via cell cycle arrest and a reduction in expression of the prolif-
eration marker proliferating cell nuclear antigen (PCNA) [79]. In 
contrast, CSE has been shown to increase bovine tracheal smooth muscle 
(TSM) cyclin D1 expression and DNA synthesis, and also to increase cell 
number in a p38 mitogen-activated protein kinase (MAPK), extracellular 
signal-regulated kinase (ERK) 1/2 dependent manner [101] and to in-
crease proliferation via increased cyclin E and PCNA expression [81]. 
CSE has been shown to increase rat ASM DNA synthesis and cell number 
at a higher concentration with a lower concentration having no effect 
[102]. In this study CSE induced ASM proliferation was dependent on 
transient receptor potential cation channel subfamily M member 7 
(TRPM7) which has been shown to be activated by ROS [102,103]. In 
addition to its effects on ASM contraction described above, BDNF is also 
implicated in CSE induced PCNA and cyclin E1 expression and ASM 
proliferation [91]. CSE and acrolein, a component of CS, also induced 
vascular endothelial growth factor (VEGF) release from ASM cells in a 
p38 MAPK dependent manner with VEGF release and p38 phosphory-
lation partially inhibited by NAC [104]. This could impact on ASM 
proliferation as VEGF has been shown to be mediate ASM proliferation 
[105–107]. Interestingly, in the Guan et al. study the CSE-induced in-
crease in proliferation and decrease in apoptosis was mediated via a 
calreticulin-induced reduction in CCAAT/enhancer-binding protein 
alpha (C/EBPα) expression [100]. C/EBPα has been shown to mediate an 
IFN-γ induced increase in NOX1, 4 and 5 activity in aortic smooth 
muscle cells [108], which could implicate NOX-mediated ROS genera-
tion in protecting against CSE induced ASM proliferation and inhibition 
of apoptosis [100]. CS also promotes the expression of platelet activating 
factor (PAF) [109], which can induce proliferation of rat ASM cells, in 
association with increased NF-κB binding activity, in a ROS dependent 
manner [110]. 

Mitochondria are a key source of ROS in ASM cells, and their role in 
ASM dysfunction is extensively reviewed elsewhere [111]. With regards 
to the role of CS in mitochondrial dysfunction in ASM, ROS production, 
as a result of oxidative phosphorylation, can increase when mitochon-
dria are exposed to damaging stimuli such as CS [112]. In ASM from 
non-asthmatic subjects such CSE induced mitochondrial ROS production 
led to mitochondrial fragmentation and disruption of mitochondrial 
networks via disruption of the mitochondrial fission versus fusion bal-
ance, due to upregulation of dynamin-related protein 1 (Drp1) expres-
sion (fission related) and downregulation of mitofusin (Mfn)-2 
expression (fusion related), involving PI3K/Akt, PKC and ERK activation 
and transcriptional regulation via NF-κB [112]. Compared to ASM from 
non-asthmatics, ASM from asthmatic subjects at baseline had the same 
morphological defects and changes in Drp1 and Mfn2 expression as 
induced by CSE in ASM from non-asthmatics, with changes in Drp1 and 
Mfn2 expression exacerbated further by CSE exposure [112]. The CSE 
induced changes in Drp1 and Mfn2 expression were implicated in 
increased ASM proliferation and to a lesser extent decreased ASM 
apoptosis [113]. CSE has also been shown to reduce adenosine 
triphosphate (ATP) production [112] and increase glycolysis, which was 

implicated in increased ASM proliferation [113]. 
CSE also results in a dose dependent increase in collagen type VIII 

alpha 1 Chain (COL8A1) deposition by ASM cells from COPD patients, as 
well as enhanced matrix metalloproteinase (MMP)-1, MMP-3 and MMP- 
10 expression in ASM from both controls and COPD patients at higher 
concentrations [99]. In addition, a trend towards increased adhesion of 
ASM cells from COPD subjects was reduced by CSE as was the wound 
healing capability of ASM cells following exposure to the highest con-
centration of CSE [99]. In another study ASM migration was shown to be 
reduced in a ROS dependent manner following exposure of ASM cells to 
a concentration of CSE that also reduced ASM viability, so interpretation 
of these findings is difficult [80]. 

In the majority of studies CSE derived and induced ROS in ASM are 
implicated in mechanisms involved in increasing ASM mass, namely 
reduced apoptosis, increased proliferation and increased matrix depo-
sition, which has implications for increased airflow obstruction in 
asthma and COPD (see Fig. 1). However, at high concentrations CSE can 
induce apoptosis and inhibit proliferation, accompanied by reduced 
contraction and migration, which could contribute to the atrophy which 
can be observed in COPD [114]. Further studies are required to fully 
understand the mechanisms involved and to determine how the effects 
of CSE on mechanisms of ASM dysfunction relevant to ASM mass iden-
tified in vitro relate to in vivo levels of CSE exposure. 

2.3. Effect of cigarette smoke on ASM-derived inflammatory mediator 
expression 

CSE has also been shown to be involved in pro-inflammatory medi-
ator release by ASM cells (see Table 1) with both CSE [85,99,102, 
115–117], and acrolein [116] resulting in increased IL-8 release from 
ASM and/or BSM cells in a p38 dependent manner [116], CSE inducing 
TNF-α release by ASM cells [81] and CSE and nicotine resulting in 
increased IL-6 release by ASM cells [84,118]. Oxidative stress is impli-
cated in CSE induced IL-8 release as in a study by Oltmanns et al., CSE 
induced IL-8 release from ASM was accompanied by an increase in 
expression of the oxidative stress induced anti-oxidant HO-1 and could 
be inhibited by glutathione (GSH) which quenches oxidative stress 
[115]. In support of this Han et al., showed that CSE resulted in 
increased IL-8 release from ASM cells in a ROS dependent manner with 
the anti-oxidant Sul-121 shown to inhibit CSE induced ROS generation, 
nuclear translocation of the NF-κB subunit p65 and ultimately IL-8 
release, as well as inhibiting the nuclear translocation of the 
anti-oxidant inducer Nrf2 [85]. In addition to its role in CSE induced 
ASM proliferation TRPM7 is also implicated in CSE-mediated IL-8 
secretion from ASM cells from rats pre-exposed to smoke, with the in-
crease in IL-8 secretion being greater in ASM cells with higher levels of 
TRPM7 expression and partially inhibited by TRPM7 shRNA [102]. 

Inflammatory mediator release relating to CS exposure is likely to be 
exacerbated in a disease setting as ASM cells from smokers with COPD 
produced more CXCL1 in response to CSE compared to those without 
COPD [99]. In addition, inflammatory mediators; including IL-6 and 
IL-8, both under basal conditions and following stimulation with TNF-α 
and/or TGF-β1 [20–22] have been shown to be released in increasing 
amounts from ASM from smokers and to a greater extent in ASM from 
COPD patients compared to ASM from non-smokers. GM-CSF release 
was increased from ASM from COPD patients and smokers versus 
non-smokers in one study but was decreased in another [20,21]. As in 
ASM from COPD patients, the ability of dexamethasone to inhibit release 
of these mediators is compromised in ASM from smokers, to a level that 
is intermediate between the inhibition observed in ASM from 
non-smokers and ASM from COPD patients, as described in section 1.2 
[20–22]. Resveratrol, which has anti-oxidant properties, was able to 
inhibit IL-8 release to an equivalent extent in ASM from COPD patients, 
smokers and non-smokers, and inhibited GM-CSF release to an equiva-
lent extent in ASM from smokers and non-smokers, and to a greater 
extent in ASM from COPD patients [21]. Thus, targeting oxidative stress 
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may represent an alternative therapeutic option to corticosteroids in 
COPD. 

Several studies have addressed the role of CSE in activation of the 
pathway involved in prostaglandin E2 (PGE2) synthesis in human TSM 
cells. PGE2 is synthesised following cytosolic phospholipase A2 (cPLA2) 
activation which leads to release of arachidonic acid from membrane 
phospholipids which can then be converted by cyclooxygenase (COX) 2 
into PGE2 [119]. CSE exposure was shown to result in increased 
expression and activity of cPLA2 and ROS generation in TSM cells in a 
ROS dependent manner involving the NOX subunit p47phox and NOX2 
[82,83]. CSE mediated ROS elevation resulted in phosphorylation of 
p42/p44 MAPK, p38 MAPK and c-Jun N-terminal kinase (JNK) 1/2 and 
a subsequent increase in activator protein (AP)-1 promoter activity [82]. 
In support of this CSE was shown to induce c-Fos and c-Jun (components 
of the dimeric AP1 transcription factor) in a ROS/p47phox/NOX2 
dependent manner, with CSE induced p38 and p42 MAPK phosphory-
lation mediating increased c-Fos expression, and CSE induced JNK1/2 
phosphorylation mediating increased c-Jun expression and ROS 
dependent interactions between c-Jun and p300, which ultimately 
resulted in cPLA2 expression by TSM cells [83]. 

CSE exposure was also shown to induce COX2 expression in TSM 
cells [84,118]. As in the above studies CSE exposure resulted in 
increased ROS generation [84], with the additional observations of an 
increase in superoxide production and p47phox translocation to the 
membrane in a ROS and c-Src dependent manner, with CSE also shown 
to induce phosphorylation of c-Src [84,118]. CSE exposure was shown to 
increase toll-like receptor (TLR)-4 expression, which accompanied by its 
binding partners myeloid differentiation primary response 88 (MyD88) 
and TNF receptor associated factor 6 (TRAF6), increased CSE mediated 
COX2 expression. TLR4 was also shown to be involved in ROS dependent 
CSE mediated phosphorylation of p42/p44 MAPK, p38 MAPK, and 
JNK1/2, which in addition to c-Src phosphorylation resulted in 
increased NF-κB promoter activity and induction of cytoplasmic to nu-
clear translocation of p65 and phosphorylation of p65, which were 
additionally mediated by TLR4, MyD88, TRAF6 and p47phox. This ul-
timately leads to increased COX2 expression which mediates increased 
IL-6 and PGE2 production [84,118]. Nicotine was also shown to induce 
COX2 expression and PGE2 production [84]. These studies do not assess 
the downstream effects of enhanced PGE2 release in the presence of CSE, 
however despite being pro-inflammatory in some contexts, PGE2 ap-
pears to have a beneficial role in the lungs, and is involved in inhibition 
of bronchoconstriction, mast cell activation, BSM proliferation and ASM 
migration [119]. 

2.4. Effect of cigarette smoke on Nrf2/HO-1 signalling 

CS and its components are also involved in upregulation of Nrf2/HO- 
1 signalling in ASM cells [93,112,120] providing further evidence that 
exposure to noxious stimuli from CS may lead to ROS-dependent acti-
vation of compensatory protective mechanisms. Cigarette smoke 
particle-phase extract (CSPE) increased superoxide production in a ROS, 
c-Src, NOX2 and p47phox dependent manner resulting in phosphory-
lation of p42/p44 MAPK, p38 MAPK, and JNK1/2, translocation of Nrf2 
from the cytosol to the nucleus, and ultimately induction of HO-1 
expression in human TSM cells [120]. In addition, ASM cells respon-
ded to formaldehyde treatment with induction of a Nrf2-dependent 
anti-oxidant response involving increased expression of NAD(P)H: 
quinone oxidoreductase 1 (NQO1) and thioredoxin 1 (Trx1) [93]. The 
potential consequences of the activation of Nrf2/HO-1 signalling in 
relation to mechanisms of ASM dysfunction relevant to asthma and 
COPD are described in section 5. 

Although CS and CS stimulated ROS are implicated in mechanisms 
that can contribute to ASM dysfunction, including; contraction, 
apoptosis, proliferation and pro-inflammatory mediator release, ROS 
generation can also be involved in the activation of pathways involved 
in the generation of mediators, such as; PGE2 and Nrf2/HO-1 signalling, 
that could confer some protection to the ASM following exposure to the 
noxious stimuli found in CSE. Thus, careful consideration is required 
with regards to targeting ROS following exposure to CS. 

3. Effects of air pollutants and aero-allergens on measures of 
ASM dysfunction 

3.1. Air pollutants 

Air pollutants, including components of particulate matter; particu-
late matter (PM) 2.5 particles, diesel exhaust particles (DEPs) and pol-
yaromatic hydrocarbons (PAHs), and ozone are well recognized as being 
oxidants in their own right or are able to induce oxidative stress and are 
linked to AHR, airflow obstruction and increased risk of COPD and 
chronic bronchitis, as well as exercise induced bronchoconstriction 
[121–124]. 

Several recent studies provide evidence for a role of PM2.5 in ASM 
dysfunction, relevant to AHR and airway remodelling. Higher concen-
trations of PM2.5 derived from ambient traffic and wood smoke resulted 
in an increase in human BSM cell apoptosis, however lower concentra-
tions did not induce apoptosis or proliferation [125]. In agreement with 

Table 1 
Effect of cigarette smoke on ASM-derived inflammatory mediator expression.  

Stimulus Mediator/signalling intermediate Signalling pathways References 

CSE CXCL1  [99] 
TNF-α ROS dependent [81] 
IL-8 p38 MAPK [116] 

ROS/NF-κB [85] 
TRPM7 [102] 

cPLA2 p47phox/NOX2 > p38, p42/p44, MAPK, c-Fos [82,83] 
p47phox/NOX2 > JNK1/2, c-Jun, p300 [82,83] 

PGE2 PKC-α/c-Src/EGFR, PDGFR/PI3K/Akt > p300, NF-κB > COX2 [118] 
PGE2 and IL-6 TLR4/MyD88/TRAF6, c-Src/p47phox > p38, p42/p44 MAPK, JNK1/2, NF-κB > COX2 [84] 

Nicotine PGE2 COX2 [84] 
IL-6 COX2 [84] 

Acrolein IL-8 p38 MAPK [116] 

CSE and associated compounds stimulate release of various mediators from ASM to contribute to the inflammatory milieu. Signalling mechanisms involved in this 
release are listed where identified. Abbreviations used: Akt serine/threonine kinase (Akt), cellular Src (c-Src), cigarette smoke extract (CSE), c-Jun N-terminal kinase 
(JNK), cyclooxygenase (COX), cytosolic phospholipase A2 (cPLA2), C-X-C Motif Chemokine Ligand 1 (CXCL1), epidermal growth factor receptor (EGFR), interleukin-6 
(IL-6), interleukin-8 (IL-8), mitogen-activated protein kinase (MAPK), myeloid differentiation primary response 88 (MyD88), NADPH oxidase (NOX), nuclear factor- 
kappaB (NF-κB), phosphoinositide 3-kinase (PI3K), platelet-derived growth factor receptor (PDGFR),prostaglandin E2 (PGE2), protein kinase C (PKC), reactive oxygen 
species (ROS), toll-like receptor (TLR), TNF receptor associated factor 6 (TRAF6), transient receptor potential cation channel subfamily M member 7 (TRPM7), tumour 
necrosis factor alpha (TNF-α). 
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this, higher concentrations of PM2.5 reduced ASM viability [126], 
although this study and another showed that lower concentrations could 
increase ASM viability [126,127]. DEPs, which are a subset of PM2.5s, 
also have a ROS dependent cytotoxic effect on guinea pig TSM cells 
which is inhibitable by the anti-oxidant catalase and the free radical 
scavenger MK-447, but not SOD [128]. 

However, in several studies, at concentrations that did not affect cell 
viability, PM2.5 were shown to stimulate ASM migration [125,129] and 
ASM contraction [126,127,129], although the effect of PM2.5 was 

biphasic in one study resulting in inhibition of contraction at the lowest 
and highest concentrations and enhancement of contraction at inter-
mediate concentrations [126]. Concentrations of PM2.5 that promoted 
contraction, migration and viability of ASM cells, also mediated an in-
crease in cytoplasmic calcium concentration [126,127], and expression 
of contraction and remodelling related proteins; kallikrein (KLK) 14, 
bradykinin, the bradykinin B2 receptor (B2R), MMP-2, MMP-9 and 
vimentin [126,127,129] in a BRD4 dependent manner [129]. Although 
a direct link between PM2.5 exposure and oxidative stress is not 

Fig. 2. Effect of pollutants on measures of ASM dysfunction. PM2.5 particles, PAH and ozone behave as both oxidants and ROS inducers, and are implicated in 
AHR in asthma and airflow obstruction in asthma and COPD. Whilst at high concentrations PM2.5 particles reduce ASM viability and contraction, at low con-
centrations that do not reduce ASM viability, PM2.5 are involved in increasing measures of ASM function implicated in AHR, with increased [Ca2+]i and increased 
contraction associated with a BRD4 mediated increase in KLK14, BK and B2R expression. PM2.5 are also involved in increasing measures of ASM function related to 
increased mass which contributes to airflow obstruction, with increased viability, increased proliferation and increased migration, with the latter associated with 
BRD4 mediated increases in MMP-2, MMP-9 and vimentin, as well as via Shh, Gli1, Snai1 signalling. PAHs, which can bind to PM2.5 particles, are also implicated in 
AHR via a reduction in cAMP levels and β2-AR expression and function, which has implications for the efficacy of β-agonist based bronchodilators. In addition ozone 
is implicated in AHR via TSG-6 upregulation of hyaluronin in mouse models. Supporting studies in ASM show that hyaluronin treatment results in upregulation of 
pathways involved in contraction; rhoA, ERK1/2, PI3K/Akt in a TSG-6 dependent manner. Ozone is also implicated in increased ASM mass via upregulation of PVT1 
in a mouse model. Supporting studies in ASM show that PVT1 can stimulate ASM proliferation via downregulation of miR-29c-3p and activation of PI3K-Akt-mTOR 
signalling and inhibit ASM apoptosis via downregulation of miR-29c-3p, upregulation of anti-apoptotic BCL2, and downregulation of pro-apoptotic BAX and caspase 
3. Blue arrows indicate a stimulatory effect, red diamond arrows indicate an inhibitory effect. Blue font indicates upregulation, bold red font indicates down-
regulation. Abbreviations used: airway hyper-responsiveness (AHR), airway smooth muscle (ASM), Akt serine/threonine kinase (Akt), B-cell lymphoma-2 (Bcl-2), 
Bcl-2-associated X protein (BAX), beta-2 adrenergic receptor (β2-AR), bradykinin (BK), bradykinin B2 receptor (B2R), bromodomain-containing protein 4 (BRD4), 
cyclic AMP (cAMP), extracellular signal-regulated kinase (ERK), glioma-associated oncogene homolog 1 (Gli1), intracellular calcium ([Ca2+]i), kallikrein 14 (KLK14), 
matrix metalloproteinase (MMP), mechanistic target of rapamycin (mTOR), particulate matter 2.5 (PM2.5), phosphoinositide 3-kinase (PI3K), plasmacytoma variant 
translocation 1 (PVT1) polyaromatic hydrocarbons (PAHs), Ras homolog family member A (RhoA), Snail Family Transcriptional Repressor 1 (Snai1), sonic hedgehog 
(Shh), TNF-stimulated gene 6 (TSG6). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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observed, bromodomain-containing protein (BRD)-4 is implicated in 
reduction of ROS and increased cell survival via Nrf2 signalling 
following exposure of a fibroblast like cell line to oxidative stress [130]. 
In addition, these PM2.5 mediated effects could be inhibited by IL-37 
which has been implicated in protection against oxidative stress in 
other cells [127,131,132]. 

As well as promoting contraction as outlined above, components of 
PM2.5 can affect airway relaxation, with PAHs resulting in a reduction 
in cAMP, adenylyl cyclase activity and β2 adrenergic receptor (β2-AR) 
protein expression and function in ASM cells, which has implications for 
the efficacy of β-agonist based bronchodilators [133]. 

Ozone exposure is involved in airway narrowing and AHR in murine 
models and is associated with an increase in the thickness of the ASM, 
airway resistance and lung compliance [134,135]. In one study this is 
associated with expression of the long noncoding RNA plasmacytoma 
variant translocation 1 (PVT1) which is also increased in serum of 
asthma patients [134]. In support of a role for ozone-induced PVT1 in 
ASM dysfunction, PVT1, via reducing the activity of miR-29c-3p, was 
shown to be involved in promoting ASM proliferation and inhibiting 
ASM apoptosis, with associated inhibition of BAX and caspase 3 and 
upregulation of BCL-2 expression [134]. 

Ozone induced AHR was also shown to be mediated via a hyaluronan 
(HA), TNF-stimulated gene 6 (TSG-6) dependent mechanism in murine 
models, with AHR in tracheal rings from TSG-6 knockout mice being 
restored by exogenous TSG-6 [135]. Supporting studies in ASM showed 
that short fragment HA exposure induced signalling pathways related to 
contraction; activation/phosphorylation of Ras homolog family member 
A (RhoA), ERK1/2 and phosphoinositide 3-kinase (PI3K)/Akt ser-
ine/threonine kinase (Akt) signalling in ASM isolated from wild type but 
not TSG-6 knockout mice [135]. The role of pollutants in ASM 
dysfunction relevant to asthma and COPD is summarised in Fig. 2. 

3.2. Aero-allergens 

Aero-allergens; such as, house-dust mite (HDM) allergens, pollen, pet 
dander and fungal allergens can aggravate asthma and COPD symptoms. 
Aero-allergen induced ROS, co-exposure to oxidising environmental 
pollutants and aero-allergens, and compromised AOX defenses have all 
been implicated in allergic sensitisation [136,137]. In addition, oxida-
tive stress can increase the allergenicity of proteins, and allergenic 
pollens can exhibit intrinsic NOX activity per se [136,138]. 

Oxidative stress is implicated in AHR and ASM thickening in 
numerous animal models of ovalbumin induced allergic asthma 
[139–143]. With regards to specific allergens; in murine models the 
HDM allergen Der f induced AHR and ASM thickening, which could be 
reversed by limonene, which has been reported to inhibit ROS produc-
tion [144], the fungal associated allergenic protease (FAP) in combi-
nation with ovalbumin resulted in increased smooth muscle thickness 
and oxidative stress that could be reversed by metformin [145], and an 
increase in airway responsiveness and smooth muscle thickness was 
observed in response to artemisia pollen extract (APE) that was further 
increased in response to APE exposed to diesel emissions [146]. In 
human bronchial rings sensitised with sera from asthmatic patients the 
maximal contraction in response to HDM allergen was increased 
following exposure to acrolein and ozone [147]. 

In addition, in the bronchoalveolar lavage (BAL) fluid from a cohort 
of mild asthmatics, seven distinct oxidised phosphatidylcholines 
(OxPCs), that are generated by oxidation of the sn-2 polyunsaturated 
fatty acid chain of phosphatidylcholine during oxidative stress, were 
found to be associated with allergen challenge to cat, grass, horse, tree, 
HDM and ragweed allergens, with the concentration of 3 of these OxPCs 
shown to correlate with decline in lung function. Distinct OxPC profiles 
were also found to be related to AHR and decline in lung function in a 
separate cohort of patients. In support for a role in ASM contraction, 
OxPCs were able to induce airway narrowing in murine thin-cut lung 
slices [148]. 

However, investigations into the role of allergens and ROS/oxidative 
stress in primary ASM, BSM or TSM cells has not been studied widely. 
Supporting work on the role of OxPCs in ASM function showed that 
exposure of ASM cells to oxidised 1-palmitoyl-2-arachidonoyl-sn-glyc-
ero-3-phosphocholines (PAPCs) but not non-oxidisable 1-palmitoyl-2- 
stearoyl-sn-glycero-3-phosphocholines (PSPCs) resulted in enhanced 
secretion of various inflammatory mediators; IL-6, IL-8, and GM-CSF and 
increased COX-2 expression in a protein kinase C (PKC) dependent 
manner, as well as accumulation of various oxylipins, including pros-
taglandins and leukotrienes [148]. In relation to this observation, ASM 
cells were shown to have 5-hydroxyeicosanoid dehydrogenase 
(5-HEDH) activity, converting the oxylipin 5S-hydroxy-6,8,11,14-eico-
satetraenoic acid (5-HETE) to (5-Oxo-6,8,11,14-eicosatetraenoic acid) 
5-oxo-HETE, an inflammatory cell chemotaxin, in the presence of the 
oxidative stimulus H2O2, dependent on the GSH redox cycle and the 
generation of nicotinamide adenine dinucleotide phosphate (NADP) +, 
a cofactor for 5-HEDH [149]. 

In a guinea pig model, following ovalbumin sensitisation and sub-
sequent challenge that induced AHR and AFO, levels of GSH measured in 
isolated ASM cells were lower than control and correlated inversely with 
AHR and AFO suggesting that the thiol anti-oxidant GSH protects 
against antigen-induced AHR and AFO [139], and in TSM cells isolated 
from ovalbumin sensitised and challenged mice the number of calcium 
sparks was shown to be increased compared with control mice. This was 
accompanied by an increase in ROS levels that were implicated in the 
increased calcium spikes as both were inhibited by N-acetylcysteine 
amide (NACA). This may have implications for ROS in antigen induced 
contraction as a caffeine induced increase in the calcium sparks in single 
TSMCs resulted in cell shortening, however the effect of NACA on this 
was not assessed [150]. 

Studies support a role for oxidative stress/ROS following exposure to 
PM2.5 in enhancing ASM contraction, and promoting ASM remodelling, 
via enhancing cell viability, proliferation and migration, and reducing 
apoptosis, although at high doses PM2.5 can have cytotoxic effects. 
Emerging evidence suggests that ozone exposure may also promote ASM 
contraction and remodelling. Aero-allergens are implicated in AHR, 
AFO, and inflammation with a limited number of studies with primary 
ASM cells supporting this. Further studies are required to fully elucidate 
the role of air pollutants and aero-allergens and associated oxidative 
stress/ROS in ASM dysfunction in asthma and COPD. 

4. Effects of asthma and COPD relevant mediators on measures 
of ASM dysfunction 

4.1. Alarmins 

The activity of alarmins can be controlled by redox regulation [151] 
and they can also regulate ROS production in their own right (as 
described below). The ASM is more likely to be exposed to mediators 
such as alarmins present in the sputum in asthma and COPD due to 
increased mucous production, reduced mucous clearance due to 
epithelial dysfunction and epithelial denudation [152]. 

Both exogenous and endogenous S100A9 have been implicated in 
reducing ASM proliferation, with knock-down of S100A9 increasing 
platelet-derived growth factor (PDGF)-stimulated rat ASM proliferation 
and increasing ROS levels. Furthermore, this increase in ASM prolifer-
ation was inhibited by the anti-oxidant NAC. Thus, S100A9 appears to 
inhibit ASM proliferation via a reduction in ROS levels [153,154]. 
S100A8 is also implicated in suppressing PDGF-induced ASM prolifer-
ation, as well as suppressing PDGF induced migration in a receptor for 
advanced glycation endproducts (RAGE) dependent manner [155,156], 
and inhibiting ACh-induced ASM contraction [157], implicating 
S100A8/A9 in a protective role in ASM dysfunction. However, Gomes 
et al., 2013 detected increased levels of oxidised S100A8 and to a lesser 
extent oxidised S100A9 in sputum from asthmatics [158]. So whether 
S100A8/A9 would be present in an active form and able to play a role in 
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protecting from ASM dysfunction in vivo is uncertain. 
Another alarmin who’s activity undergoes redox regulation is high 

mobility group box 1 protein (HMGB1). HMGB1, both partially oxidised 
and reduced, was shown to be elevated in the sputum of patients with 
severe asthma versus healthy controls, with the ratio of reduced to 
oxidised HMGB1 increasing with asthma severity [159]. In subsequent 
investigations reduced HMGB1 was shown to potentiate 
bradykinin-mediated ASM contraction via TLR4, with a greater poten-
tiation seen with ASM from asthmatics versus non-asthmatics. Inter-
estingly, unlike in ASM from healthy controls, reduced HMGB1 was 
unable to induce ROS production in ASM from asthmatics. Thus, in 
health HMGB1 levels are not only lower, but it would likely be rendered 
inactive by ASM-derived ROS, whereas in asthma the reduced elevation 
of ROS in response to HMGB1 could enable HMGB1 to remain active for 
longer to contribute to ASM dysfunction [159]. HMGB1 has also been 
implicated in ASM cell proliferation following coculture with 
IL-2/IL-33-stimulated type 2 innate lymphoid (ILC2) cells isolated from 
interferon regulatory factor 7 (IRF7) − /− mice (which display impaired 
viral immunity) via a feed-forward amplification loop between 
HMGB1/TLR4 and IL-13 [160]. This could be mimicked by stimulation 
of ASM cells with disulphide HMGB1, but not the non-oxidisable mutant 
all-thiol HMGB1 [160]. Thus, HMGB1 has the potential to contribute to 
AHR and increased ASM mass in asthma, however its exact role appears 
to depend on its oxidation status, as reported for cytokine production 
and chemotaxis in other cell types [160–162]. 

Another alarmin elevated in the plasma in patients with asthma 
versus healthy controls is human β-defensin 3 (hBD3) [163]. hBD3 is 
shown to mediate general ROS production via ERK1/2, accompanied by 
mitochondrial ROS production and indicators of mitochondrial damage. 
The elevation of ROS by hBD3 is implicated in increased ASM derived 
IL-8 release and increased ASM apoptosis and thus has implications for 
airway inflammation and remodelling [163]. 

4.2. Interleukins 

Several members of the interleukin family are implicated in stimu-
lating ROS/oxidative stress in ASM. Increased release of 8-isoprostane, a 
marker of oxidative stress, from ASM cells was shown to occur following 
treatment with IL-1β and IL-17 in a ROS dependent manner [164,165]. 
In addition, IL-1β and IL-17 were shown to mediate increased expression 
and release of the inflammatory mediators CCL2, CCL11 and IL-8 in a 
ROS dependent manner [164,165]. IL-1β has also been shown to upre-
gulate expression of vascular cell adhesion protein 1 (VCAM-1) in 
human TSM cells, enabling greater adherence of pro-inflammatory 
monocytes to the human TSM cells. This occurred in a ROS dependent 
manner with IL-1β shown to induce NOX activity, p47phox translocation 
and ROS production [166]. 

4.3. TNF-α 

TNF-α induced ROS production is implicated in AHR, with TNF-α 
inducing an increased contractile response to carbachol in guinea pig 
tracheal rings in a ROS dependent manner [167]. In support of this 
TNF-α has been shown to induce ROS production by ASM cells in several 
studies [167–169], leading to ROS-dependent phosphorylation of the 
contractile protein MLC in primary guinea pig ASM [167]. The NOX 
family of enzymes are implicated as the source of TNF-α stimulated ROS 
as at concentrations similar to the TNF-α found in BAL from asthmatics, 
TNF-α stimulated ROS production by guinea pig ASM cells which was 
inhibited by the flavoprotein inhibitor diphenyleneiodonium (DPI), the 
pan-NOX inhibitor apocynin and p22phox knock down, and potentiated 
by nicotinamide adenine dinucleotide phosphate (NADPH) [167]. The 
cells were also shown to express p22phox, p47phox and cytochrome 
b558, with the former two also shown to be expressed by human ASM 
cells. Interestingly, TNF-α was shown to increase expression of the ROS 
generating enzyme NOX4 in ASM from COPD patients to a greater extent 

than in ASM from asthmatics [170]. 
Both TNF-α, and TNF-α inducing lipopolysaccharide (LPS), induce 

cPLA2 expression and subsequent PGE2 synthesis in ASM cells in a ROS 
dependent manner, the former via a mechanism involving NOX2 and 
p47phox with downstream activation of MAPKs, NF-κB and p300 [168] 
and the latter via a mechanism involving p67phox/p47phox with 
downstream MAPK-dependent activation of human antigen R (HuR) 
[171]. ROS dependent HuR signalling is also implicated in TNF-α 
mediated upregulation of suppressor of cytokine signalling 3 (SOCS-3) 
expression via a mechanism involving TNF receptor-1 
(TNFR1)/MAPKs/p47phox and Nox2/ROS-dependent HuR signalling 
in human TSM cells. Overexpression of SOCS-3 markedly inhibited 
TNF-α and LPS-induced VCAM-1 expression in human TSM cells, and 
decreased monocyte adhesion to LPS challenged human TSM cells 
[169]. 

TNF-α is also involved in stimulating release of various inflammatory 
mediators from ASM cells, including CXCL10, shown to be dependent on 
HO-1 [172] and CCL5 and CCL11 shown to be dependent of NF-κB 
activation [173]. TNF-α treatment of ASM cells results in degradation of 
IκBα, enabling activation of NF-κB, NF-κB p65 nuclear accumulation, 
NF-κB/DNA binding and histone H3 phosphorylation. Dimethylfuma-
rate (DMF) reduces cellular GSH levels and can inhibit all of the above 
effects, as well as TNF-α induced CCL5 and CCL11 secretion. Conversely 
the effects of DMF can be reversed by the supplementation of the ASM 
cells with GSH reduced ethyl ester (GSH-OEt), implicating elevated 
cellular GSH levels in the pro-inflammatory effects of TNF-α [173]. DMF 
is also implicated in Nrf2/HO-1 signalling in ASM cells as described in 
section 5. 

Interestingly in a review in 2021, Dasgupta et al. propose a model 
whereby TNF-α triggers a homeostatic response in mitochondria that 
protects ASM from the oxidative stress it induces [174]. Briefly, TNF-α is 
known to increase force generation in ASM accompanied by increased 
ATP consumption and mitochondrial oxidative phosphorylation. This 
results in ROS generation and oxidative stress which leads to the accu-
mulation of unfolded proteins in the endoplasmic reticulum (ER) and 
mitochondria and triggering of the unfolded protein response (mtUPR). 
TNF-α also selectively activates the phosphorylation of IRE1α (pIR-
E1α)/X-box binding protein 1 (XBP1) mediated ER stress pathway. 
Activation of these pathways leads to an increase in peroxisome 
proliferator-activated receptor gamma coactivator 1-alpha (PGC1-α) 
which increases mitochondrial biogenesis and remodelling to increase 
efficiency of oxygen consumption and oxidative phosphorylation and 
reduce ROS formation to protect ASM cells from the negative impact of 
inflammation-induced ROS formation at a time of increased ATP de-
mand [174]. 

4.4. Growth factors 

By far the most studied growth factor with respect to oxidative 
stress/ROS dependent ASM dysfunction is TGF-β1. TGF-β1 induces ROS 
production by ASM cells, and this has been shown to contribute to 
various elements of ASM behaviour that could contribute to ASM 
dysfunction in asthma and COPD; namely increased ASM proliferation, 
cell size, IL-6 release, α-smooth muscle actin (α-SMA) expression and 
collagen I production [175–177]. A role for ROS in TGF-β1 mediated 
proliferation and IL-6 release is supported by the fact that these re-
sponses were attenuated by activation of the anti-oxidant transcription 
factor Nrf2 [175], and by the fact that TGF-β1 can induce expression of 
the ROS generating enzyme NOX4 [175–177] and inhibit expression of 
the ROS clearing enzymes manganese (Mn)-SOD and catalase, with 
NOX4 upregulation implicated in ROS generation and partial inhibition 
of MnSOD expression [175,176]. ROS are also implicated in the upre-
gulation of connective tissue growth factor (CTGF) expression and 
mothers against decapentaplegic family member 3 (SMAD3) phos-
phorylation following TGF-β1 treatment, as both are inhibited following 
treatment with γ-glutamylcystein ethyl ester (γ-GCE, a precursor of GSH 
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biosynthesis) and subsequent increases in GSH levels in BSM cells, 
although the consequences of this upregulation are not investigated 
[178]. The upregulation of NOX4 by TGF-β1 was shown to be dependent 
on ROS and mediated by SMAD3/PI3K and dependent on Myc-Max in-
teractions [175,177], and to be involved in TGF-β1 induced IL-6 release, 
ASM proliferation, hypertrophy and phosphorylation of the cell cycle 
regulators retinoblastoma protein (Rb), cell division control protein 42 
homolog (Cdc2), and eukaryotic translation initiation factor 4E-binding 
protein (14E-BP1) which regulates protein synthesis [177]. TGF-β1-in-
duced SMAD3-dependent upregulation of NOX4 was also shown to be 
involved in upregulation of α-SMA expression and collagen I production 
via phosphorylation of p38 MAPK and Akt [176]. NOX4 expression 
could also be induced by activin A, TGF-β2 and 3, although the func-
tional consequences of this were not explored [177]. In support of the 
above roles of TGF-β1 in NOX4 expression and subsequent NOX4 
mediated cellular responses, increased TGF-β1 expression is associated 
with increased NOX4 expression by ASM in COPD [39,176], which, 
coupled with the inhibitory effect of TGF-β1 on Nrf2/HO-1 signalling 
described in section 5, has implications for elevation of ROS production 
by ASM. 

With both TGF-β1 and TNF-α being reported to increase NOX4 
expression it is interesting to note that expression of NOX4, which has 
been shown to be the most prominent NOX isoform expressed by ASM, is 
elevated in the ASM in both asthma and COPD, where it correlates with 
decline in lung function and/or disease severity [8,39,170,176]. In 
addition, NOX4 expression has been implicated in the increased 
contraction observed by ASM cells from asthmatics versus healthy 
controls in culture [8] and correlates with increased ASM thickness, 
ASM area, and number of proliferating ASM cells in COPD, implicating it 
in increased ASM mass [39]. 

TGF-β1 treatment, in combination with foetal bovine serum (FBS) 
(TGF-β1/FBS), has also been shown to stimulate proliferation of ASM 
cells from patients with COPD to a greater extent than ASM from healthy 
controls with measures of the increased proliferation correlating with 
decline in the subject’s lung function [20,179]. Mitochondrial derived 
ROS were shown to play a role in this increased proliferation, as well as 
in TNF-α-induced IL-8 release by ASM [20]. Coupled with the presence 
of mitochondrial dysfunction and enhanced basal and H2O2 stimulated 
mitochondrial ROS production from ASM from COPD patients versus 
healthy control subjects this implies a role for mitochondrial ROS in 
enhanced ASM proliferation and inflammatory mediator release in 
COPD. In support of this basal levels of GM-CSF, IL-8 and IL-6 release 
were greater from ASM from COPD patients versus healthy controls and 
stimulated further by H2O2 [20]. The mitochondrial dysfunction was 
accompanied by a decrease in oxidative phosphorylation in ASM from 
COPD patients versus healthy controls [20], with an impaired energy 
balance and accumulation of glycolysis related products suggesting a 
shift towards glycolysis in ASM from COPD patients versus healthy 
controls [179]. Indeed, the inhibition of TGF-β1/FBS induced DNA 
synthesis by the glycolytic inhibitor 2-deoxy-D-glucose implicates a role 
for this metabolic shift in enhanced ASM proliferation in COPD. 
Although mitochondrial ROS are implicated in TGF-β1/FBS induced 
proliferation [20], TGF-β1/FBS treatment was shown to result in lower 
mitochondrial ROS levels and an increase in the GSH/glutathione di-
sulfide (GSSG) ratio in ASM cells from COPD patients versus healthy 
controls, with the GSH inhibitor buthionine sulfoximine increasing 
mitochondrial ROS levels in the presence of TGF-β1/FBS and inhibiting 
the increase in COPD ASM cell number following TGF-β1/FBS treatment 
in this study [179]. Thus, the role of mitochondrial ROS in ASM pro-
liferation in COPD is unclear. 

Besides TGF-β1, PDGF has long been shown to be involved in ROS 
dependent ASM proliferation via mechanisms including Cdc42/RAC1, 
PI3K or STAT signalling [180–184], and by p22phox activation of NF-κB 
[185]. More recently ROS dependent PDGF-induced ASM proliferation 
has been demonstrated to be mediated by PDGF-mediated, ROS/p22-
phox/signal transducer and activator of transcription 3 (STAT3) 

dependent induction of IL-13 expression by ASM cells [186]. PDGF and 
epidermal growth factor (EGF) have also been shown to mediate ASM 
proliferation via ASK-1, a ubiquitously expressed MAP kinase kinase 
kinase (MAP3K) enzyme which can be activated by ROS amongst other 
stress stimuli, and is upregulated in ASM from COPD patients versus 
healthy controls [187]. ASK-1 was also shown to mediate TGF-β1 
induced migration of ASM cells from COPD patients [187]. PDGF 
induced ASM proliferation can also be inhibited by an S100A9 mediated 
reduction in ROS, as described in section 4.1 [153,154], as well as 
activation of anti-oxidant HO-1 signalling (see section 5). 

EGF can also induce proliferation of ASM cells per se, and this EGF 
dependent ASM proliferation could be potentiated by LTD4, via upre-
gulation of EGF receptor (EGFR) phosphorylation, with both occurring 
in a ROS dependent manner [188]. Both EGF and EGF/LTD4 induced 
ASM proliferation could be inhibited by rosuvastatin [189] which has 
been shown to inhibit oxidative stress in other cell types [190]. 

In addition, the release of VEGF, which has been shown to mediate 
ASM proliferation in several studies [105–107], by ASM could be 
stimulated by CSE and acrolein as described in section 2.2 [104], as well 
as by the oxidant H2O2 in a p38 MAPK dependent manner and by 
4-hydroxynonenal (4-HNE), a product of lipid peroxidation [104]. This 
implicates oxidative stress in enhanced VEGF release by ASM, which 
could result in increased ASM proliferation. 

Another growth factor, BDNF, which can be upregulated by CSE- 
induced ROS, as described in section 2.1, was also shown to increase 
agonist induced ASM contraction per se, as assessed using epithelium 
denuded human bronchial rings, as well as enhancing histamine induced 
calcium elevation in ASM cells via the TrkB BDNF receptor [91]. The 
role of growth factors in ASM dysfunction relevant to asthma and COPD 
is summarised in Fig. 3. 

4.5. Exogenous oxidative stress derived mediators 

Oxidative stress leads to changes in DNA, lipids and proteins that can 
have a downstream effect on ASM cell function. One such example is 
DNA damage, with guanine being the primary ROS target resulting in 8- 
oxoguanine base lesions. During base excision repair free 8-OHdG base 
is generated which binds to 8-oxoguanine DNA glycosylase 1 with high 
affinity triggering expression of genes that can contribute to inflam-
matory mediator release, mast cell activation and ASM contraction, thus 
having implications for airway inflammation and bronchoconstriction, 
and exercise induced asthma [191,192]. Indeed 8-OHdG was detected at 
a higher level in ASM from mild-moderate and severe asthmatics 
compared to healthy controls, and was correlated with decline in lung 
function and increased AHR [8]. 

Oxidative stress also results in the generation of isoprostanes from 
arachidonic acid via non-enzymatic oxidation. Isoprostanes are involved 
in ASM contraction and remodelling, as reviewed by Clarke et al. [193] 
with 8-iso-PGF2α stimulating ASM contraction via activation of 
thromboxane (TP) receptors [193,194]. Further investigations into the 
signalling mechanisms behind this implicate SOCE and 
phosphatidylcholine-specific phospholipase C (PC-PLC) mediated cal-
cium mobilisation and rho-kinase mediated calcium sensitisation in 
8-iso-PGF2a mediated ASM contraction [194]. 

4.6. Miscellaneous mediators 

The wider role of leukotrienes and lysophospholipids on ASM func-
tion is reviewed by Clarke et al. [193]. With respect to ROS, leukotriene 
(LT) D4 and S1P can also influence ASM function in a ROS dependent 
manner. In addition to potentiating EGF induced ASM proliferation 
LTD4 was able to induce ASM proliferation per se, via EGFR phosphor-
ylation, in a ROS dependent manner [188], which as for EGF and 
EGF/LTD4 induced ASM proliferation could be inhibited by rosuvastatin 
[189]. S1P induced ROS and NOX activity in ASM cells as well as COX2 
and PGE2 expression and ASM migration in a ROS dependent manner, 
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with NOX2/p47phox implicated in the former [195]. 

5. The role of Nrf2/HO-1 signalling in protecting against ASM 
dysfunction 

Nrf2 is believed to protect against oxidative stress with Nrf2 genetic 
deletion leading to T2 inflammation, oxidative stress and AHR in a 
mouse model [196]. Indeed, in human ASM cells Nrf2 was shown to 
mediate expression of the anti-oxidant genes HO-1, NOQ1, and MnSOD, 
with activation of HO-1 reciprocally resulting in Nrf2 translocation from 
cytosol to nucleus in human TSM cells [198]. The potential contribution 
of Nrf2/HO-1 signalling in protecting against ASM dysfunction in 

asthma and COPD is described below and summarised in Fig. 4. 

5.1. The role of Nrf2/HO-1 signalling in ASM proliferation 

Nrf2 activation was shown to mediate a reduction in ASM prolifer-
ation via an increase in expression of the cell cycle arrest mediator 
p21Waf1, which correlated with Nrf2-ARE binding in the ASM [197]. In 
addition, HO-1, which is induced by Nrf2, has been shown to be 
involved in inhibition of foetal calf serum (FCS) and PDGF induction of 
human ASM proliferation in several studies [197–201]. HO-1 activation 
or inhibition were shown to reduce or enhance FCS and PDGF induced 
human ASM proliferation, ROS production and ERK1/2 

Fig. 3. The role of growth factors in oxidative stress induced ASM dysfunction. ROS are implicated in the effects of growth factors on mechanisms related to 
increased ASM mass, contractility and inflammatory mediator release, which could contribute to the AHR, airflow obstruction and inflammation present in asthma 
and/or COPD. TGF-β1 can increase ROS production by ASM via; upregulation of mitochondrial ROS, upregulation of the ROS generating enzyme NOX4, down 
regulation of the ROS clearing enzymes MnSOD and catalase, and down regulation of Nrf2/HO-1 signalling. This enhanced ROS leads to; increased ASM proliferation 
via pRb and cdc2, ASM hypertrophy via 14E-BP1, and ASM-derived Coll I production via p38 MAPK and Akt signalling that can contribute to increased ASM mass and 
airflow obstruction, increased α-SMA via p38 MAPK and Akt signalling that can enhance ASM contraction, and enhanced IL-6 release that can lead to inflammation. 
PDGF can mediate ASM proliferation in a ROS dependent manner via several signalling mechanisms, including cdc42/Rac1, PI3K and p22phox/NF-κB and/or STAT3. 
ASM proliferation can also be mediated via ROS dependent EGF-mediated phosphorylation of EGFR and stimulation of VEGF release from ASM by the oxidants CSE 
and H2O2 and the lipid peroxidation product 4-HNE, in a p38 MAPK dependent manner. BDNF and its receptor TrkB are also upregulated in a ROS dependent manner 
following CSE exposure and can contribute to ASM dysfunction via elevation of agonist induced [Ca2+]i and increased contraction, which can contribute to AHR. 
Blue arrows indicate a stimulatory effect. Blue font indicates upregulation, bold red font indicates downregulation. Abbreviations used: airway hyper-responsiveness 
(AHR), airway smooth muscle (ASM), Akt serine/threonine kinase (Akt), alpha-smooth muscle actin (α-SMA), brain derived neurotrophic factor (BDNF), cell division 
control 2 (cdc2), cell division control protein 42 homolog (Cdc42), cigarette smoke extract (CSE), epidermal growth factor (EGF), eukaryotic translation initiation 
factor 4E-binding protein (14E-BP1), extracellular matrix (ECM), haem-oxygenase 1 (HO-1), hydrogen peroxide (H2O2), interleukin 6 (IL-6), intracellular calcium 
([Ca2+]i), manganese superoxide dismutase (MnSOD), mROS (mitochondrial ROS), mitogen-activated protein kinase (MAPK), mothers against decapentaplegic 
family member 3 (SMAD3), NADPH oxidase (NOX), nuclear factor-erythroid factor 2-related factor 2 (Nrf2), nuclear factor-kappaB (NF-κB), phosphoinositide 3-ki-
nase (PI3K), phosphorylated epidermal growth factor receptor (pEGFR), platelet-derived growth factor (PDGF), phosphorylated retinoblastoma protein (pRb), 
reactive oxygen species (ROS), signal transducer and activator of transcription 3 (STAT3), transforming growth factor-beta (TGF-β), tropomyosin receptor kinase B 
(TrkB), vascular endothelial growth factor (VEGF). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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Fig. 4. The potential role of Nrf2/HO-1 signalling in protecting against ASM dysfunction. Nrf2/HO-1 signalling is activated following exposure of cells to 
oxidants and ROS and is implicated in negative regulation of ASM proliferation, contraction and inflammatory mediator release in ASM cells, which has implications 
for protecting against AHR, airflow obstruction and inflammation following exposure of ASM cells to oxidative stress. Inhibition of ASM proliferation can be mediated 
by both bilirubin and carbon monoxide, products of HO-1’s enzymatic activity, via downregulation of NOX or ROS, ERK1/2 and cyclin D1 and upregulation of p21. 
With regards to inflammation; HO-1 inhibits CXCL10 release by ASM per se and increases the efficacy of the corticosteroid fluticasone in inhibiting TNF-α induced 
CXCL10 release from ASM cells, and carbon monoxide is implicated in reducing TNF-α induced IL-6 release by ASM, VCAM-1 and ICAM-1 expression by ASM and 
THP-1 cell adhesion to ASM. The Nrf2 induced AOX proteins GCLc and GCLm alongside HO-1 can also reduce the contractility of ASM cells. In addition, carbon 
monoxide also forms a positive feedback loop to upregulate expression of Nrf2 and HO-1 in ASM cells to perpetuate activation of the protective AOX pathways 
following exposure to oxidative stress. However, Nrf2/ARE binding is compromised in the ASM in asthma and the asthma and COPD relevant mediator TGF-β1, via 
ATF3, can inhibit Nrf2/ARE binding activity in ASM cells to reduce the efficacy of Nrf2/HO-1 signalling and its downstream protective effects. Thus, although the 
Nrf2/HO-1 pathway has the capability to negatively regulate measures of ASM dysfunction, the dysregulation of Nrf2/HO-1 signalling in the ASM in asthma and 
COPD could contribute to measures of ASM dysfunction. Blue arrows indicate a stimulatory effect, red diamond arrows indicate an inhibitory effect. Blue font 
indicates upregulation, bold red font indicates downregulation. Abbreviations used: activating transcription factor-3 expression (ATF3), activator protein 1 (AP-1), 
airway hyper-responsiveness (AHR), airway smooth muscle (ASM), Akt serine/threonine kinase (Akt), anti-oxidant (AOX), anti-oxidant response element (ARE), 
cellular Src (c-Src), c-Jun N-terminal kinase (JNK), C-X-C Motif Chemokine Ligand (CXCL10), extracellular signal-regulated kinase (ERK), glucocorticosteroid (GC), 
glutamate-cysteine ligase catalytic subunit (GCLc), glutamate cysteine ligase modifier subunit (GCLm), haem-oxygenase 1 (HO-1), intercellular adhesion molecule 1 
(ICAM-1), interleukin 6 (IL-6), mitogen-activated protein kinase (MAPK), NADPH oxidase (NOX), nuclear factor-erythroid factor 2-related factor 2 (Nrf2), phos-
phoinositide 3-kinase (PI3K), PKCα/Pyruvate kinase 2 (Pyk-2), reactive oxygen species (ROS), TNF receptor-1 (TNFR1), transforming growth factor-beta (TGF-β), 
tumour necrosis factor alpha (TNF-α), vascular cell adhesion molecule 1 (VCAM-1). (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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phosphorylation, respectively. This was shown to be mediated in a ROS 
dependent manner via ERK1/2 activation and bilirubin, an anti-oxidant 
end product of HO-1 activity [199]. In this study a role for carbon 
monoxide (CO), another by-product of HO-1 activity, is ruled out as 
myoglobin, a CO scavenger, has no effect on HO-1 mediated inhibition 
of PDGF/FBS induced ASM proliferation [199]. In contrast CO was 
implicated in inhibiting FBS induced pERK1/2 dependent human ASM 
cell proliferation in another study, associated with upregulation of p21 
and downregulation of cyclin D1 expression [198]. In support of this 
study the CO-releasing molecule (CORM)-2 was shown to mediate in-
hibition of PDGF induced ASM cell proliferation [200]. Although 
CORM-2 inhibits PDGF induced cytochrome b558 activity and NOX 
activity, treatment with CORM-2 resulted in a net increase in ROS pro-
duction by ASM cells, proposed to be of mitochondrial origin. In addi-
tion, the involvement of mitochondrial ROS is implicated further as the 
effects of CORM2 on PDGF induced ASM cell proliferation, net ROS 
production, ERK1/2 phosphorylation and cyclin D1 expression were 
mimicked following treatment with rotenone which increases mito-
chondrial ROS by blocking the respiratory chain at complex 1 [200]. The 
involvement of enhanced ROS in inhibition of PDGF induced ASM 
proliferation contrasts with the Taille et al., 2003 study where HO-1 
activation was shown to be involved in inhibition of mitogen induced 
ASM proliferation via inhibition of ROS production [199]. 

5.2. The role of Nrf2/HO-1 signalling in inflammatory processes in ASM 

HO-1 has also been linked to inflammatory processes in human TSM 
cells via Nrf2 and CO. HO-1 activation resulted in inhibition of TNF- 
α-induced THP-1 cell adherence, as well as TNF-α-induced intercellular 
adhesion molecule-1 (ICAM-1) and VCAM-1 expression and generation 
of IL-6 via suppression of TNF-α induced superoxide and H2O2 genera-
tion, NOX activity, p47phox translocation from the cytosol to the 
membrane and formation of a TNFR1/c-Src/p47phox complex [202]. 
CO is implicated in the effects of HO-1 on TNF-α induced ICAM-1 and 
VCAM-1 expression, ROS generation, IL-6 secretion and p47phox 
translocation as the effects could be mimicked by the CO releasing 
molecule CORM-2 and blocked by the CO scavenger hemoglobin [202]. 
Indeed, the involvement of CO and/or ROS in HO-1 upregulation has 
demonstrated in several studies in human TSM cells, with CORM-2 
shown to lead to HO-1 upregulation via PKCα/Pyruvate kinase (Pyk)-2 
dependent Nox/ROS/ERK1/2/AP-1 [203] and HO-1 upregulation and 
Nrf2 activation via the c-Src/PI3K/Akt/JNK1/2 and p38 MAPK path-
ways [204]. Further support for the role of ROS in HO-1 upregulation is 
provided by Lee et al., 2008 who demonstrate that lipoteichoic acid 
(LTA)-induced ROS generation was mediated through the 
TLR2/MyD88/TRAF6/c-Src/NOX pathway, which in turn initiates the 
activation of Nrf2, and ultimately induces HO-1 expression in human 
TSM cells [205]. 

5.3. The role of DMF in promoting HO-1 signalling in ASM 

HO-1 expression in ASM cells can also be induced by DMF. This in-
duction could be inhibited by GSH and p38 MAPK inhibition [172,201]. 
Downstream of HO-1 induction DMF treatment resulted in inhibition of 
PDGF-induced ASM proliferation in a HO-1 dependent manner. TNF-α 
and TNF-α/IFN-γ induced CXCL10 and G-CSF release by ASM cells could 
be inhibited by DMF, the former demonstrated to be in an HO-1 
dependent manner. In support of this, induction of HO-1 by haemin 
and CoPP mimicked the reduction in TNF-α induced CXCL10 from ASM 
cells by DMF. DMF was also able to further reduce the inhibition of 
CXCL10 secretion seen in response to fluticasone, in an HO-1 dependent 
manner, suggesting that it acts independently of the glucocorticoid 
pathway and may offer steroid sparing properties [172]. Indeed, further 
investigation into the mechanisms behind the anti-inflammatory effects 
of DMF show that DMF induces IκBα glutathionylation (IκBα-SSG), 
resulting in subsequent inhibition of IκBα degradation, NF-κB p65 

nuclear entry and NF-κB/DNA binding, as well as inhibition of histone 
H3 phosphorylation to reduce accessibility of NF-κB binding sites within 
promoters [173]. Interestingly, DMF reduces intracellular GSH levels 
and the effects of DMF on ASM proliferation and inflammatory mediator 
release were reversed by GSH, suggesting that reduction in GSH levels 
leads to induction of HO-1 expression and subsequent inhibition of ASM 
proliferation and inflammatory mediator release [172,173,201]. The 
effects of DMF on HO-1 signalling, coupled with its inhibitory effects on 
TNF-α signalling described in section 4.3 has implications for the ther-
apeutic potential of DMF in asthma and COPD, as discussed in section 
6.1. 

5.4. The role of Nrf2/HO-1 signalling in ASM contraction 

As the Nrf2 pathway is implicated in protecting against AHR in an-
imal models [196] the role of Nrf2 in mouse ASM contraction was 
investigated. When cells were adhered to a polyacrylamide gel substrate 
the Nrf2 activator sulforaphane was shown to induce the anti-oxidant 
genes GCLc, glutamate cysteine ligase modifier subunit (GCLm) and 
HO-1 and decrease the net contractile moment. This is further supported 
by the observation that in ASM from Nrf2 knockout mice versus ASM 
from Nrf2 wild type mice the expression of GCLc, GCLm and HO-1 was 
decreased and net contractile moment was increased, with the latter 
reversed in the presence of the anti-oxidant NAC, thus, supporting a role 
for the Nrf2 pathway in protecting against enhanced ASM contractility 
[206]. In the same study the contractile scope of the ASM cells was 
shown to increase following adherence to fibronectin, laminin, and 
collagen I, and decrease on adherence to collagen IV and collagen V. 
Interestingly expression of the Nrf2 regulated genes GCLc, GCLm and 
HO-1 were shown to increase upon adherence to all these ECM proteins 
[206]. 

Although the above studies implicate a role for Nrf2 and HO-1 in 
protecting against ASM proliferation, inflammatory mediator release 
and contraction, the dermal sensitiser dinitrochlorobenzene (DNCB), 
despite mediating an increase in the Nrf2 mediated anti-oxidant 
response in ASM cells, had no concomitant effect on ASM agonist- 
induced intracellular calcium elevation, precision cut lung slice (PCLS) 
carbachol-induced bronchoconstriction or PCLS release of inflammatory 
mediators, including IL-6, IL-8 and CCL11 [207]. 

5.5. Dysregulation of Nrf2/HO-1 signalling in ASM 

Nrf2 and HO-1 have been shown to be expressed in the ASM within 
human bronchial biopsies [197,199]. No difference in Nrf2 expression 
was observed between ASM from patients with non-severe or severe 
asthma versus healthy individuals. However, Nrf2 binding to 
anti-oxidant response elements (AREs) was reduced in ASM from pa-
tients with severe asthma compared with ASM from patients with 
non-severe asthma and healthy controls and HO-1 expression was 
reduced in ASM cells from patients with both non-severe and severe 
asthma compared with healthy individuals [197]. 

TGF-β1 is implicated in this dysregulated Nrf2 anti-oxidant response 
in asthma [197]. This is supported by the fact that, although TGF-β1 had 
no effect on Nrf2 protein expression or ARE binding, after an initial 
increase in HO-1 expression, expression of the Nrf2 targets NQO1 and 
HO-1 were inhibited by TGF-β1, with the latter shown to be mediated 
via the Nrf2 repressor activating transcription factor-3 (ATF3). 
Nrf2-ARE binding activity was also inhibited by TGF-β1, which, in 
addition to the reduction in HO-1, could be overridden by Nrf2 activa-
tion by sulforaphane. TGF-β1 mediated ASM proliferation, IL-6 pro-
duction and release, with the repression of the anti-oxidant response by 
TGF-β1 implicated in these effects as they were also attenuated by Nrf2 
activation by sulforaphane [197]. The dysregulation of Nrf2-ARE 
binding in asthma, and the suppression of Nrf2/HO-1 signalling by the 
asthma and COPD relevant mediator, TGF-β1, could mean that the po-
tential protective effects of Nrf2/HO-1 signalling against oxidative stress 
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induced ASM dysfunction are compromised in asthma and COPD. 
Further studies into the regulation of Nrf2 signalling in human ASM 

cells demonstrate that bromodomain and extraterminal (BET) proteins, 
known to be involved in regulation of gene transcription, are implicated 
in the negative regulation of Nrf2 dependent transcription [208]. The 
BET protein bromodomain inhibitor JQ1+ led to increased Nrf2 
expression, Nrf2-ARE activity and expression of the classical Nrf2 tar-
gets; HO-1, NQO1, and glutamate-cysteine ligase catalytic subunit 
(GCLc), predominantly via inhibition of the Brd2 BET protein isoform 
and reduction in expression of Kelch-like ECH-associated protein 1 
(Keap-1) protein, which binds to Nrf2 and promotes its degradation by 
the ubiquitin proteasome pathway [208,209]. Whether BET proteins are 
differentially expressed in the ASM between health and asthma to 
contribute to compromised Nrf2 responses, or whether BET protein in-
hibition could help restore Nrf2-ARE binding in the ASM asthma, and 
thus whether BET proteins represent a viable therapeutic target in ASM 
dysfunction requires further investigation. 

6. Implications of oxidative stress for therapeutic approaches in 
asthma and COPD 

6.1. Clinical trials of anti-oxidants in asthma and COPD 

Several different approaches have been used to try to boost anti- 
oxidant defences in lung disease (see Table 2), however despite some 
clinical benefit being observed the results have not been considered 
beneficial enough to have led to routine clinical use of the agents tested. 

6.1.1. Thiol based anti-oxidants 
NAC is a thiol containing anti-oxidant which has been the subject of 

various clinical trials in both asthma and COPD. A recent meta-analysis 
has shown that high and low dose NAC for >6 months reduced the 
number of COPD patients with at least one exacerbation [210]. Subse-
quent post-hoc analysis of the PANTHEON trial included in the afore-
mentioned meta-analysis shows that NAC is more effective in reducing 

the rate of COPD exacerbations in patients with a significant smoking 
history, and in those that are not being treated with ICS [211] in 
agreement with the findings of the BRONCUS study [212]. In another 
study imaging parameters used to assess lung resistance and volume 
were found to correlate with levels of GSH and GPx following NAC 
treatment, which the authors propose could be used in determining 
subsets of patients likely to benefit from long term NAC therapy [213]. 
In asthma NAC treatment was shown to have no significant benefit for 
the treatment of asthma exacerbation on top of usual asthma medication 
[214], but did result in a reduction in baseline AHR and protection 
against DE induced increase in AHR [215]. 

Other thiol based anti-oxidants that have been assessed in clinical 
trials for COPD include carbocysteine and erdosteine. A meta-analysis of 
4 studies showed that carbocysteine reduced the rate of exacerbations, 
the number of patients with at least one exacerbation and improved the 
quality of life [216]. A meta-analysis of 10 studies, plus a subsequent 
post-hoc analysis of the RESTORE study included in this meta-analysis, 
showed that erdosteine could reduce the rate of exacerbations, length of 
time to first COPD exacerbation, duration of exacerbation [217,218] as 
well as reducing the number of patients with at least one exacerbation 
and the risk of hospitalisation [217]. 

However in addition to their anti-oxidant activities thiol based anti- 
oxidants also have mucolytic activity and whether their effects are truly 
anti-oxidant or via their mucolytic activity remains unclear [219,220]. 
In addition, by virtue of being thiol-based these anti-oxidants can be 
inactivated by higher levels of ROS in the lungs which could limit their 
efficacy [220]. Interestingly, NAC has been shown to reverse a number 
of ROS mediated effects in in vitro ASM based studies described in this 
review. 

Another potential anti-oxidant therapeutic approach is supplemen-
tation with the thiol-based anti-oxidant GSH, however this was shown to 
induce bronchoconstriction when administered to asthma patients via 
nebulisation, which the authors postulate is due to its metabolism into 
leukotrienes or the formation of sulphites, both of which have bron-
choconstrictor activity [221]. Another reason for caution regarding GSH 

Table 2 
Summary of the clinical benefits of anti-oxidant agents in asthma and COPD.  

Class of agent Agent Disease Type of 
study 

Effects References 

Thiol anti-oxidant NAC COPD Clinical trial Reduced exacerbations [210]*, [211, 
212] 

Asthma Clinical trial Reduced AHR [215] 
Clinical trial No effect on exacerbations [214] 

Carbocysteine COPD Clinical trial Reduced exacerbations 
Improved quality of life 

[216]* 

Erdocysteine COPD Clinical trial Reduced exacerbations and risk of hospitalisation [217]* 
GSH Asthma Clinical trial Induced bronchoconstriction [221] 

Nrf2 activation Sulforaphane COPD Clinical trial No change in anti-oxidant gene transcription [227] 
Asthma Clinical trial Reduced AHR [228] 

DMF Multiple sclerosis/psoriasis patients with 
asthma 

Self-reported Improved asthma symptoms and quality of life [201] 

Lipoic acid Asthma Pre-clinical Reduced AHR, oxidative stress and airway 
remodelling 

[225] 

Anti-oxidant 
vitamins 

Vitamin D COPD Clinical trial Improved lung function, symptoms and quality of 
life 
Reduced exacerbations 

[230]*, [231],~ 

Asthma Clinical trial Reduced exacerbations [232]~, [233]* 
Vitamin A COPD Clinical trial Improved lung function 

Decreased COPD risk 
[234] 

Asthma Clinical trial No clinical benefit [236]~ 
Vitamin C COPD Clinical trial Decreased COPD risk [235]*~ 

Asthma Clinical trial Reduced lung function decline [236]~ 
Vitamin E COPD Clinical trial No clinical benefit [235]*~ 

Asthma Clinical trial No clinical benefit [236]~ 
β-carotene COPD Clinical trial No clinical benefit [235]*~ 

Summary of the clinical benefits of anti-oxidant agents in asthma and COPD that have undergone pre-clinical or clinical trials, or are self-reported associated with 
treatments other illnesses. Abbreviations used: airway hyper-responsiveness (AHR), chronic obstructive pulmonary disease (COPD), dimethyl fumarate (DMF), 
glutathione (GSH), N-acetyl cysteine (NAC), nuclear factor-erythroid factor 2-related factor 2 (Nrf2). * meta-analysis, ~ comprehensive/systematic review. 

R.M. Saunders et al.                                                                                                                                                                                                                           



Free Radical Biology and Medicine 185 (2022) 97–119

111

supplementation is that it can reduce the efficacy of chemotherapeutic 
drugs for lung cancer [222]. 

As described by McCarty et al., GSH levels can also be increased by 
phase 2 inducers, such as lipoic acid (LA), which stimulate expression of 
the anti-oxidant enzymes involved in GSH synthesis, via increasing Nrf2 
activity to boost cellular anti-oxidant defences [223,224]. Indeed, LA 
has shown promise in preclinical models of asthma, resulting in 
decreased AHR, oxidative stress and airway remodelling [142,223,225], 
and has been shown to be safe and therapeutically effective in diabetic 
neuropathy [223,226]. 

6.1.2. Nrf2 activators 
Sulforaphane, which has been shown to override TGF-β1 mediated 

responses in ASM cells (see section 5), is another Nrf2 activator that has 
been tested in clinical trials for COPD and asthma. In COPD, treatment 
with sulforaphane for 4 weeks did not result in an increase in the tran-
scription of anti-oxidant genes regulated by Nrf2 [227]. Some clinical 
benefit was observed following treatment of asthmatics with sulfo-
raphane which resulted in a reduction in AHR in 60% of patients [228]. 
DMF also activates Nrf2 in ASM cells. DMF is a fumaric acid ester used to 
treat psoriasis and multiple sclerosis, which has also been shown to 
reduce asthma symptoms and improve quality of life in those who also 
suffer with asthma and to inhibit proliferation in several cell types 
[201]. Although it is implicated in reducing ASM proliferation and in-
flammatory mediator release as described in section 5 [172,173,201], its 
potential as a therapy for asthma and COPD has not been assessed in 
preclinical studies or clinical trials [229]. DMF also reduces ASM 
cellular GSH levels and the inhibitory effects of DMF on ASM prolifer-
ation and inflammatory mediator release are mitigated by exogenous 
GSH [172,173,201], which calls into question the validity of GSH sup-
plementation as a therapeutic strategy for asthma and COPD. 

6.1.3. Antioxidant vitamins in asthma and COPD 
Various anti-oxidant vitamin supplements have been tested for 

clinical efficacy in treating asthma and COPD. The most interesting re-
sults are for vitamin D. In COPD, both a recent meta-analysis and 
comprehensive review suggest clinical benefit of vitamin D supple-
mentation, with improvement in lung function, exacerbations, symp-
toms and quality of life, particularly in those with vitamin D deficiency 
[230,231]. Likewise in asthma vitamin D was shown to have some 
clinical benefit; reducing exacerbation rate in adult asthmatics with 
vitamin D deficiency [232] as well as in asthmatic patients being treated 
with corticosteroids, although lung function and symptoms were unaf-
fected, as reported in a recent meta-analysis [233]. 

Regarding other anti-oxidant vitamins in COPD vitamin A was shown 
to increase lung function and decrease COPD risk in male smokers [234]. 
In a more recent meta-analysis vitamin C was shown to confer some 
reduction in COPD risk with vitamin E and β-carotene shown to have no 
benefit [235]. With regards to asthma a recent systematic review 
including studies of vitamin A, C and E in asthma showed a reduction in 
lung function decline following vitamin C supplementation, with no 
clinical benefit reported for vitamins A and E [236]. However, a study of 
vitamin A supplementation with β-carotene for reducing lung cancer 
incidence, was implicated in increased risk of death, including from lung 
cancer [237]. 

6.1.4. Anti-oxidant vitamins and ASM 
Although the results of anti-oxidant vitamins in clinical trials has not 

led to their use as therapeutic agents to date, evidence if emerging for a 
role of these vitamins in ASM dysfunction relevant to asthma and COPD. 
The potential impact of vitamin D on asthmatic human ASM has been 
reviewed by Hall et al. [238] which indicates a role for vitamin D in 
suppressing mitogen induced proliferation, and expression of proteins 
involved in airway remodelling, including MMP-9 and disintegrin and 
metalloproteinase domain-containing protein 33 (ADAM-33), as well as 
inhibiting CCL5 release, both by itself and in an additive manner to 

fluticasone, suggesting that vitamin D may help target ASM remodelling 
and inflammatory mediator release. Indeed, in recent studies vitamin D 
was shown to inhibit TNF-α induced collagen and fibronectin deposition 
[239] and to reduce the ASM mass, collagen deposition, and airway 
inflammation in ovalbumin sensitised rats [240]. Vitamin D was also 
shown to inhibit the TNF-α induced potentiation of calcium elevation in 
response to histamine, and to counteract the inhibitory effects of IL-13 
on ASM histone deacetylase (HDAC) activity and expression [239], 
which could have implications for ASM hyper-contractility and response 
to corticosteroids. 

The effect of other vitamins on ASM function has not been as widely 
studied. All-trans retinoic acid (ATRA), a derivative of vitamin A, and 
vitamin A receptor agonists were shown to inhibit PDGF-induced human 
BSM cell migration and Akt activation [241], and mitogen induced ASM 
cell proliferation [242]. In support of a protective role of vitamin A in 
ASM dysfunction, ASM cells from mice on a vitamin A deficient diet 
and/or a diet including a pan-retinoic acid receptor inhibitor were found 
to be hypertrophic, hypercontractile, with enhanced collagen 1A2 
expression, although they were not hyperproliferative [243]. Members 
of the vitamin E family have been shown to have various effects on ASM 
cell function. Gamma-tocotrienol inhibits TGF-β1 induced increases in 
α-SMA, fibronectin, collagen I [244] and PDGF-BB induced ASM pro-
liferation and migration [245] with inhibition of RhoA activation 
implicated in both studies. In contrast, TGF-β1 induced proliferation was 
unaffected by α-tocopherol [246]. 

6.1.5. Naturally derived anti-oxidant compounds and ASM 
Various naturally derived anti-oxidant compounds have been 

implicated as having therapeutic potential in lung diseases in vitro and in 
animal models [247]. With regards to ASM studies various herbal 
derived compounds have been shown to alleviate CS or ovalbumin 
induced oxidative stress, inflammation and/or airway remodelling in 
murine or rat models [248–251] with findings supported by parallel in 
vitro ASM based experiments. Artesunate inhibited CSE induced human 
BSM proliferation and α-SMA expression [248], rhynchophylline re-
stores catalase and SOD levels in TGF-β1 treated ASM cells, and inhibits 
TGF-β1 mediated ASM proliferation, IL-6 release and reduced markers of 
autophagy [249], tetrandrine increased Nrf2 and HO-1 expression, and 
inhibited ASM cell proliferation in TGF-β1 treated ASM cells [250] and 
galangin inhibited TGF-β1-induced proliferation, ROS production and 
NOX4 expression and TGFβ-1-induced suppression of catalase and SOD 
expression in ASM cells [251]. In addition, caffeic acid phenethyl ester 
(CAPE) reduced AHR, inflammation, fibrosis, α-SMA expression and 
oxidative stress in ovalbumin sensitised mice, with parallel in vitro work 
showing that CAPE reduced TGF-β1 induced ROS production and 
TGF-β1 and H202 induced proliferation of human ASM cells [252]. 

6.2. Targeting excessive ROS production 

6.2.1. Targeting mitochondrial ROS 
An alternate approach is to target excessive ROS production in 

asthma and COPD. Mitochondrial anti-oxidants, particularly mitoQ, are 
in clinical trials for a range of diseases, however whether they have 
clinical benefit in asthma and COPD has yet to be tested. Coenzyme Q is 
an endogenously produced anti-oxidant key to the mitochondrial elec-
tron transport chain involved in the production of mitochondrial ROS. 
Coenzyme Q10 supplementation, alongside vitamins C and E, was re-
ported to reduce corticosteroid usage and markers of oxidative stress in 
asthma patients with low serum levels of coenzyme Q10 [253] and in 
short-term studies coenzyme Q was shown to restore SOD levels and 
improve airflow obstruction in asthmatics versus controls [254], and 
improve several measures of COPD, including exercise tolerance, 
breathlessness and quality of life [255]. An alternative approach for 
targeting mitochondrial ROS is the use of induced pluripotent stem 
cell-derived mesenchymal stem cells (iPSC-MSCs) which were shown to 
inhibit ozone induced mitochondrial dysfunction, AHR and 

R.M. Saunders et al.                                                                                                                                                                                                                           



Free Radical Biology and Medicine 185 (2022) 97–119

112

inflammation in mouse lungs. Parallel in vitro studies showed that 
coculture of iPSC-MSCs with ASM cells inhibited CSE induced mito-
chondrial dysfunction, mitochondrial ROS levels and apoptosis via a 
mechanism including mitochondrial transfer [256]. 

6.2.2. Targeting NOX enzymes 
Of the ROS generating enzymes the NOX family of enzymes represent 

a good therapeutic target as unlike other ROS generating enzymes their 
sole role is to produce ROS and therefore targeting them is likely to lead 
to less side effects. Limited clinical studies have been performed with the 
pan-NOX inhibitor apocynin. In COPD patients apocynin reduced 
markers of oxidative stress in exhaled breath condensate 60 and 120 min 
post administration via nebulisation with no adverse effects, but its 
therapeutic benefit in COPD has not been assessed [257,258]. In mild 
asthmatics aerosolised apocynin administered pre and post ozone 
exposure was shown to reduce AHR and maximal airway narrowing 
[259]. NOX1 and 4 have been identified as particularly interesting tar-
gets for lung diseases [260], with evidence presented in this review 
suggesting a role for NOX4 in ASM dysfunction in asthma and COPD. 
However clinical development of NOX inhibitors is plagued by their lack 
of specificity [260]. The specific NOX1/4 inhibitor GKT137831/seta-
naxib has advanced the furthest in clinical trials, being shown to have a 
good safety profile in clinical trials in healthy subjects and for diabetic 
nephropathy and biliary cholangitis [261]. GKT137831/setanaxib is 
currently being investigated as a potential therapeutic for idiopathic 
pulmonary fibrosis (NCT03865927) however whether GKT137831/se-
tanaxib has clinical benefit in asthma and COPD has yet to be tested. 

6.3. Potential role of current therapies in reducing ROS levels 

PDE inhibitors have also been implicated in reducing oxidative 
stress. Roflumilast, a PDE4 inhibitor has been approved for patients with 
more severe COPD, and a recent meta-analysis in asthma has shown that 
roflumilast improves lung function, asthma control and exacerbations 
with variable effects on AHR [262]. In ASM cells, roflumilast N-oxide, a 
metabolite of roflumilast, has in combination with formoterol been 
shown to enhance the anti-inflammatory effect of dexamethasone [263]. 
Roflumilast has been demonstrated to reduce ROS in cortical neurons 
[264], however whether anti-oxidant effects contribute to roflumilast’s 
therapeutic benefits in asthma and COPD requires further investigation. 
Another PDE4 inhibitor, CHF6001, which is currently in clinical trials 
for asthma and COPD [265] was shown to upregulate genes involved in 
negative regulation of oxidative stress in sputum from patients with 
COPD and bronchitis when administered on top of inhaled maintenance 
triple therapy [266]. Theophylline is another PDE4 inhibitor which can 
be used in asthma and COPD with caution [267]. Interestingly when 
administered alongside corticosteroids theophylline treatment resulted 
in an increase in anti-oxidant enzymes and a decrease in lipid peroxi-
dation in blood and improved lung function, which could explain the 
reported effects of theophylline of restoring responsiveness to steroids 
via upregulation of HDAC activity [268,269]. However, this should be 
interpreted with caution as a recent meta-analysis of use of theophylline 
as an add on therapy to ICS indicated higher hospitalisation rates and 
mortality [270], and theophylline had no effect on COPD exacerbation 
rates or other clinically important measures when administered with 
low dose OCS [271]. 

6.4. Effect of oxidative stress on the efficacy of current therapeutic 
approaches 

The presence of oxidative stress also has implications for the efficacy 
of current therapeutic approaches. Bronchial thermoplasty is a licensed 
treatment which aims to reduce ASM mass via heat treatment in those 
with severe asthma. S-glutathionylation of proteins, which is known to 
occur during oxidative stress [272], is implicated in protecting ASM cells 
from heat-induced death. This is proposed to be via glutathionylation of 

major vault protein (MVP), shown to protect against cell death, resulting 
in preferential binding to myosin 9, to counteract the stimulatory effects 
of myosin 9 on heat-induced ASM death [273]. As the ASM shows evi-
dence of exposure to oxidative stress in asthma [8], this study could have 
implications for the efficacy of bronchial thermoplasty in reducing ASM 
mass in asthma. 

Corticosteroid insensitivity is common in COPD and present in up to 
10% of asthmatic patients [57], with the role of oxidative stress in such 
insensitivity reviewed by Lewis et al. [274]. Studies into the mechanisms 
of oxidative stress in corticosteroid insensitivity have centred around 
cell types other than ASM, such as; epithelial cells, macrophages and 
peripheral blood mononuclear cells (PBMCs) [274–276], however ASM 
from patients with COPD and smokers versus non-smokers was shown to 
be less sensitive to the corticosteroid dexamethasone, with a role for 
ROS in this indicated by the fact that inhibition of mediator release 
could be mediated by the anti-oxidant resveratrol [21]. In relation to 
this, CSE was shown to inhibit GC-induced leucine zipper (GILZ) 
transactivation induced by the corticosteroids beclomethasone monop-
ropionate and fluticasone propionate in BSM cells [277]. However, the 
β-agonists formoterol and salmeterol were able to counteract this 
inhibitory effect of CSE on GILZ transactivation, which is important for 
the anti-inflammatory actions of corticosteroids [277]. In support of 
these observations the PRACTICAL clinical trial showed that the Sym-
bicort inhaler which contains the corticosteroid budesonide and for-
moterol used as needed for symptom relief was better at preventing 
severe exacerbations than maintenance doses of budesonide plus the 
β-agonist terbutaline as needed [278]. 

In contrast to this the anti-inflammatory effects of formoterol can be 
compromised by CS. CS reduced expression of A-kinase anchoring pro-
teins (AKAP) 5 and 12 in primary ASM cells, both of which can interact 
with the β2-AR, with AKAP5 expression shown to be reduced in the ASM 
of patients with moderate COPD versus controls [117]. AKAPs signal via 
protein kinase A (PKA) with disruption of AKAP-PKA interactions both 
augmenting CSE induced IL-8 release from ASM, and diminishing the 
suppression of this release by formoterol, suggesting that CSE induced 
changes in AKAP expression could compromise the anti-inflammatory 
effects of formoterol [117]. ROS are also involved in the down regula-
tion of β-adrenergic signalling [279], which could have implications for 
the bronchodilatory effects of β-agonists, confounding the effects of ROS 
on promoting ASM contractility described in this review. 

7. Summary and conclusions 

In this review we have summarised studies using data from primary 
airway, bronchial or tracheal smooth muscle cells that assess the role of 
oxidative stress and ROS in ASM dysfunction relevant to asthma and 
COPD. The effectors, mediators and consequences of oxidative stress and 
ROS exposure are many and varied. Despite this, the evidence presented 
shows clear potential for a role of oxidative stress and ROS induced by 
asthma and COPD relevant stimuli, and for dysregulated ROS generation 
and clearance, in ASM dysfunction relating to AHR, increased ASM 
mass, ASM derived inflammatory mediator release and ASM cortico-
steroid resistance. 

However, many of the studies are performed in ASM derived from 
individuals without asthma or COPD, so whether these findings would 
extrapolate to ASM derived from asthmatics or COPD patients should be 
investigated further, as well as the effect of disease severity on the 
findings. In addition, studies to identify any gender or age specific ef-
fects of oxidative stress on ASM dysfunction would be very informative, 
as oxidative stress is known to increase with age [280] and studies 
suggest CSE may have gender specific effects on AHR, as CSE has been 
shown to abrogate the effects of 17β-estradiol on calcium signalling and 
cAMP generation [89]. 

It also has to be considered that ROS can be beneficial. A certain level 
of ROS are important for normal physiological processes [70], and 
although CSE-induced ROS were implicated in ASM dysfunction, CSE 
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was also shown to be involved in stimulating signalling pathways such 
as; COX2/PGE2 and Nrf2/HO-1 which may act in a compensatory 
manner to help protect from damage following CSE exposure. Thus, the 
use of non-specific antioxidants could result in reduction of such bene-
ficial ROS, leading to side effects. Due to these complexities, it is perhaps 
not surprising that approaches to target oxidative stress in asthma and 
COPD have so far not translated into the clinic. However, these have 
generally been delivered by oral administration and thus have systemic 
effects, and they do not specifically target the ASM. Development of 
inhaled therapies against oxidative stress could help to reduce side ef-
fects and increase efficacy by targeting the airways specifically and 
identification of biomarkers of oxidative stress in the ASM could help to 
stratify patients for treatment based on levels of oxidative stress, which 
may help to improve the results of trials with current anti-oxidant 
agents. 

In addition, development of drugs targeting NOX enzymes, particu-
larly NOX4, which is implicated in oxidative stress in the ASM in both 
asthma and COPD, are hindered by their lack of NOX isoform specificity 
and ROS scavenging properties [260]. The most highly characterised 
ROS clearance mechanism in ASM is the Nrf2/HO-1 pathway, which is 
shown to be compromised in asthma, and can be suppressed by the 
asthma and COPD relevant mediator TGF-β1 [197]. Interestingly, agents 
that boost Nrf2 show some degree of clinical benefit in asthma but not 
COPD [201,227,228]. A further understanding of the mechanisms 
involved in ROS generation and clearance in ASM, their potential dys-
regulation and the consequences of such dysregulation across ASM 
derived from asthma and COPD patients compared to healthy in-
dividuals may help to identify novel more specific therapeutic targets 
within the ASM. 

Furthermore, ROS have been implicated in compromising the effi-
cacy of currently available treatments in in vitro ASM based studies [117, 
273,277,279]. Further characterisation of the mechanisms behind the 
role of oxidative stress in; protecting ASM from heat-induced death 
during bronchial thermoplasty, the down regulation of β-adrenergic 
signalling in ASM, and in corticosteroid insensitivity in ASM may help 
our understanding of why some patients do not respond fully to therapy 
and may enable alternative therapeutic approaches to be taken. Like-
wise, further work is required to investigate whether current therapies, 
that in addition to their recognized mode of action are implicated in 
reducing markers of oxidative stress in other cell and sample types [264, 
266,268], can also reduce oxidative stress in ASM cells. This could ul-
timately lead to repurposing of current therapies for a new and/or wider 
patient population. 
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bronchial thermoplasty in patients with severe refractory asthma: clinical and 
histopathologic correlations, J. Allergy Clin. Immunol. 139 (2017) 1176–1185. 

[63] T. Ichikawa, A. Panariti, S. Audusseau, A.K. Mogas, R. Olivenstein, J. Chakir, 
M. Laviolette, Z. Allakhverdi, S. Al Heialy, J.G. Martin, Q. Hamid, Effect of 
bronchial thermoplasty on structural changes and inflammatory mediators in the 
airways of subjects with severe asthma, Respir. Med. 150 (2019 Apr) 165–172. 

[64] R. Saunders, H. Kaul, R. Berair, S. Gonem, A. Singapuri, A. Sutcliffe, L. Chachi, 
M. Biddle, M. Bourne, I.D. Pavord, A.J. Wardlaw, S.H. Siddiqui, R.A. Kay, B. 
S. Brook, R. Smallwood, C.E. Brightling, DP2 antagonism reduces airway smooth 
muscle mass in asthma: mechanistic insights from in vitro and computational 
models, Sci. Transl. Med. 11 (479) (2019 Feb 13), eaao6451. 

[65] L. Chachi, S. Diver, H. Kaul, M.C. Rebelatto, A. Boutrin, P. Nisa, P. Newbold, 
C. Brightling, Computational modelling prediction and clinical validation of 
impact of benralizumab on airway smooth muscle mass in asthma, Eur. Respir. J. 
54 (5) (2019 Nov 14), 1900930. 

[66] P.O. Girodet, G. Dournes, M. Thumerel, H. Begueret, P. Dos Santos, A. Ozier, 
I. Dupin, T. Trian, M. Montaudon, F. Laurent, R. Marthan, P. Berger, Calcium 
channel blocker reduces airway remodeling in severe asthma. A proof-of-concept 
study, Am. J. Respir. Crit. Care Med. 191 (8) (2015 Apr 15) 876–883. 

[67] H. Bayr, Reactive oxygen species, Crit. Care Med. 33 (12) (2005) S498. 
[68] T.M. Paravicini, R.M. Touyz, NADPH oxidases, reactive oxygen species, and 

hypertension: clinical implications and therapeutic possibilities, Diabetes Care 31 
(Suppl 2) (2008 Feb) S170–S180. 

[69] I. Liguori, G. Russo, F. Curcio, G. Bulli, L. Aran, D. Della-Morte, G. Gargiulo, 
G. Testa, F. Cacciatore, D. Bonaduce, P. Abete, Oxidative stress, aging, and 
diseases, Clin. Interv. Aging 13 (2018 Apr 26) 757–772. 
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Rho-kinase inhibition attenuates airway responsiveness, inflammation, matrix 
remodeling, and oxidative stress activation induced by chronic inflammation, 
Am. J. Physiol. Lung Cell Mol. Physiol. 303 (11) (2012 Dec 1) L939–L952. 

[141] L.H.C. Vasconcelos, M. da Conceição Correia Silva, A. CCosta, G.A. de Oliveira, I. 
L. L de Souza, F.R. Queiroga, L.C. da Cunha Araujo, G.A. Cardoso, R.F. Righetti, A. 
S. Silva, P.M. da Silva, C.R. de Oliveira Carvalho, G.C. Vieira, I. de Fátima Lopes 
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[221] R.M. Marrades, J. Roca, J.A. Barberà, L. de Jover, W. MacNee, R. Rodriguez- 
Roisin, Nebulized glutathione induces bronchoconstriction in patients with mild 
asthma, Am. J. Respir. Crit. Care Med. 156 (2 Pt 1) (1997 Aug) 425–430. 

[222] S. Janciauskiene, The beneficial effects of antioxidants in health and diseases, 
Chronic Obstr. Pulm. Dis. 7 (3) (2020 Jul) 182–202. 

[223] M.F. McCarty, J.J. DiNicolantonio, A. Lerner, Review - nutraceuticals can target 
asthmatic bronchoconstriction: NADPH oxidase-dependent oxidative stress, RhoA 
and calcium dynamics, J. Asthma Allergy 14 (2021 Jun 15) 685–701. 

[224] A.C. Wild, H.R. Moinova, R.T. Mulcahy, Regulation of gamma-glutamylcysteine 
synthetase subunit gene expression by the transcription factor Nrf2, J. Biol. Chem. 
274 (47) (1999) 33627–33636. 

[225] Y.S. Cho, J. Lee, T.H. Lee, E.Y. Lee, K.-U. Lee, J.Y. Park, H.-B. Moon, Alpha-Lipoic 
acid inhibits airway inflammation and hyperresponsiveness in a mouse model of 
asthma, J. Allergy Clin. Immunol. 114 (2) (2004) 429–435. 

[226] N. Papanas, D. Ziegler, Efficacy of alpha-lipoic acid in diabetic neuropathy, Expet 
Opin. Pharmacother. 15 (18) (2014) 2721–2731. 

[227] R.A. Wise, J.T. Holbrook, G. Criner, S. Sethi, S. Rayapudi, K.R. Sudini, E.A. Sugar, 
A. Burke, R. Thimmulappa, A. Singh, P. Talalay, J.W. Fahey, C.S. Berenson, M. 
R. Jacobs, S. Biswal, Broccoli sprout extract trial research group. Lack of effect of 
oral sulforaphane administration on Nrf2 expression in COPD: a randomized, 
double-blind, placebo controlled trial, PLoS One 11 (11) (2016 Nov 10), 
e0163716. 

[228] R.H. Brown, C. Reynolds, A. Brooker, P. Talala, J.W. Fahey, Sulforaphane 
improves the bronchoprotective response in asthmatics through Nrf2-mediated 
gene pathways, Respir. Res. 16 (1) (2015 Sep 15) 106. 

[229] S. Kourakis, C.A. Timpani, J.B. de Haan, N. Gueven, D. Fischer, E. Rybalka, 
Dimethyl fumarate and its esters: a drug with broad clinical utility? 
Pharmaceuticals 13 (10) (2020 Oct 13) 306. 

[230] X. Li, J. He, M. Yu, J. Sun, The efficacy of vitamin D therapy for patients with 
COPD: a meta-analysis of randomized controlled trials, Ann. Palliat. Med. 9 (2) 
(2020 Mar) 286–297. 

[231] A. Saleem, S. Sharif, S. Jarvis, N. Madouros, E. Koumadoraki, S. Khan, 
A comprehensive review on vitamin D as a novel therapeutic agent in chronic 
obstructive pulmonary disease, Cureus 13 (2) (2021 Feb 3), e13095. 

[232] O.D. Ogeyingbo, R. Ahmed, M. Gyawali, N. Venkatesan, R. Bhandari, R. 
A. Botleroo, R. Kareem, A.O. Elshaikh, The relationship between vitamin D and 
asthma exacerbation, Cureus 13 (8) (2021 Aug 18), e17279. 

[233] Z. Chen, C. Peng, J. Mei, L. Zhu, H. Kong, Vitamin D can safely reduce asthma 
exacerbations among corticosteroid-using children and adults with asthma: a 
systematic review and meta-analysis of randomized controlled trials, Nutr. Res. 
92 (2021 Aug) 49–61. 

[234] J.Y. Hong, C.Y. Lee, M.G. Lee, Y.S. Kim, Effects of dietary antioxidant vitamins on 
lung functions according to gender and smoking status in Korea: a population- 
based cross-sectional study, BMJ Open 8 (4) (2018 Apr 7), e020656. 

[235] E. Seyedrezazadeh, M.P. Moghaddam, K. Ansarin, M.A. Jafarabadi, A. Sharifi, 
S. Sharma, F. Kolahdooz, Dietary factors and risk of chronic obstructive 
pulmonary disease: a systemic review and meta-analysis, Tanaffos 18 (4) (2019 
Apr) 294–309. 

[236] G.C. Forte, D.T. Richter da Silva, M.L. Hennemann, R. Sarmento, J.C. Almeida, 
P. de Tarso Roth Dalcin, Diet effects in the asthma treatment: a systematic review, 
Crit. Rev. Food Sci. Nutr. 58 (11) (2018 Jul 24) 1878–1887. 

[237] G.S. Omenn, G.E. Goodman, M.D. Thornquist, J. Balmes, M.R. Cullen, A. Glass, J. 
P. Keogh, F.L. Meyskens, B. Valanis, J.H. Williams, S. Barnhart, S. Hammar, 
Effects of a combination of beta carotene and vitamin A on lung cancer and 
cardiovascular disease, N. Engl. J. Med. 334 (18) (1996 May 2) 1150–1155. 

[238] S.C. Hall, K.D. Fischer, D.K. Agrawal, The impact of vitamin D on asthmatic 
human airway smooth muscle, Expet Rev. Respir. Med. 10 (2) (2016 Feb) 
127–135. 

[239] R.D. Britt Jr., M.A. Thompson, M.R. Freeman, A.L. Stewart, C.M. Pabelick, Y. 
S. Prakash, Vitamin D reduces inflammation-induced contractility and 
remodeling of asthmatic human airway smooth muscle, Ann. Am. Thorac. Soc. 13 
(1) (2016 Mar) S97–S98. 

[240] Y. Huang, L. Wang, X.-X. Jia, X.-X. Lin, W.-X. Zhang, Vitamin D alleviates airway 
remodeling in asthma by down-regulating the activity of Wnt/β-catenin signaling 
pathway, Int. Immunopharm. 68 (2019 Mar) 88–94. 

[241] R.M. Day, Y.H. Lee, A.-M. Park, Y.J. Suzuki, Retinoic acid inhibits airway smooth 
muscle cell migration, Am. J. Respir. Cell Mol. Biol. 34 (6) (2006 Jun) 695–703. 

[242] A.E. Defnet, S.D. Shah, W. Huang, P. Shapiro, D.A. Deshpande, M.A. Kane, 
Dysregulated retinoic acid signaling in airway smooth muscle cells in asthma, 
Faseb. J. 35 (12) (2021 Dec), e22016. 

[243] F. Chen, F. Shao, A. Hinds, S. Yao, S. Ram-Mohan, T.A. Norman, R. Krishnan, 
A. Fine, Retinoic acid signaling is essential for airway smooth muscle 
homeostasis, JCI Insight 3 (16) (2018 Aug 23), e120398. 

[244] T. Fukushima, A. Yamasaki, T. Harada, H. Chikumi, M. Watanabe, R. Okazaki, 
M. Takata, Y. Hasegawa, J. Kurai, M. Yanai, A. Yamamoto, Y. Sueda, A. 
J. Halayko, E. Shimizu, γ-Tocotrienol inhibits TGF-β1-induced contractile 
phenotype expression of human airway smooth muscle cells, Yonago Acta Med. 
60 (1) (2017 Mar 9) 16–23, eCollection 2017 Mar. 

[245] T. Harada, A. Yamasaki, H. Chikumi, K. Hashimoto, R. Okazaki, M. Takata, 
T. Fukushima, M. Watanabe, J. Kurai, A.J. Halayko, E. Shimizu, γ-Tocotrienol 
reduces human airway smooth muscle cell proliferation and migration, Pulm. 
Pharmacol. Therapeut. 32 (2015 Jun) 45–52. 

[246] Y.-D. Gao, J.-W. Zheng, P. Li, M. Cheng, J. Yang, Store-operated Ca2+ entry is 
involved in transforming growth factor-β1 facilitated proliferation of rat airway 
smooth muscle cells, J. Asthma 50 (5) (2013 Jun) 439–448. 

[247] C.-C. Yang, C.-M. Yang, Chinese herbs and repurposing old drugs as therapeutic 
agents in the regulation of oxidative stress and inflammation in pulmonary 
diseases, J. Inflamm. Res. 14 (2021 Mar 4) 657–687. 

[248] K. Pan, J. Lu, Y. Song, Artesunate ameliorates cigarette smoke-induced airway 
remodelling via PPAR-γ/TGF-β1/Smad2/3 signalling pathway, Respir. Res. 22 (1) 
(2021 Mar 23) 91. 

[249] H. Li, Q. Bi, H. Cui, C. Lv, M. Wang, Suppression of autophagy through JAK2/ 
STAT3 contributes to the therapeutic action of rhynchophylline on asthma, BMC 
Compl. Med. Ther. 21 (1) (2021 Jan 7) 21. 

[250] Y. Lin, J. Yao, M. Wu, X. Ying, M. Ding, Y. Wei, X. Fu, W. Feng, Y. Wang, 
Tetrandrine ameliorates airway remodeling of chronic asthma by interfering TGF- 
β 1/Nrf-2/HO-1 signaling pathway-mediated oxidative stress, Can. Respir. J. 2019 
(2019 Nov 3), 7930396. 

[251] Y.-N. Liu, W.-J. Zha, Y. Ma, F.-F. Chen, W. Zhu, A. Ge, X.-N. Zeng, M. Huang, 
Galangin attenuates airway remodelling by inhibiting TGF-β1-mediated ROS 
generation and MAPK/Akt phosphorylation in asthma, Sci. Rep. 5 (2015 Jul 9) 
11758. 

[252] Y. Ma, J.-X. Zhang, Y.-N. Liu, A. Ge, H. Gu, W.-J. Zha, X.-N. Zeng, M. Huang, 
Caffeic acid phenethyl ester alleviates asthma by regulating the airway 
microenvironment via the ROS-responsive MAPK/Akt pathway, Free Radic. Biol. 
Med. 101 (2016 Dec) 163–175. 
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