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Stress, Autoimmunity and Mitochondrial Dysfunction in 
Chronic Obstructive Pulmonary Disease

Alcibey Alvarado

Abstract

Chronic obstructive pulmonary disease (COPD) includes several clin-
ical syndromes, most notably emphysema and chronic bronchitis, res-
piratory bronchiolitis, asthma and COPD overlap syndrome (ACOS), 
COPD and obstructive sleep apnea (OSA) overlap syndrome and 
combination of pulmonary fibrosis and emphysema (CPFE). Many of 
the current treatments fail to attenuate the severity and progression of 
the disease, so a better understanding of the pathogenesis of COPD is 
required to develop treatments that modify it. Various types of stress 
are now recognized as predisposing factors in the pathogenesis of 
COPD. There is increased evidence of the presence of autoantibod-
ies in COPD. Oxidative stress, for example, can lead to increased 
levels of reactive carbonyls in the lung, which could result in the for-
mation of carbonyl adducts in highly immunogenic and potentially 
destructive on “self” proteins. This establishes a correlation between 
autoimmunity and COPD. Recent studies show that mitochondria are 
involved in the innate immune response signals, which play important 
roles in the activation of airway inflammation induced by cigarette 
smoke, lung inflammation and tissue remodeling. The connection be-
tween these three elements in the pathogenesis of COPD is discussed 
here. Finally some therapeutic alternatives that can impact these ele-
ments are reviewed.
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Introduction

Chronic obstructive pulmonary disease (COPD) is a global 
public health problem. It is projected that in 2020 it will be 
the third leading cause of death worldwide, and the fifth cause 
of years lost due to disability along with years lost due to pre-
mature death (DALYs) [1]. This condition affects 10% of the 
world’s population above the age of 45, and not only 15% 

of total smokers, but also 50% of heavy smokers [2, 3]. The 
definition states that COPD is due to an increased chronic 
inflammatory response [4]. COPD is characterized not only 
by inflammation but also by remodeling of the small airways 
and destruction of the lung parenchyma (emphysema) [5]. 
The major pathogen that causes inflammation appears to be 
stress. For example, oxidative and carbonyl stress occur from 
exposure to cigarette smoke and/or biomass fuels [6]. Oxi-
dative stress is due to exposure to reactive oxygen species 
(ROS), which in turn damages the surrounding tissue form-
ing highly reactive organic molecules (reactive carbonyls) 
that can modify host proteins, markedly immunogenic, gen-
erating autoimmunity in COPD [7]. ROS may be exogenous 
or endogenous, as mitochondria are an important source of 
ROS in many mammalian cells [8]. In turn, mitochondria are 
susceptible to oxidative damage, which causes disturbance 
of mitochondrial function and are also involved centrally 
in the control of signals that regulate innate immunity and 
adaptive immunity [9, 10]. Multiple studies have defined that 
mitochondrial function and its molecules may contribute to 
the pathogenesis of COPD, establishing a possible connec-
tion among the various types of stress, autoimmunity and mi-
tochondrial dysfunction in the entity [11]. The objective of 
this work was to investigate and dissect the interrelationship 
among these three pathogenic elements and to update some 
therapeutic tools that are being implemented at sub-cellular 
level in the treatment of COPD.

Stress

Cigarette smoke (CS) and other pollutants/biomass fuels are 
the initial noxa that stimulates epithelial cells and macrophag-
es to release chemotactic factors that attract T cells, neutro-
phils and fibroblasts [12, 13]. T cells are CD8+ (suppressor/
cytotoxic subtype Th1/Tc1 and Th17) and release granzymes, 
perforines and tumor necrosis factor alpha (TNF-α) which 
cause apoptosis and direct damage to lung parenchyma, and 
also release IL-4 and IL-13 that induce hypersecretion of mu-
cus in the airways [14, 15]. Macrophages/neutrophils also play 
an important role in releasing proinflammatory cytokines such 
as IL-8 and TNF-α and proteases, resulting in inflammation 
and direct destruction of the lung parenchyma [16]. The CS 
contains in each inhalation around 1017 ROS which initiate the 
inflammatory response in macrophages and epithelial cells.

Oxidative stress has a pivotal role in the pathogenesis of 
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COPD (Fig. 1). Sources of exogenous ROS include CS, oxi-
dant gases, ultrafine matter particles, environmental pollution 
nanoparticles, exhausted vapors, and biomass fuels for cook-
ing and heating households (particularly in third world coun-
tries) [17, 18]. Endogenous oxidants result mainly from mi-
tochondrial respiration and inflammatory response to viruses 
and bacteria (which are common causes of acute exacerbations 
in COPD). Inflammatory stress is mediated by IL-1, TNF-α 
and interferon-γ generating endogenous ROS. Other sources of 
intracellular ROS are the enzyme nicotinamide adenine dinu-
cleotide phosphate (NADPH) oxidase, xanthine oxidase (XO) 
and hem-peroxidases, all of which are increased in bronchoal-
veolar lavage (BAL) in patients with COPD. These enzymes 
catalyze the production of free radicals [19]. The most destruc-
tive oxidant molecules are H2O2 (which act as a substrate to 
generate additional oxidant molecules), ethane and isopros-
tanes (produced by direct oxidation of arachidonic acid).

An atom contains a nucleus, around which electrons usu-
ally move in pairs. A free radical is an atom or molecule that 
contains one or more unpaired electrons, making them more 

reactive than the corresponding non-radical [20]. Some of the 
most powerful oxidants are free radicals. Molecular oxygen is 
vital for energy that is essential for life [21]. Hypoxia-induc-
ible factor-1 (HIF-1) mediates the adaptive response experi-
enced by cells that survive oxygen deprivation. One pathway 
promoted by HIF-1 for cell survival under hypoxic conditions 
is the transition from oxidative to glycolytic metabolism. Un-
der aerobic conditions, electrons are transferred from NADH, 
and flavin adenine dinucleotide (FADH2) to mitochondrial 
complex I and II, then to complex III and finally to IV, where 
electrons react with oxygen to form water [22]. Under condi-
tions of hypoxia (as in COPD, particularly exacerbated), the 
release of electrons is increased prior to transfer to the IV com-
plex, resulting in the production of superoxide anion, which 
is then converted to H2O2 and other ROS. The human body 
therefore generates superoxide anion by adding a single elec-
tron to oxygen [23].

O2 + e- --- O2•-

Exposure to high energy radiation causes rupture of one of 
the covalent bonds of the water generating the hydroxyl radi-

Figure 1. Immunological and inflammatory profile in COPD. Environmental factors produce different types of stress that gen-
erates small airways lesion and emphysema, activation of inflammatory cells and autoimmunity. Neutrophils generate more 
inflammatory stress and autoimmunity actives immune responses that amplify and perpetuate the inflammatory process. The 
negative sign means repression and positive sign activation. Straight arrows mean increase. Curves arrows mean activation and/
or expression.
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cal, OH•.
H-O-H --- H• + OH•

As there is always some degree of environmental radia-
tion, the hydroxyl radicals are always produced in the body. 
They attack proteins, lipids (damaging cell membranes) and 
DNA inside the cells producing a chain reaction, which can 
spread for years favoring neoplasms. Some free radicals are 
helpful, to a certain extent, like nitric oxide (NO•), which is 
produced in almost all tissues. In the walls of blood vessels 
helps to control blood pressure, but nitric oxide and superoxide 
anion form the peroxynitrite (O2•- + NO• --- ONOO•) that ni-
trosylates protein amino acids and enzymes, inactivating them. 
This is known as nitrative stress, which in turn produces more 
endogenous hydroxyl radical [24]. Therefore, ROS and reac-
tive nitrogen species (RNS) are continuously generated at the 
cellular level by mitochondrial metabolism and by inflamma-
tory cells in the case of hypoxic diseases such as COPD.

Free radicals, unstable by default, initiate an oxidative 
process, and a number of adverse consequences at the cellu-
lar level. For example, oxidants activate nuclear factor kappa-
beta (NF-kβ) increasing IL-8 and TNF-α synthesis which re-
cruits more neutrophils and perpetuating inflammatory stress. 
Oxidative stress also activates phosphoinositide 3-kinase-delta 
(PI3k-ð), which phosphorylates histone deacetylase 2 (HDC-
2) (a key anti-inflammatory enzyme), and inactive it, subse-
quently suffering ubiquitination and proteosomic degradation 
[25]. There is an interaction between pathological mechanisms 
and oxidants that contribute to the imbalance between pro-
teases/antiproteases, by reducing antiprotease activity. This is 
the case of myeloperoxidase (MPO) derived from neutrophils, 
which produces the highly destructive hypochlorous acid, and 
in turn, it inactivates alpha1-antitrypsin (α1-AT). Oxidants 
also mediate plasma exudation, increase mucus secretion and 
smooth muscle contraction [24].

In non-pathological conditions, lungs constant exposure 
to exogenous and endogenous sources of oxidative stress, 
contributes to the development of potent antioxidant strate-
gies. For example, up to 20% of reduced glutathione (GSH) 
is located within the mitochondria, disposed to neutralize 
endogenous ROS (byproduct of metabolism). Also, the lung 
environment-exposed surface contains antioxidants, such as 
ascorbic acid (vitamin C), α-tocopherol (vitamin E) and bili-
rubin. Larger molecules, such as albumin and mucin, have ex-
posed sulfhydryl groups that act as antioxidants as well. Sev-
eral studies have described an association between altered lung 
function and low levels of antioxidants in the lung, suggesting 
that oxidative stress occurs due to increased exposure to ROS 
(exogenous and endogenous) and reduced antioxidant capacity 
(overwhelmed or genetically altered) [7, 26].

Transforming growth factor-beta (TGF-β) expression is 
increased in EPOC (produced by epithelial cells in response to 
oxidative stress), and it inhibits the expression of antioxidant 
enzymes catalase and superoxide dismutase 2 (SOD 2). Both 
are critical for neutralizing mitochondrial ROS and are under 
the control of the forkhead box class O (FOXO3) transcription 
factor, whose deficiency has been associated with COPD [27]. 
About 200 cellular antioxidant and detoxification enzymes are 
under the control of nuclear erythroid 2-related factor (Nrf2) 
[28]. COPD patients have reduced expression and activity in 

Nrf2. Upregulation or restoration of Nrf2 activity may be ben-
eficial in COPD [29]. Endoplasmic reticulum (ER) oxidative 
stress can induce mitochondrial apoptosis and cell death. Nor-
mally a cross-communication between ER and mitochondria 
prevents apoptosis of epithelial cells [30].

Autoimmunity and Infection

An essential feature of COPD is that the inflammatory pro-
cess and stress continue after stopping exposure to bronchial 
irritants [31]. Autoimmunity and recurrent infection are likely 
to be responsible for this behavior. Autoimmunity has been 
questioned as a perpetuating mechanism of the inflammatory 
process and some recent works with little statistical power do 
not find a pathogenic role [32]. Other papers found significant 
associations between COPD and autoimmune diseases. For 
example, women with primary Sjögren syndrome (pSS) are 
at greater risk of developing COPD than women without pSS 
[33], and middle-aged women with unexplained chronic cough 
and lymphocytic airway inflammation, lymphopenia and au-
toantibodies, are eight times more likely to have autoimmune 
diseases than controls. Some will develop non-smoked COPD 
[34]. Although it is not clear how far the immune response is 
a protective or destructive epiphenomenon, the evidence ac-
tually points to an etiopathogenic role of the phenomenon in 
COPD.

ROS induce the formation of carbonyl adducts in certain 
host proteins (Fig. 2). The aldol reaction in chemistry refers 
to the formation of carbon=carbon bonds (aldehydes and 
ketones), in this case between ROS and proteins. What hap-
pens is a covalent bond between ROS and certain amino acid 
residues, for example, with the sulfhydryl groups of cysteine, 
ε-amino of lysine, and imidazole of histidine. In this pathway 
protein adduction is produced by oxidized lipids containing 
carbonyls derived from polyunsaturated fats (PUFAs) in cell 
membranes (lipid peroxidation). There is also another direct 
pathway oxidation in amino acid residues such as arginine, 
proline and threonine [35]. One characteristic of protein car-
bonylation is that it is a non-enzymatic, irreversible process 
leading to various types of protein dysfunction. Moderately 
carbonylated proteins are degraded by the cellular proteaso-
mal system, but markedly carbonylated proteins tend to form 
high molecular weight aggregates that are resistant to degrada-
tion and accumulate as damaged and unfolded proteins, which 
inhibits the proteosomal activity. In other words, they are re-
sistant to proteolysis [36-38]. In fact, quantifying carbonylated 
proteins by various essays is the most widely used method to 
measure protein oxidation [39].

Carbonylated proteins are highly immunogenic and lead 
to the formation of neo-antigens in the form of carbonylated 
self-protein, which leads to the generation of autoantibodies 
that are elevated not only in serum of patients with COPD but 
also in pulmonary epithelium and endothelium of the pulmo-
nary vessels [40]. The identity of endothelial antigens is yet 
to be solved, but this may be a fertile field of research into 
the pathogenesis and treatment of pulmonary hypertension in 
COPD. Several carbonylated proteins are converted into anti-
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gens. There are described antibodies to elastin, human serum 
albumin (HSA) and from pulmonary parenchyma, malonyldi-
aldheyde protein, and acrolein-modified protein [35]. Circulat-
ing and in-lung antibodies are from the IgG1 isotype directed 
against carbonyl epitopes and could be the result of an aberrant 
immune response directed against putative antigens for which 
immune tolerance has been lost or never acquired. These au-
toantibodies bind complement (C3) and may contribute to the 
production of emphysema [41]. The presence of these reactive 
carbonyls and autoantibodies correlates inversely with FEV1 
and the severity of the disease [42].

Carbonylated proteins are recognized by innate immunity 
through pattern recognition receptors (PRRs), expressed in 
cells that identify antigens, such as dendritic cells and mac-
rophages [43]. In these cells, they are processed and re-ex-
pressed in association with the major histocompatibility com-
plex-2 (HLA-2). This promotes the activation of the acquired 
immune response by attracting Th1 and Th17 cells to lung pa-
renchyma and dendritic cells in small airways. Dendritic cells 
(DCs) are inflammatory professional antigen presenting cells 
(APCs), which play a central role in orchestrating immune re-
sponses and are essential in the connection of the innate and 
adaptive immune response and in sieving the environment for 
the presence of “dangerous signals” from epithelial surfaces 

[44]. Besides producing neo-antigens, the immune response 
also promotes the influx of the immune cells needed for rec-
ognize and process them. This stimulus causes the release of 
CCL2 and CCL20 (MIP3ð), which recruit DCs, monocytes 
and lymphocytes, amplifying the immune response. IL-17 
and IL-18 levels are increased. These interleukins activate and 
mature B cells, and also promote autoimmunity [45-50]. The 
genetic basis of emphysema is consistent with a multifactorial 
heritable trait that is common to many autoimmune genetic de-
fects [51]. Although CS can cause recruitment and activation 
of inflammatory cells in the lung, not all smokers develop the 
clinical picture of lung disease. The exact prevalence of em-
physema is unknown at present, and to date, the known gene 
that increases the risk of early emphysema is the mutation in 
the α-1AT protein, encoded by SERPINE 1 gene, but many 
other loci have been considered [52-54]. Even among carriers 
of different forms of α-1AT protein, there is great phenotypic 
variability, suggesting that genes and environmental modifica-
tion together exert a combined effect.

While CS is the major risk factor for COPD, respiratory 
infections may play a role in the development and progres-
sion of the disease, and are also the leading cause of acute 
exacerbations [55]. CS and respiratory infections carry differ-
ent pathways to the activation of multiple PRRs. In the case of 

Figure 2. Model of the role of oxidative stress in COPD. Environmental and endogenous sources of reactive oxygen species 
(ROS) cause lipid peroxidation and the oxidation of proteins and carbohydrates, leading to carbonyl stress. Carbonyl stress in 
turn produces detrimental intracellular, structural and functional process. O2•: superoxide radical; OH•: hydroxyl radical; ONOO•: 
peroxylnitite; H2O2: hydrogen peroxide.
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CS, ROS or molecules released by epithelial damage stimulate 
the receptors in the airway cells, which initiate and perpetu-
ate the inflammatory process. These molecules are known as 
damage-associated molecular patterns (DAMPs). In the case 
of viral or bacterial infection, pathogen-associated molecular 
patterns (PAMPs) are released [56]. The PRRs are germ-line 
encoded, evolutionarily conserved molecules and consist of 
Toll-like receptors (TLRs), NOD-like receptors (NLRs), RIG-
I-like receptors (RLRs), C-type lectin (CLRs) and cytosolic 
DNA sensors [57]. These receptors sense viral and bacterial 
PAMPs and DAMPs produced by infectious or non-infectious 
injury of airway epithelium and/or lung parenchyma. NLRP1-
3 generates inflammasomes, which are aggregates of multiple 
proteins that mediate inflammation. These PRR-expressing 
cells produce cytokines, interferons and chemokines that re-
cruit macrophages, neutrophils and activate epithelial cells, the 
innate immune response. DCs, stimulated by ligands in their 
PRRs and associated with HLA-2, initiate signals that attract T 
cells, the adaptive immune response.

Patients with COPD have increased colonization by H. in-
fluenza, S. pneumoniae, P. aeruoginosa and M. catharrhalis, 
and this contributes to chronic inflammation and airway dys-
function. Infection with these and other pathogens (including 
viruses) is a major cause of acute exacerbations [55]. Increased 
susceptibility of COPD patients to these infections appears to 
be related to a dysfunctional innate immune system and altered 
mucociliary clearance.

It is important to emphasize the role of PRRs in COPD, 
since they mediate infectious and autoimmune responses, the 
two events involved in the persistence of the inflammatory 
process. Process becomes autonomous and does not disappear, 
even after exposure to irritants ceases.

Mitochondrial Dysfunction

The human lung is composed of approximately 40 cell types, 
regionally and spatially located through the organ, and con-
tains several levels of mitochondria [58]. The mitochondrial 
genome is inherited through the maternal germ line and has 
been inherited from aerobic prokaryotes bacteria more than a 
billion years ago and retains many of the morphological and 
biochemical characteristics of their bacterial ancestors. They 
are an icon of convoluted double-crested structures that are 
present in all cells of the body and have their own genome, 
transcriptome and proteome [59]. According to the endosym-
biotic theory, the mitochondria are descendants of old bacteria 
that entered symbiotic relation with the cells of the host [60]. 
Conceptualized as “cell batteries” (and consistent with this 
analogy subject to change), mitochondria are complex cellular 
organelles assembled from proteins encoded by two distinct 
genomes: nuclear chromosomal DNA and the mitochondrial 
genome, i.e., mitochondrial DNA (mtDNA). Despite the small 
size of the mtDNA (16.5 kb in humans), it encodes 13 potential 
oxidative phosphorylation subunits (OXPHOS) which interact 
with more than 70 units encoded by nuclear DNA: their con-
certed action is necessary to produce ATP, which is required 
for all active cellular processes [61]. Historically, the major 

role of mitochondria has been to catalyze the oxidation of me-
tabolites for the production of ATP, via OXPHOS. OXPHOS 
involves transferring high energy electrons derived from 
NADH and FADH2 to the mitochondrial complex I and II, 
then to complex III and finally to complex IV, where they react 
with oxygen to form water. During this process, the protons 
are pumped through the inner mitochondrial membrane result-
ing in a proton-motive force which is used by the FOF1 ATP 
synthase [22, 62]. Mitochondria continually oxidize fatty acids 
and consume end products of glucose, glutamine and amino 
acids for the production of ATP. Lung mitochondria preferably 
use glucose-derived substrates such as pyruvate for the pro-
duction of oxidative energy. It also has its own electron trans-
port chain (ETC), complex IV cytochrome c-oxidase (COX 
subunit IV-2) sensitive to oxygen and doubly active (binding 
oxygen) compared to COX from other tissues [63].

Additional critical functions of mitochondria such as regu-
lation, proliferation, differentiation, cell death, redox and cal-
cium homeostasis have been revealed during the last two or 
three decades. Recently, research has pointed to mitochondria 
as controlling the immune responses and determinants of im-
mune cell phenotypes and their functions, including CD4+ T 
cell differentiation and CD8+ memory T cell formation [64]. 
Mitochondrial aerobic glycolysis is required for effective acti-
vation of T cells through the generation of mtROS, which are 
necessary for optimal activity of nuclear factor of activated T 
cell (NF-AT) and proximal T-cell receptor-mediated signaling 
[65].

While elevated levels of ROS produce tissue damage 
and promote aging, low ROS levels enhance defense mecha-
nisms by inducing adaptive immune response (mitochondrial 
hormesis or mithormesis) [66]. Other fundamental concepts 
of the activity and function of mitochondria are mitochondrial 
biogenesis and mitophagy. Both refer to the phenomena of fu-
sion and fission of the mitochondria. In fusion two mitochon-
dria bind to generate another mitochondria while in fission, 
a mitochondria is divided to generate two. This phenomenon 
allows the cells to replace metabolically dysfunctional mito-
chondria with fresh, undamaged mitochondria and allows the 
cells a healthy pool of mitochondria, since they do not form 
of “novo”, but the biogenesis results in growth and division 
of pre-existing mitochondria [67]. Mitophagy is a selective 
encapsulation by double membrane autophagosomes that is 
delivered to lysosome for degradation and removes damaged 
mitochondria that generate excessive amounts of ROS that can 
damage the mitochondria or other cellular components them-
selves [68, 69]. Metabolically active cells (e.g., type II pneu-
mocytes) also known as alveolar epithelial cells (AECs) have 
developed robust mitochondrial quality control programs.

Within the mitochondrial proteome are key proteins such 
as mitochondrial antiviral signaling protein (MAVS), which is 
the first protein located in the mitochondria involved in innate 
immune response and inflammatory response [70]. MAVS in-
teracts with many molecules that play a role in apoptosis, mito-
chondrial dynamics, autophagy and proteosomal degradation. 
NOD-like receptor (NLRX1) is a member of the NLR family 
of PRRs that has a unique N-terminal domain (which explains 
the letter X1 in the acronym) and is the first, and only so far, of 
the PRRs located in mitochondria and therefore, it establishes 
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a connection between mitochondrial functions and innate im-
munity [71]. Alveolar macrophages are essential for lung de-
fense of the host through its ability to survive and regulate the 
innate and adaptive immune response. They are believed to be 
maintained in a relatively “quiescent state” with active sup-
pression of inflammatory response to harmless antigens to pre-
vent collateral damage to lung tissue [72, 73]. Apparently, and 
primarily by experimental investigation in the murine model 
of COPD, this inhibition of inflammation and remodeling is 
performed by NLRX1 regulating MAVS [11].

The presence of two genomes in human cells - the nu-
clear genome and the tiny mtDNA - is a curiosity of evolution. 
Altered mtDNA diseases (more than 400 mutations or dele-
tions in the 16,569-bas-pair mitochondrial chromosomes that 
contain only 32 genes), are heterogeneous disorders with well-
known genetic causes [74]. The possibility of mitochondrial 
replacement in certain individualized cases is a viable thera-
peutic option. In fact, on December 15, 2016, the Human Fer-
tilization and Embryology Authority in the United Kingdom 
approved the use - in certain specific cases - of an in vitro fer-
tilization (IVF) technique involving donation of mitochondria 
[75]. The discovery of pathogenic defects of mtDNA occurred 
in the 1980s, but since then much research has revealed a num-
ber of common diseases, in which mitochondrial dysfunction 
as a pathogenic and/or perpetuating mechanism of the process 
underlies. COPD does not escape this fact [76].

In COPD, CS exposure reduces mitochondrial OXPHOS 
in airway smooth muscle cells, quadriceps, and external in-
tercostal muscles, compromising oxidative function [77]. Al-
teration of mitochondrial biogenesis may be associated with 
a significant reduction in body mass index and lower extrem-
ity muscle mass, a common phenomenon in COPD [78]. Pa-
tients with COPD have increased mitochondrial fission and 
mitophagy, and pathogenic defects and/or loss of mtDNA have 
been associated with COPD [79]. Three independent studies 
have shown that NLRX1 protein expression is suppressed by 
CS in patients with COPD and this correlates with airflow ob-
struction. Basically, the idea is that CS alters the state of quies-
cent homeostasis of the alveolar macrophage by inhibiting the 
expression and activity of NLRX1, inducing NLRX1/MAVS-
mediated mitochondrial dysregulation. CS on inactivation of 
NLRX1 increases inflammatory activation (IL-18) favoring 
emphysematous destruction, mitochondrial ROS and proteases 
matrix metalloproteinases (MMPs) [11, 65].

Mitochondria regulate four mechanisms of cell death: ex-
trinsic apoptosis, intrinsic apoptosis, necrosis/necroptosis and 
pyroptosis. All have been documented in lung diseases, includ-
ing COPD. The disturbance in mitochondrial function induced 
by CS decreases the ability of the mitochondria to generate 
ATP, producing a switch from apoptosis to necrosis. ATP from 
damaged or dying cells acts as DAMPs, much like mtDNA, 
perpetuating the inflammatory cascade. Increased levels of 
ATP have been found in the BAL of patients with COPD [80, 
81].

In this way, the three mechanisms involved, namely, vari-
ous types of stress, autoimmunity and infection and mitochon-
drial dysfunction sometimes act in parallel, sometimes in se-
ries and often concert, generating, amplifying and perpetuating 
the inflammatory phenomenon of the entity (Fig. 3).

Therapeutics

Existing pharmacological treatments do not reduce the pro-
gression of COPD. Bronchodilators (which are the pharmaco-
logical basis of therapeutics) only provide symptomatic relief 
[82]. Glucocorticoids have no effect on disease progression or 
mortality. A slight reduction in exacerbations has been report-
ed, but this effect has recently been questioned [83]. Medical 
and pharmacological investigations have investigated alter-
natives that try to impact the inflammatory process, and the 
mechanisms that perpetuate it. Some recent options are dis-
cussed below.

Antioxidant alternatives

Small molecule thiol antioxidants such as N-acetyl cysteine 
(NAC) have direct and indirect properties in COPD. NAC 
free-thiol group is capable of interacting with the electrophilic 
groups of ROS. Indirectly, NAC is a precursor to GHS, a neu-
tralizer of ROS. NAC may serve as a protective factor against 
exogenous and endogenous ROS [84]. The BRONCUS study 
failed to show any effect of orally administered NAC (in con-
ventional doses), in reducing progression of the disease or 
frequency of exacerbations. Although there was an apparent 
benefit in patients with COPD treated with NAC but without 
inhaled steroids [85]. The results may be due to failure of NAC 
to operate in the subcellular compartment or by insufficient 
dose of the drug or frequency. The HIACE study (1,200 mg/
day oral NAC for 1 year) showed a significant improvement in 
the small airways function and reduced frequency of exacerba-
tions [86]. An Israeli study found beneficial effects of NAC 
on trapped gas [87]. However, no effect on quality of life or 
symptoms has been demonstrated in patients receiving NAC 
[88]. Global Initiative for Chronic Obstructive Lung Disease 
(GOLD) does not recommend regular use of these drugs, but 
recognizes that with or without inhaled steroids, the use of 
high doses of NAC significantly reduces exacerbations, partic-
ularly in patients with stage 2 spirometry [4]. New activators 
of Nrf2 prevent oxidative stress induced by autoimmunity [7]. 
Nrf2 regulates almost all antioxidants and phase II cytoprotec-
tive genes [89]. Within the activators of Nrf2 activators are the 
sulforophanes, phytodrugs present in broccoli and other cruci-
form vegetables, but are not always very potent. New Nrf2 ac-
tivators are significantly more potent than sulforophanes, and 
despite their great potential in COPD, they present possible 
concerning safety issues [90, 91].

Inhibition of oxidative enzymes could be a promising ap-
proach. Xanthine oxidoreductase (XO) has been implicated 
in the development of tissue damage due to oxidative stress 
in cardiovascular and respiratory diseases. The level of XO 
is four times higher in the sputum and BAL of patients with 
COPD than the healthy controls. The use of XO inhibitors such 
as allopurinol and febuxostat may offer some benefit [92]. Ce-
lestrol inhibits the four isoforms of NOX (NADP oxidase), 
and has a potential use in inflammatory diseases [93]. AZI (an 
MPO 2-thioxanthine inhibitor) appears to downregulate the 
inflammatory response induced by to CS, with the advantage 
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that the inhibition is irreversible (i.e., suicide inhibitor). This 
could be of benefit in COPD, since most of the current inhibi-
tors are short-acting or reversible [94].

Within the “radical scavenger”, edaravone is a power-
ful free radical neutralizer, reducing carbonyl stress and lipid 
peroxidation, therefore have a future potential in COPD. La-
zaroids are non-glucocorticoid analogs of methylprednisolone 
that penetrate hydrophobic membranes regions and inhibit li-
pid peroxidation. Its protective effects have been described in 
animal models of pulmonary injury; both require studies for 
their potential use in humans with COPD. Spin traps are com-
pounds that can stabilize free radicals to form stable end prod-
ucts. They have been widely used in vitro and their therapeutic 
effects have also been investigated in vivo in animal models, 
showing some benefit [89].

Enzymatic antioxidants are small molecules with catalytic 
properties that can mimic the activity of antioxidant enzymes. 
Those who resemble SOD (i.e., SOD mimetics) are the mac-
rocyclic ligands based on manganese, manganese-metallopor-
phyrins and salens (which also block nitrative stress). The 
development of SOD-like molecules seems to be a rational 
therapeutic intervention in emphysema [95]. Ebselen, an or-
ganic selenium-based compound, neutralizes oxidative and ni-

trative stress by resembling glutathione peroxidase activity. In-
hibition of inducible nitric oxide-synthase (iNOS) by various 
chemical complexes may provide a strategy in COPD manage-
ment. Inhibitors of iNOS may be helpful in the treatment of 
pulmonary inflammatory disorders [96].

Thioredoxin (Trx) and redox effector factor-1 (Ref-1) 
belong to the oxidoreductase family of redox sensors. Trx in-
hibition resulted in diminished neutrophil influx and TNF-α 
production in animal models. Activation of Trx can attenuate 
oxidative stress. The antioxidant action of ambroxol at physi-
ological concentrations is at least partially mediated by TrxR 
and/or the Trx system. Trx effects on respiratory diseases re-
main to be investigated [97].

Immunological modulation

It is possible that in the future, immunological modulation will 
be beneficial as treatment for this entity. The development of 
selective carbonyl blockers may lead to diagnostic and thera-
peutic tools and some monoclonal antibodies are under devel-
opment [39, 41, 46]. For example antibodies directed against 
IL-17 could be a promising treatment [50].

Figure 3. The pathogenic mechanisms of inflammation in COPD. Exogenous stress initiates the inflammatory process. Endog-
enous stress perpetuates it. Although the external stimulus (CS and other pollutants/biomass fuels) is suspended, endogenous 
stress and cyclic infections facilitate autoimmunity. Also the various types of stress generate mitochondrial dysfunction. Autoim-
munity and mitochondrial dysfunction generate more inflammation but also increase endogenous stress by amplifying the inflam-
matory process that becomes chronic, progressive and autonomous.
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Inhibitors of the inflammatory pathway IL-1β (IL-1Ra/
anakinra, IL-1 Trap/rilanocept) or using neutralizing antibod-
ies against IL-18 could limit destruction and remodeling in 
COPD [98, 99].

The administration of antioxidants is a viable alternative 
from the perspective of preventing or ameliorating autoim-
mune diseases, particularly by increasing evidence of oxida-
tive damage generating autoimmunity. However, this should 
be evaluated in light of the disappointing results obtained with 
antioxidants in cardiovascular diseases [100].

Indeed this therapeutic approach to COPD is found in 
childhood.

Mitochondria as a therapeutic objective

Mitochondria offer research objectives not only for diagnosis 
but for treatment of lung diseases. Transfer of mitochondria 
from bone marrow-derived mesenchymal stem cells to injured 
alveolar cells could be beneficial in COPD [65]. Antioxidants 
directed against mtROS may be more effective than extracel-
lular antioxidants like NAC. Attempts to block mtROS should 
be careful since low doses of mtROS are cytoprotective (mith-
ormesis). OXPHOS could be an objective to intervene as well 
as to create strategies to reduce mitophagy [63, 79]. Several 
proteins have been implicated in the communication between 
the ER and the mitochondria and that contact occurs prior to 
the phenomenon of fission. Contact is important for the trans-
mission of ER calcium signals to mitochondria. Therefore, de-
signing strategies that refine and perpetuate transmission may 
improve the function and survival of mitochondria [101]. As 
in immunomodulation, the attempt to modulate mitochondrial 
function as a therapeutic target is only initiated.

Conclusions

1) The inflammatory process in COPD is chronic and au-
tonomous.

2) The inflammation persists even if the initial stimulus 
has been discontinued.

3) This explains the deterioration in lung function and the 
progression of the entity.

4) This fact is due to the persistence of various types of 
stress of endogenous origin, to the autoimmunity generated by 
them, to the cyclic infection of these patients and to mitochon-
drial dysfunction.

5) These elements act in concert to give autonomy, persis-
tence and amplification to the inflammatory process.

6) The current treatment of COPD produces symptomatic 
improvement and health-related quality of life, but it improves 
little, if at all, the inflammatory phenomenon.

7) More and better primary and clinical research is needed 
to find new and powerful drugs that impact sub-cellular com-
partments and metabolic pathways for more effective therapy 
in this entity. There is no single magic bullet to combat all the 
pathogenic mechanisms, so combined therapy may be more 
effective in COPD.

8) Pharmacology and medical science should integrate 
research to design these molecules and demonstrate their effi-
cacy and safety in powerful, controlled, and randomized clini-
cal trials.
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