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ABSTRACT

COPD is a major cause of global mortality and morbid-
ity but current treatments are poorly effective. This is
because the underlying mechanisms that drive the
development and progression of COPD are incompletely
understood. Animal models of disease provide a valua-
ble, ethically and economically viable experimental
platform to examine these mechanisms and identify
biomarkers that may be therapeutic targets that would
facilitate the development of improved standard of care.
Here, we review the different established animal models
of COPD and the various aspects of disease pathophysi-
ology that have been successfully recapitulated in these
models including chronic lung inflammation, airway
remodelling, emphysema and impaired lung function.
Furthermore, some of the mechanistic features, and
thus biomarkers and therapeutic targets of COPD iden-
tified in animal models are outlined. Some of the exist-
ing therapies that suppress some disease symptoms that
were identified in animal models and are progressing
towards therapeutic development have been outlined.
Further studies of representative animal models of
human COPD have the strong potential to identify new
and effective therapeutic approaches for COPD.
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INTRODUCTION

COPD is the third leading cause of chronic morbidity
and death worldwide and its prevalence is continuing
to rise.1 Recent estimates suggest that its prevalence
may reach 9–10% in adults over the age 40 and has a
global cost of >$2 trillion.2 Cigarette smoke (CS) is the
leading cause of COPD in Western societies, although
exposure to air pollution and occupational exposures
to dusts and fumes are also risk factors. In developing
countries, exposure to biomass fuels used for cooking
is a major precipitant. However, only 25% of smokers
develop COPD, and it is likely that there are numerous
contributing molecular factors and pathways that play
a significant role such as genetic predisposition, epige-
netic regulation and/or oxidative stress.
COPD is an inflammatory lung syndrome character-

ized by the limitation of expiratory airflow that deterio-
rates over time. Although heterogeneous, it is
characterized by the common pathologies of chronic
bronchitis and/or emphysema that lead to impaired
lung function, such as a decline in forced expiratory
volume in 1 s (FEV1), increases in functional residual
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capacity (FRC) and increases in total lung capacity
(TLC). These pathological features are associated with
frequent infection-induced exacerbations of chronic
airflow limitation and breathlessness.3 Chronic inflam-
mation is characterized by increased levels of neutro-
phils, macrophages and CD8+ T cells throughout the
airways that together with the injured airway epithe-
lium release a variety of inflammatory mediators
including leukotrienes, IL-8 (CXCL8), TNF-α and reac-
tive oxygen species (ROS).4 These events promote fur-
ther inflammation forming a feedback loop that
promotes chronic inflammation. Once induced, the
patient’s condition progressively deteriorates with wor-
sening inflammation, emphysema, declining lung func-
tion and increased breathlessness. Importantly, the
mechanisms that drive the induction and progression
of chronic inflammation, emphysema and altered lung
function are not well understood and this has ham-
pered the development of effective treatments for
COPD. There is a strong systemic component to the
disease with cachexia and cardiovascular involvement
and it is emerging that there is lung-gut crosstalk that
is a contributing factor. These factors need to be taken
into account when developing new therapies.
Current treatments for COPD use glucocorticoids

and bronchodilators to suppress the symptoms of dis-
ease but have limited clinical efficacy. There are no
treatments that effectively halt the induction or pro-
gression of COPD. Increasing our understanding of the
molecular pathways and responses that contribute to
the initiation and progression of disease features will
facilitate the development of novel therapies. Human
studies are complicated by individual genetic back-
ground, environment, smoking habits, the gradual
long-term progression of disease and limitations in the
samples that can be collected. The development of ani-
mal models of COPD that accurately recapitulate the
critical features of the human disease in a short time
frame will be useful in efforts to develop effective treat-
ments. Here, we summarize the available animal mod-
els that recapitulate airway disease obtained from
exposure to CS, air pollution and ozone. We then
review what we have learnt so far from these models in
regard to the underlying disease mechanisms, bio-
marker discovery and therapeutic development.

ANIMAL MODELS

The interrogation of animal models of COPD is useful
for identifying potential mechanisms that govern the
development and progression of COPD because they
enable the analysis of pathways involving integrated
whole-body responses in a reasonable time frame. The
use of inbred strains removes issues of genetic variabil-
ity. Animals that accurately display the hallmark fea-
tures of human COPD are valuable in the drug
discovery process as they facilitate the testing of novel
therapeutics. There are some issues with differences in
respiratory physiology between humans and animals
that need to be taken into account, such as the reduced
numbers of bronchial branches in mice. The ideal
model possesses the hallmark features of the human

disease, be induced by the same aetiological agent and
be reasonably short term to allow rapid progress.

CS-INDUCED ANIMAL MODELS

The use of tobacco, primarily CS, causes >5 million
deaths/year, and CS is the main risk factor for the devel-
opment of COPD. CS contains >7000 chemicals, of
which >250 are hazardous and >60 are carcinogenic,
20 carcinogens cause lung tumours in laboratory ani-
mals or humans and are, therefore, likely to be involved
in the induction of lung cancer in humans.5 Collectively,
these factors induce inflammation (inflammatory cell
influx and increases in cytokines and chemokines in the
airway and parenchyma), mucus hypersecretion (goblet
cell metaplasia), airway remodelling (smooth muscle
deposition, matrix deposition and fibrosis), emphysema
(alveolar enlargement) and impair lung function. These
are the major features of COPD that restrict the life
quality of the patients. Nevertheless, animal models of
CS-induced disease have only recently been developed
and have used guinea pigs, rats and mice (Table 1).
Mice have become the most popular model because of
cost, ease of housing and the availability of a plethora of
molecular and immunological reagents and genetically
modified strains.

Guinea pigs
Guinea pig models of CS-induced COPD develop dis-
ease features such mucus-secreting goblet cell meta-
plasia in the airways, small airway remodelling,
inflammation, altered lung function and emphysema.28

The development of mucus hypersecretion and emphy-
sema is more prominent in guinea pig models than in
other models. Serum markers such as cotinine or blood
carboxyHb (COHb) are useful for confirming the rela-
tive amount of CS exposure. Heck et al. showed the
levels of COHb in the blood as ~15–20% for an acute
model and ~5% for a chronic model,29 which is similar
to that detected in humans. Their main disadvantages
are high cost relative to mice and the lack of molecular
and immunological tools such as antibodies and factor-
deficient and transgenic strains for performing molecu-
lar studies, and lung function is not generally assessed.

Ferrets
The use of ferrets for investigating lung disorders is ben-
eficial as they have several similarities to human airway
anatomy and physiology, such as pulmonary structure
and airway formation. A few studies have used ferrets to
recapitulate CS-induced features of human COPD.
Chronic CS exposure of ferrets for 6 months results in a
reduction in cystic fibrosis transmembrane conductive
regulator activity by 67% similar to that observed in
COPD patients, which is associated with neutrophil
inflammation, goblet cell hyperplasia and increased
mucus production and emphysema.30 In other studies,
CS exposure of ferrets has been used in studies related
to the development of lung cancer.31 In one such study,
ferrets were exposed to CS for 6 months, which resulted
in similar urinary cotinine concentration to that in
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humans who smoke a pack a day (~10 μg/mL urine).32

There were also a number of induced factors that are of
interest to COPD, such as airway inflammation, and
changes in protein levels of the pro-inflammatory cyto-
kine TNF-α, transcription factors nuclear factor-kappaB
(NF-κB) and activator protein-1, as well as CS-induced
oxidative DNA damage (8-hydroxy-20-deoxyguanosine
(8-OHdG)) in the lung tissues.33

Rats
Rats are becoming more prominent in studies of CS
exposure and COPD. A wealth of information including
genetic mapping has been gathered that allows the
development of genetically modified strains of rats,
although this is not routine as it is for mice. Rats and
mice share ~90% of their genes with humans, and many
of the physiological pathways and processes can be
related clinically. Several rat models recapitulate some
features of human COPD. Side-stream whole-body CS
exposure is the method of choice as the relatively large
size of rats reduces the viability of large-scale main-
stream nose-only CS exposure methods. A 30-week pro-
tocol of side-stream CS exposure induced parenchymal
destruction and altered lung function with increased tis-
sue dampening and respiratory system resistance and
compliance.34 The extensive extended time frames
involved in these rat models reduce viability and more
widespread use of these models in COPD research. To
address this, a 12-week side-stream CS exposure proto-
col coupled with repetitive bacterial infections to the
airways was developed to induce COPD.35 Several fea-
tures of COPD were observed including pulmonary
hypertension, airway remodelling and reduced alveolar
number and pulmonary function.
Rat-specific nose-only exposure systems have been

developed; however, most studies have not been aimed
at elucidating CS-induced COPD and its mechanisms,

but rather the short-term effects of CS exposure. Stinn
et al. used a 2-year nose-only CS exposure regime to
show that exposure to diesel exhaust, but not side-
stream CS, resulted in lung pathophysiology in terms
of lung weight, cell proliferation, inflammation and
tumourigenesis.36 Van Miert et al. used an acute model
with two 1-h exposures of diluted mainstream CS to
deliver varying concentrations of particulate matter to
show dose-dependent increases in lung epithelial
hyperpermeability.37 A similar study over 13 weeks
showed that mainstream CS exposure upregulated
nicotinic acetylcholine receptors in the brain.38

Mice
The majority of recent animal models use CS-induced
disease in mice. They offer the advantages of low cost
and ease of housing, the availability of extensive geno-
mic data, a wide array of molecular and immunological
tools and the potential for nose-only exposures. Impor-
tantly, a plethora of factor-deficient or over-expressing
mouse strains are available or can be easily and rapidly
produced with new CRISPR technology. They are valu-
able in assessing the pathogenesis of COPD. Although
mice and humans share many basic physiological pro-
cesses, animal models should be one, albeit a major,
component of the process for studying human disease
and are most informative when integrated with human
ex vivo and in vivo studies.
These mouse models can be used to assess the

impact of short-term CS or other exposures (1 day to
4 weeks) or the processes involved in the generation of
COPD features (8 weeks to 6 months). Many of the
characteristic features of human COPD, such as
chronic lung inflammation, pulmonary hypertension,
airway remodelling, emphysema and impaired lung
function, can be generated in CS-exposed mice.39 CS
exposure can be combined with mouse models of

Table 1 CS-induced animal models of COPD

Species Guinea pig Rat Mouse

Inflammation ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
Increased oxidative

stress

✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

Small airway and

vascular remodelling

✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

Emphysema ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
Pulmonary

hypertension

✓ ✓ ✓ ✓ ✓ ✓ ✓

Mucus hypersecretion ✓ ✓ ✓ ✓ ✓
Impaired lung function ✓ ✓ ✓ ✓ ✓ ✓
Smoking cessation;

persistence disease

✓ ✓ ✓ ✓

Systemic co-

morbidities

✓

Infectious

exacerbations

✓ ✓

Steroid resistance ✓ ✓
Reference 6 7 8 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22,23 24–27

Animal models that display features of COPD are indicated by ✓.
CS, cigarette smoke.
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respiratory infections to study the impact of infections
on pathogenesis and their roles in
exacerbations.24,25,39–41 In one model, mice were
exposed to side-stream CS for 36 weeks that induced
various hallmarks of human COPD, including increased
airway resistance and respiratory system elastance.42

However, this is a long model and shorter models that
have the hallmark features of disease enable rapid pro-
gression of our understanding of pathogenesis and the
development of new treatments. We have recently
developed a novel short-term mouse model of CS-
induced experimental COPD, using nose-only exposure
that generates the major features of the human disease
in 8 weeks.24–26 Mice are exposed to the CS of 12 cigar-
ettes for 75 min per day, twice per day for 5 days per
week. Exposure consists of normal air interspersed with
puffs of CS and is representative of a pack-a-day
smoker. Cotinine levels found in these models are
around 100 ng/mL immediately after exposure, which
is similar to that found in patient’s saliva (smokers:
approximately 113 ng/mL). This regime results in acute
and chronic airway and parenchymal inflammation,
goblet cell metaplasia, airway remodelling, emphysema
and impaired lung function that are the major hall-
marks of human COPD.24–27 Similar to humans, fea-
tures are not suppressed by corticosteroid treatment
and do not resolve over time, mice with experimental
COPD are more susceptible to viral (influenza) and
bacterial (Streptococcus pneumoniae) infections, and
have systemic involvement with skeletal muscle loss,
and effects on the reproductive tract.24,43

Thus, the hallmark features of human COPD can be
replicated in murine CS-induced COPD models. How-
ever, a complication in the design of experimental
models is that considerable inter-individual variability
and heterogeneity exist in human presentations of the
disease, where each subject may not display all of the
cardinal features. Nevertheless, some animal models
possess all of the major hallmark features and can
therefore be used to study specific features (Table 1).
Furthermore, long-term CS exposure is likely needed to
induce severe disabling disease observed in GOLD
stage 3 to 4. Hence, the animal model and time points
should be chosen that are appropriate for addressing
the question being asked, and should be considered
during the interrogation of pathogenesis of different
stages (i.e. GOLD stage) of disease.

AIR POLLUTION MODELS

Air pollution-induced models exist for guinea pig, rat
and mouse, and typically use particulate matter
(e.g. urban particulate matter), gases (e.g. ozone)44 or a
combination of the two factors (e.g. freshly generated
diesel exhaust).45 They are employed to understand the
toxicological effects of pollution and associated
immune responses in the lung.46 Innate immune acti-
vation47 and induction of oxidative stress48 are fre-
quently observed, which are directly relevant to the
development and exacerbations of COPD. Typical out-
come measures include lung inflammation, goblet cell
metaplasia and lung function alterations (including
responsiveness to methacholine). These methods can

be applied to investigate how air pollution contributes
to a COPD-like pathology in animals. Nevertheless, few
studies have been performed. Acute (24 h) and chronic
(6 weeks) ozone exposure models are used to investi-
gate lung inflammation and remodelling processes in
mice. Ozone initiates intracellular oxidative stress
through the formation of ozonide and hydrogen perox-
ide, which induces a COPD-like phenotype in
6 weeks.44 Ozone exposure in mice induces airway
inflammation, airway hyperresponsiveness (AHR) and
lung destruction similar to that observed in patients
with COPD.49 These effects are in part reversible by
treatment with the antioxidant N-acetylcysteine50 and
the macrophage migration inhibitory factor inhibitor
(S,R)3-(4-hydroxyphenyl)-4,5-dihydro-5-isoxazole ace-
tic acid methyl ester (ISO-1).51 The effects of ozone
exposure are associated with mitochondrial dysfunc-
tion and reflected by decreased mitochondrial mem-
brane potential (ΔΨm), increased mitochondrial
oxidative stress and reduced mitochondrial complex I,
III and V expressions in the lung. Reversal of mitochon-
drial dysfunction by the mitochondria-targeted antioxi-
dant MitoQ reduced inflammation and AHR.44

Furthermore, chronic ozone exposure induces a steroid
insensitive phenotype, where inflammation and
remodelling are not prevented by dexamethasone pre-
treatment in chronically exposed mice.51 Animal mod-
els of exposure to air pollution exposure alone or in
combination with CS exposure will be valuable in
exploring how this environmental risk factor impacts
the development and exacerbations of COPD.

COPD EXACERBATIONS

Exacerbations are a characteristic feature of COPD that
increase the rate of disease progression in terms of
impairment of lung function and further exaggeration
of chronic airway inflammation. The development and
examination of animal models of exacerbations will
facilitate the elucidation of the mechanisms involved
and the identification of therapeutic targets.

Models of exacerbation: LPS instillation
Bacterial LPS has been used alone in long-term admin-
istration, or in combination with short periods of expo-
sure to CS to induce emphysema in animals.13

Furthermore, a single large dose causes an inflamma-
tory response that is accompanied by fever, mucus
hypersecretion and bronchoconstriction, which repro-
duces symptoms of an exacerbation.52 A model of LPS-
induced exacerbation has been performed in hamsters.
Baseline emphysema was established through elastase
administration and subsequently an LPS-induced exac-
erbation was evoked twice a week for 5 weeks. After
6 months, the exacerbation resulted in severe mucus
cell hyperplasia and increased alveolar enlargement.53

Additionally, in mice with elastase-induced emphy-
sema, a single dose of LPS induced acute inflamma-
tion, increased levels of matrix metalloproteinase
(MMP)-9 and TIMP-1 and severe irreversible alveolar
destruction.54 Other studies employed CS models with
subsequent LPS to induce exaggerated inflammatory
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cell influx into the lungs as well as mucus develop-
ment, alveolar enlargement and impaired lung func-
tion.41 Although several studies have examined the
effects of LPS-induced exacerbation on physiological
outcomes, few have assessed the underlying mechan-
isms of disease.

Models of exacerbation: bacterial infections
Bacterial infections are estimated to be responsible for
over half of the acute exacerbations of COPD. Bacteria
isolated from patients with more severe disease include
more invasive species such as Pseudomonas aeruginosa
or Chlamydia pneumoniae. Only a few studies have
investigated bacterial exacerbations in COPD using ani-
mal models, but they have shown increased suscepti-
bility and inflammatory responses to infections or
infection-associated molecules.24,55 Mice infected with
Haemophilus influenzae following 8 weeks of CS expo-
sure had increased inflammatory responses and wor-
sened lung damage compared with those exposed to
normal air.41 In studies delineating the impact of CS on
bacterial clearance and immune and inflammatory pro-
cesses in mice, there was evidence of increased levels
of TNF-α, IL-1β, IL-6, MIP-1 and MIP-2 in the lungs fol-
lowing acute P. aeruginosa infection.55 Nuclear factor
erythroid 2-related factor (Nrf2) plays a crucial role in
attenuating oxidative stress induced by environmental
stressors including CS by inducing a range of cytopro-
tective defence mechanisms.56 In lung tissue and alveo-
lar macrophages from COPD patients, Nrf2-directed
antioxidant responses are impaired and may contribute
to the amplification of inflammatory responses during
exacerbations.57 Biswal et al. have highlighted the
potential role of promoting Nrf2 activity and suggest
that it can mitigate inflammatory responses and
improve innate defences against bacterial infection in
patients with COPD.58

Models of exacerbation: viral infections
Patients with COPD have increased susceptibility to
influenza A virus (IAV) infection and experience exag-
gerated inflammatory immune responses to infec-
tion.3,41,59 In both acute and chronic CS-exposure
models, following IAV infection, increased pulmonary
and systemic inflammation is observed. In some
patients, increased viral proliferation or reduced clear-
ance and decreased bronchodilator responses were
noted.3,24,25,59 Exaggerated immune responses observed
in CS exposure followed by infection was associated
with increased expression of toll-like receptor (TLR)
3 in the lungs of mice.60 Furthermore, CS-exposed
TLR3−/− mice were protected against the amplified
inflammation and lung damage.61 Additionally, the pro-
duction of MMP-2 and MMP-9 were further amplified
following IAV infection in an acute CS-exposure
model.22 A study conducted by Botelho et al. demon-
strated that blocking IL-1α or IL-1R prevented CS-
induced airway neutrophilia, and that IL-1R deletion
also attenuated the exaggerated inflammatory response
to IAV infection.62 This indicates that targeted therapies
against IL-1α/IL-R may be beneficial in the treatment
of viral exacerbations of COPD. Furthermore, Kearley

et al. and Donovan et al. have highlighted the potential
for targeting the IL-33/IL-13 axis. IL-33 plays a critical
role in early immune responses following infection,
while IL-13 is a cytokine downstream of IL-33.63,64 Tar-
geting these cytokines in animal models has illustrated
the therapeutic potential as it results in a reduction of
airway inflammation.65,66 Finally, we have shown that
the cell signalling pathway molecule, phosphatidyl-
inositol 3-kinase (PI3K) has elevated activity in both
human and experimental COPD.25 We showed that IAV
uses this to internalize into epithelial cells and increase
proliferation and further increase activity and inflam-
mation associated with exacerbations. Increased PI3K
activity in turn suppressed antiviral type I and III inter-
feron responses. Global PI3K or p110α isoform-specific
inhibition reversed these effects suppressing infection,
improving antiviral responses and treating the exacer-
bation, again highlighting the therapeutic possibility.25

Collectively, these studies may enhance the under-
standing of the underlying mechanisms of the worsen-
ing in lung damage which occurs with viral
exacerbations of COPD. Further studies of exacerba-
tions in animal models could elucidate the key
mechanisms that can be targeted therapeutically with
more effective outcomes than current treatments.

PATHOGENIC MECHANISMS

Gender differences and COPD
Previously, the prevalence of COPD was considered to
be substantially greater in males than in females. How-
ever, over time the male incidence of disease has pla-
teaued or decreased while female prevalence is
increasing.67,68 This may reflect altered smoking rates in
previous decades. Gender differences have been
reported in some baseline lung function parameters in
many strains including C57BL/6, BALB/c, A/J as well as
other mice.69–71 Female C57BL/6 mice have been
reported to have lower tidal volume and peak inspira-
tory and expiratory flow rates compared with males.71

Furthermore, March et al. showed that evidence of
emphysema was first detected in female A/J mice after
10 weeks of exposure to CS, while this did not occur in
male mice until 16 weeks.18 The underlying mechan-
isms for this difference is not clear but might be related
to gender differences in pulmonary metabolism of che-
micals present in CS (such as naphthalene), similar to
what has been proposed in humans.72

The metabolism of CS occurs when CS is detoxified
into phase I and II metabolites by cytochrome P450
(CYP) enzymes. This leads to toxic intermediate com-
pounds if there is an imbalance in these metabolites.
This is particularly evident in animal models with
females. In the lungs of female rats, there is elevated
expression of CYP enzymes which leads to increased
accumulation of potent oxidants from naphthalene
metabolites.73 Moreover, naphthalene-treated female
mice displayed more extensive and earlier onset of
injury than male mice, caused by elevated intermediate
metabolite levels in lung tissue.74

The female sex hormone, oestradiol, contributes to
changes in CYP metabolism, which may, therefore, be
involved in COPD pathogenesis. Oestradiol upregulates
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CYP enzymes without altering the expression of phase
II enzymes, thus, causing an imbalance of the meta-
bolic processes involved, this leads to female lungs
being more susceptible to oxidant damage. In humans
and mice, the induction of CYP is dependent on the
presence of oestrogen receptor (ER)-α in bronchial epi-
thelial cells.75,76 Oestradiol and CS stimulation of ERs in
the lungs also lead to increases in the protein expres-
sion of CYP1A177 and the metabolism of CS to generate
potent oxidants/oxidizers.78 Tam et al. recently showed
that 6 months of CS exposure in female mice resulted
in oxidative stress, activation of transforming growth
factor beta, small airway remodelling and increased
distal airway resistance.79 These events were reduced
or did not occur in male or female ovariectomized
mice, and oxidative stress was prevented by the modu-
lation of the ER with tamoxifen. These studies suggest
that modulation of female sex hormones may be of
therapeutic benefit in reducing CS-induced increases
in phase I/II metabolism.

Oxidative stress
CS and environmental pollutants induce the generation
of excessive oxidative stress from inflammatory cells,
which plays important pathogenic roles in COPD. In
mice, increases in ROS have been identified in endo-
thelial cells in response to CS that is mediated by the
activation of nicotinamide adenine dinucleotide phos-
phate oxidase.80 Increases in mitochondria-specific
ROS have been shown to accompany lung inflamma-
tion and AHR with ozone exposure of mice.44 This was
associated with mitochondrial dysfunction.
Short-term CS exposure (4 days) of mice induces

systemic oxidative stress, indicated by elevated levels of
ROS, lipid peroxidation and superoxide dismutase in
the heart, liver and kidney.81 These data are supported
by another short-term study, where they found that
both short-term (6 weeks) and long-term (16 weeks)
CS exposure cause increases in arterial pressure and a
marked decreases in nitric oxide. They also reported a
correlation between NO and changes in the structural

and mechanical status of arterial walls in response
to CS.82

Forkhead box O3 (FOXO3) is a transcription factor
that protects against oxidative stress by promoting
the transcription of antioxidants such as catalase.
Activation of the PI3K signalling pathway leads to
phosphorylation of FOXO proteins by the kinase
AKT.83 Phosphorylated FOXO3 then translocates
from the nucleus to the cytosol, where it becomes
ubiquitinated, leading to its degradation by the pro-
teasome. In the absence of external growth signals,
the PI3K–AKT axis is inactive, and unphosphorylated
FOXO3 binds to its DNA consensus sequence to pro-
mote target gene transcription. A novel role in regu-
lating lung inflammation and COPD pathogenesis
was identified in CS-exposed FOXO3−/− mice. These
mice had reduced antioxidant gene expression in the
lungs that was associated with exaggerated inflam-
matory responses and increased alveolar enlarge-
ment compared to CS-exposed wild-type mice.84

Furthermore, FOXO3 has been shown to act as a
fine-tuner of NF-κB activity, and also modulates CS-
induced lung inflammatory responses and COPD in
this way.84

Sirtuin1 (SIRT1) is a NAD+-dependent deacetylase
and has been shown to be decreased in the lungs of
rodents exposed to CS (Fig. 1).85 SIRT1 deacetylates
FOXO3 through direct protein–protein interaction.
This increases the activity of FOXO3 thereby tipping
the balance to cellular survival in response to oxida-
tive and carbonyl stress. A study of lung senescence
using CS- and elastase-induced alveolar enlargement
in mice demonstrated that SIRT1 protected against
emphysema and a decline in lung function through a
FOXO3-dependent anti-senescent mechanism.86 A
potential therapy is resveratrol, which has been
demonstrated to activate SIRT1.87 Recent studies
have suggested that resveratrol attenuates oxidative
stress-induced damage to the lung, as well as
decreasing the levels of NF-κB activity and increasing
haeme oxygenase-1 expression.88
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Figure 1 Mechanism involving SIRT1 in

COPD pathogenesis Oxidative stress

induced by cigarette smoke causes a

reduction in SIRT1 levels and activity in the

lungs, which contributes to the development

of COPD. This occurs through the increase

in inflammation by promoting NF-κB, and
impairing DNA repair by deactivating

FOXO3 deactivation and reducing cell

survival through the induction of p53 and

p73 activity. The reduction in SIRT1 leads
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proteins including; Aryl hydrocarbon
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mediated transcriptional activity. This

disruption of the circadian clock reduces

the efficacy of anti-inflammatory drugs

including steroids and β-agonists.
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BIOMARKER DISCOVERY

In COPD, the mechanisms that drive and mark the
development and progression of disease remain poorly
understood. As a result, there are currently no reliable
biomarkers of disease that can be used for non-invasive
screening. Long-term monitoring of FEV1 declines has
been used to identify risk factors and gauge the efficacy
of potential therapies; however, this approach is slow
and expensive. The identification of defined biomarkers
would be valuable in the investigation of the natural
history of COPD, the development of rapid and accu-
rate diagnostic techniques, as well as provide a means
for identifying those most at risk of disease develop-
ment or progression.89 They could also serve as mar-
kers for the evaluation of efficacy and appropriate
dosage of treatment in relatively short-term studies.
The use of whole-genome arrays or proteomics to
identify biomarkers of disease has increased recently. A
proteomic analysis of lung tissue from CS-exposed rats
found two antioxidants, thioredoxin and peroxiredoxin-
6, were increased, whereas enolase, a multifunctional
protein with roles in glycolysis, tolerance of hypoxia
and allergic responses, was decreased.90 A benefit of
discovering biomarkers in animal models is that the
nature of their involvement can be assessed using
interventions or genetic modifications (deletion or
over-expression) and potential for therapeutic interven-
tion can be studied. Nevertheless, these findings are
limited until they have been validated in clinical
samples.

THERAPEUTIC DEVELOPMENT AND
TESTING

Current treatments for COPD are poorly effective at
inhibiting chronic inflammation, and do not reverse
pathology or modify the factors that initiate and lead to
disease progression in the long term. Therefore, it is
clear that there is a need to develop new therapies to
prevent the initiation and the progression of COPD,
and an effective option is through the use of animal
models that accurately reflect the physiopathology of
the disease. Indeed, many potential future COPD thera-
peutics currently in clinical development, such as inhi-
bitors of inflammatory mediators, oxidative stress,
kinases, phosphodiesterases (PDEs) and proteinases,
were originally identified in studies using animal
models.
Various inhibitors of inflammatory mediators are

being developed and tested for the treatment of COPD.
Inhibitors of TNF-related apoptosis-inducing ligand,
leukotriene B4, TNF-α, IL-1, IL-8 and epidermal growth
factor have shown strong indications when used in ani-
mal models.91 For example, studies exposing TNF-α
receptor knockout mice to CS resulted in reduced
inflammatory cells in lavage fluid and attenuated alveo-
lar enlargement compared with wild-type mice.92 These
findings were supported by another knockout mouse
study where both TNF-α receptors were shown to con-
tribute to the pathogenesis of experimental COPD, with
TNF-α receptor-2 being the most active receptor in the
development of inflammation, emphysema and

systemic weight loss.93 However, as occurred with
asthma, where mouse studies were not interpreted
properly or transferred effectively into clinical studies,
it is likely that selected groups or phenotypes of
patients may respond better to specific treatments.
Studies of animal models of CS-induced airway

inflammation support the potential therapeutic use of
kinase inhibitors, such as those that inhibit p38
mitogen-activated protein kinase (MAPK) and PI3K, in
COPD.94 MAPKs play key roles in chronic inflamma-
tion, and the p38 MAPK pathway is activated by cellu-
lar stress and regulates the expression of a wide variety
of inflammatory cytokines and remodelling factors
including IL-8, TNF-α and MMPs.95 Small molecule
inhibitors of p38 MAPK have been developed, such as
SB239063, and have been shown to have anti-
inflammatory and remodelling effects.96 SB239063
reduces neutrophil infiltration and the concentrations
of IL-6 and MMP-9 in the BALF of rats after endotoxin
inhalation, suggesting its potential as an anti-
inflammatory agent in COPD.97 PI3K plays a role in
controlling a wide variety of intracellular signalling
pathways. Recent studies suggested that numerous
components of the PI3K pathway play a crucial role in
the expression and activation of inflammatory media-
tors, inflammatory cell recruitment, immune cell func-
tion and airway remodelling as well as corticosteroid
insensitivity in chronic inflammatory respiratory dis-
ease such as asthma.98 It is emerging that PI3K also
plays a pivotal role in the pathogenesis of COPD. It is
important in the activation of macrophage and neutro-
phils, which are key players in COPD inflammation.99

We have shown that influenza infection is more severe
in CS-induced experimental COPD that is associated
with increased PI3K activity.25 Treatment with the PI3K
inhibitor LY294002 suppresses this activity, and
enhances antiviral responses that attenuate the infec-
tion leading to improved lung function. Theophylline
was used as a bronchodilator; however, to achieve sig-
nificant bronchodilation compared with that of LABAs,
relatively high plasma concentrations (~10–20 mg/L)
are needed; at these high doses side effects are com-
mon and many patients are not able to tolerate theo-
phylline at these concentrations. In both cell and
animal studies, low-dose theophylline (plasma concen-
tration ~5 mg/L) has been shown to reverse steroid
resistance. Theophylline has a unique effect in treating
COPD by restoring reduced histone deacetylase-2 activ-
ity, thus not only suppressing inflammation but also
restoring corticosteroid responsiveness.100

The PDE4 inhibitor roflumilast, a licensed treatment
for severe COPD, was originally identified as a potential
therapeutic in acute and chronic murine models of CS
exposure. PDE4 degrades the anti-inflammatory cyclic
adenosine monophosphate and its inhibition in mice
has been shown to have numerous protective effects
including reversing the loss of lung desmosine, a
breakdown product of elastin, reducing neutrophil and
macrophage influx, increasing the anti-inflammatory
cytokine IL-10 and improving emphysema.101

Serine proteinases, MMPs and cysteine proteinases
are the primary proteinases implicated in the develop-
ment of COPD. In studies aimed at preventing the
destruction of alveolar walls by proteolysis, and
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ultimately the development of emphysema, inhibitors
of various proteinases have been trialled in animal
models with varying levels of success. Guinea pigs were
subjected to acute CS exposure to induce increases in
lavage neutrophils, desmosine and hydroxyproline, and
elastine and collagen breakdown. Subsequent treat-
ments with the neutrophil elastase inhibitor ZD0892
reduced all of these factors, highlighting proteinase
inhibitors as promising therapeutics for further
studies.7

IL-5 and IL-13 were discovered as targets in experi-
mental asthma models; however, when inhibitors were
tested in safety and efficacy trials, the data were over-
interpreted as a treatment trial and patients were not
selected on the basis of having elevated IL-5 or IL-13
levels.102 This set the field back for several years and
now these treatments are proving to be effective in
those with asthma that is linked to these factors. This is
an important lesson that should be applied to the test-
ing of treatments for COPD. An example of this is the
IL-8 monoclonal antibody (ABX-IL8), whereby promis-
ing preclinical evidence did not translate in phase II
clinical trials, with no clinical benefit.103 Whilst the rea-
son for this is unknown, if patients were classified into
IL-8 high versus IL-8 low, then the antibody may have
shown beneficial effects.
The understanding of the processes and strategies

for translation is rapidly improving. Systematic reviews
and meta-analysis of all the available evidence from
preclinical studies could be performed to identify the
most consistently altered disease-related targets. In
new studies, advancements in techniques allowed the
discovery of more global pathways and networks that
can identify hubs in mechanistic pathways, and conser-
vation between animal models and human disease.
Such studies include genome-wide analysis, RNA
sequencing, epigenetic analysis and proteomics.
Assessment in both experimental and clinical COPD
samples validates the identified pathways and hubs
that are valuable for the development of novel treat-
ments in both animal models (to develop) and then
eventually the patient (clinical trials). A new method
that could be applied to translating treatment from ani-
mals to humans is the precision cut lung slice (PCLS)
technique. This permits the assessment of small airway
responses in situ whilst maintaining all of the cell types
present in the airways in their in vivo configuration.23

This technique can be used in the same way in the
assessment of animal and human tissues. It has been
used to show that bronchodilators are effective in rats,
with efficacy and dosing directly translating into human
clinical practice.104 Whilst mouse PCLS has not been
used to date to characterize any bronchodilatory agents
that have progressed into the clinic, they have been
used to assess novel bronchodilator agents, such as
rosiglitazone and chloroquine.105 Notably, cytokine pro-
duction from these mouse tissues following bacterial or
inflammatory stimuli and expression of cell surface
markers directly mimic human airways,106 providing a
suitable model to assess immunomodulatory sub-
stances. There are, however, limitations in that it is
suitable only for testing a subset of interventions that
work directly on the airways or smooth muscle and it is
a short-term analysis. It is not suitable for assessing

longer term effects on immune interventions. There-
fore, using this technique in addition to preclinical
models of disease may assist with the translation of
findings in animal models into the clinic.
Collectively, studies show that animal models of

COPD and infectious exacerbations of COPD are valua-
ble tools that further our understanding of the patho-
genic aspects of the disease and can be used to identify
novel therapeutic targets and develop and test new
therapies. The inherent heterogeneity of the disease
can also be reproduced and studied in animal models
that are induced using different combinations or doses
of induction agents. In such studies, it is important to
choose the model according to whether the research is
focused on pathogenesis, diagnosis or treatment.

CONCLUSIONS

The current therapies for COPD are poorly effective
because we do not understand how the disease devel-
ops and progresses. Animal models have been estab-
lished that develop the hallmark features of human
COPD. The use of mice and CS exposure are the most
common and representative of the causal factors,
respectively. Mice exposed to CS develop pulmonary
and systemic inflammation, small airway remodelling,
emphysema and impaired lung function, some within
the relatively short time frames of 8 weeks. These mod-
els are used to find factors that may be important in
the pathogenesis and progression of COPD that identi-
fies potential new therapeutic targets that are common
between animal models and human disease. They can
be also be used to discover biomarkers and test new
treatments.
The use of animal models is enabling the develop-

ment of much needed novel therapies for COPD.
Numerous mechanisms have been found to play roles
in the development of COPD, each of which can aid in
the development of new therapeutic targets. Indeed,
many have been translated into clinical treatments
including inhibitors of inflammatory mediators, antiox-
idants, PI3K and theophylline, and PDE4. Some of
these target single end-effector factors. Other processes
such as oxidative stress, mast cell proteases, circadian
rhythm and epigenetic changes including microRNAs
have been discovered in mice. The control of multiple
pathways involved in pathogenesis is likely to be the
way forward in developing broadly effective treatments.
For example, SIRT1 activity is reduced in response to
CS and oxidative stress. SIRT1 suppresses inflammatory
cascades and also impacts circadian rhythm and post-
translational mechanisms. The modulation of these fac-
tors may have widespread effect in COPD. New global
approaches may be discovered using ‘omics
approaches’ of genes and proteins that can be used to
find pivotal factors in the form of hub molecules that
could control networks of pathways.
Since there are currently no effective therapies that

halt the progression of disease, development of bio-
markers for early detection of disease could potentially
optimize the selection of patient populations for clini-
cal trials of novel therapies in development. The use of
a short-term animal model of COPD disease features
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allows the identification of biomarkers, the possible tar-
gets of novel therapies and to test the effects of novel
therapeutic agents. A major setback in the develop-
ment of novel therapies is that once new therapeutic
targets have been discovered, interventions need to be
developed and or tested. Then, these need to be trans-
lated into human tissues, followed by extensive safety
and efficacy trials before clinical trials can commence.
Animal models are valuable tools for therapeutic test-
ing towards progression into humans. Once validated
in the clinic, the identification of the mechanisms of
disease development and progression from these ani-
mal models may lead to novel effective therapies,
which can be tailored to the disease profile of the indi-
vidual patient leading to the future of ‘personalized
medicine’.
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