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Acrolein (2-propenal) is a highly reactive � ,�-unsaturated aldehyde and a respiratory irritant that is ubiquitously
present in the environment but that can also be generated endogenously at sites of inflammation. Acrolein is abundant
in tobacco smoke, which is the major environmental risk factor for chronic obstructive pulmonary disease (COPD),
and elevated levels of acrolein are found in the lung fluids of COPD patients. Its high electrophilicity makes acrolein
notorious for its facile reaction with biological nucleophiles, leading to the modification of proteins and DNA and
depletion of antioxidant defenses. As a consequence, acrolein results in oxidative stress as well as altered intracellular
signaling and gene transcription/translation. In pulmonary cells, acrolein, at subtoxic concentrations, can activate
intracellular stress kinases, alter the production of inflammatory mediators and proteases, modify innate immune
response, induce mucus hypersecretion, and damage airway epithelium. A better comprehension of the mechanisms
underlying acrolein effects in the airways may suggest novel treatment strategies in COPD.
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Introduction

Chronic obstructive pulmonary disease (COPD)
is a respiratory disorder characterized by progres-
sive, not fully reversible, airflow limitation associ-
ated with an abnormal pulmonary inflammatory
response to noxious particles or gases.1 The most
common symptoms of COPD include chronic bron-
chitis, abnormal sputum production, emphysema,
wheeze, and dyspnea with exertion.2 Despite the
fact that COPD is a leading cause of morbidity and
mortality worldwide, there are no therapeutic inter-
ventions capable of arresting the progression of the
disease.3

Acrolein (2-propenal) is abundant among the nu-
merous chemical components (>4,700) of cigarette
smoke, which is accepted as the most important
risk factor for COPD.4 Acrolein is a highly elec-
trophilic �,�-unsaturated aldehyde, volatile at room
temperature, highly irritant to the airways,5 and
toxic. Even if ubiquitously present in the environ-
ment,6 acrolein exposure through cigarette smoke is
generally considered to make up a large proportion

of total human exposure. In addition, acrolein can
be generated endogenously during inflammation,
through the degradation of threonine into acrolein
by myeloperoxidase (MPO), which is released by
neutrophils at the site of inflammation (see Fig. 1).7

Another endogenous source of acrolein is from the
catabolism of polyamines, such as spermine and
spermidine, through an amine oxidase–mediated
mechanism.7 Augmented levels of acrolein are
found in the expired breath condensate (45.3
nM) and induced sputum of patients with COPD
(131.1 nM).8

Acrolein interaction with biomolecular
targets

Being a water-soluble �,�-unsaturated aldehyde,
acrolein possesses a C-3 carbon that can re-
act with nucleophilic sites in proteins, i.e., the
sulfhydryl group of cysteine, the imidazole moi-
ety of histidine, the ε-amino group of lysine, and
the guanidine group of arginine, thereby impair-
ing protein function.7 Preferentially acrolein forms
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Figure 1. Cigarette smoke contains acrolein, which can stimulate the release of metalloproteases (MMPs) and CXCL-8
(interleukin-8) from alveolar macrophages, epithelial cells, and fibroblasts. CXCL-8 induces recruitment and activation of neu-
trophils and consequent release of myeloperoxidase (MPO), which causes the formation of acrolein from threonine. Endogenously
generated acrolein further stimulates CXCL-8, NE (neutrophilic elastase) and MMPs release and, through TRPA1 activation, can
trigger neurogenic inflammatory responses.

Michael-type adducts on cysteine residues.9

Acrolein exposure was reported to lead to a dose-
dependent loss of cellular glutathione (GSH) upon
conjugation and formation of GSH–acrolein co-
valent adducts. GSH is a critical endogenous an-
tioxidant, abundantly present at millimolar con-
centrations in most cell compartments, such as in
the cytosol (1–11 mM), nuclei (3–15 mM), and
mithocondria (5–11 mM).10 GSH plays a key role
in cellular reductive processes and detoxification
of harmful oxidative species and various xenobi-
otics.11 Although acrolein, at levels found in COPD
lungs, cannot cause a substantial depletion of intra-
cellular antioxidant defenses (i.e., GSH),5 it forms
adducts also with other key proteins involved in
redox signaling, including thioredoxins (Trxs), per-
oxiredoxins (Prxs), thioredoxin reductase, and GSH
S-transferase �.12 Acrolein adducts affect the activ-
ity of thioredoxin reductase (TrxR) and the redox
status of Trxs and Prxs in human bronchial epithe-
lial cells.13 In addition, acrolein is capable of form-
ing adducts, which alter apoptosis, inflammation,
mucociliar transport, alveolar–capillary barrier in-
tegrity, as well as many other signaling events14

independent of the lock-and-key mode of activa-
tion. By forming acrolein–DNA adducts with de-

oxyguanosine moiety of DNA, acrolein may also
affect DNA replication, transcription, and repair
capacity.15

Acrolein targets structural macromolecules,
forming adducts and cross-links with cytoskele-
tal targets, i.e., actin and vimentin.16,17 Acrolein
can alter upstream and/or downstream compo-
nents of a signaling cascade, including transcrip-
tion factors such as NF-�B,18,19 which is critically
involved in the expression of more than 400 genes
regulating antioxidant defense, apoptosis, inflam-
matory, and immunological responses. Acrolein ex-
posure forms adducts with a member of the basic
leucin zipper transcription factor family, the nu-
clear erythroid-2 related factors 2 (Nrf2), which ac-
tivate the antioxidant response element (ARE), a
transcriptional control element that mediates ex-
pression of a set of antioxidant proteins and defense
enzymes (e.g., heme oxygenase-1, superoxide dis-
mutase, thioredoxin, thioredoxin reductase, GSH
reductase, and GSH peroxidise).20 On a genome-
wide basis, acrolein exposure was reported to de-
crease the metallothionein class of cytoprotective
metal-chelating proteins and to induce a persistent
upregulation of several members of the early growth
response (EGR) class of zinc finger transcription
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factors, known to be involved in differentiation and
mitogenesis.14

Acrolein-mediated lung cell toxicity

The mode of cell death induced by acrolein is dose-
and cell type–dependent and is influenced by ex-
perimental conditions, as extensively reviewed by
Bein and Leukauf.5 In general, acrolein concen-
trations exceeding 50 �M cause massive disrup-
tion to the structure and function of several cell
types,21 resulting mainly in necrosis.22,23 At con-
centrations less than 50 �M, pro-apoptotic mech-
anisms prevail as an increased apoptosis has been
observed in several cell types, such as alveolar
macrophages,22 alveolar type II cell-derived cell line
(A549),24 and bronchial epithelial cells.25 Acrolein-
induced apoptosis appears to be mediated by over-
production of reactive oxygen species, mitochon-
drial membrane hyperpolarization,26 and activation
of p53, a transcription factor and tumor sup-
pressor, involved in regulating the death receptor
Fas pathway.27 At lower concentrations of acrolein
(<15 �M in A549), anti-apoptotic processes domi-
nate, in part, through activation of the survival fac-
tor AKT.26

Acrolein and airway inflammation

Cigarette smoke exposure clearly affects the immune
system, compromising the host ability to mount
proper immune and anti-inflammatory responses
and contributing to smoking-related pathologies.28

As a consequence, smoking and COPD are related to
bacterial colonization of the pulmonary tract, and
rising airway bacterial load is associated with greater
airway inflammation and an accelerated lung func-
tional decline.29 Similar to cigarette smoke, acrolein
can cause impairment of pulmonary anti-bacterial
defenses.30,31 In particular, acrolein is known to
interfere with innate macrophagic functions, in-
cluding adhesion, phagocytosis, and homodimer-
ization of Toll-like receptor 4.32–34 Recently, molecu-
lar mechanisms underlying acrolein ability to mod-
ulate immune responses have started to be elu-
cidated. Acrolein is known to activate multiple
stress kinase pathways such as extracellular-signal-
regulated-kinase (ERK1/2) and p38 MAPK, which
modulate expression and release of inflammatory
mediators, such as CXCL-8/IL-8, tumor necrosis
factor-� (TNF-�), and vascular endothelial growth
factor (VEGF).35–37 In addition, acrolein can sup-

press innate macrophage responses by direct alkyla-
tion of c-Jun N-terminal kinase34 and induce COX-2
in rat lung epithelial cells through the ERK1/2 path-
way.38

Acrolein has the potential to regulate transcrip-
tion of a variety of genes primarily by covalently
binding with key transcription factors, including
NF-�B, which mediates a major signaling path-
way associated with inflammation and cytokine
gene expression.19,39 Acrolein, by alkylating cysteine
and arginine residues in the NF-�B–binding do-
main, can suppress NF-�B signaling40,41 and, con-
sequently, the release of inflammatory mediators,
such as IL-1b, whose expression is predominatly
regulated through the NF-�B pathway.42

It should also be taken into consideration that di-
verse cell types may respond differently to acrolein
as, for instance, in human macrophagic cells, where
TNF-� release is actually stimulated by acrolein.35

The observation that exposure to acrolein can in-
duce neutrophil influx in the lung of small rodents43

is in line with data showing that acrolein elicits ex-
pression and release of the neutrophil chemoattrac-
tant CXCL-8 in a variety of lung cells through a p38
MAPK– and ERK1/2-dependent mechanism.35,36 In
addition, acrolein is capable of inhibiting apop-
totic signaling in neutrophils resulting in delayed
necrotic cell death.44,45 This mechanism could lead
to decreased neutrophil clearance during the in-
flammation processes, thus prolonging and enhanc-
ing neutrophilic inflammation (see Fig. 1). A re-
cent study46 identified acrolein as the main agent in
cigarette smoke mediating airway neurogenic in-
flammation via stimulation of transient receptor
potential ankyrin subfamily member 1 (TRPA1),
a non-selective noxious cold-activated cation chan-
nel, suggesting a further role for acrolein in pro-
moting inflammatory conditions in the airways
(see Fig. 1).

In sum, acrolein-induced suppression of the
host response is accompanied by increased neu-
trophil chemoattraction and decreased neutrophil
clearance, suggesting a link between acrolein and
smoking-related suppression of host defense as well
as neutrophil infiltration, both events typically as-
sociated with COPD.

Acrolein and mucus hypersecretion

In COPD patients, airway inflammation causes
an excessive mucus production and decrease in
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mucociliary clearance resulting in mucus retention
and airway obstruction.47,48

Mucins are complex glycoproteins that provide
the viscoelastic properties of mucus that is essen-
tial for the protection of the airways. Cigarette
smoke can directly increase the transcription lev-
els of mucin genes, mainly MUC5AC and MUC7,49

and, to a lesser extent, MUC1 and MUC2,50 and can
also synergistically amplify the responses to proin-
flammatory cytokines and bacterial infections51 fre-
quently present in lung of COPD.

Animals exposed to acrolein develop airway ep-
ithelial damage, bronchiolitis,52,53 mucus cell meta-
plasia, and increased MUC5AC expression,47 ac-
companied by excessive macrophage accumulation
in the lung.54,55 As observed in lung and bronchial
epithelial cells, acrolein can directly induce excessive
mucus production.53,56 Nevertheless, as shown for
cigarette smoke, acrolein may also indirectly induce
excessive and persistent mucus production through
a mechanism involving matrix metalloproteinases
(MMPs) activation,57 pro-EGF ligand shedding, and
EGFR-mediated activation of ERK1/2,58 JNK,58 and
p38 MAPK59 signaling. Acrolein, at concentrations
similar to those found in COPD sputum, is ca-
pable of promoting MMP9 activation through the
removal of the inhibitory N-terminal pro-domain
from pro-MMP9 or by directly adducting cysteine
319 in the MMP14, an activator of MMP9. Activated
MMP9 can proteolitically processes various pro-
EGFR ligands, thus inducing an autocrine/paracrine
EGFR-MAPK–dependent upregulation of MMP9
and MMP14 that, once released from the cell, can
be activated by acrolein or other MMPs.58–61 Thus,
acrolein, by priming the activation of MMP9, stimu-
lates the EGFR-MAPK signaling that, in turn, could
contribute to MMPs upregulation and persistent
EGFR-dependent mucin production. It has been re-
cently shown that the EGFR/ERK1/2-mediated in-
duction of goblet cell metaplasia and mucin hy-
perproduction after exposure to acrolein may be a
consequence of Ras GTPase activation.62

In sum, acrolein stimulatory effects on mucins
gene expression and mucin production may play a
role in promoting chronic mucus hypersecretion, a
pathognomonic feature of COPD.

Acrolein and emphysema

Protease–anti-protease imbalance has been pro-
posed to be the principal cause of tissue destructive

process leading to emphysema in COPD.63 Initially
put forward for the elastase activity associated with
the cigarette smoke–mediated recruitment of neu-
trophils,64 the proteases–anti-proteases hypothesis
has been reformulated to include the MMPs as the
proteolytic enzymes mainly involved in the patho-
genesis of emphysema. Recent studies suggest that
the MMPs predominantly involved in the lung tissue
destructive processes in response to cigarette smoke
exposure as well as in COPD appear to be MMP1,
-2, -8, -9, -12, and -14.65–67

Several lines of evidence indicate that exposure
of cells and animals to acrolein can drive an unbal-
anced protease activation through EGFR-, MAPKs-,
and mTOR-mediated up- or downregulation of
certain MMPs and protease inhibitors expression,
as demonstrated for MMP1,68 -9,69,70 -14,58 and
TIMP3.57,68 Moreover, acrolein exposure can in-
duce macrophage71 and neutrophil accumulation54

with consequent production of high levels of proin-
flammatory cytokines/chemokines and proteases,
including neutrophil elastase, which may contribute
to alveolar destruction, tissue injury, and remodel-
ing in COPD (see Fig. 1).52,71

Targeting acrolein in COPD therapy

A potential approach for the treatment of COPD
could be aimed at neutralizing acrolein. Conjuga-
tion of acrolein to GSH is an important mecha-
nism for the detoxification of acrolein. However,
circulating GSH cannot be increased to a clinically
beneficial extent by oral administration, even with
high doses (up to 3 g) of GSH, because the limited
systemic availability of oral GSH and the rapid phar-
macokinetic.72 Alternatively, increased GSH level
can be obtained by administering its precursors
N-acetylcysteine (NAC), an acetyl derivative of the
amino-acid cysteine, which is also a strong reduc-
ing agent. NAC is rapidly metabolized to cysteine,
whose free thiol-group has antioxidant and reduc-
ing properties, including �,�-unsaturated aldehy-
des scavenging, and that is a direct precursor of GSH.
Because of its ability to reduce disulphide bounds,
NAC is largely used as a mucolytic agent.73 In ad-
dition, NAC has the potential to interact directly
with oxidants such as �,�-unsaturated aldehydes by
forming covalent adducts (Michael adducts).74 Ex-
perimental evidence demonstrates the scavenging
effect of NAC against cigarette smoke– and acrolein-
induced inflammation and emphysema and some
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beneficial effects in COPD patients in small clinical
studies.35,36,69,75–78 However, an extensive multicen-
ter study (BRONCUS) reported that at least the dose
of NAC 600 mg daily is ineffective in preventing the
deterioration in lung function and prevention of
exacerbation in patients with COPD followed for
three years.79 Given its limited oral bioavailability
and short half life,80 it is conceivable that higher
doses of NAC should be utilized in order to obtain
efficacious levels in the lung.81,82

Nitrogen-containing carbonyl compounds, such
as the anti-hypertensive hydralazine,83 the classic
carbonyl reagent methoxyamine,84 and the gly-
coxidation inhibitors, aminoguanidine, and carno-
sine,85 are known for their aldehyde-scavenging
properties and for their ability to counteract
acrolein-induced protein carbonylation. However,
nitrogen-containing compounds display slower
carbonyl-sequestering kinetics when compared
with sulfur-containing scavengers.86

Recent studies indicate that a decrease in Nrf2
signaling in patients with COPD may hamper their
ability to defend against oxidative stress and elec-
trophiles agents. A strategy for increasing GSH levels
and cytoprotective pathways can be accomplished
through sulforaphane, an organosulfur compound
capable of inducing resistance to acrolein through
an Nrf2-dependent mechanism.87 Analogously, the
natural polyphenol resveratrol is capable of induc-
ing GSH synthesis via activation of Nrf2 and can
protect against cigarette smoke–mediated oxida-
tive stress in human lung epithelial cells.88 Also
the natural phenol curcumin is an inducer of cy-
toprotective pathways against electrophile agents.89

However, the “drugability” of many natural
polyphenols is hampered by the limited bioavail-
ability in vivo and/or rapid inactivation in the gas-
trointestinal tract.

In sum, many “antioxidant” compounds have the
potential to protect cells from the toxic effects of
acrolein through either direct scavenging or the in-
duction of cytoprotective pathways that can neutral-
ize acrolein as well as other �,�-unsaturated alde-
hydes. Although several pharmacological interven-
tions are effective in experimental models, it should
be considered that the anatomic lesions in COPD,
in particular emphysema, can hardly be reproduced
in animal models. Indeed, only with chronic smoke
exposure (six months) is there evidence of mild em-
physema and pulmonar lesions, which, however,

never reach a stage comparable to GOLD III/IV
in small rodents.90–92 At present, NAC is the only
“anti-acrolein agent” that has been extensively stud-
ied in COPD patients. It is likely that erdosteine,
a thiol-containing molecule now currently used in
the therapy of COPD as mucolytic and whose active
metabolite contains a sulfhydryl group,73 may also
function as acrolein scavenger.

Concluding remarks

Chronic cigarette smoke inhalation is a major risk
factor for COPD. Some of the pathological changes
induced by cigarette smoke exposure can be repli-
cated by its component acrolein in experimental
in vitro and in vivo models. While acute exposure
to high doses of acrolein causes acute lung injury,
repeated exposure to lower doses represents a risk
factor for development of chronic pulmonary in-
flammation, reduction of host defense, neutrophil
inflammation, mucus hypersecretion, and protease-
mediated lung tissue damage. A better comprehen-
sion of the effects of acrolein in pulmonary cells may
shed light on the mechanisms underlying COPD
pathogenesis and pave the way for novel therapeu-
tic approaches.
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