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BACKGROUND AND PURPOSE
Vascular endothelial growth factor (VEGF) is an angiogenic factor known to be elevated in the sputum of asymptomatic
smokers as well as smokers with bronchitis type of chronic obstructive pulmonary disease. The aim of this study was to
investigate whether acute exposure to cigarette smoke extract altered VEGF production in lung parenchymal cells.

EXPERIMENTAL APPROACH
We exposed human airway smooth muscle cells (ASMC), normal human lung fibroblasts (NHLF) and small airways epithelial
cells (SAEC) to aqueous cigarette smoke extract (CSE) in order to investigate the effect of cigarette smoke on VEGF expression
and release.

KEY RESULTS
Vascular endothelial growth factor release was elevated by sub-toxic concentrations of CSE in both ASMC and NHLF, but not
in SAEC. CSE-evoked VEGF release was mimicked by its component acrolein at concentrations (10–100 mM) found in CSE,
and prevented by the antioxidant and a,b-unsaturated aldehyde scavenger, N-acetylcysteine (NAC). Both CSE and acrolein
(30 mM) induced VEGF mRNA expression in ASMC cultures, suggesting an effect at transcriptional level. Crotonaldehyde and
4-hydroxy-2-nonenal, an endogenous a,b-unsaturated aldehyde, stimulated VEGF release, as did H2O2. CSE-evoked VEGF
release was accompanied by rapid and lasting phosphorylation of p38 MAPK (mitogen-activated protein kinase), which was
abolished by NAC and mimicked by acrolein. Both CSE- and acrolein-evoked VEGF release were blocked by selective inhibition
of p38 MAPK signalling.

CONCLUSIONS AND IMPLICATIONS
a,b-Unsaturated aldehydes and possibly reactive oxygen species contained in cigarette smoke stimulate VEGF expression and
release from pulmonary cells through p38 MAPK signalling.

Abbreviations
ASMC, human airway smooth muscle cells; COPD, chronic obstructive pulmonary disease; CSE, aqueous cigarette
smoke extract; ERK1/2, extracellular signal-regulated kinase type 1 and 2; 4-HNE, 4-hydroxy-2-nonenal; MAPK,
mitogen-activated protein kinase; 2-ME, 2-methoxy-estradiol; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide; NAC, N-acetylcysteine; SAEC, small airways epithelial cells; VEGF, vascular endothelial growth factor
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Introduction
Cigarette smoke is a complex mixture of more than 4700
chemical compounds (Stedman, 1968), including free radi-
cals and highly toxic compounds. It is generally accepted that
cigarette smoke is the most important risk factor for the
development and progression of chronic obstructive pulmo-
nary disease (COPD), a syndrome characterized by progres-
sive airflow limitation. The term COPD includes at least two
main lung diseases: chronic bronchitis and emphysema, both
accompanied by airways remodelling and abnormal inflam-
matory responses of the lungs. Increased numbers of neutro-
phils, macrophages and inflammatory mediators are observed
in the sputum and bronchoalveolar lavage fluid of COPD
patients as well as in the lung of experimental animal models
exposed to cigarette smoke (D’hulst et al., 2005; Yao et al.,
2008; Braber et al., 2010). Cigarette smoke (either as gas phase
or aqueous extract) acutely stimulates the release of
interleukin-8 (IL-8) and tumour necrosis factor-a in macroph-
ages (e.g. Culpitt et al., 2003; Walters et al., 2005; Demirjian
et al., 2006; Yang et al., 2006) as well as from lung fibroblasts
(Sato et al., 1999; Numanami et al., 2003; Li et al., 2007) and
airway epithelial cells (Mio et al., 1997; Masubuchi et al.,
1998; Kode et al., 2006). Recently we provided evidence that
the a,b-unsaturated aldehydes acrolein and crotonaldehyde
are the main components of smoke responsible for IL-8
release from macrophages (Facchinetti et al., 2007) as well as
from airway epithelial cells and fibroblasts through the
stimulation of both extracellular signal-regulated kinase type
1 and 2 (ERK1/2) and mitogen-activated protein kinase (p38
MAPK) intracellular pathways (Moretto et al., 2009).

Vascular endothelial growth factor (VEGF) is a potent
pro-angiogenic factor (Roy et al., 2006), which is widely
expressed in highly vascularized organs and tissues, particu-
larly in the lung, where it plays a key role in the maintenance
of the homeostasis of the alveolar compartment (Ferrara and
Bunting, 1996; Birk et al., 2008). In addition, several non-
endothelial cell types also express VEGF receptors (Voelkel
et al., 2006) and soluble VEGF is released by several pulmo-
nary cells in close proximity to airways microvasculature,
including smooth muscle cells (Alagappan et al., 2005), fibro-
blasts (Kamio et al., 2008) and epithelial cells (Thaikoottathil
et al., 2009). Exposure of rodents to tobacco smoke elicits
inflammatory lung responses accompanied by elevation of
VEGF in the bronchoalveolar lavage fluid (Braber et al., 2010).
This is consistent with the observation that, in induced
sputum, VEGF levels are higher in healthy smokers as well as
in patients with chronic bronchitis when compared with
non-smokers (Kanazawa et al., 2003; Kanazawa, 2007; Rovina
et al., 2007). Notably, elevation of VEGF levels in the sputum
of asymptomatic smokers and smokers with bronchitis type
of COPD correlates with smoking pack years and with IL-8
levels (Rovina et al., 2007), a chemokine up-regulated by
direct cigarette smoke exposure (Facchinetti et al., 2007).
Moreover, VEGF expression is increased in pulmonary mus-
cular arteries of smokers with normal lung function when
compared with non-smokers (Santos et al., 2003; Kranenburg
et al., 2005). On the other hand, cigarette smoke is known to
disrupt VEGF-mediated survival signalling, and decreased
VEGF as well as VEGF receptor expression in COPD emphy-
sematous lungs has been linked to increased endothelial cell

death and vascular regression (Kasahara et al., 2001; Marwick
et al., 2006). Therefore, it has been inferred that differences in
VEGF expression may play a role in the pathophysiology of
the two major phenotypes of COPD: emphysema and chronic
bronchitis. Nevertheless, the mechanisms through which
cigarette smoke may affect VEGF levels remain to be clarified,
considering also that VEGF could be modulated by events
secondary to smoking such as hypoxic conditions and/or
inflammation (Rovina et al., 2007).

In order to investigate the acute effects of direct exposure
to cigarette smoke on VEGF expression, we examined the
effects of aqueous cigarette smoke extract (CSE) in different
pulmonary cells, which are relevant both in terms of their
abundance in the lung parenchyma and proximity to vascu-
lature. We found that CSE elicited VEGF release in both
airway smooth muscle cells (ASMC) and cultured normal
human lung fibroblasts (NHLF) but not in small airways epi-
thelial cells (SAEC). This effect was mimicked by the two
volatile cigarette smoke components, acrolein and crotonal-
dehyde, and was blocked by selective p38 MAPK inhibitors.

Methods

Cell cultures
Normal human lung fibroblasts and SAEC were purchased
from Lonza (Basel, CH). Normal human airway/bronchial
smooth muscle cells (ASMC) were purchased from PromoCell
GmbH. Both NHLF and ASMC were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10%
fetal bovine serum, antibiotics (50 U·mL-1 penicillin and
0.05 mg·mL-1 streptomycin) and 2 mM L-glutamine in an
atmosphere of 95% air and 5% CO2 at 37°C. SAEC were
cultured in small airways epithelial growth factor medium
(SAGM; Lonza, Basel, CH) according to supplier’s instruc-
tions, as previously described (Moretto et al., 2009). NHLF,
ASMC and SAEC cultures were used between passage 1 and 6.

Preparation of CSE
Cigarette smoke extract was freshly generated under stan-
dardized conditions as previously described (Sato et al., 1999;
Walters et al., 2005; Facchinetti et al., 2007). Briefly, aqueous
CSE was obtained by bubbling smoke generated from the
combustion of four cigarettes (Marlboro Red, 12 mg tar,
0.9 mg nicotine each) through 50 mL of DMEM w/o phenol
red and subsequently filtered through a 0.2 mm pore filter
(Millipore). To ensure reproducibility among different CSE
batches, the absorbance (optical density, OD) measured at
320 nm was used as a measure of the ‘strength’ of the extract.
Subsequently, dilutions were made with culture media in
order to obtain the desired absorbance. The CSE was freshly
prepared on the day of the experiment and immediately used
after preparation.

Cell treatments
For ELISA assays, ASMC and NHLF were seeded in 48-well
plates at the density of 104 cells per well in culture medium
made of DMEM containing 10% fetal bovine serum,
50 U·mL-1 penicillin, 0.05 mg·mL-1 streptomycin, 2 mM
L-glutamine. At ~80–90% confluence, cells were shifted to
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serum-free culture medium 16–18 h before treatments. SAEC
were cultured and treated in SAGM (see above). Cells were
incubated with freshly prepared solutions of pharmacological
compounds or vehicle 30 min before exposure to CSE,
acrolein or H2O2. After 18 h, supernatants were collected and
stored at -80°C for ELISA determinations. For Western blot
analysis, ASMC were seeded in 12-well plates at the density of
2 ¥ 105 cells per well and cultured until confluence. After
16–18 h incubation in serum-free culture medium, media
were changed and the cells were treated with either freshly
prepared CSE or acrolein for increasing periods of time in
serum-free medium. Whole cell extracts were prepared as
described below.

Viability assay
Cell viability was assessed by using the 3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) reduction assay (Hansen et al., 1989). MTT was added
to the culture medium at a final concentration of 0.5 mg·mL-1

and incubated at 37°C for 1 h. The reaction product of MTT
was extracted in dimethylsulphoxide and the OD was spec-
trophotometrically measured at 570 nm, with dimethylsul-
phoxide as a blank. Viability was expressed as percentage of
the values in vehicle-treated (basal) cultures, set to 100%.

Enzyme-linked immunosorbent assay
Culture media were collected following treatments and
promptly used in the assay or stored at -80°C prior to analy-
sis. Human VEGF was measured using a paired antibody
quantitative ELISA kit purchased by Invitrogen (detection
limit: 5 pg·mL-1). The assays were performed according to the
manufacturer’s instructions. Data were expressed as pg·mL-1.

Real-time PCR
For real-time PCR studies, ASMC were seeded in serum-
containing culture medium in 48-well plates at the density of
104 cells per well and grown to ~80–90% confluence. Then,
cultures were shifted to serum-free culture medium for
16–18 h and then exposed to CSE or acrolein. Subsequently,
adherent cells were rinsed with cold phosphate buffered
saline, and, by using the TaqMan Gene Expression Cells-to-Ct
Kit (Applied Biosystems, Foster City, CA, USA), lysed to isolate
and reversely transcribe total RNA. Briefly, cells were lysed in
Cell Lysis solution containing DNAse I for 5 min, followed by
2 min incubation with the stop solution. Cell lysates were
immediately used for RT reactions; 50 mL reverse transcrip-
tion reactions were performed using 10 mL of each cell lysate,
according to the manufacturer’s instructions. Two sets of
primers-probes were designed using the Primer Express Soft-
ware version 3.0 (Applied Biosystems, Foster City, CA, USA).
The chosen reporter fluorophores for TaqMan MGB probes
were VIC for the endogenous reference b-actin gene (ACTB)
and 6-carboxyfluorescein (FAM) for VEGF gene. The two sets
of primers-probes were as follows: set 1, ACTB-FW (forward)
5′-GGCGGCACCACCATGTAC-3′, ACTB-RE (reverse) 5′-CAG
GGCAGTGATCTCCTTCTG-3′, ACTB probe 5′-VIC-TGGCA
TTGCCGACAGG-3′; and set 2, VEGF-FW (forward) 5′-CCC
ACTGAGGAGTCCAACATC-3′, VEGF-RE (reverse) 5′-ACATT
TGTTGTGCTGTAGGAAGCT and VEGF probe 5′-FAM-CC
ATGCAGATTATGC-3′. The chosen primers and probes were

subjected to Basic Local Alignment Search Tool (BLAST) data-
base searches to exclude sequence similarities with other
genes. Real-time quantitative PCR was performed using Ste-
pOnePlus Real-Time PCR System (Applied Biosystems, Foster
City, CA, USA). All samples were run in triplicate in a final
volume of 25 mL containing 12.5 mL of 2¥ TaqMan Gene
Expression PCR Master Mix, 300 nM of each primer, 250 nM
of each probe and 4 mL of RT reaction, according to the
manufacturer’s instructions (Applied Biosystems, Foster City,
CA, USA). Amplification conditions were: 50°C for 2 min and
95°C for 10 min, followed by 50 cycles of 95°C for 30 s and
60°C for 1 min. Relative expression of VEGF mRNA was cal-
culated using the 2-D(DCT) comparative method, with VEGF
gene normalized against the internal endogenous reference
b-actin gene for the same sample.

Western blot analysis
Following cell treatments as described above, medium was
removed and whole cell extracts were prepared by directly
adding to the well the 1¥ loading buffer (0.06 M Tris-HCl
pH 6.8, 2% SDS, 0.01% bromophenol blue, 10% glycerol and
0.4 M DTT) (Fermentas International Inc, Canada), boiled for
5 min and then electrophoresed on NuPAGE® Novex 12%
Bis-Tris Gel (Invitrogen). After electrophoresis, proteins were
transferred to a nitrocellulose membrane. The blot was
blocked with 5% non-fat dry milk in TBS-T (TBS containing
0.1% Tween 20) for 1 h at room temperature. Blots were then
incubated with primary antibodies to p38 MAPK (rabbit anti
p38 MAPK, Cell Signalling Technology), phospho-p38 MAPK
(mouse anti-phospho-p38 MAPK, Thr180/Tyr182, Cell Signal-
ling Technology), ERK1 (rabbit anti-ERK1, Santa Cruz Bio-
technology), phospho-ERK (mouse anti-phospho-ERK1/2,
Thr202/Tyr204, Cell Signalling Technology), at room tem-
perature for 1 h. Primary antibodies were visualized with
IrDye 800CW goat anti-mouse or IrDye 680CW goat anti-
rabbit from LI-COR Biosciences (Lincoln, Nebraska). Fluores-
cence signal was detected with Odyssey scanner (LI-COR
Biosciences, Lincoln, Nebraska). Quantification was carried
out by measuring the average intensity of the regions of
interest using Odyssey Software. Ratios of phosphorylated/
total amount of the protein were expressed as fold induction
over the basal.

Statistical analysis
All values are expressed as means � standard deviation (SD).
Statistical analysis was performed using one-way analysis of
variance (ANOVA) followed by Dunnett’s or Bonferroni’s post
hoc test for multigroup comparisons. Differences were con-
sidered statistically significant when P < 0.05.

Materials
U0126, Bis[amino[(2-aminophenyl)thio]methylene]
butanedinitrile, was purchased from Upstate (Charlottesville,
VA, USA). ERK inhibitor FR180204, 5-(2-phenyl-pyrazolo
[1,5-a]pyridin-3-yl)-1H-pyrazolo[3,4-c]pyridazin-3-ylamine,
p38 MAPK inhibitors SB202190, 4-(4-fluorophenyl)-2-(4-
hydroxyphenyl)-5-(4-pyridyl)1H-imidazole and SB203580,
4-(4-fluorophenyl)-2-(4-methylsulfinylphenyl)-5-(4-pyridyl)
1H-imidazole and phosphatidyl inositol 3-kinase (PI3K)-g
inhibitor II 5-(2,2-difluoro-benzo[1,3]dioxol-5-ylmethylene)-
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thiazolidine-2,4-dione, were purchased from Calbiochem (La
Jolla, CA, USA), gefitinib (4-[3-chloro-4-fluoroanilino]-7-
methoxy-6-[3-morpholinopropoxy] quinazoline), was pur-
chased from Biaffin Gmbh & Co KG (Kassel, Germany), AP-18
(4-[4-chlorophenyl]-3-methyl-3-buten-2-one oxime) was pur-
chased from Tocris Biosciences (Ellisville, MS, USA). Unless
otherwise stated, all the other chemicals used in this study
were purchased from Sigma-Aldrich (St. Louis, MO, USA).

Results

Cigarette smoke elicits VEGF release in
ASMC and NHLF but not in SAEC cultures
ASMC, NHLF and SAEC cell cultures were incubated with
vehicle (basal) or increasing concentrations of CSE and, after
18 h, VEGF levels in the culture medium were measured. CSE
elicited a concentration-dependent increase of VEGF release
from both ASMC (maximal effect 588 � 22% at CSE of
OD = 0.1 over basal release) and NHLF (maximal effect
206 � 37% at CSE of OD = 0.1 over basal release) cultures
(Figure 1A, B). MTT viability test showed that CSE concentra-
tions up to OD = 0.1 was not toxic to either ASMC or NHLF
cultures (Figure 1C, D). In ASMC cultures, CSE at OD = 0.2
slightly but significantly decreased cell viability, and failed to
enhance VEGF production over basal. Similarly, CSE
(OD = 0.2) decreased cell viability also in NHLF cultures
(Figure 1D), a phenomenon that was associated with a

decreased VEGF release to below detectable levels (Figure 1B).
In SAEC cultures, both CSE and acrolein, at concentrations
capable of eliciting VEGF release in ASMC and NHLF cells, did
not stimulate VEGF release (Figure 2A, B). Moreover, SAEC
cultures appeared to be more sensitive to the cytotoxic effects
of both acrolein and CSE than ASMC or NHLF cultures
(Figure 2C, D).

a,b-Unsaturated aldehydes mimic the effect of
CSE on VEGF release
Overnight exposure to acrolein (10–100 mM) stimulated the
release of VEGF from ASMC cultures in a concentration-
dependent fashion. Maximal effects (1001 � 153% over basal
release) were observed at 100 mM (Figure 3A). As assessed with
the MTT assay, concentrations up to 60 mM did not affect cell
viability, whereas 100 mM resulted in a small but significant
decrease of cell viability (Figure 3C). In NHLF cultures,
acrolein significantly stimulated VEGF release (88 � 35%
over basal release) at 30 mM (Figure 3B), while higher concen-
trations resulted in cytotoxicity (Figure 3D). The endogenous
a,b-unsaturated aldehyde 4-hydroxy-2-nonenal (4-HNE) (10–
100 mM) evoked a significant release of VEGF (1051 � 9%
over basal release at 100 mM) from ASMC cultures (Figure 3E).
4-HNE up to 100 mM did not affect cell viability (Figure 3G).
Crotonaldehyde (10–100 mM) elicited a concentration-
dependent release of VEGF in ASMC cultures (Figure 3F)
while higher concentrations resulted in significant decrement
of cell viability (Figure 3H).

Figure 1
Cigarette smoke extract (CSE) enhances vascular endothelial growth factor (VEGF) release from airway smooth muscle cell (ASMC) and normal
human lung fibroblast (NHLF) cells. Effects of increasing concentrations [expressed as optical density (OD) at 320 nm] of CSE on VEGF release in
ASMC (A) and in NHLF (B) cultures. CSE effect on cell viability (MTT test) in ASMC (C) and NHLF (D) cultures. Each histogram is the mean � SD
of three independent experiments performed in quadruplicate. n.d., not detectable. Statistically different from basal (vehicle-treated), Dunnett’s
test after ANOVA, *P < 0.05, **P < 0.01.

BJP G Volpi et al.

652 British Journal of Pharmacology (2011) 163 649–661



Both CSE and acrolein augment steady-state
levels of VEGF mRNA in ASMC cultures
Airway smooth muscle cell cultures were exposed to CSE
(OD = 0.075, Figure 4A) or acrolein (30 mM, Figure 4B) for 2, 5
and 24 h. Total RNAs were extracted and relative VEGF mRNA
amounts were measured by TaqMan real-time PCR and nor-
malized to b-actin mRNA. VEGF mRNA levels were found to
be significantly up-regulated at 5 h in both CSE- and acrolein-
treated cultures (3.2- and 4.0-fold change, respectively, over
vehicle-treated basal).

Effects of nicotinic and transient receptor
potential type A1 receptor antagonists and of
various kinase inhibitors against CSE-evoked
VEGF release
To determine the contribution of nicotine to VEGF release
induced by CSE, we exposed NHLF to CSE in the presence of
mecamylamine, a selective antagonist for acetylcholine nico-
tinic receptors (Bacher et al., 2009). Mecamylamine (10 mM)
did not affect CSE-induced VEGF release (Figure 5A). Consis-
tent with this observation, nicotine (10 mM) failed to elevate
VEGF release in NHLF cultures (Figure 5A) or in ASMC, up to
500 mM (data not shown). Acrolein is an agonist of transient
receptor potential (TRP) type A1 channels (TRPA1) (Bautista
et al., 2006) and can stimulate also epidermal growth factor
(EGF) receptors (Takeuchi et al., 2001). However, both the
TRPA1 antagonist AP-18 or the EGF receptor antagonist gefi-
tinib (Ranson, 2002) failed to affect CSE-evoked VEGF release
(Figure 5B) in NHLF cultures, ruling out the possibility that

any of these receptors might account for CSE-induced VEGF
release. To explore the contribution of signalling pathways
known to modulate VEGF expression, we exposed ASMC
cultures to the following selective inhibitors: the ERK1/2
inhibitor FR180204 (ERKi, 10 mM), the hypoxia-inducible
factor type 1 (HIF-1) inhibitor 2-methoxy-estradiol (2-ME,
10 mM) (Mabjeesh et al., 2003) and 10 mM of the PI3K inhibi-
tor II (Camps et al., 2005) as well as wortmannin (data not
shown). All the above inhibitors slightly affected constitutive
VEGF release (Figure 5C) and this small inhibition was also
observed in cells exposed to CSE upon FR180204 and 2-ME
treatments.

Effects of N-acetylcysteine and
pharmacological inhibition of p38
MAPK on CSE-evoked VEGF release
Pretreatment of cells with the a,b-unsaturated aldehyde scav-
enger N-acetylcysteine (NAC) (0.3 mM) greatly reduced the
stimulatory effect of CSE or acrolein on VEGF release in
ASMC cultures (Figure 6A) and of CSE in NHLF (Figure 6B)
cultures. As we have previously shown that CSE and acrolein
are capable of inducing p38 MAPK phosphorylation (Moretto
et al., 2009), we examined the effect of p38 MAPK inhibitors
on VEGF release. For this, we used two p38 MAPK selective
inhibitors: SB203580 (0.1–10 mM, Cuenda et al., 1995) and
SB202190 (0.01–10 mM, Nemoto et al., 1998). Both com-
pounds significantly inhibited CSE-induced VEGF secretion,
in a concentration-dependent fashion (Figure 6C, D). Either
SB203580 or SB202190 (1 mM) also completely blocked VEGF
secretion induced by acrolein (Figure 6E, F). Noteworthy,

Figure 2
Cigarette smoke extract (CSE) does not stimulate vascular endothelial growth factor (VEGF) release from small airways epithelial cell (SAEC). Effects
of increasing concentrations (expressed as optical density, OD) of CSE (A) and acrolein (B) on VEGF release in SAEC cultures. Effects on cell viability
(MTT test) of CSE (C) and acrolein (D). Each histogram is the mean � SD of three independent experiments performed in quadruplicate.
Statistically different from basal (vehicle-treated), Dunnett’s test after ANOVA, **P < 0.01.
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both p38 MAPK inhibitors per se inhibited constitutive release
of VEGF (Figure 6C–F). Because the antioxidant and aldehyde
scavenger NAC reduced the effect of CSE, we tested the pos-
sibility that reactive oxygen species (ROS) contained in CSE

may contribute to VEGF release (Cho et al., 2001). Indeed,
ASMC cultures exposed to H2O2 (1 mM) released significantly
higher concentrations of VEGF, compared with basal, suggest-
ing that ROS may directly stimulate VEGF release (Figure 6G).

Figure 3
a,b-Unsaturated aldehydes stimulate vascular endothelial growth factor (VEGF) release. Effects of increasing concentrations of acrolein on VEGF
release in airway smooth muscle cell (ASMC) (A) and normal human lung fibroblast (NHLF) cultures (B). Acrolein effects on cell viability (MTT test)
in ASMC (C) and NHLF (D) cultures. Effects of increasing concentrations of 4-hydroxy-2-nonenal (4-HNE) (E) and crotonaldehyde (F) on the
secretion of VEGF in ASMC cultures. Effects of 4-HNE (G) and crotonaldehyde (H) on cell viability (MTT test) in ASMC cultures. Each histogram
is the mean � SD of three independent experiments performed in quadruplicate. n.d., not detectable. Statistically different from basal (vehicle-
treated), Dunnett’s test after ANOVA, *P < 0.05, **P < 0.01.
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Both SB203580 and SB202190 significantly inhibited H2O2-
induced VEGF secretion in a concentration-dependent
fashion (Figure 6G).

Effects of CSE and acrolein on p38 MAPK
phosphorylation
We examined the time-dependent effect of CSE (OD = 0.1) or
acrolein (60 mM) on p38 MAPK phosphorylation in ASMC
cultures. As depicted in Figure 7A, CSE elicited a rapid (starting
at 5 min) and marked induction of p38 MAPK phosphoryla-
tion peaking at 15 min (>16-fold increase above the basal). A
decline of p38 MAPK phosphorylation to about fivefold induc-
tion with respect to the basal was observed at 2 h. A residual
signal above the basal was detected up to 24 h. Acrolein
elicited a rapid (starting at 5 min) and strong induction of p38
MAPK phosphorylation peaking at 60 min (>20-fold changes
above the basal) (Figure 7B). At 7 h, acrolein-dependent induc-
tion of p38 MAPK phosphorylation declined to approximately
sevenfold above the basal. At 24 h the signal returned to basal
levels. Both CSE (Figure 7C) and acrolein (Figure 7D) elicited a
rapid (starting at 5 min) induction of ERK1/2 phosphorylation
peaking at 15 min (more than sixfold increase above the
basal). The induction of ERK1/2 phosphorylation declined to
basal levels at 4 h. Noteworthy, the p38 MAPK inhibitors
SB203580 and SB202190, 1 mM each, blocked both CSE- and
acrolein-evoked p38 MAPK phosphorylation (Figure 7E). p38
MAPK phosphorylation evoked by CSE or acrolein was also
inhibited by 1 mM of NAC (Figure 7F).

Discussion

The angiogenic factor VEGF is known to be elevated in the
sputum of asymptomatic smokers and of smokers with the
bronchitis type of COPD and this phenomenon correlates
with smoking pack years (Rovina et al., 2007). Here, we
provide for the first time evidence that CSE is capable of
acutely stimulating VEGF mRNA expression and secretion in

two important pulmonary cell types: ASMC and NHLF. Both
NHLF and ASMC are a significant proportion of all cells
present in the airways and, besides representing an important
structural component of the airways wall and lung paren-
chyma, are also relevant sources of VEGF (Alagappan et al.,
2005; Kamio et al., 2008). Considering their anatomical loca-
tion with proximity to the vasculature, both ASMC and NHLF
may participate in paracrine mechanisms of vascular remod-
elling. Interestingly, augmented VEGF release in response to
cigarette smoke does not appear to be common to all pulmo-
nary cell types as our results indicate that epithelial (SAEC)
cultures exposed to CSE do not up-regulate VEGF release, a
finding consistent with previous reports (St-Laurent et al.,
2009; Thaikoottathil et al., 2009). Because acrolein or cro-
tonaldehyde are two a,b-unsaturated aldehydes contained in
CSE at concentrations (Facchinetti et al., 2007) capable of
eliciting VEGF release, and the effect of CSE was counteracted
by the a,b-unsaturated aldehyde scavenger NAC, we conclude
that acrolein, crotonaldehyde and possibly other electro-
philic compounds, are, at least in part, the smoke compo-
nents involved in stimulation of VEGF release.

Cigarette smoking and COPD are associated with devel-
opment of oxidative stress in the lung and consequent per-
oxidation of polyunsaturated fatty acids and generation of
reactive carbonyl species, including acrolein, 4-HNE, malon-
dialdehyde and glyoxal (Rahman and MacNee, 1996;
MacNee, 2005; Aldini et al., 2006). 4-HNE in particular is
markedly elevated in lungs of patients with COPD (Rahman
et al., 2002). We observed that 4-HNE was capable of activat-
ing, at sub-toxic concentrations, VEGF release from ASMC
cultures. Interestingly, 4-HNE also stimulated the secretion of
IL-8 in macrophages (Facchinetti et al., 2007), lung fibroblasts
and epithelial cells (Moretto et al., 2009) as well as eliciting
neutrophil recruitment (Schaur et al., 1994). Thus, VEGF
might be triggered in chronic cigarette smokers or COPD
patients not only by smoke-inhaled acrolein and crotonalde-
hyde, but also by endogenously formed unsaturated alde-
hydes such as 4-HNE. In addition, by showing that H2O2 was
capable of stimulating VEGF release, we strengthened the

Figure 4
Cigarette smoke extract (CSE) and acrolein increase vascular endothelial growth factor (VEGF) mRNA expression. Airway smooth muscle cell
cultures were treated with CSE (optical density = 0.075) (A) or acrolein (30 mM) (B) for the indicated periods. Total RNAs were extracted and
relative VEGF mRNA amounts were measured by TaqMan real-time PCR. mRNA VEGF levels are expressed as fold change over the basal after
normalizing to b-actin. Each bar is the mean � SD of three independent experiments. Statistically different from basal (vehicle-treated), Dunnett’s
test after ANOVA, **P < 0.01.
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possibility that ROS and a,b-unsaturated aldehydes could
cooperatively increase VEGF release.

Nicotine, one of the important constituents of cigarette
smoke, has been shown to augment VEGF release in rat vas-
cular smooth muscle cells (Kanda and Watanabe, 2007). To
determine the contribution, if any, of nicotine in eliciting
VEGF release we exposed NHLF to CSE in the presence of
mecamylamine, a selective antagonist for nicotinic receptors.
However, mecamylamine did not affect CSE-induced VEGF
release. Moreover, nicotine per se failed to increase VEGF
release either in NHLF or in ASMC cultures. Thus, we con-
clude that, in both ASMC and NHLF, nicotine does not appear
to contribute to VEGF release elicited by CSE.

Intracellular signalling pathways such as p38 MAPK and
ERK1/2 have been shown to modulate VEGF expression in
various cell types including human vascular smooth muscle
cells (Pagès et al., 2000a,b). In particular, p38 MAPK signalling
seems to play a role in the development and/or maintenance
of a number of pulmonary inflammatory conditions, includ-
ing asthma, cystic fibrosis, idiopathic pulmonary fibrosis and
COPD (Chopra et al., 2008; Chung and Marwick, 2010). In
addition, VEGF is a key target of the intracellular PI3K/Akt
pathway in various cells acting mainly through the activation
of HIF-1 (Gao et al., 2002; Hellwig-Bürgel et al., 2005; Riazy
et al., 2009). We have previously shown that both CSE and
acrolein are capable of eliciting the activation of the p38
MAPK and ERK1/2 pathways in NHLF cultures and that both
these pathways are required for IL-8 production (Moretto
et al., 2009). We have extended those previous findings by
showing a detailed time-course of p38 MAPK and ERK1/2
phosphorylation induced by CSE or acrolein in ASMC cul-
tures. Induction of both p38 MAPK and ERK1/2 by either CSE
or acrolein in ASMC cultures is rapid. Up-regulation of p38
MAPK phosphorylation is larger and longer lasting (up to
24 h) than ERK1/2 phosphorylation, which is back to basal
levels after 4 h. Our observations with Western blot analysis
in ASMC cultures can be summarized as follows: (i) acrolein
induced over the time a pattern of induction of p38 MAPK or
ERK1/2 phosphorylation very similar to that observed with
CSE; (ii) NAC blocked both CSE- and acrolein-induced p38
MAPK activation; and (iii) p38 MAPK phosphorylation elic-
ited by acrolein and CSE was inhibited by pharmacological
blockade of p38 MAPK. In addition, we observed that phar-
macological blockade of p38 MAPK phosphorylation inhibits
also constitutive VEGF release; a finding consistent with a
previous report showing that p38 MAPK plays a key role in
the stabilization of VEGF mRNA (Pagès et al., 2000a). Taken
together, our data provide substantial evidence that p38
MAPK signalling was required for both CSE and acrolein to
elicit VEGF release. Although also ERK1/2 signalling is acti-
vated by CSE, as well as by acrolein, it does not significantly
contribute to VEGF release. In addition neither HIF-1 nor
PI3K pathways appear to play a role in VEGF release in ASMC
as either the anti-angiogenic agent 2-ME known to inhibit
HIF-1-induced transcriptional activation of VEGF expression
(Mabjeesh et al., 2003; Mooberry, 2003), or the PI3K-g inhibi-
tor II, as well as wortmannin (data not shown), did not affect
VEGF release evoked by CSE.

A potential mechanism underlying CSE-evoked p38
MAPK phosphorylation, and possibly VEGF release, is
through acrolein-mediated activation of EGF receptors

Figure 5
Effects of nicotinic and transient receptor potential type A1 (TRPA1)
receptor antagonists and of various kinase inhibitors against cigarette
smoke extract (CSE)-evoked vascular endothelial growth factor
(VEGF) release. The nicotinic receptor antagonist mecamylamine
(mecamyl; 10 mM) does not alter VEGF release evoked by CSE
(optical density, OD = 0.075) in normal human lung fibroblast
(NHLF) cultures (A). Nicotine (10 mM) did not affect constitutive
VEGF release in NHLF cultures (A). Lack of effect of the EGF receptor
inhibitor gefitinib (1 mM) and the TRPA1 antagonist AP-18 (10 mM)
on VEGF release stimulated by CSE (OD = 0.075) in NHLF cultures
(B). Effect on CSE (OD = 0.075)-evoked VEGF release of 10 mM of the
following compounds: the ERK1/2 inhibitor FR180204 (ERKi), the
HIF-1a inhibitor 2-methoxy-estradiol (2-ME) and the PI3K-g inhibitor
II (PI3Ki) in airway smooth muscle cell (ASMC) cultures (C). Each
histogram is the mean � SD of three independent experiments per-
formed in quadruplicate. Dunnett’s test (A) and Bonferroni’s test
after ANOVA, *P < 0.05, **P < 0.01. n.s. not significant.
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Figure 6
Effects of pharmacological inhibition of p38 MAPK (mitogen-activated protein kinase) and N-acetylcysteine (NAC) on vascular endothelial growth
factor (VEGF) release. Effects of NAC (0.3 mM) on VEGF release elicited by cigarette smoke extract (CSE) (optical density, OD = 0.075) and acrolein
(30 mM) in airway smooth muscle cell (ASMC) cultures (A). Effects of NAC (0.3 mM) on VEGF release stimulated by CSE (OD = 0.075) in normal
human lung fibroblast (NHLF) cultures (B). Inhibitory effects of increasing concentrations of the p38 MAPK inhibitors SB203580 (C) and SB202190
(D) on VEGF release induced by CSE (OD = 0.075) in ASMC cultures. Effects of 1 mM of SB203580 (E) and 1 mM of SB202190 (F) on VEGF release
induced by acrolein (30 mM) in ASMC cultures. Effects of H2O2 (1 mM) on VEGF release in ASMC cultures in the presence or absence of the p38
MAPK inhibitors SB203580 or SB202190 (G). Each histogram is the mean � SD of three independent experiments performed in quadruplicate.
n.d., not detectable. Bonferroni’s test after ANOVA in A–D and Dunnett’s test after ANOVA in E–G, **P < 0.01.
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(Takeuchi et al., 2001). However, gefitinib, a selective EGF
receptor inhibitor (Ranson, 2002), did not modify VEGF
release in NHLF cultures exposed to CSE, thus excluding the
involvement of EGF receptor. We also investigated the possi-
bility that TRPA1 cation channels, known to be activated by
acrolein (Bautista et al., 2006), could mediate CSE-induced
VEGF release. However, the selective TRPA1 antagonist AP-18
(Petrus et al., 2007) did not modify CSE-induced VEGF
release, thus ruling out TRPA1 contribution.

Overall, our data indicate that cigarette smoke is capable
of directly stimulating VEGF release from pulmonary cells, an
effect that might contribute to the observed elevated levels of
VEGF measured in the sputum obtained from smokers.
Present findings, together with the reported stimulatory
effect of CSE on IL-8 release (Moretto et al., 2009), are consis-
tent with the positive correlation between IL-8 and VEGF
levels in the sputum of healthy smokers as well as in smokers
with bronchitis type of COPD (Rovina et al., 2007). VEGF, by
increasing vascular permeability, may favour lung infiltration
of leukocytes, including neutrophils, from the blood. On the
other hand, VEGF up-regulation may also serve as a compen-
satory pro-survival response to the negative effects of ciga-
rette smoke on VEGF receptor-mediated pro-survival
signalling (Marwick et al., 2006; Edirisinghe et al., 2008).
Indeed, COPD emphysematous patients have reduced VEGF
levels in sputum, a variation that correlates with a fall in
FEV1, so that reduced VEGF expression has been implicated
in the destruction of alveolar wall components, including the
microvasculature (Kanazawa, 2007; Siafakas et al., 2007).

Therefore, it remains to be clarified in which pathological
condition (e.g. bronchitis vs. emphysema), pharmacological
modulation of VEGF production consequent to p38 MAPK
inhibition might be beneficial.

In summary, our study provides for the first time evidence
that cigarette smoke acutely stimulates release of VEGF from
human pulmonary cells and that such effect is mediated
chiefly by acrolein and other unsaturated aldehydes (e.g.
crotonaldehyde) contained in cigarette smoke. In addition,
ROS and aldehydes endogenously generated by lipid peroxi-
dation, such as 4-HNE, can similarly elevate VEGF production
from pulmonary cells. Our findings provide, at least in part, a
mechanistic explanation of the observed increase of VEGF
expression in the lung of chronic smokers, including COPD
patients, and highlight the role played by the intracellular
p38 MAPK pathway in mediating CSE-evoked VEGF release.
Such mechanisms may contribute to the enhanced bronchial
expression of VEGF observed in smokers and COPD patients,
which may play a role in the development of vascular remod-
elling (Kessler et al., 2001; Santos et al., 2003). However, other
studies suggest that VEGF may have a protective role against
hypoxia-induced pulmonary hypertension (Partovian et al.,
2000; Taraseviciene-Stewart et al., 2001). Because p38 MAPK
selective inhibitors are currently under clinical development
for COPD (Singh et al., 2010), a question arises as to whether
VEGF inhibition resulting from prolonged treatment with
this class of drugs might result in a benefit for patients or,
conversely, into a worsening of their condition. On the basis
of present knowledge, it may be that COPD patients charac-

Figure 7
Effects of cigarette smoke extract (CSE) and acrolein on p38 MAPK (mitogen-activated protein kinase) and ERK1/2 phosphorylation. Representative
blots of p38 MAPK immunoreactivity in airway smooth muscle cell cultures treated with CSE (optical density, OD = 0.1) or acrolein (60 mM) and
harvested at the indicated time points (A and B, respectively). Representative blots of ERK1/2 (ERK42/44) immunoreactivity in cells treated with
CSE (OD = 0.1) or acrolein (60 mM) and harvested at the indicated time points (C and D, respectively). Effects of 1 mM of the p38 MAPK inhibitors
SB203580 and SB202190 (E) and of 0.3 mM of N-acetylcysteine (NAC) (F) on p38 MAPK phosphorylation induced by CSE or acrolein.
Quantitative densitometry values (fold changes over basal of phospho-p38 MAPK/total p38 MAPK) are reported below each lane.
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terized by the chronic bronchitis phenotype might derive
more benefit from p38 MAPK inhibitors than emphysema-
tous COPD patients.
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