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Abstract
Acrolein is a toxic, highly reactive α,β-unsaturated aldehyde that is present in high concentrations
in cigarette smoke. In the current study, the effect of acrolein on eicosanoid synthesis in stimulated
human neutrophils was examined. Eicosanoid synthesis in neutrophils was initiated by priming with
granulocyte-macrophage colony-stimulating factor (GM-CSF) and subsequent stimulation with
formyl-methionyl-leucyl-phenylalanine (fMLP) and 5-LO products in addition to small amounts of
COX products were detected using LC/MS/MS. A dose-dependent decrease in the formation of 5-
LO products was observed in GM-CSF/fMLP stimulated neutrophils when acrolein (0-50 μM) was
present with almost complete inhibition at ≥25 μM acrolein. The production of COX products was
not affected by acrolein in these cells. The effect of acrolein was examined on key parts of the
eicosanoid pathway, such as arachidonic acid release, intracellular calcium ion concentration, and
adenosine production. In addition, the direct effect of acrolein on 5-LO enzymatic activity was probed
using a recombinant enzyme. Some of these factors were affected by acrolein, but did not completely
explain the almost complete inhibition of 5-LO product formation in GM-CSF/fMLP treated cells
with acrolein. In addition, the effect of acrolein on different stimuli that initiate the 5-LO pathway
(platelet-activating factor (PAF)/fMLP, GM-CSF/PAF, opsonized zymosan, and A23187) was
examined. Acrolein had no significant effect on the leukotriene production in neutrophils stimulated
with PAF/fMLP, GM-CSF/PAF, or OPZ. Additionally, 50% inhibition of the 5-LO pathway was
observed in A23187 stimulated neutrophils. Our results suggest that acrolein has a profound effect
on the 5-LO pathway in neutrophils, which may have implications in disease states, such as COPD
and other pulmonary disease where both activated neutrophils and acrolein are present.

INTRODUCTION
Acrolein is an extremely toxic and reactiveα,β-unsaturated aldehyde that is produced by several
different mechanisms relevant to human exposure (1). The sources of acrolein include
combustion of fossil fuels (2), cigarette smoke (3), burning of animal and vegetable fats (4),
lipid peroxidation (5), neutrophil myeloperoxidase catalyzed amino acid oxidation (6), and
drug metabolism (7). It is thought that the main mechanism of acrolein toxicity is by covalent
bonding of this highly reactive, electrophilic aldehyde with nucleophilic molecules in the cell,
such as DNA (8), proteins (9), aminophospholipids (10) and glutathione (11). Acrolein has
been found to have numerous biological effects including the suppression of cytokine
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(12-14) and redox sensitive transcription factor production (15,16), induction of apoptosis
(17-19), and up-regulation (20) or down-regulation (21) of various signaling molecules.

Acrolein has been implicated in various inflammatory disease states, including COPD (22), in
which the presence of neutrophils has been noted (23). Neutrophils are activated at the site of
inflammation, which leads to production of O2

- and eicosanoids. The effect of acrolein on
superoxide production in activated neutrophils has been previously examined. In particular,
acrolein (10 μM) has been found to inhibit NADPH oxidase activity in fMLP stimulated
neutrophils (24,25). However, the effect of acrolein on eicosanoid production in stimulated
neutrophils has not been investigated.

Eicosanoid production in activated neutrophils is initiated by the release of arachidonic acid
from membrane phospholipids via a Ca2+ dependent cytosolic phospholipase A2α (cPLA2α)
(26). For leukotriene synthesis, arachidonic acid (AA) is converted to 5-
hydroperoxyeicosatetraenoic acid (5-HpETE) and then to leukotriene A4 (LTA4) by the action
of 5-lipoxygenase (5-LO) (27). The presence of calcium, release of AA, and translocation of
5-LO from the cytosol to the nuclear membrane where it interacts with 5-LO activating protein
(FLAP) are necessary for activation of 5-LO (28). In neutrophils, LTA4 hydrolase is present
and converts LTA4 into biologically active leukotriene B4 (LTB4) (29). This biologically active
product is metabolized by a specific cytochrome P-450 enzyme in neutrophils into the ω-
oxidation product (20-OH-LTB4) (30).

In this study, the effect of acrolein on the synthesis of eicosanoids, both 5-LO and COX
products, by human neutrophils was examined in response to various extracellular stimuli,
including GM-CSF/fMLP, PAF/fMLP, GM-CSF/PAF, opsonized zymosan, and A23187. In
addition the effect of acrolein on key parts of the eicosanoid pathway, such as arachidonic acid
release, intracellular calcium, and adenosine production was examined and the direct effect of
acrolein on 5-LO enzymatic activity was probed using a recombinant enzymatic assay. The
influence of acrolein on basic neutrophil function, such as NADPH oxidase activation, was
also examined. The data reported herein suggest that acrolein does affect the 5-LO pathway
initiated by GM-CSF/fMLP in neutrophils.

EXPERIMENTAL
Materials

Hanks' balanced salt solution (1X) without Ca2+ and Mg2+ (HBSS=), Hanks' balanced salt
solution (1X) with Ca2+ and Mg2+ (HBSS), and indo-1 AM were obtained from Invitrogen
(Carlsbad, CA). Granulocyte-macrophage colony-stimulating factor (GM-CSF), formyl-
methionyl-leucyl-phenylalanine (fMLP), acrolein, ATP, A23187, zymosan, and cytochrome
c were purchased from Sigma (St. Louis, MO). Human recombinant 5-lipoxygenase (80 units/
mg), platelet-activating factor (PAF), arachidonic acid (AA), d4-leukotriene B4 (LTB4) (≥97
atom % D), d8-5-hydroxyeicosatetraeonic acid (5-HETE) (≥98 atom % D), d4-thromboxane
B2 (TXB2) (≥98 atom % D), d4-prostaglandin E2 (PGE2) (≥99 atom % D), and d8-AA (≥99
atom % D) were obtained from Cayman Chemical (Ann Arbor, MI). Zileuton was purchased
from Abbott Laboratories (Chicago, IL). Salts and HPLC solvents were purchased from Fisher
Scientific (Fair Lawn, NJ).

Human neutrophil experiments with GM-CSF/fMLP, GM-CSF/PAF, PAF/fMLP, A23187, and
opsonized zymosan

Neutrophils were obtained from the whole blood of volunteers using the Percoll gradient
centrifugation technique as previously described (31). The acrolein stock solutions used in
these experiments were in HBSS=, which were prepared fresh daily. In some experiments,
neutrophils were primed using either GM-CSF or PAF. For GM-CSF priming, the neutrophils
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were centrifuged and initially suspended in HBSS= at a concentration of 20×106 cells/ml and
primed with GM-CSF (1 nM) for 30 min at 37°C. After GM-CSF priming, the cells were diluted
to 2×106 cells/ml and CaCl2 (final concentration 2 mM) and MgCl2 (final concentration 500
μM) were added so that the final volume in each tube was 1 ml. Alternatively for PAF priming,
the neutrophils were suspended in HBSS at a concentration of 2×106 cells/ml and primed with
PAF (100 nM) for 5 min at 37°C with a final volume in each tube of 1 ml. After priming with
either GM-CSF or PAF, acrolein (0-50 μM) was added and allowed to incubate at 37°C for 3
min. The GM-CSF primed/acrolein treated neutrophils were stimulated with fMLP (100 nM)
or PAF (100 nM) and the samples were allowed to incubate at 37°C for 10 min. Additionally,
the PAF primed/acrolein treated cells were stimulated for eicosanoid production by addition
of fMLP (100 nM) and incubated at 37°C for 10 min. For the arachidonic acid supplementation
of GM-CSF primed neutrophils, the procedure described above was followed and the only
difference was that arachidonic acid (0.5 μM final concentration) was added immediately after
the addition of fMLP. For the time course of acrolein (25 μM) addition to GM-CSF/fMLP
treated cells, acrolein was either added at the same time as GM-CSF or at some point after the
30 min incubation with GM-CSF. For those time course points where the acrolein was added
after the 30 min GM-CSF priming event, the acrolein was added either 3 min before fMLP (as
described above), at the same time as fMLP addition, or 30 s after fMLP addition.

Additionally, for stimulation of neutrophils with opsonized zymosan, zymosan was opsonized
with autologous serum as described previously (32) and added to the neutrophils at a
concentration of 200 μg/ml for 30 min at 37°C after a 3 min preincubation with acrolein (25
μM). Finally, neutrophils were stimulated with calcium ionophore A23187 (50 nM) for 10 min
at 37°C after a 3 min preincubation with acrolein (25 μM). For both the A23187 and opsonized
zymosan experiments the concentration of neutrophils was 2×106 cells/ml in HBSS and the
final incubation volume was 1 ml.

All reactions were stopped by the addition of one volume of ice-cold methanol containing d4-
LTB4 (2 ng), d8-5-HETE (2 ng), d4-TXB2 (5 ng), and d4-PGE2 (5 ng). The samples were diluted
with 4 ml water and extracted using an Oasis HLB solid phase extraction column (30 mg/ml;
Waters, Milford, MA). The eicosanoids were eluted with 1 ml of methanol. The eluate was
dried down and reconstituted in 40 μl of HPLC solvent A (8.3 mM acetic acid buffered to pH
5.7 with NH4OH) and 20 μl of HPLC solvent B (acetonitrile/methanol, 65/35, v/v) for analysis.

Arachidonic acid metabolite separation by RP-HPLC and analysis by electrospray ionization
tandem mass spectrometry

Each sample (25 μl) was injected into a HPLC gradient pump system directly interfaced to the
electrospray source of a Sciex API 3000 triple quadrupole mass spectrometer (PE Sciex,
Toronto, Canada). A Gemini 5μ C18 (2.0 × 150 mm) column (Phenomenex, Torrance, CA)
was used to separate the arachidonic acid metabolites extracted from the supernatant. The initial
mobile phase was 45% solvent B at a flow rate of 200 μl/min. A linear gradient was started to
75% solvent B in 13 min and followed by an increase to 98% solvent B in 2 min. This was
followed by isocratic elution at 98% solvent B for 7 min. Multiple reaction monitoring (MRM)
in the negative ion mode of m/z 369→169 for TXB2, m/z 373→173 for d4-TXB2, m/z 351→271
for PGE2, m/z 355→275 for d4-PGE2, m/z 351→195 for 20-OH-LTB4, m/z 335→195 for
LTB4 and the Δ6-trans-LTB4 isomers, m/z 339→197 for d4-LTB4, m/z 319→115 for 5-HETE,
and m/z 327→116 for d8-5-HETE was used to detect the eicosanoids eluting from the RP-
HPLC column. Turbo ion spray was used with the turbo heater temperature at 350°C and the
drying gas delivered at 500 mL/min for eicosanoid analysis. Quantitation was performed using
a standard isotope dilution curve as previously described (33).
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Adenosine analysis by LC/MS/MS
Adenosine released from neutrophils was also analyzed by LC/MS/MS using the Sciex API
3000 triple quadrupole mass spectrometer (PE Sciex, Toronto, Canada) by a method adapted
from Cadieux et al (34). After GM-CSF/acrolein/fMLP treatment, 1×106 neutrophils (0.5 ml)
were not lysed with methanol but 15N5-adenosine (50 ng; Spectra Stable Isotopes, Columbia,
MD) was added and the cells immediately centrifuged (1000×g, 5 min). Methanol with 0.05%
acetic acid (0.3 ml) was added to the supernatant and stored at -20°C until analysis. An aliquot
(50 μl) was directly injected onto a reverse phase HPLC column (150 × 2 mm, Gemini 5μ
C18 column; Phenomenex), which was eluted at 200 μl/min with an isocratic gradient of
methanol/water (40/60, v/v) with 2 mM ammonium acetate for 15 min. Adenosine and 15N5-
adenosine were detected in the positive ion mode by the MRM transitions of m/z 268→136
and m/z 273→141, respectively. Turbo ion spray was used with the turbo heater temperature
at 275°C and the drying gas delivered at 250 mL/min for adenosine analysis.

Quantitation of Arachidonic Acid by GC/MS
After GM-CSF/acrolein/fMLP treatment, an aliquot of neutrophil lysate (1:1; H2O/MeOH)
corresponding to 1×106 cells was acidified with HCl (70 mM final concentration), d8-AA (20
ng) was added, and the acidified neutrophil lysate was extracted with 2 ml of iso-octane. After
derivatization with pentafluorobenzyl bromide (35), the quantitation of arachidonic acid
released upon GM-CSF/acrolein/fMLP treatment of neutrophils was performed as described
previously by negative ion chemical ionization GC/MS on a Finnigan DSQ GC/MS system
(Thermo Finnigan, Thousand Oaks, CA) (36).

Calcium Assay
Cells (10×106/ml in HEPES buffer with 0.5% fatty acid-free BSA and 1 mM CaCl2) were
loaded with 2 μM indo-1 AM for 30 min at 37°C. Cells were centrifuged and resuspended in
HEPES buffer with 0.5% fatty acid-free BSA at 20×106 cells/ml. Priming with GM-CSF (1
nM) was accomplished by incubating at 37°C for 30 min. For the calcium assay, the fatty acid-
free BSA was removed from 2×106 cells by centrifugation and resuspension of cells in HEPES
buffer. The indo-1 AM labeled, GM-CSF primed neutrophils were resuspended in 1 ml HEPES
buffer and acrolein (0-50 μM) was added. The neutrophils and acrolein were incubated at 37°
C for 3 min. Intracellular calcium changes were monitored by the change in FL5/FL4
fluorescence (LSR II, Becton Dickinson, Franklin Lakes, NJ) following fMLP (100 nM final
concentration) stimulation. All results shown are representative of at least five independent
experiments.

Human recombinant 5-lipoxygenase assay
Recombinant 5-lipoxygenase enzyme (0.7 units) was added to 200 μl of 50 mM PBS containing
2 mM ATP and acrolein (0-500 μM) or zileuton (0.5 μM). This mixture was allowed to incubate
at 37°C for 3 min (acrolein) or 15 min (zileuton). Arachidonic acid (0.2 μM final concentration)
and calcium (2 mM final concentration) were added to each of the samples and allowed to
incubate for an additional 10 min at 37°C. The reaction was stopped by the addition of ice cold
methanol (200 μl) containing d4-LTB4 (2 ng) and d8-5-HETE (2 ng). These samples were
extracted using solid phase extraction and analyzed by LC/MS/MS as described above.

Superoxide assay
For cytochrome c reduction, 2×106 cells in 1ml HEPES buffer were primed with either GM-
CSF for 30 min or PAF for 5 min at 37°C and then treated with acrolein for an additional 3
min at 37°C as described above. Following the priming and acrolein preincubation, 100 μl of
cytochrome c (14.8 mg/ml) and fMLP (100 nM) were added and allowed to incubate for an
additional 10 min. The reaction was stopped by centrifuging the cells at 4°C and the absorbance
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at 550 nm of the supernatant was determined. The nanomoles of superoxide produced per
2×106 cells per 10 min were calculated from the absorbance by using the extinction coefficient
71.4.

Statistical analysis
The data was expressed as the mean ± standard error of the mean from five independent
experiments. Analysis of variance (ANOVA) test followed by Tukey multiple comparisons
test using the GraphPad InStat version 3.06 statistical program (GraphPad Software, San
Diego, CA).

RESULTS
Eicosanoid production in acrolein treated neutrophils with GM-CSF/fMLP stimulation

Stimulation of human neutrophils with GM-CSF (1 nM) as a priming agent followed by
treatment with fMLP (100 nM) resulted in an activation of the 5-LO cascade with formation
of LTB4, 20-OH-LTB4, Δ6-trans-LTB4 isomers, and 5-HETE (Figure 1A). In addition to 5-
LO products, cyclooxygenase (COX) products, TXB2 and PGE2, were formed upon the
stimulation of neutrophils with GM-CSF/fMLP although in substantially lower abundance
(Figure 1B). Eicosanoid production was not detectable when the neutrophils were treated with
only GM-CSF or fMLP, but only observed when both GM-CSF and fMLP were used for
stimulation (data not shown). Treatment of the GM-CSF primed cells with 25 μM acrolein for
3 min before fMLP addition resulted in a complete disappearance of all 5-LO products (Figure
1C), without much change in the COX products (Figure 1D). Due to the dramatic decrease in
5-LO products, the effect of acrolein on eicosanoid production in GM-CSF/fMLP treated
neutrophils was investigated.

Acrolein treatment (0-50 μM) significantly decreased the amount of 5-LO products in GM-
CSF/fMLP stimulated neutrophils in a dose-dependent manner (Figure 2A). The GM-CSF/
fMLP treated neutrophils produced 5.32±0.45 ng 5-LO products/2×106 cells. A significant
decrease in the amount of 5-LO products to 4.21±0.49 ng/2×106 cells was observed at the
lowest dose of acrolein (0.5 μM) tested. In addition, a near total disappearance of 5-LO products
to 0.12±0.03 and 0.14±0.03 ng/2×106 cells was observed at 25 μM and 50 μM acrolein,
respectively, in the dose response. Conversely, the dose response of GM-CSF/fMLP treated
neutrophils with acrolein did not show a significant change in COX metabolite production
(Figure 2B) over the concentration range of 0-50 μM acrolein. In previous studies, eicosanoids
have been found to be released from HUVECs after 16 h exposure to acrolein (10 μM) (37)
and from bovine airway epithelial cells after 20 min treatment with acrolein (100 μM) (38).
However, the addition of acrolein alone (without GM-CSF and fMLP) to neutrophils did not
result in the production of detectable amounts of 5-LO or COX products (data not shown).
From the dose response data (Figure 2A and 2B) it was clear that the addition of acrolein to
GM-CSF/fMLP treated neutrophils resulted in significant alteration of the complex set of
events that ultimately leads to leukotriene production, but did not affect the COX cascade.

Arachidonic acid release and supplementation of GM-CSF/fMLP treated neutrophils
The amount of AA released in GM-CSF/fMLP treated neutrophils in the presence or absence
of acrolein was directly quantitated. The dose response of GM-CSF/fMLP treated neutrophils
with acrolein did not show a significant change in AA release (Figure 3) over the concentration
range of 0-50 μM acrolein. The AA levels in the all of the GM-CSF/fMLP treated cells (with
and without acrolein) were higher than the control neutrophils (Figure 3).

In separate experiments, exogenous AA (0.5 μM) was added to the GM-CSF/acrolein treated
neutrophils immediately after the addition of fMLP. AA supplementation of GM-CSF/fMLP
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treated neutrophils caused the amount of 5-LO products to increase by 5-fold and the amount
of COX products to increase by 10-fold compared to GM-CSF/fMLP treated neutrophils
without AA supplementation. The supplementation of AA after fMLP addition to GM-CSF
primed neutrophils did not alter the inhibition of leukotriene biosynthesis by acrolein and a
significant decrease in the amount of 5-LO products in the presence of 10, 25, and 50 μM
acrolein was observed compared to the cells not treated with acrolein (Figure 4A). This dose
response was very similar to the dose response observed in GM-CSF/acrolein/fMLP treated
neutrophils without AA supplementation (Figure 2A). AA supplementation after fMLP
addition to GM-CSF primed neutrophils caused a significant increase in the amount of COX
products in the presence of 25 and 50 μM acrolein compared to the cells not treated with acrolein
(Figure 4B). This response was different from the dose response observed for GM-CSF/fMLP
treated cells in the presence of acrolein with no AA supplementation where there was no
significant change in the COX products (Figure 2B). The AA supplementation data along with
the AA release data for both 5-LO and COX products suggested that the release of arachidonate
was not altered by acrolein and the level of free arachidonate could not alter the effect of
acrolein.

Effect of acrolein on intracellular Ca2+

Since calcium plays a crucial role in the activation of enzymes in the leukotriene synthesis
pathway, the effect of acrolein on intracellular calcium levels in neutrophils was studied in
cells loaded with indo-1 AM and primed with GM-CSF. When fMLP was added in the presence
of 0.5 and 5 μM acrolein, their Ca2+ responses were similar to the magnitude of the initial
calcium response in the absence of acrolein (Figure 5A). In contrast, when fMLP was added
in the presence of 10, 25, 50, and 75 μM acrolein, the initial Ca2+ spike was reduced in a dose-
dependent manner compared to the cells without acrolein (Figure 5B). In addition, acrolein
reduced the amount of time that it took for the calcium to get back to pre-fMLP levels. The
effect of acrolein without fMLP on intracellular calcium was examined and it was determined
that acrolein did not elicit a calcium response by itself in indo-1 AM labeled neutrophils.
Significant inhibition of 5-LO product formation was observed at 0.5 and 5 μM acrolein (Figure
2A), but there was no effect of acrolein at these concentrations on the release of intracellular
calcium stimulated by GM-CSF/fMLP treated neutrophils. Since, the intracellular calcium
response was affected by acrolein only at higher concentrations (10, 25, and 50 μM), it was
concluded that modulation of calcium signaling came into play only when acrolein is present
at 10 μM or greater.

Adenosine measurements
The effect of acrolein on extracellular adenosine levels was examined because 5-LO product
biosynthesis is known to be regulated by the adenosine receptor and stimulation of cAMP
(39). The adenosine released from neutrophils treated with GM-CSF/fMLP was 5.60±0.48 ng/
2×106 cells. Additionally, the amount of adenosine released in unstimulated neutrophils was
4.98±0.37 ng/2×106 cells. The levels of adenosine released in GM-CSF/fMLP and
unstimulated neutrophils were measured in the presence of 0.5, 1, 5, 10, 25, and 50 μM and
there was no change in the adenosine released compared to the GM-CSF/fMLP treated
neutrophils reported above (data not shown).

Human recombinant 5-LO activity assay
Human recombinant 5-LO was assayed in the presence of acrolein (0-500 μM) to determine
whether acrolein could directly inhibit 5-LO activity. Acrolein treatment of recombinant 5-LO
significantly decreased the amount of Δ6-trans-LTB4 isomers and 5-HETE in a dose-dependent
manner (Figure 6). In the in vitro 5-LO assay without the addition of acrolein, 2.65±0.32 ng
of Δ6-trans-LTB4 isomers and 5-HETE were produced. The synthesis of Δ6-trans-LTB4
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isomers and 5-HETE was not significantly affected at the doses of 0.5 and 5 μM acrolein.
However, the amount of Δ6-trans-LTB4 isomers and 5-HETE were decreased by about half to
1.43±0.13 ng at a dose of 25 μM acrolein. Near complete inhibition of 5-LO was achieved at
a dose of 500 μM acrolein. In addition, zileuton was used a positive control for complete
inhibition of 5-LO activity. This in vitro recombinant 5-LO assay revealed that acrolein did
directly affect 5-LO activity but the dose response of the inhibition of 5-LO product formation
by acrolein was shifted compared to that observed in neutrophils (Figure 2A).

While some factors such as direct inhibition of 5-LO activity and reduction of the initial
intracellular calcium spike are affected by acrolein, the doses of this agent required to inhibit
either process were higher doses than those observed to cause a significant inhibition of 5-LO
product formation in GM-CSF/fMLP treated neutrophils (Figure 2A). For this reason it was
thought that other factors might contribute to the almost complete inhibition of 5-LO product
formation in GM-CSF/fMLP neutrophils treated with acrolein (≥25 μM), such as the signaling
pathways of GM-CSF and fMLP.

Time course of acrolein addition into GM-CSF/fMLP treated cells
In order to determine whether acrolein affects the priming or the stimulation events when added
to GM-CSF/fMLP treated neutrophils, the time-dependent effect of acrolein (25 μM) on 5-LO
product formation in GM-CSF/fMLP treated neutrophils was examined (Figure 7). For this
time course the acrolein was either added to the cells at the same time as GM-CSF or at some
point after the 30 min incubation with GM-CSF. The time course revealed that the addition of
acrolein at the same time as GM-CSF (-30 min) did not have any effect on 5-LO product
formation compared to the GM-CSF/fMLP treated neutrophils with no acrolein added. From
previous studies, it was found that acrolein (≤30 μM) rapidly disappears as soon as 3 min after
being added to cells (10). Therefore, no acrolein remained when fMLP was added after the 30
min of incubation of human neutrophils with GM-CSF and acrolein. When acrolein was added
to GM-CSF primed cells 3 min before fMLP addition (-3 min), at the same time as fMLP (0
min), or 0.5 min after fMLP (+0.5 min), a significant inhibition of 5-LO products was observed
compared to GM-CSF/fMLP treated cells without acrolein added. This time course (Figure 7)
suggested that the addition of acrolein (25 μM) had an effect on the fMLP signaling pathway
in GM-CSF/fMLP treated human neutrophils and that it did not interrupt the GM-CSF priming.

Eicosanoid production and acrolein in neutrophils with PAF/fMLP, GM-CSF/PAF, opsonized
zymosan, and A23187

PAF/fMLP, GM-CSF/PAF, OPZ, and A23187 were each used as a stimulus of the 5-LO
pathway in neutrophils in order to determine whether the effect of acrolein on 5-LO product
formation neutrophils is stimulus specific (Table 1). For these studies the acrolein was added
after the priming was completed and 3 min before the stimulus was added. As mentioned above,
GM-CSF/fMLP treated neutrophils produced 5-LO products which were substantially
decreased when acrolein (25 μM) was present. When the PAF/fMLP stimulus was used with
neutrophils, very small amounts of 5-LO products were detected compared to the GM-CSF/
fMLP stimulus and these products were not diminished significantly in the presence of acrolein
(25 μM) (Table 1). Using the GM-CSF/PAF stimulus with neutrophils, an increase in 5-LO
products were observed compared to the GM-CSF/fMLP stimulus but these products were not
diminished by the addition of acrolein (25 μM). Additionally, phagocytosis of OPZ was used
as a stimulus of neutrophils for eicosanoid production and the 5-LO products were only slightly
diminished by exposure of the neutrophils to acrolein (25 μM). Additional experiments
revealed that the phagocytic ability of neutrophils was not altered by acrolein (data not shown).
When A23187 was used as a stimulus of eicosanoid production, a significant increase in 5-LO
products were observed compared to the GM-CSF/fMLP stimulus and these 5-LO products
did decrease by about half when acrolein (25 μM) was added 3 min prior to A23187. These

Zemski Berry et al. Page 7

Chem Res Toxicol. Author manuscript; available in PMC 2009 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



results suggested that the effect of acrolein on eicosanoid synthesis was dependent on the exact
method of stimulation and possibly the signal transduction pathway engaged by the GM-CSF/
fMLP stimulated neutrophils was uniquely affected by acrolein.

Effect of acrolein on superoxide generation
NADPH oxidase activation was examined in order to determine if this basic neutrophil function
is affected by acrolein. The superoxide release from neutrophils was monitored using
cytochrome c reduction and acrolein (1, 5, 10, and 25 μM) was found to inhibit GM-CSF/fMLP
and PAF/fMLP stimulated neutrophils (Table 2). The superoxide released in GM-CSF/fMLP
and PAF/fMLP treated neutrophils without acrolein was quite similar. The superoxide release
using both of these stimuli was affected by the addition of 1 and 5 μM acrolein in a dose
dependent manner. At doses of 10 μM or higher of acrolein, the neutrophil respiratory burst
was completely inhibited to control levels (0.319±0.023 pmol/106 cells/10 min of O2) in
neutrophils treated with GM-CSF/fMLP and PAF/fMLP. In neutrophils treated with acrolein
(1-25 μM) alone, superoxide levels were similar to control neutrophils. These results agree
well with previously published results on superoxide production in unprimed, fMLP treated
neutrophils with acrolein (24).

DISCUSSION
Acrolein is known to be a highly reactive and toxic α,β-unsaturated aldehyde produced by
various mechanisms including burning of tobacco which results in high concentrations of this
compound in cigarette smoke. Estimations of the concentration of acrolein that can accumulate
in the epithelial lining fluid in the bronchial airway of smokers can be as high as 50-80 μM
(14). While these estimates are based upon model systems, it is clear that acrolein can be present
in very high concentrations exposed to cells as well as fluids in the lung. Acrolein is also known
to be highly reactive for proteins (6) and lipids (10), resulting in the covalent binding of acrolein
either through Schiff base or Michael addition reactions to target molecules. It has been
suggested that such adducts may play an important role in the toxicity of acrolein.

This work focused on the unexpected finding that acrolein at concentrations relevant to that
found in the human lung airway fluid of a cigarette smoker can cause profound inhibition of
the ability of the GM-CSF/fMLP stimulated polymorphonuclear leukocyte to produce
leukotriene B4. While the expression of cyclooxygenase in neutrophils is somewhat low (40),
the very sensitive and accurate means to assess the level of both cyclooxygenase and
lipoxygenase products used in this study revealed that cyclooxygenase products were not
diminished by acrolein despite the profound inhibition of leukotriene products at doses of
acrolein between 10-50 μM exposed to the isolated GM-CSF/fMLP treated human neutrophil.
This potent inhibition of 5-LO product formation was unique to GM-CSF/fMLP neutrophils
treated with acrolein. Other biologically relevant stimuli that activate the 5-LO pathway in
neutrophils (PAF/fMLP, GM-CSF/PAF, and OPZ) were tested and acrolein did not effect the
5-LO product formation. It can be concluded that the inhibition on 5-LO product formation in
GM-CSF/fMLP neutrophils treated with acrolein could not be simply attributed to covalent
modification of the priming agent (GM-CSF) or the stimulant (fMLP). Inhibition of 5-LO
product formation was not observed with the PAF/fMLP and GM-CSF/PAF treated neutrophils
exposed to acrolein (25 μM) and the activity of either GM-CSF or fMLP was not altered when
acrolein was added directly to these compounds prior to neutrophil treatment. Additionally,
neutrophils that were pre-incubated with acrolein and then treated with the robust stimulus,
A23187, showed an inhibition of 5-LO product formation by about half compared to the
A23187 treated cells. While acrolein is known to be cytotoxic (17-19), concentrations
employed in our study (25 μM) have been reported not to be cytotoxic in HL-60 cells after 30
min exposure and in human neutrophils for up to 4 h at 50 μM (41).
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The biologically relevant stimulus used to activate neutrophils in this study that was susceptible
to acrolein treatment was GM-CSF priming followed by fMLP receptor activation. Cigarette
smoke is known to greatly enhance the expression of GM-CSF (42) and this cytokine has a
multitude of biological effects including the priming of the neutrophil for arachidonic acid
metabolism by 5-LO (38). While the exact mechanism of GM-CSF priming of neutrophils is
not entirely clear, it is also known that GM-CSF primes neutrophils to increase their production
of superoxide anion (43). Cigarette smoke is known to cause neutrophils to accumulate in the
bronchial airways in the chronic smoker as well elevate fMLP receptor numbers expressed by
neutrophils (44,45). Even at fairly low concentrations of acrolein (1-5 μM) our studies found
a significant reduction in the ability of isolated neutrophils to generate LTB4 by GM-CSF/
fMLP stimulation.

The mechanism by which the 5-LO pathway generates LTB4 is known to be quite complex
and has been the subject of many studies and reviews (30,46). Briefly, cytosolic 5-LO as well
as phospholipase A2 (Group IV) are translocated to the nuclear membrane where arachidonic
acid is released, presented to 5-LO, and converted into LTA4. This LTA4 is either released
from the neutrophil or metabolized by LTA4 hydrolase into the biologically active LTB4.
LTB4 is known to be a potent chemotactic factor for the human neutrophil through action of
the BLT1 receptor (47). The inhibition of this pathway by acrolein could have profound effects
on the ability to recruit neutrophils, but more importantly for them to release leukotrienes
following activation. Both LTB4 as well as LTC4, which can result from transcellular
biosynthesis and cell-cell cooperation (48), are known to have profound effects in the lung,
and in particular cysteinyl leukotrienes have been suggested to be important mediators in
asthma (49).

The mechanism by which 5-LO is inhibited by acrolein is also complicated by the 5-LO
activation process itself. Stimulation of neutrophils for 5-LO activation results in elevation of
intracellular free calcium levels, which were found to be decreased by acrolein in GM-CSF/
fMLP cells. However, this decrease in intracellular calcium levels was only observed at
acrolein concentrations of 10 μM or greater, which did not coincide well with the inhibition
of 5-LO product formation observed in GM-CSF/fMLP treated neutrophils where significant
inhibition was observed at 1 μM acrolein. While it is thought that the decrease in intracellular
concentration of calcium might play some role in the inhibition of 5-LO product formation,
most likely additional factors work in tandem to contribute to the almost complete inhibition
of 5-LO product formation in GM-CSF/fMLP neutrophils when acrolein is present.

In these studies it was determined that recombinant 5-LO was also inhibited by acrolein, which
was consistent with acrolein covalent binding to the 5-LO protein. Previous studies of
apolipoprotein A-I and thioredoxin-1 have demonstrated that covalent modification of certain
amino acid residues of these proteins causes inhibition of enzymatic activity (50,51). While
the direct covalent binding of acrolein to 5-LO is under current investigation, it is clear that
the exposure of 5-LO to acrolein reduces the ability of 5-LO to oxygenate arachidonic acid.
However, the doses of acrolein required to alter 5-LO recombinant activity were higher than
those needed to observe a significant inhibition of 5-LO product formation. While the direct
covalent binding of acrolein to 5-LO might occur to some extent in neutrophils treated with
acrolein, it is not thought that this alone is the main mechanism of action of acrolein in the
inhibition of 5-LO activity. Furthermore, if covalent binding to 5-LO was a major process,
leukotriene production would be inhibited independent of the type of stimulation used for
leukotriene production in neutrophils.

A necessary component for 5-LO activation in cells is 5-LO activating protein (FLAP). FLAP
interacts with 5-LO on the nuclear membrane in cells and is necessary for leukotriene synthesis.
It can not be ruled out that acrolein does directly affect FLAP, but it is not thought that the
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inhibition of 5-LO activity in neutrophils is due to a direct effect on FLAP because leukotriene
production would be inhibited independent of the stimulus used. Therefore, the effect of
acrolein on FLAP was not examined.

In addition to decreasing intracellular calcium and covalent modification of 5-LO, it also
appeared that signaling events may be altered by acrolein. This is evident in the PAF/fMLP,
OPZ, and GM-CSF/PAF results where the formation of 5-LO products was not altered by the
addition of acrolein (25 μM) 3 min before stimulation, even though almost complete inhibition
of 5-LO product formation was observed in GM-CSF/fMLP treated cells with acrolein (25
μM) added 3 min before fMLP stimulation. Additionally, the superoxide generation in GM-
CSF/fMLP and PAF/fMLP treated neutrophils in the presence of acrolein decreased with both
of these stimuli with a similar dose response, even though acrolein did not inactivate 5-LO
during PAF/fMLP stimulation. Finally, a time course of acrolein addition to GM-CSF/fMLP
treated neutrophils indicated that the GM-CSF priming itself was not affected by acrolein but
the fMLP stimulation event was affected by acrolein. This time course data in conjunction with
the PAF/fMLP and GM-CSF/PAF data and superoxide data suggested that the GM-CSF/fMLP
5-LO signaling pathway was uniquely affected by acrolein and that the signaling through the
fMLP receptor after GM-CSF priming of the neutrophil was profoundly effected by acrolein.
These complex series of events that occur during priming and stimulation make it difficult to
ascertain a single mechanism by which acrolein causes inactivation of 5-LO, but this is not
unexpected when considering the complexity of events which are required for LTB4 to be
synthesized and the potential chemical reactivity of acrolein. Therefore, it is thought that all
of these factors mentioned above might contribute to some extent to the inhibition of 5-LO
product formation observed in neutrophils with certain stimuli in the presence of acrolein.

There has been previous evidence to suggest that cigarette smoke either directly or indirectly
can effect the production of LTB4 in humans and animal models. The activation of alveolar
macrophages isolated from bronchoalveolar lavage fluid from human subjects revealed a
significant reduction in the ability of cells from smokers to convert exogenously added
arachidonic acid into LTB4 compared to non-smokers (52). Furthermore, the BAL fluid
isolated from animals which was exposed to chronic cigarette smoke had significantly less
LTB4 when compared to LTB4 concentrations present in rats not exposed to cigarette smoke
(53). In some cases, up to 10-fold reduction in the presence of LTB4 detected in the BAL fluid
was observed. Furthermore, it is interesting to point out that a large percentage of human
asthmatics continue to smoke in spite of the irritant effect of cigarette smoke on airways (54).
While anecdotal evidence suggests that for these individuals cigarette smoking improves their
asthmatic condition, it is possible that the cigarette smoke is reducing leukotriene generation
in these subjects. However, it is important to point out that there has been no direct evidence
for this in vivo effect of acrolein specifically on the 5-LO lipid mediator pathway.

In summary, acrolein is a highly reactive and toxic α/β-unsaturated aldehyde which is known
to have pleiotropic effects both as a reactive oxygen species that can covalently bind to target
molecules, but also a toxicant present in high concentrations of cigarette smoke that can inhibit
the 5-LO pathway when human neutrophils are stimulated with GM-CSF and fMLP. These
results might explain previous studies on the effect of cigarette smoke on inhibiting LTB4
production in both human and animal airways.

Acknowledgments
We thank Charis Uhlson for GC/MS analysis of free fatty acids. This work was supported by a grant from the National
Institutes of Health (HL034303).

Zemski Berry et al. Page 10

Chem Res Toxicol. Author manuscript; available in PMC 2009 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Abbreviations
GM-CSF, granulocyte-macrophage colony-stimulating factor; fMLP, formyl-methionyl-
leucyl-phenylalanine; FLAP, 5-lipoxygenase activating protein; 5-LO, 5-lipoxygenase; COX,
cyclooxygenase; OPZ, opsonized zymosan; PAF, platelet-activating factor; HBSS, Hanks'
balanced salt solution (1X) with Ca2+ and Mg22+; HBSS=, Hanks' balanced salt solution (1X)
without Ca2+ and Mg2+; PMN, polymorphonuclear neutrophil.
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Figure 1.
Mass spectrometric analysis of eicosanoids from extracted supernatants of human neutrophils
primed with GM-CSF (1 nM, 30 min) and then stimulated with fMLP (100 nM, 10 min) at 37°
C in (A and B) the absence and (C and D) the presence of 25 μM acrolein. The GM-CSF primed
cells were treated with acrolein for 3 min before fMLP was added. Elution of the eicosanoids
was detected in the negative ion mode using MRM transitions specific to each metabolite as
described in the Methods. The Δ6-trans-LTB4 isomers peak includes both Δ6-trans-LTB4 and
Δ6-trans-12-epi-LTB4.
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Figure 2.
Dose response of acrolein (0-50 μM) on the synthesis of (A) 5-LO products (20-OHLTB4,
Δ6-trans-LTB4 isomers, LTB4, and 5-HETE) and (B) COX products (PGE2 and TXB2) formed
in human neutrophils (PMN) primed with GM-CSF (1 nM, 30 min) and stimulated with fMLP
(100 nM, 10 min) at 37°C. The GM-CSF primed cells were treated with acrolein for 3 min
before fMLP was added. The control neutrophils were not treated with GM-CSF or fMLP. The
5-LO metabolites were analyzed by mass spectrometry and absolute quantities were calculated
using relative abundances of the specific MRM relative to the deuterium labeled internal
standard. Values (ng/2×106 cells) are expressed as mean ± S.E. (n = 5; ** p<0.01 and ***
p<0.001).
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Figure 3.
The effect of acrolein (0-50 μM) on AA release in human neutrophils (PMN) primed with GM-
CSF (1 nM, 30 min) and stimulated with fMLP (100 nM). The control neutrophils were not
treated with GM-CSF or fMLP. The AA present in these samples was analyzed using GC/MS
and quantitation was achieved by stable isotope dilution of added internal standards. Values
(ng/2×106 cells) are expressed as mean ± S.E. (n = 3).
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Figure 4.
Dose response of acrolein (0-50 μM) on the synthesis of (A) 5-LO products (20-OHLTB4,
Δ6-trans-LTB4 isomers, LTB4, and 5-HETE) and (B) COX products (PGE2 and TXB2) formed
in human neutrophils (PMN) primed with GM-CSF (1 nM, 30 min) and stimulated with fMLP
(100 nM) and supplemented with AA (0.5 μM) at 37°C. The GM-CSF primed cells were treated
with acrolein for 3 min before fMLP and AA were added. The 5-LO metabolites were analyzed
by mass spectrometry and absolute quantities were calculated using relative abundances of the
specific MRM relative to the deuterium labeled internal standard. Values (ng/2×106 cells) are
expressed as mean ± S.E. (n = 5; ** p<0.01 and *** p<0.001).
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Figure 5.
The effect of acrolein on intracellular calcium was examined in neutrophils loaded with indo-1
AM and primed with GM-CSF (1 nM). The loaded, primed neutrophils were treated with 0,
0.5, and 5 μM acrolein (A) and 0, 10, 25, 50, and 75 μM acrolein (B) for 3 min and then
stimulated with fMLP (100 nM). The arrow indicates when fMLP was added. The calcium
flux was determined by monitoring the change in FL5/FL4 fluorescence. All calcium responses
are representative of five experiments.
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Figure 6.
Dose response of acrolein (0-500 μM) on the synthesis of Δ6-trans-LTB4 isomers and 5-HETE
formed in a human recombinant 5-LO enzymatic assay. Human recombinant 5-LO (0.7 units)
was incubated with ATP (2 mM) and acrolein (0-500 μM) for 3 min or zileuton (0.5 μM) for
15 min. After the preincubation, AA (0.2 μM) and Ca2+ (2 mM) were added and allowed to
react for 10 min. The 5-LO metabolites were analyzed by mass spectrometry and absolute
quantities were calculated using relative abundances of the specific MRM relative to the
deuterium labeled internal standard. Values are expressed as mean ± S.E. (n = 3; *** p<0.001).
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Figure 7.
Time course of acrolein (25 μM) addition to GM-CSF/fMLP treated human neutrophils (PMN).
The acrolein was either added at the same time as GM-CSF (-30 min) or at some point after
the 30 min incubation with GM-CSF. For those time course points where the acrolein was
added after the 30 min GM-CSF priming event, the acrolein was added either 3 min before
fMLP (-3 min), at the same time as fMLP addition (0 min), or 30 s after fMLP addition (+0.5
min). Values are expressed as mean + S.E. (n = 5; *** p<0.001).
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Table 1

5-LO product synthesis in human neutrophils

Treatment 5-LO products* (ng/2×106 cells) 5-LO products* (ng/2×106 cells) with 25μM acrolein

GM-CSF/fMLP 5.32 ± 0.45 0.12 ± 0.03
PAF/fMLP 0.66 ± 0.04 0.55 ± 0.14
GM-CSF/PAF 7.79 ± 0.73 7.24 ± 0.51
OPZ 4.19 ± 0.41 3.63 ± 0.37
A23187 48.13 ± 6.03 21.66 ± 3.42

Values (ng/2×106 cells) are expressed as mean ± S.E. (n = 5).

*
5-LO products include 20-OH-LTB4, Δ6-trans-LTB4 isomers, LTB4, and 5-HETE.
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Table 2

Superoxide release from human neutrophils

Acrolein concentration O2
- production in GM-CSF/fMLP PMN (pmol/106

cells/10 min)
O2

- production in PAF/fMLP PMN (pmol/106

cells/10 min)

0 μM 6.94 ± 1.52 6.19 ± 1.63
1 μM 4.41 ± 1.24 3.99 ± 1.32
5 μM 2.36 ± 1.15 2.19 ± 0.85
10 μM 0.24 ± 0.05 0.31 ± 0.07
25 μM 0.27 ± 0.03 0.26 ± 0.04

Values (ng/2×106 cells) are expressed as mean ± S.E. (n = 3).
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