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Abstract

Acrolein is a ubiquitous component of environmental pollutants such as automobile exhaust,
cigarette, wood, and coal smoke. It is also a natural constituent of several foods and is generated
endogenously during inflammation or oxidation of unsaturated lipids. Because increased
inflammation and episodic exposure to acrolein-rich pollutants such as traffic emissions or cigarette
smoke have been linked to acute myocardial infarction, we examined the effects of acrolein on matrix
metalloproteinases (MMPSs), which destabilize atherosclerotic plagques. Our studies show that
exposure to acrolein resulted in the secretion of MMP-9 from differentiated THP-1 macrophages.
Acrolein-treatment of macrophages also led to an increase in reactive oxygen species (ROS), free
intracellular calcium ([Ca2*];), and xanthine oxidase (XO) activity. ROS production was prevented
by allopurinol, but not by rotenone or apocynin and by buffering changes in [Ca2*]; with BAPTA-
AM. The increase in MMP production was abolished by pre-treatment with the antioxidants Tiron
and N-acetyl cysteine (NAC) or with the xanthine oxidase inhibitors allopurinol or oxypurinol.
Finally, MMP activity was significantly stimulated in aortic sections from apoE-null mice containing
advanced atherosclerotic lesions after exposure to acrolein ex vivo. These observations suggest that
acrolein exposure results in MMP secretion from macrophages via a mechanism that involves an
increase in [Ca2*];, leading to xanthine oxidase activation and an increase in ROS production. ROS-
dependent activation of MMPs by acrolein could destabilize atherosclerotic lesions during brief
episodes of inflammation or pollutant exposure.
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INTRODUCTION

Atherosclerotic disease leading to myocardial infarction (M) and stroke is the leading cause
of morbidity and mortality in the Western world (Rosamond et al., 2008). It is currently
believed that atherosclerotic lesions develop and grow as a result of vascular inflammation that
leads to monocyte infiltration into the vessel wall. Once lodged in the sub-intimal space, the
monocytes differentiate into macrophages which take up modified lipoproteins and as a result
are transformed into foam cells (Glass et al., 2001; Reiss et al., 2006). These processes lead to
the formation of distinct lesions (plaque) which are composed of foam cells, a lipid-rich-core
and a fibrous, matrix-rich cap. Gradual erosion of this cap or its acute rupture exposes platelets
to the underlying matrix proteins and pro-thrombotic molecules, activating them and initiating
a thrombotic response. Vascular occlusion at these sites initiates ischemic episodes associated
with myocardial and cerebral infarction.

Although physiological events contributing to plaque erosion and rupture are complex, matrix
metalloproteinases (MMPs) have been suggested to be play an important role (Galis et al.,
1994; Galis et al., 1995; Herman et al., 2001; Sukhova et al., 1999). MMP-mediated
degradation of the extracellular matrix (ECM) is vital for several physiological functions
including development, morphogenesis, angiogenesis, and tissue repair. Several pathological
conditions, such as arthritis, cancer, nephritis, chronic ulcers, and fibrosis (Nagase et al.,
2006) are, however, associated with excessive or unregulated MMP activity. MMP
dysregulation is also a characteristic feature of cardiovascular abnormalities and increased
levels of MMPs have indeed been found in atherosclerotic plaques (Galis et al., 1994; Galis et
al., 1995; Halpert et al., 1996; Rajavashisth et al., 1999) and in patients with unstable angina
or acute myocardial infarction (Kai et al., 1998; Tziakas et al., 2004).

Acrolein is an aldehydic compound that has been linked in epidemiological studies to
cardiovascular pathology (Bhatnagar 2004; Feron et al., 1991). It is a particularly abundant
component of air-borne particulate matter (PM) that arises during the burning of fossil fuels,
cigarettes, or other organic material. In addition, acrolein is generated during the cooking or
frying of food, is present in the effluent of industrial waste, and exists naturally in vegetables,
fruits, and herbs (Feron et al., 1991). Acrolein is also an end product of the metabolism of
certain pharmaceuticals (Ludeman 1999) and can likewise be produced by myeloperoxidase-
catalyzed oxidation. It is therefore generated in high amounts at sites of inflammation
(Anderson et al., 1997) or lipoprotein oxidation (Anderson et al., 1997; Burke et al., 2001;
Feron et al., 1991; Steinberg 1997), particularly within vascular lesions (Shao et al., 2005)).
The toxicity of acrolein is a consequence of its strongly reactive, electrophilic, carbonyl group
which can react with cellular nucleophiles such as thiols or amines (Esterbauer et al., 1991).
Thus acrolein can form adducts with proteins, disrupting cellular signaling or function, or
nucleic acids, eliciting mutagenic or carcinogenic effects. In addition, the toxic effects of
acrolein can result from indirect means. In particular, chronic acrolein exposure could deplete
cellular antioxidants such as glutathione, rendering the cell prone to damage from free radicals.
Cardiovascular tissue seems to be particularly sensitive to the toxic effects of acrolein.
Epidemiological and animal studies have linked acrolein exposure to arrhythmia (Bhatnagar
1995b), hypertension (Feron et al., 1991), atherogenesis (Steinbrecher et al., 1990),
dyslipidemia (McCall et al., 1995), and myocardial infarction (Alfredsson et al., 1993; Levine
etal., 1984; Stewart et al., 1990). Despite these associations however, the precise mechanisms
whereby acrolein contributes to acute cardiovascular pathology is unknown.

Given the extensive evidence implicating oxidative stress in MMP activation (Nelson et al.,
2004), we tested the hypothesis that acrolein exposure results in MMP activation and thus
contributes to acute plaque rupture and vascular occlusion. Using both a cell culture model and
murine atherosclerotic tissue, we did indeed demonstrate that one consequence of acrolein
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exposure is MMP secretion. Furthermore we show that this was dependent upon increased
intracellular calcium and increased ROS generation by xanthine oxidase. Our findings are
likely to be of significance in understanding the acute inflammatory responses to acrolein

generated endogenously or delivered from the environment.

MATERIALS AND METHODS

Reagents and Cells

The fluorescent reagents HoDCFDA, fluo-4 AM and DQ-gelatin were purchased from
Invitrogen (Carlsbad, CA) while BAPTA-AM and apocynin were from Calbiochem
(Gibbstown, NJ). Cell culture media (RPMI 1640) was obtained from Mediatech Inc.
(Manassas, VA) and additional media components, fetal calf serum, glutamine, and penicillin/
streptomycin were from Clonetics (Allendale, NJ). The MMP-9 antibody, low melting
temperature agarose and all other chemicals and reagents were obtained from Sigma (St. Louis
MO).

THP-1 cells were obtained from ATCC (Manassas, VA) and maintained in RPMI 1640 media
supplemented with 10% fetal calf serum, 1% glutamine, and 1% penicillin/streptomycin. For
differentiation into macrophages, 4 x 10% cells were harvested, resuspended in normal media
and plated into a 96 well plate in the presence of 100 nM phorbol ester (PMA) for 72 h. For
larger scale experiments, 2-3 x 10° cells were differentiated in a 24 well plate in the presence
of PMA.

Biochemical Assays and Western blotting

ROS—Levels of ROS were measured in untreated or acrolein-treated THP-1 cells using the
H,DCFDA reporter. For this procedure, the cells were incubated overnight in media containing
0.1% FCS, washed and then loaded with 5 uM of H,DCFDA in HBSS for 1h. After washing,
the cells were returned to HBSS in the presence or absence of acrolein and changes in
fluorescence (ex: 493nm; em: 525nm) were measured on a Perkin Elmer Fusion fluorescence
plate reader. Rate of ROS production over a 40 min period was determined and normalized to
untreated cells. To delineate the contribution of individual pathways, the cells were treated
with metabolic inhibitors at concentrations as previously published or as recommended by the
manufacturer. These inhibitors include allopurinol (100 uM), apocynin (100 uM), rotenone
(100 uM), NAC (10 mM) or the calcium chelator BAPTA-AM (20 uM) and were done for 30
min before acrolein exposure.

Xanthine oxidase—Xanthine oxidase activity was directly determined in cell lysates using
the Amplex Red reagent (Invitrogen; Carlsbad, CA) (Mohanty, et al., 1997). In brief,
differentiated THP-1 cells were left untreated or were treated with acrolein for 30 min,
harvested and pelleted by centrifugation. The cells were then lysed by sonication, the
supernatants collected after centrifugation, and protein concentration determined with the
Bradford reagent (BioRad; Hercules, CA). Equal protein amounts were then incubated in the
presence of 100 uM xanthine, 0.2 U/ml horseradish peroxidase, and 50 pM Amplex Red for
30 minat 37°C and fluorescence properties (ex: 560nm; em: 590nm) determined on a Shimadzu
RF-5301 PC spectrofluorometer. Specificity was demonstrated by inclusion of 10 uM
allopurinol in the reaction mixture.

Intracellular calcium—Relative amounts of intracellular calcium were determined in

untreated cells or in cells treated with acrolein. This was accomplished by first pre-loading the
cells with the Fluo 4-AM dye for 30 min, washing, and then recording baseline absorbance at
514 nm using a Perkin Elmer Fusion fluorescence plate reader. The cells were then treated with
acrolein or the vehicle and the absorbance increase monitored for an additional 6 min. Initial

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2010 April 15.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

O’Toole et al.

Zymography

Page 4

rates of fluorescence increase were determined for a 2 time period. Pre-incubation with 20 mM
BAPTA for 30 min was used to establish the Ca*2-specificity of the fluorescence signal.

MMP-9 Western blotting—The levels of MMP-9 were determined in culture media from
untreated cells or those treated with acrolein. For this, aliquots were resolved on 8%
polyacrylamide gels, transferred to PVDF membranes (BioRad; Hercules, CA) and probed
with a 1:1000 dilution the anti-MMP-9 antibody (Sigma, St. Louis, MO). Specific bands were
detected after secondary antibody incubation and development using the ECL reagent (GE
Healthcare; Piscataway NJ). Images were collected on an Amersham Typhoon Variable Imager
and densitometric values determined with NIH Image software.

Gel zymography—Levels of MMPs in conditioned media from untreated or acrolein-treated
cells were determined by gel zymography. For this, differentiated THP-1 cells were incubated
overnight in serum-free media. The following day, cells were treated with vehicle or acrolein
and media collected 10 and 30 min after treatment. Aliquots of these samples were then
resolved on 8% polyacrylamide gels containing 1 mg/ml gelatin. After washing in 2.5% Triton,
the gels were incubated overnight in 50 mM Tris, pH 7.4, 5mM CaCl,, 150 mM NacCl, stained
with Coomassie Blue and destained. Clear areas amongst the blue background are indicative
of MMP activity.

In situ zymography—To determine whether acrolein-exposed tissue also demonstrated an
increase in MMPs, we used in situ zymography. apoE ™~ mice on a high fat diet for 15 weeks
were euthanized and aortas isolated and incubated in complete DMEM for 2h with two changes
of media. At this time these aortic segments were washed with PBS, incubated in serum-free
media for 2 h and then exposed to new media containing acrolein (25 pM) or vehicle for an
additional 2 h. The aortas were then frozen in OCT and sectioned on a cryostat. Prior to
zymography, lesion-containing aortic sections were identified by oil red O staining. Adjacent
sections were then overlaid with a solution of 1% low melting agarose containing 0.1mg/ml
DQ-gelatin and incubated at 37°C for 4 — 8 h. To establish MMP specificity, control sections
were incubated with an overlay solution also containing EGTA (20mM). Fluorescence in the
stained sections, indicative of MMP activity, was detected by microscopy and quantified by
digital image analysis using the MetaMorph software.

Statistical analysis

RESULTS

Multi-group analyses were done with one way analysis of variance, parametric or ranks where
appropriate, using the Bonferroni or Dunnett’s sub test as required. Single group analyses were
done with a paired Student’s t-test. All statistical analyses were done with Sigma stat software.

Exposure to acrolein stimulates MMP-9 and ROS in differentiated THP-1 cells

To begin to examine the effect of acrolein on MMPs, we used a macrophage cell line.
Macrophages are a major cell component of atherosclerotic lesions (Gerrity 1981a; Gerrity
1981b). They express high levels of MMPs that are activated in response to oxidative,
pathogenic, and inflammatory stimuli. Hence, we examined whether acrolein also affects MMP
production by macrophages. For this, we utilized PMA-differentiated THP-1 cells, a widely
used macrophage model. After differentiation to macrophages, these cells were treated either
with the vehicle or with various doses of acrolein for 10 and 30 min upon which the culture
media were collected and aliquots subjected to gel zymography. At both time points, we
observed a single band of approximately 90 kDa that was increased relative to untreated cells
(0 uM acrolein) (Figure 1A). Levels of MMP activity at the highest dose of acrolein (25 uM)
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were similar to those observed in the media from cells treated with 20 ng/ml TNFa, a positive
control. As a molecular mass of 90 kDa is indicative of MMP-9, we next performed Western
blotting with an antibody specific for this isoform. Consistent with gel zymography, these data
showed an up-regulation of MMP-9 in acrolein-treated cells at both time points (Figure 1B).
A quantitative analysis of the zymograms indicated that 25uM acrolein increased MMP-9
levels 1.2 = 0.9 fold after 30 minutes of exposure (Figure 1C).

As a key player in host defense, macrophages generate and secrete ROS in response bacterial
endotoxins, secondary messengers, and mechanical forces (Droge 2002). ROS have also been
implicated in the transcriptional and zymogenic regulation of MMPs (Nelson et al., 2004).
Thus, we next determined if macrophages would also produce ROS upon exposure to acrolein
in a fluorescence-based assay. Treatment with two doses of acrolein induced a statistically
significant increase in the rate of ROS production compared to untreated cells (Figure 2).
Exposure to 25 pM acrolein increased ROS to a similar extent as cells treated with 100 uM
H,0,, a positive control. There was only minor inhibition in the rate of ROS production when
the cells were treated with acrolein in the presence of L-NAME (data not shown) indicating
that the contribution of NO to the observed changes in the fluorescence signal was minimal.
On the other hand, when cells were pre-incubated with the thiol agent, NAC (10mM), prior to
acrolein stimulation, the levels of ROS produced were not significantly increased over those
found in untreated cells (Figure 2). These data indicate that in addition to MMP activation,
acrolein exposure increases ROS levels in macrophages.

Acrolein-stimulated ROS production is mediated by intracellular calcium and xanthine

oxidase

Several enzymatic reactions could contribute to ROS generation in macrophages. ROS could
be generated directly by the NADPH-oxidase complex or as products of mitochondrial electron
transport or the XO-catalyzed degradative oxidation of purine bases. To identify the source of
acrolein-induced increase in ROS production, we examined each of these processes. For this,
the cells were pre-incubated with inhibitors of NADPH-oxidase (apocynin), mitochondrial
complex 1 (rotenone), and XO (allopurinol) prior to acrolein exposure and rates of ROS
production were measured as described above. While apocynin- and rotenone-treated cells
demonstrated little reduction in the rate of ROS production compared with untreated cells,
allopurinol significantly decreased levels of ROS (Figure 3A). This inhibition of ROS
generation could not be attributed to non-specific effects because allopurinol did not
significantly attenuate ROS production in HoOo—treated cells (nhot shown). As an additional
confirmation of the involvement of XO in acrolein-stimulated ROS production, we directly
measured its activity in a fluorescence-based assay. Exposure to acrolein caused an
approximate 50% increase in XO activity compared to untreated cells (Figure 3B). This
increase was specific to XO as it was abolished when the cells were treated with acrolein in
the presence of allopurinol.

XO catalyzes the enzymatic degradation of xanthine and hypoxanthine to uric acid and in doing
so transfers electrons to molecular oxygen. An alternative, larger molecular weight form of the
same gene product, xanthine dehydrogenase (XDH), catalyzes the same reaction except that it
uses nicotine adenine dinucleotide (NAD) as an electron acceptor (Pritsos 2000). One way by
which XDH is converted into XO is by limited calcium-dependent proteolysis (Greene et al.,
1994; Hirata et al., 1993; McCord et al., 1982). Therefore, we next examined the possibility
that acrolein induces XO activity by increasing levels of intracellular calcium and
consequently, the conversion of XDH to XO. Using the fluo-4 dye as a reporter, we observed
an immediate increase in intracellular calcium upon acrolein exposure (Figure 4A).
Intracellular calcium levels increased approximately 1.5 fold over those observed in untreated
cells (Figure 4B). Importantly this fluorescence increase was attenuated when acrolein-treated
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cells were pre-loaded with the calcium chelator, BAPTA (Figure 4B). Furthermore, blocking
the acrolein-induced increase in intracellular calcium with BAPTA also attenuated ROS
production by these cells (Figure 3A). These observations suggest that the increase in ROS
levels in acrolein-treated macrophages is mediated by XO and is dependent upon an increase
in intracellular calcium levels.

Acrolein-mediated upregulation of macrophage MMP-9 is ROS dependent

The regulation of MMP expression or activity is tightly controlled and ROS may be one
important regulator of these proteases (Nelson et al., 2004). Thus, we next used an inhibitor-
based approach to determine if there was a causal relationship between acrolein-induced ROS
generation and MMP activation. For this, the THP-1 cells were pre-incubated with two XO
inhibitors- allopurinol and oxypurinol (100uM each), the calcium chelator BAPTA (20uM),
and two antioxidants - NAC (10 mM) and Tiron (5 mM). After incubation with the indicated
additives, the cells were treated with acrolein for 30 min and the levels of MMP-9 were
measured in the medium. Similar to earlier experiments, acrolein-induced an increase in
MMP-9 that was approximately 70% greater than that found untreated cells (Figure 5). This
increase was, however, significantly attenuated by the XO inhibitors, BAPTA, and
antioxidants. From these data we infer that stimulation of MMP-9 production by acrolein is
mediated by XO-derived ROS.

Acrolein stimulates MMPs in atherosclerotic lesions

To assess whether acrolein also activates MMP ex vivo, we examined changes in MMPs in
atherosclerotic lesions. Previous studies have shown that MMPs are expressed at high levels
in advanced atherosclerotic lesions (Galis et al., 1994; Galis et al., 1995; Halpert et al., 1996;
Rajavashisth et al., 1999), 1995) and that they are activated by an increase in oxidative stress
within arterial plaques. Accordingly we hypothesized that acute acrolein exposure stimulates
MMP activity in atherosclerotic lesions. To test this, we examined the effects of acrolein on
MMP activity in aortic explants from apoE~/~ mice. These mice, maintained on a high-fat diet
for 15 weeks, demonstrated abundant, well-formed lesions as identified by oil red O staining
(Figure 6A, B). When these explants were treated with 25 pM acrolein and then subjected to
in situ zymography, a robust increase in MMP activity was observed (Figure 6B). The increase
in fluorescence in acrolein-treated lesions appeared to be MMP-specific as it could be blocked
by inclusion of 20 mM EGTA during zymography. In contrast, untreated aortic explants
demonstrated minimal increase in fluorescence during this assay (Figure 6A). A quantitative
analysis of these images demonstrates that MMP activity was approximately 10-fold greater
in acrolein-exposed explants versus untreated explants (Figure 6C). We conclude, based on
these observations, that exposure to acrolein results in acute activation of MMPs in the
advanced atherosclerotic lesions of apoE ™~ mice.

DISCUSSION

The major findings of this study are that exposure to acrolein increases intracellular calcium
which in turn activates XO in human macrophages. These increases were furthermore
associated with an increase in ROS generation and MMP-9 secretion (Figure 7). Conversely,
we found that inhibition of XO prevented ROS generation and decreased MMP-9 secretion
from acrolein-treated macrophages. Finally, our experiments with advanced arterial lesions of
apoE-null mice showed that treatment with acrolein leads to an increase in MMP activity,
indicating that acrolein stimulates MMPs both in isolated macrophages as well as in advanced
atherosclerotic plaques. These results may be of significance in understanding how acrolein
and oxidized lipids induce cardiovascular toxicity and how acute exposure to or increased
generation of acrolein could destabilize arterial lesions and trigger clinical events.
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Humans are exposed to acrolein from a variety of exogenous and endogenous sources.
Estimates of acrolein generation from measurement of the urinary metabolite S-(3-
hydroxypropyl)mercapturic acid (HPMA) suggest that its basal concentration in healthy adults
may be between 1 and 2 uM (Carmella et al., 1920; Roethig et al., 2007). However these levels
may increase with exogenous exposure or endogenous acrolein production due to disease or
inflammation. Urine from smokers or cyclophosphamide-treated patients, for instance,
contains 2—4 uM acrolein (Carmella et al., 1920; Takamoto et al., 2004). Local concentrations
of acrolein within inflammatory lesions may be higher still. Excessive generation of acrolein
(10 fold) has also been observed in the sputum of chronic obstructive pulmonary disease
(COPD) patients. (Deshmukh et al., 2008). Hence, the concentrations of acrolein found to
activate MMPs (5 to 25 uM) in the present study appears to be within the range of acrolein
levels achieved during pollutant exposure or during endogenous tissue inflammation.

Our results suggest that acrolein-induced an increase in MMP-9 through a mechanism
involving an increase in intracellular calcium levels, activation of XO, and stimulation of ROS
generation This is so because MMP-9 levels could be reversed with the antioxidants NAC and
Tiron, the XO inhibitors allopurinol and oxypurinol, and the calcium chelator, BAPTA.
Increased ROS generation could activate MMPs by a variety of mechanisms. Perhaps least
likely are effects at the transcriptional level. Although ROS can stimulate MMP gene
expression (Nelson et al., 2004), the rapid increase of MMP-9 in the media, within minutes of
acrolein exposure, is inconsistent with transcriptional activation. More likely, ROS stimulate
mechanisms directly affecting MMP catalytic function or secretion. MMPs are expressed as
inactive zymogens, a consequence of Zn*2-coordination by histidines in their catalytic domains
and cysteines in their pro-peptide regions. Activation is achieved upon pro-peptide cleavage
by additional tissue or plasma proteinases or by other MMPs (Chakraborti et al., 2003; Nelson
et al., 2004). In addition, ROS have been implicated in zymogen activation through sulfenic
acid production with the cysteine in the MMP pro-peptide, thereby allowing conformational
change and autocatalysis (Nelson et al., 2004). Furthermore, prior studies have shown that the
secretion of MMPs was dependent upon various PKC isoforms (Chakrabarti et al., 2006;
Hussain et al., 2002; Lee et al., 2004; O’Toole et al., 2008; Park et al., 2003). Given that the
activity of the conventional PKCs (o,B,y) is calcium-dependent, it is conceivable that the
acrolein-induced increase in intracellular calcium, observed in this study, could result in MMP
release through the stimulated activity of one of these PKC isoforms. Additional studies are
required to distinguish between these possibilities.

That XO is the major source of ROS generation in acrolein-stimulated cells is suggested by
the observations that its catalytic activity increased upon exposure and that its inhibition by
allopurinol attenuated ROS production (Figure 3). The stimulation of XO-derived ROS in
response to exogenous stimuli may be a common response of vascular or hematopoietic tissues.
XO is expressed in high abundance in macrophages (Takao et al., 1996) and increased levels
of this enzyme have been detected in human atherosclerotic lesions (Swain et al., 1995). In
adenosine-stimulated macrophages, XO was found to be responsible for over 10 times the
superoxide production attributable to the NADPH oxidase system (Tritsch et al., 1983). Also,
it has previously been demonstrated that XO-derived ROS are major players in cardiovascular
pathology, associated with hypertension (Nakazono et al., 1991;Swei et al., 1999), ischemia/
repurfusion injury (McCord et al., 1985), atherosclerosis (Harrison et al., 2003;Madamanchi
et al., 2005), and decreased myocardial contractility (Ferdinandy et al., 1999). Some of these
in vivo complications could be reversed by treatment with XO inhibitors (Doehner et al.,
2002;Farquharson et al., 2002;Gimpel et al., 1919; Guthikonda et al., 2003;Kogler et al.,
2003), supporting the idea that XO is a frequent source of ROS is diseased cardiovascular
tissue.
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Calcium fluxes likewise appear to play a central role in acrolein-mediated pathophysiology.
Our results showed that the acrolein-induced increase in XO activity was associated with a
concomitant rise in intracellular calcium levels. Importantly, chelation of intracellular calcium
with BAPTA attenuated the acrolein-mediated up-regulation of ROS and MMP-9. These
results suggest that the disruption of calcium homeostasis may be general outcome of toxic
aldehyde exposure in general and acrolein exposure in particular. Consistent with this idea,
acrolein has been previously implicated in the calcium-dependent induction of Hsp72 in
HUVECs (Misonou et al., 2005) and can also influence calcium signaling pathways in airway
smooth muscle cells (Hyvelin et al., 2000). Exposure to another o, unsaturated aldehyde and
lipid oxidation product, 4-HNE, also resulted in a calcium influx in rat hepatocytes (Carini et
al., 1996) and disruption of calcium homeostasis in cardiac myocytes (Bhatnagar 1995a).

The observation that exposure to acrolein activates MMPs in advanced atherosclerotic plaques
suggests that exposure to acrolein-containing pollutants or increased production of endogenous
acrolein could trigger plaque rupture. Although the normal vessel wall displays low MMP
activity, atheromatous plaques with high levels of inflammation are associated with elevated
MMP activity (Choudhary et al., 2006) and increased MMP activity is believed to promote the
progression of stable atherosclerotic lesions to an unstable phenotype that is more likely to
rupture (Newby 2007). Several studies have shown that inhibition of MMP activity can stabilize
plaques (Johnson et al., 2006; Rouis et al., 1999) and that overexpression of MMP-9
destabilizes advanced atherosclerotic lesions of apoE~~ mice (Gough et al., 2006). Hence,
MMP activation by acrolein in advanced lesions may lead to an imbalance between ECM
deposition and degradation. In addition, MMP-mediated degradation of the ECM might result
in the loss of cell adhesion and trigger the apoptosis of resident smooth muscle and endothelial
cells. Thus, enhanced MMP activation may contribute to plaque instability and rupture,
triggering thrombus formation and ischemic outcomes. It is significant that myeloperoxidase
and oxidized LDL, both of which generate high levels of acrolein, co-localize to lipid-laden
macrophages and are associated with MMP activation (Fu et al., 2001; Huang et al., 1919).
Hence, based on the data presented here, it appears likely the increased acrolein formation
during inflammation and the accumulation of oxidized LDL within the lesion may be a
significant determinant of MMP activity and in turn plaque stability. It is possible that
endogenous generation of acrolein during inflammation may also be a significant feature of
other conditions associated with increased MMP activation such as COPD and emphysema
(Foronjy et al., 2008; Tetley 2002), rheumatoid arthritis or cancer cell invasion and metastasis
(Bjorklund et al., 2005;Egeblad et al., 2002). Interestingly, in a related study, o,B-unsaturated
aldehydes from cigarette smoke also stimulated the release of IL-8 and TNF-a from
macrophages, potentially contributing to the development of COPD (Facchinetti, et al., 2007)

The plagque-destabilizing effects of acrolein may also be of relevance in understanding the
cardiovascular effects of environmental pollutants. Several epidemiological studies have
shown that an episodic increase in air pollution is associated with an increase in
cardiopulmonary mortality, particularly that associated with acute myocardial infraction (AMI)
(Bhatnagar 2006; Pope, I11 et al., 2004). Although further studies are required to establish
whether the presence of acrolein in ambient pollutants contributes to the increased risk of
cardiovascular events in exposed populations, it has been reported that exposure to acrolein-
rich pollutants such as automobile emissions (Peters et al., 2004) and cigarette smoke (Pell et
al., 2008) could acutely and significantly increase AMI risk. Our observation that acrolein
activates MMP supports the possibility that exposure to oxidants or acute inflammatory events
could trigger plaque rupture and thereby precipitate myocardial infarction. Hence, measures
taken to limit oxidant exposure, inflammation, and MMP production in individuals sensitive
to environmental pollutant exposure may lessen the probability of adverse cardiovascular
outcomes.
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Figure 1. Acrolein induces MMP-9 in cultured macrophages

Differentiated THP-1 cells were serum-starved overnight and then exposed to the listed
concentrations of acrolein for 10 min and 30 min as indicated. The medium was then collected
and aliquots subjected to (A) gel zymography and (B) Western blot analysis using an anti-
MMP-9 antibody. Cells treated with TNFa-were used as positive control. Illustrated are the
zymograms and blots from a representative experiment. (C) Quantitative analysis of MMP-9
activity measured by zymography. Data are presented as mean +/— S.E. * p<0.05 versus 0 uM
acrolein (n = 4 experiments).
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Figure 2. Acrolein increases ROS levels in cultured macrophages

THP-1 cells differentiated with PMA for 72 h were starved in 0.1% serum overnight, loaded
with HoDCFDA in HBSS and exposed to the indicated concentrations of acrolein or H,0,.
Oxidation-dependent fluorescence of HoDCFDA was determined in a plate reader at 525nm
and rates of fluorescence increase were determined over 40 min and normalized to untreated,
control cells. Data are presented as mean +/— S.E. * p<0.05 versus untreated cells (n =4
experiments).
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Figure 3. Acrolein-stimulated ROS is xanthine oxidase-dependent

Serum-starved differentiated THP-1 cells were either left untreated (“none”) or were pre-
incubated with allopurinol (100uM), apocynin (100uM), rotenone (100uM) or the calcium
chelator BAPTA-AM (20uM) for 30 min prior to acrolein treatment. Relative rates of ROS
production over 30min were measured and normalized to unexposed cells. (* p<0.05 vs
“none”). B) Untreated cells or those pre-treated with allopurinol were variably exposed to
acrolein for 30min as indicated. The cells were then lysed and xanthine oxidase activity was
measured as described under Methods. Activity levels were normalized to untreated,
unexposed (control) cells (* p<0.05 vs control; ** p<0.05 vs acrolein only). Each bar represents
mean * S.E. of 3 different measurements.
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Figure 4. Acrolein induces an increase in intracellular calcium

(A) Differentiated THP-1 cells were loaded with the Fluo-4-AM dye for 30 min, washed and
then exposed to acrolein (arrow). The change in fluorescence at 516nm was then recorded for
an additional 6 min. (B) Group data showing increases in [Ca2+]; normalized to control,
untreated cells as mean + S.E. (* p<0.05 vs. acrolein treatment, n = 4 experiments.
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Figure 5. Acrolein-induced MMP-9 is mediated by ROS, xanthine oxidase, and changes in
intracellular calcium

Differentiated THP-1 cells were pre-treated with vehicle (=), allopurinol (allo), oxypurinol
(oxy), BAPTA-AM, Tiron, or NAC for 30 min and then stimulated with 25 pM acrolein as
indicated. Additional cell samples pre-treated with vehicle were left unstimulated (control) or
were stimulated with TNFa. A) After 30 min, aliquots of culture media were analyzed for the
presence of MMP-9 by Western blotting. A representative Western blot is shown. B) Acrolein
stimulated increases in MMP-9 which were reversed with xanthine oxidase inhibitors, a
calcium chelator, and ROS scavengers. Data are presented as mean + S.E (* p<0.05 versus
acrolein only; **: p<0.05 versus control; n = 5 experiments).
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Figure 6. Acrolein stimulates MMP in atherosclerotic lesions

Aortic explants isolated from apoE~/~ mice on a high-fat diet for 15 weeks were treated with
vehicle (A) or 25 uM acrolein (B) for 2h, frozen in OCT and sectioned. Lesion-containing
sections were identified by oil red O (ORO) staining and adjacent sections were then subjected
to in situ zymography with DQ-gelatin for 4 h. Representative ORO and fluorescent images
are shown. Attenuation by 20mM EGTA during the zymography demonstrated that the
fluorescence was specific for MMP activity. (C) Group data quantifying changes in
fluorescence in untreated and acrolein-treated arterial lesions. Data are presented as mean *
S.E. * p<0.05, (n = 3 experiments).
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Figure 7. Activation of MMPs by acrolein
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Exposure to acrolein results in an increase of free intracellular calcium levels through a
mechanism that has not yet been established (?). This rise in calcium activates xanthine oxidase

thereby generating ROS. These free radicals stimulate macrophage MMP secretion

potentiating matrix degradation and enhancing the likelihood of atherosclerotic plaque rupture.
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