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A B S T R A C T

Cardiovascular diseases (CVDs) are the leading cause of death worldwide. The majority of cardiovascular
complications are secondary to atherosclerosis. Extensive evidence has showed that environmental pollutants
such as cigarette smoke and automobile exhaust increase the risk of developing atherosclerosis. Acrolein, a
highly reactive unsaturated aldehyde, is found as a contaminant in air, food and water. Investigations during the
last decades have shown that acrolein via various mechanisms such as oxidative stress, enhancement of in-
flammatory processes and the activation of matrix metalloproteases can initiate and accelerate atherosclerotic
lesions formation. Furthermore, exposure to acrolein has been suggested to induce or exacerbate systemic
dyslipidemia, an important risk factor for the development of atherosclerosis. Finally, there are reports which
indicate acrolein can increase platelet activation and stimulation of the coagulation cascade which subsequently
leads to thrombosis. Even a modest reduction of pollutants such as acrolein can have substantial effects on
population health. Public health efforts to reduce acrolein exposures from known sources may lower the pre-
valence of vascular disease. This review focuses on the potential pathways and mechanisms behind the acrolein-
induced atherothrombotic effects.

1. Introduction

Cardiovascular diseases (CVDs) include a wide spectrum of dis-
orders that affect the heart and blood vessels. It is the number one cause
of death worldwide, with 17.5 million related deaths annually (31% of
global deaths) (Stefanadis et al., 2017). The important CVDs include
myocardial infarction (MI), angina pectoris (AP), heart failure (HF),
stroke and hypertension (Lloyd-Jones et al., 2010). Although hy-
pertension, obesity and metabolic disorders like diabetes and dyslipi-
demia are larger risk factors for CVDs, environmental factors such as air
pollution and tobacco smoke impose additional synergistic or additive
effects to these well-established risk factors (Bhatnagar, 2006; Jahani
et al., 2018; Karbasforooshan and Karimi, 2017; Rempher, 2006).

Epidemiologic studies have reported that exposure to some chemi-
cals and toxicants has been correlated with increasing the risk of CVDs
(Brook et al., 2010; O'Toole et al., 2008). Air pollution is a complex
mixture gases and particulates categorized according to median aero-
dynamic diameter of the different particulate matter (PM). Results of a
large multicenter study in the US demonstrated that exposures to PM

less than 2.5 μm (PM2.5) was strongly associated with an increase in
mortality risk (Zanobetti and Schwartz, 2009).

Likewise, tobacco smoke containing more than 7000 different che-
micals, also contributes to cardiovascular injuries and death (Kelley
et al., 2017; Rempher, 2006). Effort to identify the Hazard Index (HI) of
mainstream smoke constituents showed that acrolein is a major cause of
non-cancer untoward outcomes (88.5% of the overall theoretical HI)
(Ezzati and Lopez, 2003; Haussmann, 2012). Similarly, the annual
cardiovascular death rate due to smoking (1.69 million) is about
equivalent to the smoking-related mortality due to lung cancer (0.97
million) and pulmonary diseases (0.85 million) combined (Haussmann,
2012).

Acrolein (2-propenal, CH2=CHCHO) is a colorless, volatile liquid in
pure form with an unpleasant odor [Fig. 1] (Arntz et al., 2000). Acro-
lein was first described in 1839 by Berzelius thorough degradation of
glycerin (Stevens and Maier, 2008). It is found as a contaminant in
food, air and water (Alwis et al., 2015). Generally, acrolein is formed
from incomplete combustion of organic matters (like petrol, wood,
plastic and tobacco) and in foods during high-temperature cooking
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(Taghiabadi et al., 2012). Acrolein is produced endogenously from lipid
peroxidation or polyamine metabolism; thereby being continuously
generate in biological systems under oxidative stress (Lovell et al.,
2000).

Acrolein, a ubiquitous environmental pollutant, may cause adverse
effects in the central and peripheral nervous system (Butler et al., 2017;
Valko et al., 2016), respiratory tract (Golden and Holm, 2017) and in
various cardiovascular organs (Conklin, 2016; Conklin et al., 2017a). At
the cellular level, acrolein causes toxic effects through enhancing of
reactive oxygen species (ROS) (Uchida et al., 1998), DNA (Steiner et al.,
2016; Tang et al., 2011) and protein adducts (Aldini et al., 2011), by
induction of endoplasmic reticulum stress (ER) (Haberzettl et al., 2009)
and immune dysfunction (Hristova et al., 2012) and by cell membrane
damage and mitochondrial disruption (Sun et al., 2006).

Atherosclerosis is responsible for a large segment of CVD compli-
cations. Atherothrombosis is characterized by sudden atherosclerotic
plaque or lesion disruption with superimposed thrombus formation. It
may cause heart attack, peripheral artery disease and/or acute coronary
syndromes (ACS) (Viles-Gonzalez et al., 2004).

DeJarnett et al. (2014) investigated the association between acro-
lein exposure and the risk of CVDs in humans. They found that the level

of acrolein metabolite, 3-hydroxypropylmercapturic acid (3-HPMA)
(Higashi et al., 2016) was correlated with increased risk of CVDs. In
another study, it was reported that the plasma levels of protein-con-
jugated acrolein correlated with the development of carotid athero-
sclerosis (Yoshida et al., 2010). These findings supported by other
evidences which show acrolein contributes in different steps of initia-
tion and development of arthrosclerosis including damage to en-
dothelial cells, modification of LDL, increase of inflammatory response
and expression of scavenger receptors on the surface of macrophages
which facilitates foam cell formation. More importantly, numerous
studies have linked acrolein exposure to dyslipidemia, platelet activa-
tion and thrombosis; the well-known risk factors for cardiac and cere-
bral complications. In this review, we discussed the underlying me-
chanisms behind the atherosclerotic and thrombotic effects of acrolein.

2. Research methodology

Web of Sciences, PubMed, Scopus and Google Scholar databases
comprising the date of publication from 1970 until November 2018
were searched. We extracted and reviewed the existing literature pub-
lished by using the following keywords: ‘‘acrolein’‘, ‘‘2-propenal’‘, plus
‘‘atherosclerosis, ‘‘atherothrombotic’‘, ‘‘vascular’‘, ‘‘atherosclerotic”,
‘‘endothelial dysfunction’‘, ‘‘dyslipidemia”, “thrombosis”, and “in-
flammation”. Two hundred and twelve articles were found; the most
relevant articles were selected for this review.

Abbreviations

3-HPMA 3-hydroxypropylmercapturic acid
ACS Acute coronary syndromes
ADI Acceptable Daily Intake
AP Angina pectoris
APC Activated protein C
Apo-B Apolipoprotein-B
Apo-E Apolipoprotein E
ASK-1 Apoptosis signal regulating kinase 1
ATF-2 Activator transcription factor-2
CD36 Cluster of differentiation 36
CHD Coronary heart disease
COX-2 Cyclooxygenase-2
CRP C-reactive protein
CSF Colony-stimulating factor
CVDs Cardiovascular diseases
ECD Endothelial cell dysfunction
EPA Environmental Protection Agency
EPCs Endothelial progenitor cells
ER Endoplasmic reticulum
ERK Extracellular signal-regulated kinase
GM-CSF Granulocyte-macrophage colony-stimulating factor
GM-CSF Granulocyte-macrophage colony-stimulating factor
GSH Glutathione
HDL High-density lipoprotein
HF Heart failure
HI Hazard Index
HMG-CoA3-hydroxy-3-methyl-glutaryl-CoA
HUVECs Human umbilical vein endothelial cells
IDL Intermediate-density lipoproteins
IKK IκB kinase
IL-1β Interleukin 1 beta
IL-8 Interleukin-8

I-κB Inhibitor of kappa B
LDH Lactate dehydrogenase
LDL Low-density lipoprotein
LDLr Low density lipoprotein receptor
LOX-1 Lectin-like oxidized LDL receptor-1
MAP3K Mitogen-activated protein kinase kinase kinase
MAPK mitogen-activated protein kinase
MCP-1 Monocyte chemotactic protein-1
M-CSF Macrophage colony-stimulating factor
MI Myocardial infarction
MMPs Matrix metalloproteinases
MPO Myeloperoxidase
NA Data not Available
NF-κB nuclear factor-κB
NO nitric oxide
OPMA S-(3-oxopropyl)-N-acetylcysteine
Ox-LDL Oxidized LDL
PEG2 Prostaglandin E2
PM Particulate matter
PPARγ Peroxisome proliferator activated receptor γ
P-SH Protein sulfhydryl
RfC reference concentration
ROS Reactive oxygen species
SR-A1 Scavenger receptor class A type 1
TDI Tolerable Daily Intake
TF Tissue factor
TGF-β Transforming growth factor beta
TIMP-3 Tissue inhibitor of metalloproteases-3
TNF-α Tumor necrosis factor alpha
Trx Thioredoxin
TrxR Thioredoxin reductase
VSMCs Vascular smooth muscle cells
XO Xanthine oxidase

Fig. 1. Chemical structure of Acrolein.
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3. Acrolein sources and toxicokinetics

3.1. Acrolein sources of human exposure

The sources of acrolein that are most relevant to human exposure
are dietary, endogenous and environmental sources (Fig. 2.). Briefly,
incomplete combustion of organic substances, frying of foods in oils and
endogenous lipid peroxidation are important sources of human ex-
posure to acrolein. Food and environmental pollutants are the major
sources of acrolein in human exposure and toxicity (Moghe et al.,
2015). Endogenously, acrolein could be produced from metabolism of
amino acids such as methionine and threonine (Fig. 3). Little is known
about the amount of acrolein that produced within cells from these
precursors.

A WHO working group established Tolerable Daily Intake (TDI) for
acrolein is 7.5 μg/kg/day body weight (Abraham et al., 2011). The US
EPA TDI is 0.5 μg/kg/day and the Acceptable Daily Intake (ADI) is
1.09mg/day for oral exposure (EPA, 2004, 2018).

Acrolein is present in heated vegetable oils (Table 1). Depending on
the type of oil, concentrations can range from 8.1 for coconut oil to
207.4 μg/kg for linseed oil after heating at 180 °C for 24 h (Ewert et al.,
2011). If re-heated, these values can reach more than 10-fold higher
(Yasuhara and Shibamoto, 1991). Overall, exposure to unsaturated al-
dehyde like acrolein through dietary consumption has been estimated
to be nearly 5mg/kg/day (Moghe et al., 2015; Wang et al., 2008).
Acrolein exposure assessment was performed according to daily HPMA
excretion (200–1000 μg/24 h) in urine of non-smokers (or former
smokers on abstinence). Based on assumption that about 20% of acro-
lein intake excreted as 3-HPMA, in analogy to data obtained in rats, an
estimate of acrolein exposure arrived at 300–1400 μg/d or 5–24 μg/kg
body weight/day (Guth et al., 2013). If it was accepted that all foods
have the highest reported level of acrolein, an exposure of around 1
mg/person/day (17 μg/kg b. w./day) may be estimated (Guth et al.,
2013).

The U.S. Environmental Protection Agency (EPA) has reported that
the main source of acrolein exposure of the general population is the
atmosphere, which contains 8.2–24.6 μg/m3 (DeWoskin et al., 2003).
Combustion of vehicle fuels is a major source of anthropogenic atmo-
spheric acrolein (Blair, 2016). The current best-established reference
concentration (RfC) for acrolein is 0.02 μg/m3 based on respiratory

system impairment (Woodruff et al., 2007).
Cigarette smoke is another important source of acrolein exposure.

Carmella and his colleagues (2007) reported that 3-HPMA, the main
metabolite of acrolein, is significantly higher in smokers versus non-
smokers.

Carbohydrates, triglycerides and glycerin were identified as the
major precursors of acrolein in cigarettes (Figs. 4 and 5) (Piadé et al.,
2013). Glycerin is added to cigarette tobacco to improve some char-
acteristics such as moisture holding and as a surface active agent for
flavors (Carmines and Gaworski, 2005).

Carbohydrates have considerable influence on acrolein production
in cigarettes. Adding 16% sucrose to cigarettes led to an increase of
nearly a two-fold increase in the content of acrolein (Stevens and Maier,
2008). Triglycerides are an indirect precursor of acrolein. Triglycerides
hydrolysis produces glycerol; subsequently, glycerol can be converted
to acrolein (Stevens and Maier, 2008).

Although electronic cigarette (e-cigarette) has developed to help
smokers switch to less harmful forms of nicotine intake, research
showed e-cigarette vapors may have considerable amount of toxic
compounds (Farsalinos and Gillman, 2017). Some flavoring compounds
like triacetin have been proposed working as precursors which increase
the production of acrolein in e-cigarette (Vreeke et al., 2018). Propy-
lene glycol and glycerol are the main sources that oxidized to toxic
carbonyls compounds including formaldehyde, acetaldehyde and ac-
rolein (Farsalinos and Gillman, 2017). Several factors such as voltage,
temperature, ingredients of e-liquid and type of atomizer can affect the
level of acrolein in e-cigarette. For example, voltage change from 3.3 to
4.8 V resulted an increased emission of acrolein up to 10-fold (Sleiman
et al., 2016). Ogunwale et al. also reported that e voltage change from
11.7 to 16.6 V resulted an elevated emission up to 13-fold (Ogunwale
et al., 2017). It was shown that overheating the e-cigarette liquid in way
that produce “dry puff” could considerably enhance the aldehyde
generation (Farsalinos et al., 2015a). Various studies indicated that the
amount of acrolein which emitted with first generation of e-cigarette
devices is more than next generations like 4th, probably because of
controlling temperature in 4th generation and prevention of dry puff
(Clapp and Jaspers, 2017; Flora et al., 2017). There are some studies
which reported complex interaction among these factors. Study of
Farsalinosa et al. demonstrated that with flavored liquids, increase of e-
cigarette power will enhance acrolein emission while with liquids,

Fig. 2. Major sources of acrolein.
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increase of e-cigarette power will decrease acrolein emission
(Farsalinos et al., 2018a).

Some studies reported that in comparison with conventional cigar-
ette, e-ciarette generally showed lower level of acrolein emission. Study
of Goniewicz et al. indicated that switching from tobacco to e-cigar-
ettes, substantially reduced exposure to toxicant like acrolein
(Goniewicz et al., 2017). The similar results also were reported by other
researchers (Farsalinos et al., 2018b; McRobbie et al., 2015; Ogunwale
et al., 2017; Tayyarah and Long, 2014). In another study, Chen and his
colleagues measured the health risk of e-cigarette versus conventional
cigarette. They also reported exposure to various hazards including
acrolein in conventional cigarette is higher than e-cigarette (Chen et al.,
2017a).

The most common sources of human exposure to acrolein and the
intake per day are summarized in Table 1 (Abraham et al., 2011;
Guenther et al., 2013; Henning et al., 2017).

3.2. Toxicokinetics of acrolein

3.2.1. Absorption
Acrolein is well absorbed by inhalation exposure. Morris in-

vestigated the rate of absorption in exposed mice to 1.1 ppm and in rats
to 0.9–9.1 ppm acrolein. Mice and rats absorbed 92% and 70–90% of
inhaled acrolein via the upper respiratory tract (Morris, 1996; Morris
et al., 2003). Similarly, acrolein seems to be well absorbed following
dietary exposure. In a study conducted by Parent et al. (1996), 12–15%
of a dose of 2.5 mg/kg and 28–31% of the initial dose of 15mg/kg
orally administered acrolein was found in the feces. In the other hand,
approximately 70–88% of orally administered acrolein is absorbed with
12–31% of the orally administered dose being found in the feces (Parent
et al., 1996). No study has measured the rate and extent of acrolein
absorption after oral or inhalation exposure in humans (Registry,
2007).

3.2.2. Distribution
The disposition of [2,3–14C] acrolein in rats after oral or intravenous

administration was studied by Parent et al. Analysis of total radio-
activity showed that acrolein was distributed in various organs in-
cluding kidney, spleen, lungs, blood, liver, fat, adrenals, and ovaries 7
days after initial administration (Parent et al., 1996). The long time
existence of acrolein in organs might be explained by this fact that
acrolein binding to plasma proteins and hemoglobin is reversible, so
acrolein could release from protein adducts and distributes to tissues
(Kautiainen et al., 1989; Li et al., 2004).

3.2.3. Metabolism
Acrolein is highly soluble in water, alcohol and diethyl ether, so it

can pass easily across the cell membrane by passive diffusion (Stevens
and Maier, 2008). Acrolein is eliminated mostly via conjugation with
glutathione (GSH) in the liver. After that, it undergoes enzymatic
cleavage and N-acetylation to form S-(3-oxopropyl)-N-acetylcysteine
(OPMA) in the kidney (Carmella et al., 2007).

Reduction of OPMA produces the main metabolite of acrolein,
HPMA, which can be detected in urine. Moreover, oxidation of the al-
dehyde group yields S-carboxyethyl-N-acetylcysteine (carboxyethyl
mercapturic acid) (Stevens and Maier, 2008). The major pathway for
acrolein metabolism is illustrated in Fig. 6.

In addition, there is a minor metabolism pathway for acrolein. In
this pathway, acrolein is converted by aldehyde dehydrogenases to
acrylic acid (Kaye, 1973). Acrolein can also undergo enzyme-mediated
epoxidation to yield glyceraldehyde (Patel et al., 1980).

Several studies have reported the half-life of acrolein in various
matrixes. The half-life of acrolein has been reported in air (20 h–28
days), pond or river water (29 h) and portable or drinking water (11
days). (DeWoskin et al., 2003; EPA, 2003).

Although sensitive methods have been developed for measurement
of acrolein in plasma and serum (Togashi et al., 2010, 2014), to best of
our knowledge, the half-life of acrolein in plasma, has not been de-
termined mainly due to binding to proteins.

3.2.4. Elimination and excretion
Results of a study by Parent et al. (1996) revealed that in rats fed

Fig. 3. Formation of acrolein from threonine (A) and methionine (B). Reproduced from (Stevens and Maier, 2008) with permission.
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2.5 mg/kg [2,3–14C] acrolein, 27–31% of the initial dose was elimi-
nated as CO2 while 52–63% was excreted in the urine and 12–15% was
excreted in the feces. Rats given 15mg/kg [2,3–14C] acrolein showed a
similar elimination pattern but with a lower % in the urine (37–41%)
and a higher amount in the feces (28–31%).

4. Interaction of acrolein with macromolecules

Acrolein has strong electrophilic properties, so it can attack to
various macromolecules such as DNA, lipids and proteins. As illustrated
in Fig. 7, exocyclic amine of guanine residues serves as a strong Michael
addition donor for the olefin double bond of acrolein (Tang et al.,
2011). Tang et al. suggested that depends on environmental pH, γ-hy-
droxy-1, N2-propano-2′-deoxyguanosine (γ-OH-Acrolein-dG) adducts or
α–OH-Acrolein-dG may be formed (Tang et al., 2011). Theses adducts
interfere with DNA repair proteins and result in mutagenicity (Wang

et al., 2012). In addition, acrolein could react with cysteine and lysine
residues via two basic reactions: Michael addition and Schiff-base for-
mation (Cai et al., 2009). Peptides with a free sulfhydryl group are
highly susceptible to form a relatively stable adducts with acrolein (Cai
et al., 2009). It should be noted the Michael addition reaction is re-
versible.

5. A brief summary of atherosclerosis pathophysiology

Atherosclerosis is a chronic inflammatory disease characterized by
plaques built up inside arterial walls (de Winther et al., 2005). A plaque
is typically composed of cholesterol, fat, calcium and other substances
found in the circulating blood. Injury to the endothelial cells and en-
dothelial dysfunction seems to be the first step in the development of
atheromatous plaques formation (Boyle et al., 1997). This injury leads
to change in endothelial permeability and infiltration and retention of

Table 1
The acrolein content of common sources that human may be exposed.

Source Mean acrolein content Daily intake References

Mixture (g or ml per
day)

Acrolein (μg/day)

Dietary Vegetable oil (sunflower, soybeans and
corn oil)

2.8–10.2 μg/L 50 0.14–0.51 (Osório and de Lourdes Cardeal,
2013a)

Reheated corn oil 20.4 μg/L NA – Yasuhara and Shibamoto (1991)
Cocoa bean 0.25–0.45 μg/kg NA – Żyżelewicz et al. (2017)
Raw spirits 0.3–2.5 mg/dm3 NA – Curyło and Wardencki (2005)
Wine 0.7–3.8 μg/L 43–400 Up to 1.5 Feron et al. (1991)
Alcoholic beverages 247 μg/L 84–493 20.74–121.77 Kachele et al. (2014)
Fruit spirits 591 μg/L 11–44 Up to 26
Grape narc 487 μg/L NA –
Whiskey 252 μg/L Up to 180 Up to 45.36
Frying fats and oils 276 μg/L 50 13.8
Tequila 404 μg/L NA –
Fruits (apples, grapes, strawberries and
blackberries)

10–50 μg/kg 337 3.37–16.85 Feron et al. (1991)

Vegetables (cabbage, carrots, potatoes and
tomatoes)

590 μg/kg 260–500 130–295

French-fried potatoes 3.25 μg/kg NA – (Osório and de Lourdes Cardeal,
2011)

14.8–19.9 μg/kg NA – Ewert et al. (2014)
Fried potato chips 16.3–23.3 μg/kg NA –
Fried donuts 14.1–16.9 μg/kg NA –

Environmental Electronic cigarette 1.22–16.21 μg/10 puffs NA – Ogunwale et al. (2017)
ND - 41.9 μg/150 puffs NA – Lukasz et al. (2014)
3.5 μg/puff NA – Hutzler et al. (2014)
0.19 μg/puff NA – Tayyarah and Long (2014)
0.5–13.5 ng/puff NA – Geiss et al. (2015)
ND - 2.5 ng/puff NA – Geiss et al. (2016)
0.13–3.7 μg/L NA – Laugesen (2015)
1μg/10 puffs NA – Farsalinos et al. (2015b)
ND - 1.97 μg/15 puffs NA – Talih et al. (2016)
Non-detected −1.34 μg/15
puffs

NA – Talih et al. (2017)

ND - 24 μg/puff NA – Uchiyama et al. (2016)
1.31–3.44 μg/puff NA – Khlystov and Samburova (2016)
ND – 41.9 ng/puff NA – Lee et al. (2018)

Conventional cigarette 120.4 μg/10 puffs NA – Farsalinos et al. (2015b)
16.4 μg/puff NA – Tayyarah and Long (2014)
220–468 μg/cigarette NA – Fujioka and Shibamoto (2006)
10–20 μg/cigarette NA – Pang and Lewis (2011)
63 μg/cigarette NA – Zhao et al. (2017)
44–140 μg/cigarette NA – Uchiyama et al. (2015)
58–138 μg/cigarette NA – Ding et al. (2016)
47.1–50.3 μg/cigarette NA – Dong and Moldoveanu (2004)
54–155 μg/cigarette NA – Roemer et al. (2004)

Indoor air < 0.5–29 μg/m3 NA – Faroon et al. (2008)
Indoor air (restaurant kitchens and
bakeries)

26.4–64.5 μg/m3 NA – Seaman et al. (2009)

Outdoor air (United States) 0.0087–0.41 μg/m3 NA – Woodruff et al. (2007)
Outdoor air (Canada) 0.1–4.9 μg/m3 NA – Gilbert et al. (2005)

NA, Data not Available, ND, Non-detected.
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Fig. 4. Proposed pathways for acrolein formation from glucose. Reproduced from (Stevens and Maier, 2008) with permission. 3,4-RA; 3,4- retro aldol-cleavage.

Fig. 5. Suggested pathways for acrolein formation from triglycerides. Reproduced from (Osório and de Lourdes Cardeal, 2013b) with permission.
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Fig. 6. Proposed mechanism for acrolein-DNA adduct formation. Reproduced from (Tang et al., 2011) with permission.

Fig. 7. Major pathway of acrolein metabolism. Reproduced from (Stevens and Maier, 2008) with permission.
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lipoprotein particles, especially cholesterol-containing low-density li-
poprotein (LDL) in the intima space (Plutzky, 2003). Trapped LDL in
the intima leads to activation and release of several chemokines such as
monocyte chemotactic protein-1 (MCP-1), interleukin-8 (IL-8), tumor
necrosis factor-α (TNF-α) and IL-1β by endothelial cells which subse-
quently causes recruitment of monocyte and T cells from the blood to
the sub-endothelial intima space (Aiello et al., 1999; Moore and Tabas,
2011).

LDL lipoproteins undergo oxidation by oxidizing enzyme including
lipoxygenase and myeloperoxidase (MPO) that trigger its conversion
into modified forms like oxidized LDL (ox-LDL) or acetylated LDL
(McLaren et al., 2011; Yoshida and Kisugi, 2010). Monocytes are
thought to differentiate into the various types of macrophages in the
presence of some cytokines like macrophage colony-stimulating factor
(M-CSF) and interleukins and LPS or in the presence of transforming
growth factor beta (TGF-β) or glucocorticoid drugs (Ley et al., 2011).

Macrophages phagocytize ox-LDL or other modified lipoproteins to
form foam cells. The foam cells are the hallmark of atherosclerotic le-
sions (Shao et al., 2016). Over time, with an increase in the number of
foam cells, macrophage foam cells undergo apoptosis and form a ne-
crotic core of atherosclerotic plaque (Moore and Tabas, 2011). These
macrophages and endothelial cells release cytokines which cause more
leucocytes entry into the intima from the systemic circulation. Conse-
quently, vascular smooth muscle cells (VSMCs) proliferate and migrate
into the intima, which finally constitutes “fatty streak”, the early visible
lesions of atherosclerosis (Libby et al., 2002). After that, these fibrofatty
materials and streaks combined to form an intermediate lesion of
atherosclerosis, named fibrofatty streak. If the condition continues and
risk factors exist, the lesion grows finally forming an atherosclerotic
plaque. An atherosclerotic plaque has a fibrous cap covering a lipid-
rich, necrotic core consisting of oxidized lipoproteins, cholesterol
crystals, and cellular debris and different types of leucocytes. The cul-
minating point of this slowly developing phenomenon often is plaque
rupture or erosion, resulting in thrombosis and arterial occlusion.

Evidence accumulated in the last decade suggests that acrolein
could affect almost all the steps of atherosclerotic lesion formation
(Fig. 8).

6. Acrolein and atherosclerosis

6.1. Endothelial cell dysfunction

Endothelial cell dysfunction (ECD) is considered by many to be the
critical step for the development of atherosclerosis (Dimmeler et al.,
1998; Kockx and Herman, 2000; Yousefian et al., 2018).

Acrolein via several mechanisms can induce endothelial cell injury
and death. A study by Chen et al. showed that acrolein exposure (5mg/
kg, gavage) can disrupt tight junction proteins that critically regulate
epithelial paracellular permeability and subsequently trigger in-
flammatory responses (Chen et al., 2017b). Exposure of pulmonary
artery endothelial cells to acrolein (1.5–25 μM) resulted in cytotoxicity
to these cells which was associated with loss of glutathione (GSH) and
protein sulfhydryl (P-SH) as well as a reduction in plasma membrane-
specific Na+/K+-ATPase activity with an increase of lactate dehy-
drogenase (LDH) activity (Patel and Block, 1993). Also, acrolein has an
inhibitory action on the thioredoxin reductase (TrxR)/thioredoxin (Trx)
system, which plays a prominent role in maintenance of cellular thiol
redox balance (Myers et al., 2011), so it could result in thiol redox
imbalance, disruption in normal cell function and finally cell death
(Szadkowski and Myers, 2008). Acrolein at 25 μM inhibited 88% of
TrxR activity in human umbilical vein endothelial cells (HUVECs) (Park
et al., 2005). Endothelial cell-specific deletion of thioredoxin-2 (Trx-2)
resulted in events associated with atherosclerosis like ECD, increased
vascular stiffness and a prothrombotic, proinflammatory vascular phe-
notype (Kirsch et al., 2016).

Acrolein (2.5–12.5 μM) can directly react with Trx to form Trx-S-
acrolein adducts and this adduct would inhibit Trx activity (Myers and
Myers, 2009). Inhibition of the TrxR/Trx system has several down-
stream effects relating to interference with TrxR/Trx function. For ex-
ample, Trx in a reduced form binds to apoptosis signal-regulating ki-
nase 1 (ASK1), a mitogen-activated protein kinase (MAP3K), and keeps
ASK1 inactive (Saitoh et al., 1998). Acrolein also can block the in-
hibitory action of Trx on ASK1, therefore activatingASK1 indirectly
(Myers and Myers, 2009). Activated ASK1 could mediate activation of
the p38 MAPK and the c-junN-terminal-activating kinase and even-
tually triggering apoptosis pathways (Song et al., 2013a).

The endothelium controls vascular homeostasis via release of NO,
prostaglandins, hyperpolarizing factors, endothelin, and low levels of
ROS (Bronas and Dengel, 2010; Deanfield et al., 2007). Acrolein can
produce oxidative stress and act as a perpetrator of oxidative stress

Fig. 8. Schematic representation of the ar-
terial wall and sequence of development of
atheroma plaque formation. Acrolein (ACR)
participates in most steps of atherosclerosis
include endothelial cell (EC) injury, ex-
pression of adhesion molecule like mono-
cyte chemoattractant protein-1 (MCP-1) in
ECs, diapedeses of monocytes and differ-
entiation of them to macrophages, efflux of
LDL or ox-LDL by macrophages to form
foam cells and migration/proliferation of
smooth muscle cell (SMC) to create a cap
over foam cells.
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which contributes to endothelial dysfunction (Uchida et al., 1998).
It has been shown that N-acetyl-L-cysteine or GSH administration

fully restored cell growth when cell toxicity was induced by acrolein, so
it seems oxidative stress and production of ROS is one of the major
contributors for the cell toxicity of acrolein (Yoshida et al., 2009a).

Finally, in vivo evidence has shown that acrolein exposure decreased
the number of circulating endothelial progenitor cells (EPCs) which are
involved in vascular endothelial cell repair (Conklin et al., 2017b;
Henning et al., 2017; Wheat et al., 2011).

6.2. Inflammation

Inflammation plays a central role in the pathogenesis of athero-
sclerosis and many clinical trials designed for treatment of athero-
sclerosis include inflammatory pathways as part of the protocol (Back
and Hansson, 2015). However, controversy continues regarding the use
of anti-inflammatory agents in the prevention and treatment of ather-
osclerosis (Libby et al., 2011). Damage to the endothelial cells by dis-
turbing blood flow or from toxicant like acrolein are associated with
changes in the morphology of endothelial cells which increase in turn
the permeability to macromolecules such as LDL and other apolipo-
protein-B (apo-B) containing lipoproteins (Bryan et al., 2014).

Acrolein can activate NF-κB, a major transcription factor which
regulates inflammatory responses involved in atherosclerosis (de
Winther et al., 2005; Sun et al., 2014; Yousefipour et al., 2017). Al-
though, the inhibitory effect of acrolein on NF-κB has been reported
previously (Aiello et al., 1999; Moon, 2011; Valacchi et al., 2004), it
appears that the effect of acrolein on NF-κB depends on dose and
duration of exposure and tissue type. In vessels, exposure to acrolein,
leads to NF-κB activation (Haberzettl et al., 2009; Yousefipour and
Newaz, 2011). NF-κB is a transcription factor that regulates a number of
proteins linked to atherosclerosis including cytokines, chemokines,
adhesion molecules and acute phase proteins. In addition, acrolein may
play a role in important process like apoptosis and cell proliferation (de
Winther et al., 2005). NF-κB exists in an inactive form in the cytoplasm
and is associated with an inhibitory protein known as an inhibitor of
kappa B (I-κB).

In the case of exposure of extracellular stimuli such as ROS, IL-s and
certain foreign xenobiotics, IκB kinase (IKK) phosphorylates I-κB which
may subsequently activate NF-κB. In such a way, NF-κB translocates to
the nucleus, where it can activate transcription of a number of genes
involved in atherosclerosis (de Winther et al., 2005).

Acrolein through several pathways may activate the NF-κB signaling
cascades:

I) Acrolein conjugates to biomacromolecules and can produce ex-
cess amount of ROS which subsequently activates NF-κB (Agewall,
2006; Gloire et al., 2006; Yadav and Ramana, 2013). II) Acrolein in-
creases the expression and production of inflammatory cytokine like
TNF-α by affecting macrophages. This cytokine can activate NF-κB
(Horton et al., 1999; Napetschnig and Wu, 2013; Song et al., 2013b).
III) Acrolein can enhance total plasma cholesterol, an important factor
that could activate NF-κB in the vessel wall (Conklin et al., 2011;
Wilson et al., 2000). IV) Exposure to acrolein can induce ER stress and
subsequently lead to NF-κB activation (Haberzettl et al., 2009).

V) Both clinical and experimental studies have shown that acrolein
stimulates the synthesis of IL-6 and C-reactive protein (CRP) which
contribute to activation of NF-κB (Abe et al., 2014; Liuzzo et al., 2007;
Saiki et al., 2013; Yoshida et al., 2009b).

Extensive evidence revealed that ROS regulates the expression of
genes involved in atherosclerosis by modulating various transcription
factors, including the NF-κB and the peroxisome proliferator-activated
receptor γ (PPARγ) (Napoli et al., 2001). NF-κB contributes to almost all
steps of atherothrombotic lesion formation. NF-κB regulates several
enzymes which cause modification of LDL to ox-LDL including 5-li-
poxygenase (5-LPO), 12-LPO and cyclooxygenase-2 (COX-2) (de
Winther et al., 2005). In a study by Kim et al., exposure to acrolein

(1–10 μM) in murine macrophages led to increasing 5-LPO expression
in a concentration-dependent manner through activation of the extra-
cellular signal-regulated kinase (ERK) pathway (Kim et al., 2010). In
another study, Park and colleagues showed that the treatment of HU-
VECs with 10 μmol/L acrolein increased the COX-2 expression and
prostaglandin E2 (PGE2) production (Park et al., 2007). After that, to
find out more about the exact mechanism, they treated HUVECs with
inhibitors of ERK, JNK, and p38 MAPK. The levels of COX-2 mRNA
were dramatically reduced by p38 MAPK inhibitor (SB203580) but not
by ERK and JNK inhibitors (PD98059 and SP600125), respectively
(Park et al., 2007). Furthermore, administration of acrolein to mice
(4mg/kg/i.p) resulted in induction of COX-2 in lung tissue (Park et al.,
2007).

Taken together, it seems that acrolein contributes to LDL mod-
ification via NF-κB and ERK pathways. NF-κB could regulate chemokine
expression such as MCP-1which is a chemokine for recruiting mono-
cytes into the arterial sub endothelium (Harrington, 2000; Kim et al.,
2006). MCP-1 deficient mice showed resistance against the develop-
ment of atherosclerosis (Gu et al., 1998; Ohman et al., 2010). Inter-
estingly, acrolein-modified proteins can augment the secretion of MCP-
1 (Kirkham et al., 2003).

After infiltration of monocytes through the endothelial layer, they
differentiated to macrophages under affecting colony-stimulating fac-
tors (CSF; M-CSF or CSF-1) (Hu et al., 2013). In this step, scavenger
receptors like scavenger receptor class A type 1 (SR-A1), cluster of
differentiation 36 (CD36) and lectin-like oxidized LDL receptor-1 (LOX-
1) are highly expressed at the surface of macrophages. These receptors

Fig. 9. The effect of acrolein (ACR) on epithelial cells and macrophages during
atherosclerosis. On epithelial cells, acrolein can directly or via ROS cause da-
mage to the endothelial cells. Acrolein also activates NF-κB leading to increase
production of various pro-inflammatory cytokine and adhesion molecule like
monocyte chemoattractant protein-1 (MCP-1) thereby recruiting monocytes to
the site of the atheroma plaque. On the macrophages, acrolein increases ex-
pression of pro-inflammatory cytokine and scavenger receptor like CD36 and
SR-A1 which are involved in LDL/ox-LDL phagocytosis by macrophages.
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mediate ox-LDL phagocytosis by macrophages to form lipid-laden foam
cells (Fig. 9) (Gistera and Hansson, 2017; Kunjathoor et al., 2002).

Acrolein exposure in a chamber (5 ppm, 6 h/day, for 3 days) in mice
enhances the production of granulocyte-macrophage colony-stimu-
lating factor (GM-CSF) (Kasahara et al., 2008). Moreover, it has been
reported that acrolein-conjugated LDL (Acro-LDL) not only upregulated
the expression of SR-A1 on macrophages but also increased the accu-
mulation of lipid droplets in macrophages, converting them into foam
cells (Watanabe et al., 2013). It should be noted that acrolein-lysine
adducts in LDL has been detected in atherosclerotic lesions in humans
(Moghe et al., 2015). Although the experiments were not performed in
atherosclerosis models, in other conditions, it was shown that acrolein
exposure (0.5 μg/kg; 1 week) increased the expression of other sca-
venger receptors such as CD36 probably via the NF-κB pathway
(Yousefipour et al., 2013).

In high-cholesterol diet-fed rabbits, Kanogawa's group showed that
macrophages effectively phagocytes β-migrating very low-density li-
poprotein conjugates with acrolein during atherosclerosis (Kanogawa
et al., 2016).

Monocyte/macrophages and other leucocytes migrate into the in-
tima, stimulating inflammatory cytokines and growth factors that lead
to proliferation and migration of VSMCs from the media into the intima
to form fibrous caps (Newby and Zaltsman, 1999).

VSMCs exist in diverse phenotype, ranging from contractile to
synthetic (Rensen et al., 2007). The contractile phenotype present in
normal blood cells has functions including regulation of blood vessel
diameter (vasodilation and vasoconstriction) and blood flow (Louis and
Zahradka, 2010). In response to injury and various stimuli like cyto-
kines and growth factors, VSMCs undergo phenotypic switching and
shift to a synthetic phenotype that proliferates to combat the negative
situation (Doran et al., 2008).

MAPKs are another group of key regulatory proteins that control the
VSMCs phenotype switch in responses to inflammation and stress sig-
nals (Zhang et al., 2017). Selective p38MAPK inhibitors, SB220025/
SB203580, were shown to limit VSMCs proliferation (Jacob et al.,
2005).

Studies indicated that cigarette smoke extract promotes vascular
smooth muscle cell proliferation through ERK1/2- and NF-
κB–dependent pathways (Chen et al., 2010; Starke et al., 2013; Xu
et al., 2010; Yoshiyama et al., 2011). It has been reported that acrolein
is one of the compound exist in high level in cigarette smoke extract
(Lambert et al., 2005). Via similar mechanisms, the proliferation and
migration of VSMCs is thought to be caused by acrolein (Cao et al.,
2003; Ranganna et al., 2007; Yousefipour et al., 2005).

Ranganna et al. reported that exposure of VSMCs to anon-toxic dose
of acrolein (2 μg/ml) resulted in activation of members of the MAPK
family and protein tyrosine kinases including ERK1/2, p38MAPK
SAPK/JNK and activator transcription factor-2 (ATF-2) (Ranganna
et al., 2002). These researchers have shown acrolein-induced morpho-
logical changes in a concentration and time-dependent manner in their
system. ROS has been identified as another factor that contributes to
VSMCs proliferation via the p38 MAPK pathway (Su et al., 2001). Ac-
rolein has also been shown to induce oxidative stress by depleting
cellular glutathione and increasing ROS levels in VSMCs (Milton et al.,
2015).

Inflammation is believed to play a key role in the progress of
atherosclerotic plaque instability (Hansson et al., 2015). Analysis of
autopsy and surgical specimens of human has revealed an increase in
inflammatory activity including activated macrophages, mast cells and
T cells as well as cytokine production in “vulnerable plaques” (Boyle,
1997; Maier et al., 2005; Moreno et al., 1994; van der Wal et al., 1994).
Acrolein has been reported to increase inflammatory activity in
atheroma plaques through activation of MAPK and NF-kB pathways
(Borchers et al., 2009; Comer et al., 2014; Moretto et al., 2012; Park
and Taniguchi, 2008). Overall, Moghe and colleagues suggested that
dose and duration of acrolein exposure may have a significant effect on

the outcome; exposure to acute high doses of acrolein likely suppresses
innate and adaptive immune responses, facilitating develop of infection
while chronic low-dose exposures may augment inflammatory re-
sponses leading to tissue injury (Moghe et al., 2015).

6.3. Extracellular matrix degradation

Matrix metalloproteinases (MMPs) are a group of proteinases that
participate in the degradation of most extracellular matrix proteins
(Brod et al., 2017). They can impact on the process of atherosclerotic
lesion formation by facilitating various pathways such as collagenase
activity or migration of VSMCs within a vessel, where they multiply and
cause plaque formation (Agewall, 2006; Vacek et al., 2015).

The enhanced content and activity of MMP-1, -3, -8, -9, -12, and
−13 have been observed in human atherosclerotic plaques (Gu et al.,
2017). MMP-1 is a collagenase that expresses in atherosclerosis and
aneurysms. Acrolein has been reported to induce MMP-1 in the aortic
endothelium of rabbits by inhibiting the rapamycin pathway. Ad-
ditionally, acrolein can down regulate the tissue inhibitor of metallo-
proteases-3 (TIMP-3), a major regulator of angiogenesis, in aortic en-
dothelial cells. Acrolein might contribute to vascular diseases through
enhanced MMP-1 and decreased TIMP-3 secretion in the endothelium,
leading to impaired angiogenesis, matrix disruption, and vessel injury
(Lemaître et al., 2011).

MMP-9 is another MMP that degrades extracellular matrixes such as
elastin, proteoglycans, and collagen and facilitates migration of
monocyte/macrophages into the intima (Yabluchanskiy et al., 2013).

Similarly, studies have indicated that acrolein exposure enhances
MMP-9 activity in patients with primary Sjögren's syndrome or in MMP-
9knockout mice (Deshmukh et al., 2008; Uemura et al., 2017). An in-
crease in secretion of MMP-9 following acrolein exposure has been
reported in lung epithelial cells (Dwivedi et al., 2018). Moreover, MMP-
9 is critical for regulating the proliferation and migration of VSMCs into
the intima (Mason et al., 1999). In a study by Cho and Reidy (2002),
MMP-9 knockout mice showed a significant reduction in replication of
VSMCs compared to wild-type. Several research teams have highlighted
the fact that MMP-9 was also associated with coronary plaque in-
stability (de Nooijer et al., 2006; Fan et al., 2014; Gough et al., 2006;
Kobayashi et al., 2016). The increase of MMP-9 activity and/or ex-
pression might be another mechanism by which acrolein facilitates
plaque rupturing (Noerager et al., 2015; Uemura et al., 2017; Zulueta
et al., 2017). Study of O'Toole et al. revealed that acrolein exposure
results in enhancement of MMP-9 secretion from macrophages via
mechanisms including an increase in ROS generation, free intracellular
calcium and xanthine oxidase (XO) activity (O'Toole et al., 2009).

7. Dyslipidemia

Acrolein can induce or exacerbate systemic dyslipidemia, an im-
portant risk factor for cardiovascular diseases (Plana et al., 2014). The
effects of short-term oral exposure of acrolein on lipid profile and he-
patic gene expression related to lipid metabolism and cytokines have
been reported. Acrolein feeding (5mg/kg) increased plasma choles-
terol, triglycerides and VLDL with little change in LDL or HDL in mice.
Shifts from small to large VLDL and from large to medium-small LDL
with no change in the size of HDL particles also were observed by NMR
analysis. Increased plasma VLDL levels led to a significant decrease in
serum lipase activity and hepatic expression of hepatic lipase (Conklin
et al., 2010). In another study, it was shown that oral acrolein ex-
posureinduced3-hydroxy-3-methyl-glutaryl-CoA (HMG-CoA) reductase
independent dyslipidemia apparently by changing the expression of the
hepatic genes involved in lipid synthesis (Conklin et al., 2011).

Acrolein feeding not only increased the cholesterol level and the
abundance of small and medium VLDL particles in the plasma, but also
increased the atherosclerotic lesion formation in the aortic valve and in
the aortic arch in mice (Srivastava et al., 2011).
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Recently, Rom et al. reported that feeding Apolipoprotein E-defi-
cient (apoE−/−) mice with acrolein resulted in a significant elevation
in serum and aortic cholesterol, triglycerides and lipid peroxides (Rom
et al., 2017).

Although oral exposure to acrolein induced dyslipidemia, inhalation
exposure did not. Plasma levels of lipoproteins including cholesterol,
HDL, LDL and triglycerides in both acute and sub-chronically acrolein-
exposed mice were not statistically different from those exposed to
filtered air (Sithu et al., 2010).

HDL can be chemically-modified by acrolein. The ability of HDL as a
free cholesterol acceptor was significantly decreased in acrolein-mod-
ified HDL (acro-HDL) in contrast to native HDL. Indeed, acro-HDL
promotes higher neutral lipid accumulation in murine macrophages.
Acrolein modification of HDL produces a dysfunctional particle that
may initiate atherogenesis by impairing functions that are crucial in the
reverse cholesterol transport pathway (Chadwick et al., 2015). In an-
other investigation, it was shown that acrolein could react with apoA-I,
the major protein in HDL, thereby interfering with normal reverse
cholesterol transport by HDL (Shao et al., 2005).

ApoE, as a part of intermediate-density lipoproteins (IDLs), med-
iates transport of cholesterol into brain and liver (Liu et al., 2013).
Various studies have indicated apoE has a notable antiatherogenic
function (Zhao et al., 2016). Two main mechanisms have been sug-
gested for the antiatherogenic effects of apoE. First, it acts as a ligand
for the low-density lipoprotein receptor (LDLr), which is involved in the
transportation of VLDL and chylomicron remnants to the liver. Second,
apoE reverses the process of cholesterol influx by macrophages to form
foam cells (Hatters et al., 2006). Treatment of human or recombinant
rat apoE with acrolein led to are duction in its ability to interact with
lipid surfaces, cholesterol efflux, the LDLr- and heparin-binding cap-
abilities and changing in the stability of the protein (Tamamizu-Kato
et al., 2007; Tran et al., 2014). It seems that acrolein disrupts choles-
terol homeostasis, leading to lipid dysregulation through these path-
ways. Interestingly, using immunoblot and immunohistochemical
methods, acrolein–lysine adducts in plasma LDL and in the aorta were
detected in cyclophosphamide-treated animals confirming the role of
acrolein–lysine adducts in the development of atherosclerosis or
atherogenesis (Arikketh et al., 2004).

8. Plaque rupturing and thrombosis

Plaque rupture and thrombosis formation on atherosclerotic lesions
are associated with serious complications like coronary heart disease
(CHD) or ischemic stroke (Bentzon et al., 2014; Chen et al., 2016;
Naghavi et al., 2003).

Plaque composition and inflammation appear to be key factors that
contribute to plaque instability and rupturing (Shah, 2007). In plaque
rupture, loss of the fibrous cap results in exposure of the highly
thrombogenic core to the circulating blood (Bentzon et al., 2014).

It has reported that mixtures containing acrolein like cigarette
smoke increase the risk of acute rupture of a coronary atheromatous
plaque (Barua and Ambrose, 2013; Gambardella et al., 2017). Acrolein
via the same atherogenic mechanism may induce or exacerbate plaque
destabilization and rupture.

Endothelial cells are the major barrier against thrombosis; there-
fore, their death may initiate the thrombosis process (Lafont, 2003). Xu
et al. reported that an increase in endothelial apoptosis is correlated
with the formation of thrombotic eroded plaques (Xu et al., 2009).
Albrecht and colleagues (2017) have reported cytotoxicity and death of
endothelial cells following acrolein exposure, even in low concentra-
tions.

In addition, acrolein increases heart rate, blood pressure and va-
sospasm. Such mechanical stress has been postulated to induce rupture
in vulnerable plaques (Garrett et al., 2008; Perez et al., 2013). These
effects may be due to change of autonomic tone, specifically increased
sympathetic input to the heart. It also has been suggested that the

interaction among exposed atherosclerotic plaque component, platelet
receptors and coagulation factors can lead to platelet activation, ag-
gregation and the following formation of a thrombus (Badimon and
Vilahur, 2014).

The pro-coagulant effects of acrolein and its suppressive effect on
anticoagulant pathways in both cell-based and animal-based models
were examined by measuring factors such as thrombin, activated pro-
tein C (APC) and tissue factor (TF). Exposure to acrolein increased
thrombin generation in the plasma due to increasing TF activity in
acrolein-treated cells (Swystun et al., 2011). Moreover, acrolein im-
pacts the protein C anticoagulant pathway which could explain the
increased risk of thrombosis observed in cancer patients receiving cy-
clophosphamide (Swystun et al., 2011). It should be noted that acrolein
is a metabolite of cyclophosphamide that also can causes hemorrhagic
cystitis and teratogenicity (Mirkes, 1985).

Although ROS was considered the major mechanism responsible for
acrolein-induced cell damage, acrolein was shown to be more toxic than
ROS (Igarashi et al., 2018). Cell damage caused by acrolein and ROS
was compared during brain infarction, using a photochemically in-
duced thrombosis mouse model (Saiki et al., 2009). By focusing on
acrolein-conjugated albumin, it was shown that brain infarction cor-
relates closely with acrolein because acrolein induces more severe cell
damages compared with ROS (Saiki et al., 2011).

Some authors have proposed that acrolein could be used as a bio-
marker for early diagnosis of stroke (Igarashi and Kashiwagi, 2011;
Tomitori et al., 2005; Yoshida et al., 2010), while the study of
Nakamura et al. (2016) suggested that acrolein may take part in the
development of stroke. Nakamura and his colleagues (2016) found that
acrolein increased the size of brain infarction through augmentation of
cytoplasmic Ca2+ in a mouse model of stroke.

Additionally, it has been reported that high acrolein concentration
in serum adversely affects antithrombin activity. Antithrombin is one of
the most important inhibitors of blood coagulation. Also, it has been
reported that acrolein is three times more potent than homocysteine
thiolactone, another potential marker of cardiovascular risk. These re-
sults could help explain the increased thrombogenicity in smokers and
other conditions in which acrolein may be involved (Gugliucci, 2008).

9. Future perspectives

Acrolein, a ubiquitous environmental pollutant, classified by
Environmental Protection Agency as a high-priority air/water toxicant
(Aizenbud et al., 2016). Therefore, many efforts have done to delineate
its precise mechanisms involved in the development of diseases such as
spinal cord injury, diabetes mellitus, cardiovascular diseases, asthma,
lung cancer and neurodegenerative diseases (Moghe et al., 2015).

It seems that oxidative stress and inflammatory signaling mediate
the most adverse effect of acrolein in vascular system. Successful and
effective methods have been introduced to remove or neutralize it from
difference sources. Several studies show that compounds with anti-
oxidant properties like α-tocopherol and polyphenolic compounds
could decrease the level of acrolein formation (Ewert et al., 2014;
Zamora et al., 2016; Zhu et al., 2009).

Hookah and cigarette smoke are another's important source of ac-
rolein exposure (Cecil et al., 2017; Kassem et al., 2017). Morabito et al.
developed a new charcoal loaded filters for cigarettes that reduced
carbonyls in mainstream cigarette smoke (MSS) by nearly 99%
(Morabito et al., 2017). Moreover, others filters including activated
carbon (Polzin et al., 2008), ion-exchange resins with surface amine
group (Branton et al., 2011) and synthetic polymer carbon (Nother
et al., 2016) have been claimed to selectively filter harmful compounds
from MSS. Kecili et al. described a simple and rapid approach for se-
lective removal of acrolein from active pharmaceutical ingredients
(APIs) by using PS-NH2 and PS-trisamine (Kecili et al., 2012). The most
effective scavenging activity was obtained with PS-NH2 which removed
97.8% of acrolein. Hydralazine, dimercaprol (BAL) and ascorbic acid
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are other acrolein scavengers that have been demonstrated affordable
efficacy (Tian and Shi, 2017; Zhu et al., 2011). Further research should
focus on finding more effective methods for reducing human exposure
to acrolein from known sources. For instance, better scavengers to re-
move acrolein in foods. The possible effects of acrolein on initiation of
coagulation remain largely unexplored. The effects of acrolein on var-
ious factor involved in coagulation homeostasis including platelet ad-
hesion and aggregation (Von Willebrand factor), antithrombotic (TF
pathway inhibitor-1 [TFPI-1]) factors, as well as fibrinolytic (tissue-
plasminogen activator [t-PA]) and antifibrinolytic factors (plasminogen
activator inhibitor-1 [PAI-1]) have not been appropriately investigated.
More research is needed to identify the exact effect of acrolein on
plaque stability. Oxidative stress and ROS production, as well as in-
flammatory signaling, mediate most of the adverse effects of acrolein in
vascular system. Therefore, using antioxidants might be a potential
solution to counteract acrolein toxicity.

10. Conclusion

Acrolein is a ubiquitous environmental pollutant classified by EPA
as a high-priority air/water toxicant. In the current review, we suggest
how acrolein, a major toxic component of cigarette smoke and air
pollution, may be involved in different steps of atherosclerosis initia-
tion, progression and rupture often resulting in life threatening condi-
tion like stroke and myocardial infarction. Acrolein could interrupt
endothelial cell permeability, initiate and exacerbate inflammation in
the intima and degrade of the extracellular matrix by activation of
MMPs to facilitate atheroma plaque formation. Moreover, we showed
how acrolein may cause change in lipid profile which increases the risk
of atherosclerosis. Finally, acrolein may contribute in the plaque in-
stability and formation of thrombosis. Some studies reported effective
scavenger of acrolein in some matrix like food but the efficacy of these
scavengers in prevention of the harmful effect of acrolein remain to be
explored.
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