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Acrylamide (ACR) is a water-soluble alkene 
used in the production of polymers and gels 
that have various commercial applications. 
For example, polyacrylamide preparations are 
used in the cosmetic, paper, and textile indus-
tries; in ore processing; and as soil condition-
ers and flocculants for wastewater treatment 
(Friedman 2003; Smith and Oehme 1991; 
Tilson 1979). Coincidental with the burgeon-
ing industrial use of ACR monomer in the 
1950s, it was quickly realized that cumulative 
neurotoxicity characterized by ataxia, skeletal 
muscle weakness, cognitive impairment, and 
numbness of the extremities was a potential 
outcome of occupational exposure (Deng et al. 
1993; Garland and Patterson 1967; He et al. 
1989; reviewed by Friedman 2003; Smith 
and Oehme, 1991; Spencer and Schaumburg 
1974a; Tilson 1979). Early research involv-
ing laboratory animals showed that exposure 
to ACR monomer produced a neurotoxicity 
syndrome that resembled the neurological 
symptoms of human intoxication (reviewed 
by LoPachin and Lehning 1994; Spencer 
and Schaumburg 1974b; Tilson 1979). 
Morphological studies conducted during the 
late 1960s and early 1970s suggested that both 
human and experimental ACR neurotoxicities 
were associated with cerebellar Purkinje cell 

death and degeneration of distal axons and 
nerve terminals in the peripheral and central 
nervous systems (PNS and CNS, respectively) 
(reviewed by LoPachin 2004; LoPachin and 
Lehning 1994; LoPachin et al. 2003). In addi-
tion to characteristic neurotoxicity in adult 
humans and animals, there is more recent 
experimental evidence, albeit controversial, 
that prenatal and perinatal exposure of rodent 
pups to ACR causes neurodevelopmental tox-
icity (e.g., Friedman et al. 1999; Garey and 
Paule 2010; Takahashi et al. 2009).Whereas 
the majority of research indicates selective tar-
geting of nervous tissue, rodent studies have 
also suggested that ACR causes reproductive 
toxicity [e.g., decreased litter size, DNA strand 
breaks (Tyl et al. 2000)] and an increased inci-
dence of certain tumors [e.g., mammary gland 
fibroadenomas in female rats, tunica vaginalis 
mesotheliomas in male rats (Friedman et al. 
1995; Johnson et al. 1986)]. However, to 
date, there is little evidence that these experi-
mental non-neurotoxic consequences have 
human relevance (Haber et al. 2009; Mucci 
et al. 2003; Rice 2005).

Thus, the majority of evidence suggests that 
ACR exposure across broad daily dose-rates 
causes selective neurotoxicity in humans and 
laboratory animals. The early morphological 

descriptions of ACR neuropathy provided 
a framework for subsequent research that 
attempted to decipher the molecular mecha-
nisms of neurotoxicity (reviewed by Friedman 
2003; Howland 1985; Miller and Spencer 
1985; LoPachin and Lehning 1994; Tilson 
1979). Although many putative mecha-
nisms and sites of ACR action were tested, 
for example, inhibition of Na+/K+-ATPase 
and the resulting reverse operation of the 
axolemmal Na+/Ca2+-exchanger (LoPachin 
and Lehning 1994), reduced fast axonal trans-
port (Sickles et al. 2002) and inactivation of 
enzymes involved in neuronal energy produc-
tion (Spencer et al. 1979), the identification 
of a necessary and sufficient neurotoxic pro-
cess remained elusive. However, these early 
hypotheses were not developed within the 
framework that xenobiotics can produce toxic-
ity by interacting directly with specific sites on 
cellular macromolecules (e.g., enzymes) and 
that this interaction is dictated by the chemi-
cal nature of the toxicant (Cohen et al. 1997; 
Coles 1984–1985; Hinson and Roberts 1992; 
see also Liebler 2008; LoPachin and DeCaprio 
2005). Therefore, by understanding toxicant 
chemistry, plausible molecular-level sites and 
mechanisms of action can be predicted. In 
this review, we discuss the chemical nature 
of ACR (a soft electrophile) and how this 
determines the corresponding sites of protein 
adduction (soft nucleophilic sulfhydryl thio-
lates on cysteine residues). Basic recognition of 
the chemistry of toxicant–target reactions has 
led the development and testing of a rational 
mechanistic hypothesis of ACR neurotoxic-
ity (see below). Although this review focuses 
on ACR, the proposed algorithm is broadly 
applicable to many different classes of chemical 
neurotoxicants, for example, heavy metals, qui-
nones, and unsaturated aldehyde derivatives. 
In the following section, we provide a brief 
historical overview of ACR neurotoxicity in 
humans and laboratory animals.
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Background: Acrylamide (ACR) produces cumulative neurotoxicity in exposed humans and 
laboratory animals through a direct inhibitory effect on presynaptic function.

Objectives: In this review, we delineate how knowledge of chemistry provided an unprecedented 
understanding of the ACR neurotoxic mechanism. We also show how application of the hard and 
soft, acids and bases (HSAB) theory led to the recognition that the α,β-unsaturated carbonyl struc-
ture of ACR is a soft electrophile that preferentially forms covalent bonds with soft nucleophiles.

Methods: In vivo proteomic and in chemico studies demonstrated that ACR formed covalent 
adducts with highly nucleophilic cysteine thiolate groups located within active sites of presynaptic 
proteins. Additional research showed that resulting protein inactivation disrupted nerve terminal 
processes and impaired neurotransmission.

Discussion: ACR is a type-2 alkene, a chemical class that includes structurally related electrophilic 
environmental pollutants (e.g., acrolein) and endogenous mediators of cellular oxidative stress (e.g., 
4-hydroxy-2-nonenal). Members of this chemical family produce toxicity via a common molecular 
mechanism. Although individual environmental concentrations might not be toxicologically rele
vant, exposure to an ambient mixture of type-2 alkene pollutants could pose a significant risk to 
human health. Furthermore, environmentally derived type-2 alkenes might act synergistically with 
endogenously generated unsaturated aldehydes to amplify cellular damage and thereby accelerate 
human disease/injury processes that involve oxidative stress.

Conclusions: These possibilities have substantial implications for environmental risk assessment 
and were realized through an understanding of ACR adduct chemistry. The approach delineated 
here can be broadly applied because many toxicants of different chemical classes are electrophiles 
that produce toxicity by interacting with cellular proteins.
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ACR Neurotoxicity: Evolving 
Neurobiological Concepts of 
the Distal Axonopathy

Daily exposure of laboratory animals (rodents, 
rabbits, primates, dogs, cats, and guinea 
pigs) to a broad range of ACR dose-rates 
(0.5–50 mg/kg/day) is associated with neuro
logical deficits that resemble human neuro-
toxicity. Our early research was based on the 
contemporary concept that ACR produced 
central–peripheral distal axon degeneration 
and, accordingly, we focused on possible axonal 
sites of action [e.g., axolemmal Na+/K+-ATPase 
(Lehning et al. 1998; LoPachin et al. 1992, 
1993, 2002b; reviewed by LoPachin and 
Lehning 1994)]. However, results from quanti
tative morphometric studies of the periph-
eral nerve suggested that axon degeneration 
was an epiphenomenon specifically related to 
lower ACR dose-rates (Lehning et al. 1998; 
LoPachin et al. 1992, 2000). Silver stain analy-
ses of CNS tissue from ACR-intoxicated rats 
subsequently confirmed this dose-rate phe-
nonmenon (Lehning et  al. 2002a, 2002b, 
2003; however, see Bowyer et al. 2009) and 
showed that regardless of exposure level, ACR 
intoxication was associated with selective nerve 
terminal degeneration in broad CNS regions. 
Therefore, these findings, in conjunction with 
data from earlier morphological, electrophysio-
logical, and neurochemical studies (reviewed by 
LoPachin et al. 2002b) provided observational 
evidence that ACR disrupted neurotransmis-
sion. Accordingly, we proposed that nerve 
terminals were a primary site of ACR action 
and that neurotoxicity was a consequence of 
impaired synaptic transmission in the PNS and 
CNS (LoPachin 2004; LoPachin et al. 2003).

In formulating possible molecular mecha-
nisms of presynaptic toxicity, we considered 
the fact that ACR was an electrophile that 
might produce neurotoxicity by binding to 
nucleophilic cysteine sites on proteins (Cavins 
and Friedman 1968; Friedman et al. 1965). 
In support of this possibility, it was recog-
nized that the activities of many nerve terminal 
proteins were regulated by the ionization of 
specific cysteine sulfhydryl groups to highly 
reactive thiolates (Kiss 2000; Lipton et  al. 
2002; LoPachin and Barber 2006). We there-
fore hypothesized that ACR adduction of these 
regulatory residues might cause presynaptic 
toxicity, although some contemporary research 
did not support this idea (e.g., Martenson et al. 
1995). Nonetheless, ensuing studies showed 
that ACR disrupted presynaptic neurotrans-
mitter release, membrane re-uptake and vesicu-
lar storage by selectively forming adducts with 
cysteine residues on specific proteins involved in 
these processes, for example, N-ethylmaleimide 
(NEM)–sensitive factor (release), the dopamine 
membrane transporter (re-uptake) and the 
vesicular monoamine transporter (vesicular 

storage) (Barber and LoPachin 2004; Barber 
et al. 2007; LoPachin et al. 2004, 2006, 2007a, 
2007b). Experimental evidence that ACR did 
not alter protein synthesis, energy production, 
or axonal transport indicated that presynaptic 
toxicity was a direct toxicant effect (reviewed 
by LoPachin and Lehning 1994). Whereas 
these data implied a central role for cysteine 
adduction in ACR neurotoxicity, it was not 
clear how such adduct formation might cause 
protein dysfunction and why nerve terminals 
were selectively vulnerable to the effects of pro-
tein adduction. This latter concern was particu-
larly germane because most proteins contain 
at least one cysteine residue (Jones 2010) and 
ACR has been reported to form adducts with a 
variety of neuronal and non-neuronal proteins 
(e.g., Barber et al. 2007; LoPachin et al. 2004). 
As a consequence, it could not be assumed that 
adduct formation at a given cysteine residue 
had toxicological relevance. In the next sec-
tion we discuss the adduct chemistry of ACR 
and show how this chemistry is related to the 
production of nerve terminal toxicity.

ACR Adduct Chemistry: 
Covalent Interactions with 
Biological Nucleophiles
ACR is a three-carbon α,β-unsaturated carbo-
nyl derivative and is a member of a large chem-
ical class known as type-2 alkenes (LoPachin 
et al. 2007a). Members of this class are char-
acterized by a conjugated system formed when 
an electron-withdrawing group (e.g., the car-
bonyl group) is linked to an alkene carbon 
(Figure 1). The pi electrons in these conju-
gated systems are highly polarizable (mobile), 
and the carbonyl group of ACR withdraws 
electron density from the alkene to form an 
electron deficient (electrophilic) site at the 
β-carbon. As an electrophile, ACR, like many 

xenobiotic chemicals and/or their metabolites, 
causes cytotoxicity by forming covalent bonds 
with electron-rich (nucleophilic) residues on 
biological macromolecules (e.g., enzymes, 
DNA) (Hinson and Roberts 1992; LoPachin 
et al. 2012; Schwobel et al. 2011). Because 
ACR is an amide derivative, it does not 
undergo Schiff base formation with nucleo-
philes, but can form Michael-type adducts 
with nucleophiles via second-order addition 
reactions to the β-carbon. Electrophiles do 
not react arbitrarily with nucleophiles. Instead, 
these interactions exhibit a significant degree 
of selectivity as predicted by the hard and soft, 
acids and bases (HSAB) theory of Pearson 
(1990). Accordingly, electrophilic and nucleo-
philic molecules are classified as being either 
soft (relatively polarizable) or hard (relatively 
non-polarizable) and, based on this principle, 
toxic electrophiles will react selectively with 
biological targets of comparable softness or 
hardness. The unsaturated carbonyl structure 
of ACR is a soft electrophile that will prefer-
entially form Michael-type adducts with soft 
nucleophiles, which in biological systems are 
sulfhydryl side-chains on cysteine residues. 
In contrast, although nitrogen groups on 
lysine (ε-amino groups) and histidine (imida-
zole ring) residues are also nucleophilic, these 
are harder sites and are therefore less favored 
targets for ACR adduction (see below).

The relative softness or hardness of an elec-
trophile can be determined from the respective 
energies of the outermost or frontier molecular 
orbitals (FMOs). Because small molecule FMO 
energies can be calculated using various quan-
tum mechanical models, HSAB parameters 
such as softness (σ) and hardness (η) of an elec-
trophile are readily computed. With respect to 
covalent reactions, relative softness (σ) reflects 
the ease with which electron redistribution 

Figure 1. Line structures for several conjugated α,β-unsaturated carbonyl derivatives of the type-2 alkene 
chemical class. For each chemical, the electrophilic index (ω) is provided and the full chemical name is 
indicated in the parentheses.
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occurs during adduct (covalent bond) forma
tion. Thus, the softer the electrophile (larger 
σ value), the faster it will accept electron den-
sity from a donating nucleophile. The values 
of σ and η also can be used in an algorithm 
to calculate the electrophilic index (ω) of a 
toxicant, the magnitude of which reflects the 
relative propensity of the electrophile to form 
an adduct with a given nucleophile (LoPachin 
et al. 2012; Schwobel et al. 2011). Indeed, 
substantial evidence suggests that σ and ω are 
determinants of the chemical reactions that 
mediate electrophile toxicity (LoPachin et al. 
2012; Schultz et al. 2005, 2006; Schwobel et al. 
2011). Whereas this is true for the majority of 
type-2 alkene electrophiles, physiochemical 
characteristics such as steric hindrance imposed 
by tertiary structure, solubility, and acid–base 
equilibrium can influence predictions of toxic 
potency based on HSAB parameters (reviewed 
by LoPachin et al. 2009a, 2009b, 2012). For 
example, Table 1 shows that when σ and ω 
values were calculated for a series of type-2 
alkenes, the corresponding values were only 
qualitatively related to the second-order rate 
constants (k2) for type-2 alkene adduction of 
cysteine sulfhydryl groups and to the respective 

magnitudes of in vitro synaptosomal dysfunc-
tion [toxic potency or half maximal inhibitory 
concentration (IC50)] (LoPachin et al. 2007a, 
2007b, 2009a, 2009b). This lack of correspon-
dence is due to the slower than predicted reac-
tion rate for 4-hydroxy-2-nonenal (HNE), that 
is, in the absence of HNE, the type-2 alkene 
σ values in Table 1 are closely correlated to 
the corresponding k2 values (r2 = 0.92; see 
LoPachin et al. 2007b). The slower adduct 
reaction is attributable to steric hindrance 
imposed by the bulky (–C5H11) alkyl tail of 
HNE (Friedman and Wall 1966). Such dis-
crepancies are expected because the HSAB 
algorithms incorporate electronic components 
but not three-dimensional features of chemical 
structure that can influence the toxicological 
outcome. Nonetheless, it is evident that ACR is 
a relatively weak electrophile (low ω value) that 
slowly forms adducts with cysteine residues 
(slow second-order reaction rate; Table 1).

The weak electrophilic character of ACR 
seems inconsistent with the well-documented 
ability of this chemical to cause significant 
neurotoxicity. However, the second-order reac-
tion rate for the formation of ACR-cysteine 
adducts is governed not only by the relative 

concentrations of each reactant but also by the 
electrophilicity of the electron acceptor (ACR, 
see above) and the relative nucleophilicity of 
the electron donor (cysteine sulfhydryl group). 
Thus, the nucleophilic strength of the sulfhy-
dryl target can affect the energy of the transi-
tion state for adduct formation and hence the 
magnitude of the corresponding rate constant 
(k2). As indicated above, soft electrophiles such 
as ACR preferentially react with soft nucleo-
philes. The softness of a nucleophile reflects its 
relative ability to rapidly transfer electron den-
sity to the electrophile. In aqueous environ
ments, sulfhydryl groups on cysteine residues 
exist in a pH-dependent equilibrium that 
determines the respective concentrations of the 
protonated thiol (RSH) and non-protonated 
thiolate (RS–) forms. Corresponding calcu-
lations of nucleophilic softness (σ; Table 2) 
indicate that the thiolate is substantially softer 
than the thiol. The side chain nitrogen nucleo-
philes of histidine and lysine residues, as well 
as the protonated ε-amino group nitrogen 
of lysine, are also harder moieties than the 
sulfhydryl thiolate (Table 2). Based on the 
HSAB premise of soft–soft interactions, these 
data identify the sulfhydryl thiolate state of 
cysteine residues as the preferred target of 
ACR. The extent to which a given nucleophile 
will react with ACR can be predicted by cal-
culating the nucleophilicity index (ω–). This 
HSAB-derived parameter utilizes the hard-
ness (η) and chemical potential (μ) of both 
ACR (electrophile) and possible nucleophilic 
amino acid targets (LoPachin et al. 2008a, 
2012). The significantly lower ω– values for 
the harder nucleophiles (Table 2) indicate that 
ACR targets soft cysteine thiolate sites. This 
type of calculation also demonstrates that, 
relative to ACR, acrolein is a softer and more 
electrophilic type-2 alkene that reacts much 
faster with sulfhydryl thiolates (Table 2). The 
thiolate predilection of ACR and other type-2 
alkenes based on HSAB calculations has been 
experimentally confirmed using proteomic and 
in chemico approaches (Cavins and Friedman 
1968; Friedman et al. 1965; LoPachin et al. 
2007a, 2007b, 2009a; Martyniuk et al. 2011).

Catalytic Triads as the 
Molecular Sites of ACR Action
Both in vivo and in vitro proteomic studies 
(e.g., Barber and LoPachin 2004; Cai et al. 
2009; Doorn and Petersen 2003; reviewed 
by LoPachin et al. 2012) have indicated that 
ACR and other type-2 alkenes impair protein 
function by reacting with specific cysteine resi-
dues on cellular proteins. For example, ACR 
inhibits presynaptic Na+-dependent dopamine 
transporter function by reacting with Cys342 
(Barber et al. 2007); NEM forms adducts with 
Cys254 and thereby inhibits presynaptic vesicle 
(H+)-ATPase activity (Barber et  al. 2007; 
Feng and Forgac 1992); and HNE adduct 

Table 1. Calculated HSAB and experimental parameters for conjugated type-2 alkenes and nonconjugated 
analogs.

Type-2 alkene σ (× 10–3/eV)a ω (eV) log k2
b Uptake (log IC50)c

Acrolein 379 3.57 2.596 –4.28
NEM 406 4.73 6.536 –4.33
MVK 382 3.18 2.048 –3.48
HNE 393 3.78 0.938 –3.40
Crotonaldehyde 385 3.38 ND ND
MA 315 2.76 –1.893 –0.34
ACR 346 2.62 –1.804 –0.36
EMA 322 2.68 ND ND
Nonconjugatedd

Propanal 323 2.26 — —
Allyl alcohol 276 1.63 — —

Abbreviations: EMA, ethyl methacrylate; MA, methyl acrylate; MVK, methylvinyl ketone; ND, not determined. 
aFor each compound, respective lowest and highest occupied molecular orbital energies (ELUMO and EHOMO, respec-
tively) were obtained from ground state equilibrium geometries with density functional theory calculations DFT B3LYP-
6-31G* in vacuum from 6-31G* initial geometries and were used to calculate softness (σ) and the electrophilic index (ω) 
as described by LoPachin et al. (2012). bSecond-order reaction rates (k2) were determined for type-2 alkene reactions 
with l-cysteine at pH 7.4. cInhibition of synaptosomal membrane tritiated dopamine [(3H)-DA] uptake was determined in 
striatal synaptosomes exposed to type-2 alkenes (LoPachin et al. 2007a, 2007b). dDo not undergo the Michael reaction.

Table 2. Interactions with type-2 alkenes with potential amino acid target: calculated HSAB parameters.

Residue Side chain group σ × 10–3/eV
ACR ω– × 10–3 eV 

(relative)
Acrolein ω– × 10–3 eV 

(relative)
CYS (–1) –CH2S– 382 146 (1.00) 266 (1.00)
LYS (0) –(CH2)4NH2 285 56.6 (0.39) 126 (0.47)
HIS (0)

NH
N

CH2 313 48.5 (0.33) 114 (0.43)

CYS (0) –CH2SH 282 40.0 (0.27) 98.4 (0.37)
LYS (+1) –(CH2)4NH3

+ 271 35.3 (0.24) 90.0 (0.34)

For each amino acid nucleophile, HSAB parameters were calculated on the basis of selected ionization states (in 
parentheses). Data show that the sulfhydryl thiolate state is a significantly softer (σ) nucleophile than either the cor-
responding thiol state or the other amino acid residues such as histidine or lysine. This characteristic indicates that 
the thiolate state will react selectively with comparably soft electrophiles such as acrolein. The nucleophilic index (ω–), 
which reflects the propensity of adduct formation, indicates that the sulfhydryl thiolate state is the preferential target of 
the type-2 alkenes. Relative to the thiolate state (1.00), thiol groups and the lysine and histidine residues are substantially 
less competitive targets for type-2 alkene adduct formation (mean relative value, 0.35).
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formation at Cys280 inhibits mitochondrial 
SIRT3 (SIRT3) activity (Fritz et al. 2011). 
However, it is unclear why these specific resi-
dues were targeted and, because the functional 
importance of these cysteines is not known, the 
toxicological relevance of this adduct formation 
is uncertain. The preceding discussion suggests 
that such targeting might reflect the interaction 
of these type-2 alkenes with the highly nucleo-
philic sulfhydryl thiolate state of cysteine resi-
dues. However, the pKa of the sulfhydryl side 
chain is approximately 8.4 and therefore, at 
intracellular pH ranges (7.0–7.4), these groups 
exist mostly in the non-nucleophilic thiol 
state (Table 2). Nonetheless, sulfhydryl thio-
late groups can be found in cysteine-centered 
catalytic triads and other microenvironments 
that significantly reduce side chain pKa values. 
The ionization of these sulfhydryl groups, and 
therefore the corresponding nucleophilicity, 
is determined by proton shuttling that occurs 
among basic (histidine, arginine, lysine) and 
acidic (aspartate, glutamate) amino acid resi-
dues that are brought into proximity via the 
tertiary structure of the protein, for example,  
the arginine357-cysteine121-aspartate355 motif 
of methionine adenosyl-transferase (Gutteridge 
and Thornton 2005; LoPachin and Barber 
2006). Thus, although the majority of sulf
hydryl groups in proteins exist primarily 
(> 90%) in the nonreactive thiol state; those 
present in catalytic triads are ionized to a much 
greater extent and, consequently, will react 
significantly faster with electrophiles. This con-
cept is exemplified by the ryanodine-responsive 
calcium-release channel of skeletal muscle, 
where 1 of 50 cysteine residues is reactive 
because of its presence in a catalytic triad (Sun 
et al. 2001). Cysteine catalytic triads are often 
located within the active sites of many critical 
nerve terminal enzymes (e.g., NEM-sensitive 
factor, vesicular monoamine transporter). The 
highly nucleophilic sulfhydryl thiolate sites 
regulate enzyme activity by acting as accep-
tors for redox modulators such as nitric oxide 
(NO) or by playing a direct role in correspond-
ing catalytic activity (reviewed by Jones 2010; 
LoPachin and Barber 2006; Winterbourn and 
Hampton 2008). Thus, it should be evident 
that adduction of the triad sulfhydryl thiolate 
will have substantial implications for protein 
function and subsequent presynaptic toxicity 
(see below).

To investigate the possibility that ACR 
targeted cysteine residues in catalytic triads, we 
(Martyniuk et al. 2011) determined the effects 
of selected type-2 alkenes on the activity of 
recombinant human erythrocyte glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH), 
which contains a regulatory cysteine-centered 
(Cys152) catalytic triad (Thomas et al. 1995). 
Consistent with HSAB concepts, the softness 
(σ) and electrophilicity (ω) values for ACR 
and the other type-2 alkenes tested [acrolein, 

methylvinyl ketone (MVK)] were related to 
the corresponding second-order rate constants 
(log k2) and potencies (log KI) for GAPDH 
inhibition (Table 3). Tandem mass spectrom-
etry was used to quantify the adduct formation 
associated with graded concentrations of ACR. 
Results indicated that lower in vitro concen-
trations of ACR inhibited GAPDH activity 
by selectively forming adducts with Cys152 
in the active site of this enzyme, whereas at 
higher concentrations ACR also reacted with 
Cys156 and Cys247. Calculations using the 
PROPKA program (Jensen Research Group, 
Copenhagen, Denmark) revealed a pKa of 6.03 
for Cys152, whereas the pKa values for Cys156 
and Cys247 were higher. Furthermore, we 
found that GAPDH inhibition by the selected 
type-2 alkenes was pH-dependent, which also 
indicated thiolate mediation. These data sug-
gest that Cys152 of GAPDH exists in a pKa-
lowering microenvironment and that ACR 
inhibited enzyme function by preferentially 
forming irreversible Michael-type adducts with 
this highly nucleophilic sulfhydryl thiolate 
site. In general, cysteine thiolates contained 
within catalytic triads function as acceptors 
for electrophilic mediators of redox signaling 
[e.g., NO, hydrogen peroxide (H2O2)] and, 
therefore, ACR adduction of these sites might 
impair protein function by disrupting this 
neuromodulatory signaling (LoPachin et al. 
2008b, 2009a, 2009b).

Molecular Mechanism of ACR 
Synaptotoxicity
The preceding discussion suggests that ACR 
and other type-2 alkenes preferentially form 
irreversible adducts with sulfhydryl thiolate 
groups that also function as acceptors for 
NO and other redox neuromodulators, for 
example, the thiolate of Cys152 on GAPDH 
is an NO acceptor (Mohr et al. 1994). NO is 
a biological electrophile that forms reversible 
adducts with sulfhydryl thiolate groups 
(S-nitrosylation) on proteins. NO signaling 
transiently decreases synaptic strength by 
reversibly inhibiting the function of several 
proteins involved in the synaptic vesicle cycle, 
for example, NEM-sensitive factor (release), the 
dopamine membrane transporter (re-uptake) 
and the vesicular monoamine transporter 
(vesicular storage) (Kiss 2000; LoPachin and 
Barber 2006; Rudkouskaya et al. 2010). It 
is highly significant that NO and ACR have 

similar inhibitory effects on protein function 
and that the NO-sensitive proteome exhibits 
substantial overlap with the ACR-adducted 
proteome (Barber and LoPachin 2004; Barber 
et al. 2007; LoPachin et al. 2004; Martyniuk 
et al. 2011). This correspondence suggests that 
ACR mimics the protein effects of the redox 
neuromodulators (inactivation) by reacting 
with thiolate acceptors in catalytic triads. In 
contrast, the resulting irreversible blockade 
of redox signaling causes loss of NO-directed 
neuromodulation and ensuing synaptic toxicity.

NO signaling, however, is characteristic 
of most cell types (Hess et al. 2005) and ACR 
will form adducts with the thiolate acceptor 
sites of these non-neuronal cells (Barber et al. 
2007). The proposed NO-based mechanism 
of ACR-induced synaptotoxicity therefore 
lacks nerve terminal specificity. Nonetheless, 
several unique anatomical and functional 
characteristics predispose this neuronal region 
to cumulative electrophilic attack. Specifically, 
neurotransmission is a complex multistep pro-
cess that is highly regulated by NO signaling 
(reviewed by LoPachin and Barber 2006) and, 
therefore, ACR disruption of this pathway 
is likely to have significant consequences for 
presynaptic function. Furthermore, because 
the nerve terminal is anatomically separated 
from the cell body, it is devoid of transcrip-
tional or translational capacity. Thus, unlike 
the cell body, the nerve terminal lacks the 
ability to initiate transcription-based repara-
tive or cytoprotective responses, for example, 
the Nrf2-Keap1 antioxidant response (Zhang 
et al. 2011). In the absence of machinery for 
protein synthesis, maintenance of the pre-
synaptic proteome is dependent on cell body 
protein manufacturing and subsequent antero-
grade axonal transport. Correspondingly, as a 
mechanism to limit material expenditure and 
increase efficiency, the turnover rates of many 
nerve terminal proteins are exceptionally slow 
relative to those of proteins in the nerve cell 
body or other cell types (Barber and LoPachin 
2004; Barber et al. 2007; Calakos and Scheller 
1996; Katyare and Shallom 1988; Lin and 
Scheller 2000). Thus, presynaptic proteins 
inactivated by cysteine adduct formation will 
be replaced slowly and will consequently accu-
mulate as the rate of adduct formation exceeds 
the rate of removal by protein turnover. In 
contrast, dysfunctional adduct-inactivated pro-
teins with short half-lives will not accumulate 

Table 3. Type-2 alkene HSAB and kinetic parameters for interactions with GAPDH.

Electrophilea σ (× 10–3/eV) ω (eV) log k2 log KI

Acroleinb 371 3.82 4.250 –4.419
MVK 363 3.38 3.885 –4.220
ACR 315 2.61 0.502 –0.607
aHSAB (σ, ω) and kinetic parameters (k2, KI) were calculated as described by Martyniuk et al. (2012). bBased on the 
HSAB parameters, acrolein and MVK are significantly softer and more reactive electrophiles than ACR (i.e., larger val-
ues of σ and ω, respectively). The rank orders of respective σ and ω values for each type-2 alkene were closely corre-
lated to the corresponding rate constants (k2; r2 = 0.9996 and 0.9359, respectively) and relative potencies (KI; r2 = 0.9926 
and 0.9004, respectively) for inhibition of GAPDH activity.
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because they are rapidly replaced by the turn-
over process. Indeed, our proteomic studies 
have demonstrated a presynaptic buildup of 
cysteine adducts that is progressive and closely 
correlated to the development of ACR neuro
logical symptoms. Furthermore, we have 
provided evidence that CNS nerve terminal 
dysfunction occurs at a cumulative adduct 
level of 350–500  pg cysteine adduct/μg 
protein. This reflects the minimal exposure 
threshold below which neurotoxicity does not 
occur because this level of adduct formation 
(i.e., < 350 pg cysteine adduct/μg protein) 
does not affect synaptic processes (Barber and 
LoPachin 2004; Barber et al. 2007; LoPachin 
et al. 2004). As intoxication continues and 
adduct formation exceeds this threshold, the 
pool of dysfunctional proteins increases pro-
portionately and the related presynaptic pro-
cesses are progressively disabled, leading to 
the characteristic cumulative neurotoxicity of 
ACR (LoPachin et al. 2002b, 2004, 2006).

The preceding discussion indicates that 
several anatomical and neurophysiological 
attributes render nerve terminals selectively vul-
nerable to dysfunction via cumulative electro
philic attack. However, as mentioned above, 
ACR is a type-2 alkene and therefore shares 
a common mechanism of toxicity with other 
structurally related members of this chemical 
class (e.g., acrolein, MVK, NEM). Although 
selective neurotoxicity is a clearly defined out-
come in ACR-exposed human cohorts, similar 
exposure to other members of this class is asso-
ciated with systemic toxicity, that is, cardio-
vascular, respiratory, hepatic or renal toxicity 
(Bisesi 1994; Tucek et al. 2002). This diversity 
of toxic responses is not related to mechanistic 
differences among members of this chemical 
family, rather it is due to variations in electro-
philic reactivity that correspondingly influence 
toxicokinetics and tissue distribution (Gillette 
et  al. 1974; Rozman and Klaassen 2001). 
Thus, highly electrophilic type-2 alkenes such 
as acrolein (Table 1) rapidly form adducts with 
protein sulfhydryl thiolate groups at systemic 
sites of absorption. Adduct formation is not 
only the mechanism of acrolein toxicity, but 
also restricts the corresponding tissue distri-
bution. As a consequence of this restriction, 
the toxic manifestations of acrolein and other 
reactive electrophiles are characteristic of the 
absorption site; for example, acrolein inhalation 
produces pulmonary toxicity, whereas systemic 
administration is associated with hepatic or 
vascular toxicity (Green and Egle 1983; Parent 
et al. 1996; Struve et al. 2008). In contrast, as 
a weak water-soluble electrophile, ACR slowly 
forms thiolate adducts and is therefore less 
susceptible to the limiting influence of sys-
temic “adduct buffering.” Accordingly, ACR 
has a large volume of distribution and readily 
crosses the blood-brain barrier (Barber et al. 
2001). Based on theoretically similar CNS 

accessibilities, systemic exposure to methyl 
acrylate, ethyl methacrylate, or other weak 
type-2 alkene electrophiles (Table 1) should 
also cause selective neurotoxicity. Indeed, the 
results of both human (Sadoh et  al. 1999; 
Seppalainen and Rajaniemi 1984) and animal 
(Abou-Donia et al. 2000) studies suggest that 
exposure to these chemicals can produce ACR-
like neurotoxicity. Clearly, relative softness (σ) 
and electrophilicity (ω) determine not only the 
toxicodynamic character of ACR and other 
type-2 alkenes (i.e., amino acid targets and 
mechanisms of toxicity), but also tissue distri-
bution and corresponding toxic manifestations.

The preceding discussion indicates that the 
most toxicologically relevant targets of ACR 
are those nerve terminal proteins that turnover 
slowly and are importantly involved in 
neurotransmitter release, storage, and re-uptake. 
Whereas the adduct chemistry of ACR has 
been considered through the perspective of 
nerve terminal damage, future research might 
confirm an alternative site of neuronal (or 
glial) action. Regardless of the identified site, 
a confluence of evidence stemming from 
early in  chemico studies (e.g., Cavins and 
Friedman 1968) to recent proteomic research 
(e.g., LoPachin et al. 2007b) suggests that the 
mechanism of toxicity will involve the soft–soft 
covalent interactions of ACR with cysteine 
thiolate groups.

Possible Environmental 
Significance of ACR and Other 
Type-2 Alkenes
As stated above, ACR is used to manufacture 
polymers that have broad commercial, indus-
trial, and agricultural applications and, there-
fore, occupational or accidental intoxication 
was considered historically to be the primary 
cause of acquired neurotoxicity. However, 
other sources of significant daily ACR expo-
sure are now recognized, that is, air/water pol-
lution, cigarette smoke, and diet (Friedman 
2003; Perez et al. 1999; Smith et al. 2000; 
Tornqvist 2005; Tucek et al. 2002). Although 
it has been estimated that the human body 
burden from these sources can be up to 
30 μg ACR/kg/day (Food and Agriculture 
Organization of the United Nations and 
the World Health Organization 2005), the 
neurotoxicological significance of this expo-
sure level is questionable (Boon et al. 2005; 
Hagmar et  al. 2005; Kutting et  al. 2009). 
However, as indicated above, ACR is a mem-
ber of the type-2 alkene chemical class, which 
is a large group of structurally related com-
pounds used extensively in the manufactur-
ing, agricultural, polymer, and pharmaceutical 
industries. As a result, human exposure to the 
type-2 alkenes is ubiquitous and potentially 
harmful because many of these compounds 
are well-documented toxicants. Specifically, 
unsaturated aldehydes and carbonyls (acrolein, 

acrylonitrile, MVK) are significant compo-
nents of air pollution, automobile exhaust, and 
smoke from cigarette, wood, and coal combus-
tion (Andrews and Clary 1986; Bisesi 1994; 
Faroon et al. 2008; Feron et al. 1991; Fujioka 
and Shibamoto 2006; Stevens and Maier 2008; 
Tucek et al. 2002; Woodruff et al. 2007). At 
least 36 different unsaturated aldehydes (mostly 
type-2 alkenes) have been found in the U.S. 
water supply, often at levels exceeding maximal 
recommended concentrations. In fact, with the 
exception of heavy metals, aldehdyes are con-
sidered to be the major contaminants in drink-
ing water (reviewed by Andrews and Clary 
1986; Bisesi 1994; Conklin et al. 2010; Faroon 
et al. 2008; Feron et al. 1991; Tucek et al. 
2002). There is experimental evidence that the 
toxic consequences of environmental expo-
sure are mediated by type-2 alkenes (Andre 
et al. 2008; Danielsen et al. 2011; Facchinetti 
et  al. 2007; Moretto et  al. 2009). Finally, 
over 300 type-2 alkenes are natural constitu-
ents (e.g., acrolein, crotonaldehyde) of vari-
ous foods and additional carbonyl, aldehyde, 
and ketone derivatives are produced during 
cooking fats, oils, and sugars. Based on dietary 
consumption alone, it is estimated that the 
α,β-unsaturated aldehyde burden in humans is 
nearly 200 μg/kg-body wt/day (Conklin et al. 
2010; Wang et al. 2008).

Human populations are therefore exposed 
to complex type-2 alkene mixtures, the chemi-
cal composition and corresponding concen-
trations of which depend on several variables 
including geographical location, personal 
habits (diet, tobacco usage), and occupa-
tion (Bisesi 1994; Faroon et al. 2008; Feron 
et  al. 1991; Friedman 2003; Stevens and 
Maier 2008; Tucek et al. 2002; Woodruff 
et al. 2007). Of particular concern, research 
has shown that these environmental toxicants 
produce cell damage via a common molecu-
lar mechanism, that is, protein dysfunction 
through formation of Michael-type adducts 
with sulfhydryl groups on specific cysteine 
residues (e.g., Dalle-Donne et al. 2007; Doorn 
and Petersen 2003; LoPachin et al. 2007a, 
2007b, 2009a, 2009b; Nerland et al. 2003; 
Martyniuk et al. 2011). Thus, although the 
environmental concentrations of any particular 
unsaturated compound might not be sufficient 
to cause toxicity, continuous low-level expo-
sure to a mixture of type-2 alkenes might be 
toxicologically significant (Kamel and Hoppin 
2004; LoPachin et al. 2008a, 2008b, 2009b).

In addition to the environmental preva-
lence of the type-2 alkenes, acrolein, HNE, 
4-oxy-2-nonenal (ONE), and other members 
of this chemical class are produced endoge
nously during membrane lipid peroxidation 
associated with cellular oxidative stress. There 
is growing evidence that these endogenous 
type-2 alkenes play a pathogenic role in disease 
processes and traumatic tissue injuries that 
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have oxidative stress as a molecular etiology, for 
example, stroke, atherosclerosis, Alzheimer’s 
disease, spinal cord trauma, and diabetes 
(Butterfield et al. 2010; Grimsrud et al. 2008; 
Hamann et al. 2008; Uchida 2003; Zarkovic 
2003). Therefore, based on their common 
toxic mechanism, environmentally derived 
type-2 alkenes might act either synergistically 
or additively with endogenously generated 
unsaturated aldehydes. This interaction could 
amplify the extent of cellular damage and 
thereby accelerate development of the disease/
injury process. That this idea has toxicological 
plausibility is suggested by epidemiological 
and experimental research indicating an asso-
ciation between environmental toxicant expo-
sure (e.g., pesticides, heavy metals, industrial 
chemicals) and an increase in the incidence 
and severity of many human diseases (Brown 
et al. 2005, 2006; Grandjean and Landrigan 
2006; Kamel and Hoppin 2004; Landrigan 
et al. 2005; O’Toole et al. 2008). With spe-
cific reference to environmental type-2 alkene 
exposure, research has shown that dietary con-
sumption of acrolein exacerbates myocardial 
ischemic injury and atherosclerosis in mice 
by interacting with endogenous unsaturated 
aldehydes generated during ongoing oxida-
tive stress (Conklin et al. 2010; Ismahil et al. 
2011; Luo et al. 2007; Srivastava et al. 2011; 
Wang et al. 2008). On the basis of these stud-
ies it has been proposed that chronic environ
mental exposure to unsaturated aldehydes is 
a significant risk factor for cardiovascular dis-
eases (Luo et al. 2007; O’Toole et al. 2008; 
Wang et al. 2008). Similarly, we have sug-
gested that environmental exposure to a 
mixture of weak type-2 alkene electrophiles 
(e.g., ACR, methyl acrylate, ethyl methacry-
late) could accelerate the progressive nerve 
terminal demise associated with Alzheimer’s 
disease (reviewed by LoPachin et al. 2008b, 
2009b). In support of this, there is now con-
siderable evidence that the Alzheimer’s dis-
ease pathogenic mechanism involves neuronal 
oxidative stress with subsequent generation 
of highly reactive type-2 alkene derivatives 
including acrolein, HNE, and ONE (Ansari 
and Scheff 2010; Butterfield et al. 2010; Nam 
et al. 2010; Singh et al. 2010; Sultana and 
Butterfield 2010). Furthermore, evidence sug-
gests that nerve terminal dysfunction in rele-
vant brain regions precedes neurodegeneration 
and is a primary pathophysiological event in 
Alzheimer’s disease (reviewed by Coleman 
et al. 2004; Forero et al. 2006; Keating 2008; 
LoPachin et al. 2008a; Selkoe 2002). Thus, 
presynaptic dysfunction in Alzheimer’s disease 
could be mediated by both environmental and 
endogenous type-2 alkenes (e.g., Keller et al. 
1997; LoPachin et al. 2007a, 2007b, 2009a; 
Morel et  al. 2002; Pocernich et  al. 2001). 
Along these lines, subchronic human expo-
sures to environmental matrices that contain 

significant type-2 alkene concentrations such 
as air pollution (Calderón-Garcidueñas et al. 
2011; Chen and Schwartz 2009; Levesque 
et al. 2011) or cigarette smoke (Fujioka and 
Shibamoto 2006; Smith et al. 2000; Werley 
et al. 2008) are associated with an increased 
incidence of neurodegenerative conditions 
(e.g., Almeida et al. 2008; Cataldo et al. 2010; 
Chen and Schwartz 2009; Juan et al. 2004; 
Levesque et al. 2011; Peters et al. 2008; Tucek 
et al. 2002). Whereas other toxicant classes in 
these complex matrices could contribute to 
the corresponding neuropathogenic processes, 
the type-2 alkenes are distinguished by their 
exogenous prevalence, their common toxic 
mechanism, and their endogenous role in oxi-
dative stress (see above). Despite this grow-
ing evidence, the potential for toxic synergy 
among members of the type-2 alkene class has 
largely gone unrecognized. As a result, risk 
assessment has been based on analyses of indi-
vidual unsaturated carbonyls and their respec-
tive toxicities. However, from both a research 
and risk management perspective, future 
toxicological considerations should include the 
interactive potential of these chemicals.

Summary
Early studies of ACR neurotoxicity involved 
observational research designed to define cell-
level sites of action, for example, axon ver-
sus nerve terminal. Subsequent research was 
directed toward determining corresponding 
molecular mechanisms and, accordingly, 
numerous mechanistic scenarios were proposed 
and subsequently tested. Nonetheless, whether 
the selected neurophysiological parameter tested 
was a rational and therefore toxicologically 
plausible target could not be determined 
because significant mechanistic ambiguity 
existed at the chemical and molecular levels. 
However, mechanistic investigations were sig-
nificantly advanced by recognizing the specific 
electrophilic nature of ACR and understand-
ing the implications of this electronic charac-
ter on the selective nucleophile targeting that 
determines the corresponding covalent adduct 
chemistry. Thus, we realized that ACR was 
a soft electrophile that preferentially formed 
adducts with soft nucleophilic sites on macro
molecules. This pointed to the soft, highly 
nucleophilic thiolate states of cysteine residues 
in protein catalytic triads as toxicologically rele
vant molecular targets. Because thiolate sulf
hydryl groups on proteins acted as regulatory 
acceptors for electrophilic mediators of redox 
signaling (e.g., NO), we ultimately provided 
evidence that ACR reduced neurotransmission 
at central and peripheral synapses by disrupting 
these signaling pathways. Also critical was the 
recognition that the relevant electronic charac
teristics defining the chemical basis for ACR 
toxicity were shared by other α,β-unsaturated 
carbonyl derivatives and possibly the entire 

type-2 alkene chemical class. This is a poten-
tially significant realization because the type-2 
alkenes are a unique group of structurally 
related unsaturated carbonyl, aldehyde, and 
ketone derivatives that are well-documented 
environmental toxicants and/or endogenous 
mediators of disease/injury processes associated 
with cellular oxidative stress. Based on their 
demonstrated common mechanism of toxicity, 
we propose that environmental exposure to a 
mixture of type-2 alkenes could represent a sig-
nificant human health risk. Furthermore, these 
exogenously derived toxicants could interact 
synergistically with endogenous unsaturated 
aldehydes and thereby accelerate the onset 
and development of atherosclerosis, diabetes, 
Alzheimer’s disease, and other pathogenic con-
ditions that have cellular oxidative stress as a 
molecular etiology. Thus, in this review we 
have described a relatively detailed mechanistic 
scenario for ACR neurotoxicity. This level of 
comprehension was achieved through under-
standing the principles of organic chemistry 
that govern the covalent interactions of elec-
trophilic toxicants with their nucleophilic tar-
gets. Because many toxicants are electrophiles 
of varying softness and reactivity (e.g., meth-
ylmercury; N-acetyl-p-benzoquinone imine, 
2,5-hexanedione) a similar approach could be 
used to identify rational nucleophilic targets on 
biological macromolecules.

References

Abou-Donia MB, Abdel-Rahman AA, Kishk AM. 2000. 
Neurotoxicity of ethyl methacrylate in rats. J Toxicol 
Environ Health A 59:97–118.

Almeida OP, Garrido GJ, Lautenschlager NT, Hulse GK, 
Jamrozik K, Flicker L. 2008. Smoking is associated with 
reduced cortical regional gray matter density in brain 
regions associated with incipient Alzheimer disease. Am J 
Geriatr Psych 16:92–98.

Andre E, Campi B, Materazzi, Trevisani M, Amadesi S, Massi D, 
et al. 2008. Cigarette smoke-induced neurogenic inflamma-
tion is medicated by α,β-unsaturated aldehydes and the 
TRPA1 receptor in rodents. J Clinical Invest 118:2574–2582.

Andrews LS, Clary JJ. 1986. Review of the toxicity of multi
functional acrylates. J Toxicol Environ Health 19:149–164.

Ansari MA, Scheff SW. 2010. Oxidative stress in the progression 
of Alzheimer disease in the frontal cortex. J Neuropath Exp 
Neurol 69:155–167.

Barber DS, Hunt JR, Ehrich MF, Lehning EJ, LoPachin RM. 2001. 
Metabolism, toxicokinetics and hemoglobin adduct forma-
tion in rat following subacute and subchronic acrylamide 
dosing. Neurotoxicology 22:341–353.

Barber DS, LoPachin RM. 2004. Proteomic analysis of acrylamide-
protein adduct formation in rat brain synaptosomes. Toxicol 
Appl Pharmacol 201/202:120–136.

Barber DS, Stevens S, LoPachin RM. 2007. Proteomic analyses 
of rat striatal synaptosomes during acrylamide intoxication 
at a low dose-rate. Toxicol Sci 100:156–167.

Bisesi MS. 1994. Esters. 3. Esters of alkenylcarboxylic acids and 
monoalcohols. In: Patty’s Industrial Hygiene and Toxciology 
(Clayton GD, Clayton FE, eds). Vol 11, 4th ed. New York:John 
Wiley and Sons, 2999–3007.

Boon PE, deMul A, van der Voet H, van Donkersgoed G, Brette M, 
van Klaveren JD. 2005. Calculations of dietary exposure to 
acrylamide. Mutat Res 580:143–155.

Bowyer JF, Latendresse JR, Delongchamp RR, Warbritton AR, 
Thomas M, Divine B, et al. 2009. The mRNA expression and 
histological integrity in rat forebrain motor and sensory 
regions are minimally affected by acrylamide exposure 
through drinking water. Toxicol Appl Pharmacol 240:401–411.



LoPachin and Gavin

1656	 volume 120 | number 12 | December 2012  •  Environmental Health Perspectives

Brown RC, Lockwood AH, Sonawane BR. 2005. Neuro
degenerative diseases: an overview of environmental risk 
factors. Environ Health Perspect 113:1250–1256.

Brown TP, Rumsby PC, Capleton AC, Rushton L, Levy LS. 2006. 
Pesticides and Parkinson’s disease –is there a link? Environ 
Health Perspect 114:156–164.

Butterfield DA, Bader Lange ML, Sultana R. 2010. Involvements 
of the lipid peroxidation product, HNE, in the pathogenesis 
and progression of Alzheimer’s disease. Biochimica Biophys 
Acta 1801:924–929.

Cai J, Bhatnagar A, Pierce WM. 2009. Protein modification by 
acrolein: formation and stability of cysteine adducts. Chem 
Res Toxicol 22:708–716.

Calakos N, Scheller RH. 1996. Synaptic vesicle biogenesis, dock-
ing and fusion: a molecular description. Physiol Rev 76:1–29.

Calderón-Garcidueñas L, Kavanaugh M, Block M, D’Angiulli A, 
Delgado-Chávez R, Torres-Jardón R, et al. 2011. Neuro
inflammation, Alzheimer’s disease-associated pathology, 
and down-regulation of the prion-related protein in air 
pollution exposed children and young adults. J Alzheimers 
Dis 28:93–107.

Cataldo JK, Prochaska JJ, Glantz SA. 2010. Cigarette smoking is 
a risk factor for Alzheimer’s disease: an analysis controlling 
for tobacco industry affiliation. J Alzheimers Dis 19:465–480.

Cavins, JF, Friedman M. 1968. Specific modification of protein 
sulfhydryl groups with α,β-unsaturated compounds. J Biol 
Chem 243:3357–3360.

Chen JC, Schwartz J. 2009. Neurobehavioral effects of ambi-
ent air pollution on cognitive performance in US adults. 
Neurotoxicology 30:231–239.

Cohen SD, Pumford NR, Khairallah EA, Boekelheide K, Pohl LR, 
Amouzadeh HR, et al. 1997. Selective protein covalent binding 
and target organ toxicity. Toxicol Appl Pharmacol 143:1–12.

Coleman P, Federoff J, Kurlan R. 2004. A focus on the synapse 
for neuroprotection in Alzheimer disease and other demen-
tias. Neurology 63:1155–1162.

Coles B. 1984–1985. Effects of modifying structure on electro-
philic reactions with biological nucleophiles. Drug Metab 
Rev 15:1307–1334.

Conklin DJ, Barski OA, Lesgards JF, Juvan P, Rezen T, Rozman D, 
et  al. 2010. Acrolein consumption induces systemic 
dyslipidemia and lipoprotein modification. Toxicol Appl 
Pharmacol 24:1–12.

Dalle-Donne I, Vistoli G, Gamberoni L, Giustarini D, Colmbo R, 
Facino RM, et al. 2007. Actin Cys374 as a nucleophilic tar-
get of α,β-unsaturated aldehydes. Free Radic Biol Med 
42:583–598.

Danielsen PH, Moller PL, Jensen KA, Sharma AK, Wallin H, 
Bossi R, et al. 2011. Oxidative stress, DNA damage, and 
inflammation induced by ambient air and wood smoke par-
ticulate matter in human A549 and THP-a cell lines. Chem 
Res Toxicol 24:168–184.

Deng H, He S, Zhang S. 1993. Quantitative measurments of vibra-
tion threshold in healthy adults and acrylamide workers. Int 
Arch Occup Environ Health 65:53–56.

Doorn JA, Petersen DR. 2003. Covalent adduction of nucleo-
philic amino acids by 4-hydroxynonenal and 4-oxononenal. 
Chem Bio Interact 143-144:93–100.

Facchinetti F, Amadei F, Geppetti P, Tarantini F, Di Serio D, 
Dragotto A, et al. 2007. α,β-Unsaturated aldehydes in cig-
arette smoke release inflammatory mediators from human 
macrophages. Am J Resp Cell Mol Biol 37:617–623.

Faroon O, Roney N, Taylor J. 2008. Acrolein environmental 
levels and potential for human exposure. Toxicol Ind Health 
24:543–564.

Feng Y, Forgac M. 1992. Cysteine 254 of the 73-kDa A subunit is 
responsible for inhibition of the coated vesicle (H+)-ATPase 
upon modification by sulfhydryl reagents. J Biol Chem 
267:5817–5822.

Feron VJ, Til HP, de Vrijer F. 1991. Aldehydes: occurrence, 
carcinogenic potential, mechanism of action and risk 
assessment. Mutat Res 259:363–385.

Food and Agriculture Organization of the United Nations, World 
Health Organization (FAO/WHO). 2005. Joint FAO/WHO 
Expert Committee on Food Additives, Sixty-fourth Meeting 
(Contaminants). 8–17 February 2005. Rome, Italy. Available: 
ftp://ftp.fao.org/es/esn/jecfa/jecfa64_call.pdf [accessed 
12 October 2012].

Forero DA, Casadesus G, Perry G, Arboleda H. 2006. Synaptic 
dysfunction and oxidative stress in Alzheimer’s disease: 
emerging mechanisms. J Cell Mol Med 10:796–805.

Friedman M. 2003. Chemistry, biochemistry and safety of acryl-
amide. A review. J Agric Food Chem 51:4504–4526.

Friedman M, Cavins JF, Wall JS. 1965. Relative nucleophilic 

reactivities of amino groups and mercaptide ions in addition 
reactions with α,β-unsaturated compounds. J Am Chem 
Soc 87:3672–3682.

Friedman MA, Dulak LH, Stedham MA. 1995. A lifetime oncogeni
city study in rats with acrylamide. Fundam Appl Toxicol 
27:95–105.

Friedman MA, Tyl RW, Marr MC, Myers CB, Gerling FS, et al. 
1999. Effects of lactational administration of acrylamide on 
rat dams and offspring. Reprod Toxicol 13:511–520.

Friedman M, Wall JS. 1966. Additive linear free-energy relation
ships in reaction kinetics of amino groups with α,β-unsatur
ated compounds. J Org Chem 31:2888–2894.

Fritz KS, Galligan JJ, Smathers RL, Roede JR, Shearn CT, 
Peigan P, et al. 2011. 4-Hydroxynonenal inhibits SIRT3 via 
thiol-specific modification. Chem Res Toxicol 24:651–662.

Fujioka K, Shibamoto T. 2006. Determination of toxic carbonyl 
compoiunds in cigarette smoke. Environ Toxicol 21:47–54

Garey J, Paule MG. 2010. Effects of chronic oral acrylamide 
exposure on incremental repeated acquisition (learning) 
task performance in Fischer 344 rats. Neurotoxicol Teratol 
32:220–225.

Garland TO, Patterson M. 1967. Six cases of acrylamide poison-
ing. BMJ 4:134–138.

Gillette JR, Mitchell JR, Brodie BB. 1974. Biochemical mecha
nisms of drug toxicity. Annu Rev Pharmacol 14:271–288.

Grandjean P, Landrigan PJ. 2006. Developmental neurotoxicity 
of industrial chemicals. Lancet 368:2167–2178.

Grimsrud PA, Xie H, Griffin TJ, Bernlohr DA. 2008. Oxidative 
stress and covalent modification of protein with bioactive 
aldehydes. J Biol Chem 283:21837–21841.

Green MA, Egle JL. 1983. The effects of acetaldehyde and 
acrolein on blood pressure in guanethidin-treated rats. 
Toxicol Appl Pharmacol 69:29–34.

Gutteridge A, Thornton JM. 2005. Understanding nature’s cata-
lytic toolkit. Trends Biochem Sci 30:622–629.

Haber LT, Maier A, Kroner OL, Kohrman MJ. 2009. Evaluation of 
human relevance and mode of action for tunica vaginalis 
mesotheliomas resulting from oral exposure to acrylamide. 
Reg Toxicol Pharmacol 53:134–149.

Hagmar L, Wirfalt E, Paulsson B, Tornqvist M. 2005. Differences 
in hemoglobin adduct levels of acrylamide in the general 
population with respect to dietary intake, smoking habits 
and gender. Mutat Res 580:157–165.

Hamann K, Durkes, A, Ouyang H, Uchida K, Pond A, Shi R. 2008. 
Critical role of acrolein in secondary injury following ex vivo 
spinal cord trauma. J Neurochem 107:712–721.

He F, Zhang S, Wang H. 1989. Neurological and electroneuro-
myographic assessment of the adverse effects of acryl-
amide on occupationally exposed workers. Scand J Work 
Environ Health 15:125–129.

Hess DT, Matsumoto AK, Kim SO, Marshal HE, Stamler JS. 2005. 
Protein S-nitrosylation: pruview and parameters. Nat Rev 
6:150–166.

Hinson JA, Roberts DW. 1992. Role of covalent and noncovalent 
interactions in cell toxicity: effects on proteins. Ann Rev 
Pharmacol Toxicol 32:471–510.

Howland RD. 1985. Biochemical studies of acrylamide neuropa-
thy. Neurotoxicology 6:7–16.

Ismahil MA, Hamid T, Haberzetti P, Gu Y, Chandrasekar B, 
Srivastava S, et al. 2011. Chronic oral exposure to the alde-
hyde pollutant acrolein induces dilated cardiomyopathy. Am 
J Physiol Heart Circ Physiol 301:H2050–H2060.

Johnson KA, Gorzinski SJ, Bodner KM, Campbell RA, Wolf CH, 
Friedman MA, et al. 1986. Chronic toxicity and oncogenicity 
study on acrylamide incorporated in the drinking water of 
Fischer 344 rats. Tox Appl Pharmacol 85:154–168.

Jones DP. 2010. Redox sensing: orthogonal control in cell cycle 
and apopotosis signaling. J Int Med 268:432–448.

Juan D, Zhou DHD, Li J, Wang JYJ, Gao C, Chen M. 2004. A 2-year 
follow-up study of cigarette smoking and risk of dementia. 
Europ J Neurol 11:277–282.

Kamel F, Hoppin JA. 2004. Association of pesticide exposure 
with neurological dysfunction and disease. Environ Health 
Perspect 112:950–958.

Katyare SS, Shallom JM. 1988. Altered cerebral protein turnover 
in rats following prolonged in vivo treatment with nicotine. 
J Neurochem 50:1356–1363.

Keating DJ. 2008. Mitochondrial dysfunction, oxidative stress, 
regulation of exocytosis and their relevance to neuro
degenerative diseases. J Neurochem 104:298–305.

Keller, JN, Pang Z, Geddes JW, Begley JG, Germeyer A, Waeg G, 
et al. 1997. Impairment of glucose and glutamate transport 
and induction of mitochondrial oxidative stress and dys-
function in synaptosomes by amyloid β-peptide: role of the 

lipid peroxidation product 4-hydroxynonenal. J Neurochem 
69:273–284.

Kiss JP. 2000. Role of nitric oxide in the regulation of mono
aminergic neurotransmission. Brain Res Bull 52:459–466.

Kutting B, Schettgen T, Schwegler U, Fromme H, Uter W, 
Angerer J, et al. 2009. Acrylamide as environmental noxious 
agent: a health risk assessment for the general population 
based on the internal acrylamide burden. Int J Hyg Environ 
Health 212:470–480.

Landrigan PJ, Sonawane B, Butler RN, Trasande L, Callan R, 
Droller  D. 2005. Early environmental origins of neuro
degenerative disease in later life. Environ Health Perspect 
113:1230–1238.

Lehning EJ, Balaban CD, Ross JF, LoPachin RM. 2002a. 
Acrylamide neuropathy: II. Spatiotemporal characteris-
tics of nerve cell damage in brainstem and spinal cord. 
Neurotoxicology 23:415–429.

Lehning EJ, Balaban CD, Ross JF, LoPachin RM. 2003. Acrylamide 
neuropathy: III. Spatiotemporal characteristics of nerve cell 
damage in forebrain. Neurotoxicology 24:125–136.

Lehning EJ, Balaban CD, Ross JF, Reid MA, LoPachin RM. 
2002b. Acrylamide neuropathy: I. Spatiotemporal character-
istics of nerve cell damage in cerebellum. Neurotoxicology 
23:397–414.

Lehning EJ, Persaud A, Dyer KR, Jortner BS, LoPachin RM. 1998. 
Biochemical and morphologic characterization of axon 
degeneration in acrylamide peripheral neuropathy. Toxicol 
Appl Pharmacol 151:211–221.

Levesque S, Surace MJ, McDonald J, Block ML. 2011. Air pollu
tion & the brain: subchronic diesel exhaust exposure causes 
neuroinflammation and elevates early markers of neuro
degenerative disease. J Neuroinflamm 8:105–115.

Liebler DC. 2008. Protein damage by reactive electrophiles: tar-
gets and consequences. Chem Res Toxicol 21:117–128.

Lin RC, Scheller RH. 2000. Mechanisms of synaptic vesicle exo-
cytosis. Ann Rev Cell Dev Biol 16:19–49.

Lipton SA, Chio YB, Takahasi H, Zhang D, Weizhong L, Godzik A, 
et al. 2002. Cysteine regulation of protein function as exem-
plified by NMDA-receptor modulation. Trends Neurosci 
94:240–255.

LoPachin RM. 2004. The changing view of acrylamide neurotoxi
city. Neurotoxicology 25:617–630.

LoPachin RM, Balaban CD, Ross JF. 2003. Acrylamide axonopathy 
revisited. Toxicol Appl Pharmacol 188:135–153.

LoPachin RM, Barber DS. 2006. Synaptic cysteine sulfhydryl 
groups as targets of electrophilic neurotoxicants. Toxicol 
Sci 94:240–255.

LoPachin RM, Barber DS, Gavin T. 2008a. Molecular mechanisms 
of the conjugated α,β-unsaturated carbonyl derivatives: 
relevance to neurotoxicity and neurodegenerative diseases. 
Toxicol Sci 104:235–249.

LoPachin RM, Barber DS, Geohagen BC, Gavin T, He D, Das S. 
2007a. Structure-toxicity analysis of type-2 alkenes: in vitro 
neurotoxicity. Toxicol Sci 95:136–146.

LoPachin RM, Castiglia CM, Lehning EJ, Saubermann AJ. 1993.
Effects of acrylamide on subcellular distribution of elements 
in rat sciatic nerve myelinated axons and Schwann cells. 
Brain Res 608:238–246.

LoPachin RM, Castiglia CM, Saubermann AJ. 1992. Effects of 
acrylamide on elemental composition and water content of 
rat tibial nerve. I. Myelinated axons. Toxicol Appl Pharmacol 
115:21–34.

LoPachin RM, DeCaprio AP. 2005. Protein adduct formation as a 
molecular mechanism in neurotoxicity. Tox Sci 86:214–225.

LoPachin RM, Gavin T, Barber DS. 2008b. Type-2 alkenes 
mediate synaptotoxicity in neurodegenerative diseases. 
Neurotoxicology 29:871–882.

LoPachin RM, Gavin T, DeCaprio AP, Barber S. 2012. Application 
of the Hard and Soft, Acids and Bases theory to toxicant–
target interactions. Chem Res Toxicol 25:239–251.

LoPachin RM, Gavin T, Geohagen BC. 2009a. Synaptosomal 
toxicity and nucleophilic targets of 4-hydroxy-2-nonenal. 
Toxicol Sci 107:171–181.

LoPachin RM, Gavin T, Geohagen BC, Das S. 2007b. Neurotoxic 
mechanisms of electrophilic type-2 alkenes: soft–soft inter-
actions described by quantum mechanical parameters. 
Toxicol Sci 98:561–570.

LoPachin RM, Gavin T, Petersen DR, Barber DS. 2009b. 
Molecular mechanisms of 4-hydroxy-2-nonenal and 
acrolein toxicity: nucleophilic targets and adduct formation. 
Chem Res Toxicol 22:1499–1508.

LoPachin RM, He D, Soma D. 2006. Acrylamide inhibits dop-
amine uptake in rat striatal synaptic vesicles. Toxicol Sci 
89:224–234.



Understanding acrylamide actions through organic chemistry

Environmental Health Perspectives  •  volume 120 | number 12 | December 2012	 1657

LoPachin RM, Lehning EJ. 1994. Acrylamide-induced distal 
axon degeneration: a proposed mechanism of action. 
Neurotoxicology 15:247–260.

LoPachin RM, Lehning EJ, Opanashuk LA. 2000. Rate of neuro-
toxicant exposure determines morphologic manifestations 
of distal axonopathy. Toxicol Appl Pharmacol 167:75–86.

LoPachin RM, Lehning EJ, Ross JF, Reid M, Das S, Mansukhani S. 
2002a. Neurological evaluation of toxic axonopathies in 
rats: acrylamide and 2,5-hexanedione. Neurotoxicology 
23:95–110.

LoPachin RM, Ross JF, Lehning EJ. 2002b. Nerve terminals 
as the primary site of acrylamide action: a hypothesis. 
Neurotoxicology 23:43–59.

LoPachin RM, Schwarcz AI, Mansukhani S, Das S. 2004. In vivo 
and in vitro effects of acrylamide on synaptosomal neuro
transmitter uptake and release. Neurotoxicology 25:349–363.

Luo J, Hill BG, Gu Y, Cai J, Srivastava S, Bhatnagar A, et al. 2007. 
Mechanisms of acrolein-induced myocardial dysfunction: 
implications of environmental and endogenous aldehyde 
exposure. Am J Physiol Heart Circ Physiol 293:H3673–H3684.

Martenson CH, Sheetz MP, Graham DG. 1995. In vitro acrylamide 
exposure alters growth cone morphology. Toxicol Appl 
Pharmacol 131:119–129.

Martyniuk CJ, Fang B, Koomen JM, Gavin T, Barber  DS, 
LoPachin  RM. 2011. Molecular mechanism of glycer-
aldehyde-3-phosphate dehydrogenase inactivation by 
α,β-unsaturated carbonyl derivatives. Chem Res Toxicol 
24:2302–2311.

Miller MS, Spencer PS. 1985. The mechanisms of acrylamide 
axonopathy. Ann Rev Pharmacol Toxicol 25:643–666.

Mohr S, Stamler JS, Brune B. 1994. Mechanism of covalent modi
fication of glyceraldehyde-3-phosphate dehydrogenase at 
its active site thiol by nitric oxide, peroxynitrite and related 
nitrosating agents. FEBS Lett 348:223–227.

Morel P, Neely MD, Quinn JF, Beal FM, Markesbery WR, 
Robers LJ, et al. 2002. Effects of 4-hydroxynonenal, a lipid per-
oxidation product, on dopamine transport and Na+/K+ ATPase 
in rat striatal synaptosomes. Neurochem Int 33:531–540.

Moretto N, Facchinetti F, Southworth T, Civelli M, Signh D, 
Patacchini R. 2009. α,β-Unsaturated aldehydes in contained 
in cigarette smoke elicit IL-8 release in pulmonary cells 
through mitogen-activated protein kinases. Am J Physiol 
Lung Cell Mol Physiol 296:L839–L848.

Mucci LA, Dickman PW, Steinneck G, Adami HO, Augustsson K. 
2003. Dietary acrylamide and cancer of the large bowel, kid-
ney and bladder: absence of an association in a population-
based study in Sweden. Br J Cancer 88:84–89.

Nam DT, Arseneault M, Murthy V. Ramassamy C. 2010. Potential 
role of acrolein in neurodegeneration and in Alzheimer’s 
Disease. Curr Mol Pharmacol 3:66–78.

Nerland DE, Cai J, Benz FW. 2003. Selective covalent binding of 
acrylonitrile to Cys 186 in rat liver carbonic anhydrase III 
in vivo. Chem Res Toxicol 16:583–589.

O’Toole TE, Conklin DJ, Bhatnagar A. 2008. Environmental risk 
factors for heart disease. Rev Environ Health 23:167–202.

Parent RA, Caravello HE, Sharp DE. 1996. Metabolism and distri-
bution of [2,3-14C]acrolein in Sprague-Dawley rats. J Appl 
Toxicol 16:449–457.

Pearson RG. 1990. Hard and soft acids and bases—the evolution 
of a chemical concept. Coord Chem Rev 100:403–425.

Perez HL, Segerback D, Osterman-Golkar S. 1999. Adducts of 
acrylonitrile with hemoglobin in nonsmokers and in partici-
pants in a smoking cessation program. Chem Res Toxicol 
12:869–873.

Peters R, Poulter R, Warner J, et al. 2008. Smoking, dementia 
and cognitive decline in the elderly, a systematic review. 
BMC Geriatrics 8:36–42.

Pocernich CB, Cardin AL, Racine CL, Lauderback CM, 
Butterfield DA. 2001. Glutathione elevation and its protective 
role in acrolein-induced protein damage in synaptosomal 
membrane: relevance to brain lipid peroxidation in neuro
degenerative disease. Neurochem Int 39:141–149.

Rice JM. 2005. The carcinogenicity of acrylamide. Mutat Res 
580:3–20.

Rozman KK, Klaassen CD. 2001. Absorption, distribution and 
excretion of toxicants. In: Toxicology: The Basic Science of 
Poison (Klaaseen CD, ed). New York:McGraw-Hill, 119–124.

Rudkouskaya A, Sim V, Shah AA, Feustel PJ, Jourd’heuil D, 
Mongin AA. 2010. Long-lasting inhibition of presynaptic 
metabolism and neurotransmitter release by protein 
S-nitrosylation. Free Radic Biol Med 49:757–769.

Sadoh DR, Sharief MK, Howard RS. 1999. Occupational expo-
sure to methyl methacrylate monomer induces generalized 
neuropathy in dental technician. Brit Dental J 186:380–381.

Schultz TW, Carlson RE, Cronin MTD, Hermens JLM, Johnson R, 
O’Brien PJ, et al. 2006. A conceptual framework for pre-
dicting the toxicity of reactive chemicals: modeling soft 
electrophilicity. SAR QSAR Eviron Res 17:413–428.

Schultz TW, Netzeva TI, Roberts DW, Cronin MTD. 2005. Structure- 
toxicity relationships for the effects to Tetrahymena 
pyriformis of aliphatic, carbonyl-containing α,β-unsaturated 
chemicals. Chem Res Toxicol 18:330–341.

Schwobel JAH, Koleva YK, Enoch SJ, Bajot F, Hewitt M, 
Madden JC, et al. 2011. Measurement and estimation of 
electrophilic reactivity for predictive toxicology. Chem Rev 
111:2562–2596.

Selkoe DJ. 2002. Alzheimer’s disease is a synaptic failure. 
Science 298:789–791.

Seppalainen AM, Rajaniemi R. 1984. Local neurotoxicity of 
methyl methacrylate among dental technicians. Am J Ind 
Med 5:471–477.

Sickles DW, Stone D, Friedman MA. 2002. Fast axonal transport: a 
site of acrylamide neurotoxicity? Neurotoxicology 23:223–251.

Singh M, Nam ST, Arseneault M, Ramassamy C. 2010. Role of 
by-products of lipid oxidation in Alzhimer’s disease brain: a 
focus on acrolein. J Alzheimers Dis 21:741–756.

Smith CJ, Perfetti TA, Rumple MA, Rodgman A, Doolittle DJ. 
2000. “IARC group 2A carcinogens” reported in cigarette 
mainstream smoke. Food Chem Toxicol 38:371–383.

Smith EA, Oehme FW. 1991. Acrylamide and polyacrylamide: a 
review of production, use, environmental fate and neuro
toxicity. Rev Environ Health 9:215–228.

Spencer PS, Sabri MI, Schaumburg HH, Moore DL. 1979. Does 
a defect of energy metabolism in the nerve fiber underlie 
axonal degeneration in poly-neuropathies? Ann Neurol 
5:501–507.

Spencer PS, Schaumburg HH. 1974a. A review of acrylamide 
neurotoxicity. Part I. Properties, uses and human exposure. 
Can J Neurol Sci 1:151–169.

Spencer PS, Schaumburg HH. 1974b. A review of acrylamide 

neurotoxicity. Part II. Experimental animal neurotoxicity 
and pathologic mechanisms. Can J Neurol Sci 1:170–192.

Srivastava S, Sithu SD, Vladykovskaya E, Haberzetti P, Hoetker DJ, 
Siggiqui MA, et al. 2011. Oral exposure to acrolein exacer-
bates atherosclerosis in apoE-null mice. Atherosclerosis 
215:301–308.

Stevens JF, Maier CS. 2008. Acrolein: sources, metabolism and 
biomolecular interactions relevant to human health and 
disease. Mol Nutr Food Res 52:7–25.

Struve MF, Wong VA, Marshall MW. 2008. Nasal uptake of 
inhaled acrolein in rats. Inhal Toxicol 20:217–225.

Sultana R, Butterfield DA. 2010. Role of oxidative stress in the 
progression of Alzheimer’s disease. J Alzheimers Dis 
19:341–353.

Sun J, Xin C, Eu JP, Stamler JS, Meissner G. 2001. Cysteine-
3635 is responsible for skeletal muscle ryanodine receptor 
modulation by NO. Proc Natl Acad Sci USA 98:11158–11162.

Takahashi M, Shibutani M, Nakahigashi J, Sakaguchi N, Inoue K, 
Morikawa T, et al. 2009. Limited lactational transfer of acryl-
amide to rat offspring on maternal oral administration during 
the gestation and lactation periods. Arch Toxicol 83:785–793.

Thomas JA, Poland B, Honzatko R. 1995. Protein sulfhydryls and 
their role in the antioxidant function of protein S-thiolation. 
Arch Biochem Biophys 319:1–9.

Tilson HA. 1979. The neurotoxicity of acrylamide: an overview. 
Neurobehav Toxicol Teratol 3:445–461.

Tornqvist M. 2005. Acrylamide in food: the discovery and its 
implications. In: Chemistry and Safety of Acrylamide in Food 
(Friedman M, Mottram D, eds). New York:Springer Science 
and Business Media, 1–19.

Tucek M, Tenglerova J, Kollarova B. 2002. Effect of acrylate 
chemistry on human health. Int Arch Occup Environ Health 
75:S67–S72.

Tyl RW, Marr MC, Myers CB, Ross WP, Friedman MA. 2000. 
Relationship between acrylamide reproductive and neuro-
toxicity in male rats. Reprod Toxicol 14:147–157.

Uchida K. 2003. 4-Hydroxy-2-nonenal: a product and mediator of 
oxidative stress. Prog Lipid Res 42:318–343.

Wang GW, Guo Y, Vondriska TM, Zhang J, Zhang S, Tsai LL, et al. 
2008. Acrolein consumption exacerbates myocardial isch-
emic injury and blocks nitric oxide-induced PKCε signaling 
and cardioprotection. J Mol Cellular Cardiol 44:1016–1022.

Werley MS, Freelin SA, Wrenn SE, Gerstenberg B, Roemer E, 
Schramke H, et al. 2008. Smoke chemistry, in vitro and 
in vivo toxicology evaluations of the electrically heated 
cigarette smoking system series K. Reg Toxicol Pharmacol 
52:122–139.

Woodruff TJ, Wells EM, Holt EW, Burgin DE, Axelrad DA. 2007. 
Estimating risk from ambient concentrations of acrolein 
across the United States. Environ Health Perspect 
115:410–415.

Winterbourn CC, Hampton MB. 2008. Thiol chemistry and specifi
city in redox signaling. Free Radic Biol Med 45:549–561.

Zarkovic K. 2003. 4-Hydroxynonenal and neurodegenerative 
diseases. Mol Aspects Med 24:293–303.

Zhang L, Gavin T, Barber D, LoPachin RM. 2011. Role of the 
Nrf2-ARE pathway in acrylamide neurotoxicity. Toxicol 
Lett 205:1–7.


