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A B S T R A C T   

Humans have widespread exposure to both oxidants, and soft electrophilic compounds such as alpha,beta- 
unsaturated aldehydes and quinones. Electrophilic motifs are commonly found in a drugs, industrial chem-
icals, pollutants and are also generated via oxidant-mediated degradation of biomolecules including lipids (e.g. 
formation of 4-hydroxynonenal, 4-hydroxyhexenal, prostaglandin J2). All of these classes of compounds react 
efficiently with Cys residues, and the particularly the thiolate anion, with this resulting in Cys modification via 
either oxidation or adduct formation. This can result in deleterious or beneficial effects, that are either reversible 
(e.g. in cell signalling) or irreversible (damaging). For example, acrolein is a well-established toxin, whereas 
dimethylfumarate is used in the treatment of multiple sclerosis and psoriasis. This short review discusses the 
targets of alpha,beta-unsaturated aldehydes, and particularly two prototypic cases, acrolein and dimethylfu-
marate, and the factors that control the selectivity and kinetics of reaction of these species. Comparison is made 
between the reactivity of oxidants versus soft electrophiles. These rate constants indicate that electrophiles can 
be significant thiol modifying agents in some situations, as they have rate constants similar to or greater than 
species such as H2O2, can be present at higher concentrations, and are less efficiently removed by protective 
systems when compared to H2O2. They may also induce similar or higher levels of modification than highly 
reactive oxidants, due to the very low concentrations of oxidants formed in most in vivo situations.   

1. Introduction 

Humans are exposed to a wide variety of oxidants and soft electro-
philes from both normal metabolic reactions and as a result of exposure 
to multiple agents, both natural and synthetic, present in our environ-
ment (the ‘exposome’) [1]. Human exposure to oxidants has been widely 
documented and reviewed and it is clear that despite a plethora of de-
fense mechanisms within cells and organs, there can be an accumulation 
of oxidative damage within biological systems with increasing age (i.e. 
the totality of exposure over the human lifespan), and also at an accel-
erated rate in some diseases. This accumulation may be causal in some 
pathologies, but in other cases merely a consequence of other biological 
mechanisms. The oxidant ‘exposome’ encompasses both radicals (reac-
tive intermediates with an unpaired electron such as the superoxide 
radical anion, O2

.-, the hydroxyl radical, HO., and others) and 
two-electron oxidants, with the latter including peroxides (e.g. H2O2, 
lipid- and protein-hydroperoxides), ozone (O3), singlet oxygen (1O2, an 

excited state species of molecular oxygen, O2), peroxynitrous acid/-
peroxynitrite (ONOOH/ONOO− ) and hypohalous/pseudohypohalous 
acids (HOX, where X = Cl, Br, I, SCN). 

Soft electrophiles are electron-deficient compounds (e.g. quinones, 
unsaturated carbonyl-conjugated compounds) that show considerable 
reactivity with electron-rich nucleophiles, such as amine (RNH2), gua-
nidine and imidazole substituents, and particularly thiols and thioloates 
(RSH, RS− ). The molecular actions of these species are diverse and range 
from being highly toxic and carcinogenic to front line therapeutic drugs. 
Thus, a number of aromatic compounds, such as benzene, and industrial 
compounds including polychlorinated phenols, are metabolized to qui-
nones (e.g. 1,4-benzoquinone) which act as soft electrophiles and car-
cinogens due to the formation of adduct species with biological targets 
[2]. 

Metabolism or oxidation of aliphatic compounds can also generate 
soft electrophiles, such as alpha,beta-unsaturated carbonyl compounds, 
that show marked adverse biological effects. The prototypic member of 

Abbreviations: DMFU, dimethylfumarate; 4HNE, 4-hydroxynonenal; MMFU, monomethylfumarate; SQ.-, semiquinone radical anion; NAC, N-acetylcysteine; BSA, 
bovine serum albumin; HSA, human serum albumin. 
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this class of compounds is acrolein (for structures, see Fig. 1) which is an 
important synthetic intermediate in the production of acrylic acid, but 
which is also formed during many combustion and high temperature 
processes (e.g. from cigarettes, diesel fuel, and in heated cooking oils). 
Electrophilic species, are also formed during the peroxidation of lipids in 
biological systems, with chain reactions giving rise to a family of alpha, 
beta-unsaturated carbonyl compounds with these including 4-hydroxy-
nonenal (4HNE), and 4-hydroxyhexenal (Fig. 1) [3]. 4HNE has been 
proposed as an important signaling agent in biological systems, down-
stream of lipid peroxidation events. Controlled lipid oxidation via the 
lipoxygenase/cyclooxygenase family of enzymes gives rise to more 
complex alpha,beta-unsaturated carbonyl compounds based around the 
cyclopentenone structure, with these including important prostaglan-
dins (e.g. prostaglandin J2) that act as signaling molecules via interac-
tion with specific (receptor) proteins such as peroxisome 
proliferator-activated receptor gamma (PPARγ) and nuclear 
factor-erythroid factor 2-related factor 2 (NRF2, also known as NFE2L2). 
From these data, it is clear that the formation of oxidants and soft 
electrophiles – and particularly alpha,beta-unsaturated carbonyl com-
pounds – are interlinked, and therefore conditions that give rise to 
‘oxidative stress’ are also highly likely to involve electrophile-mediated 
modifications. 

The converse is also true, as exposure to (for example) quinones (e.g. 
1,4-benzoquinone; Fig. 1) can give rise to direct electrophile-mediated 
damage via adduction of quinones to thiols, and also radical-mediated 
damage. The latter arises as a result of enzyme-mediated one-electron 
reduction of quinones to semiquinone radical anions (SQ.-). The latter 
can also arise from non-enzymatic comproportionation reactions of 
mixtures of quinones and the corresponding 2-electron reduced diol 
(dihydroxy) species, which results in the formation of two SQ.-. The SQ.- 

formed via either process typically undergo rapid electron transfer re-
actions with O2 (i.e. auto-oxidation) resulting in regeneration of the 
quinone and O2

.- (and hence H2O2 as a result of dismutation). Poly-
phenols and many other catechol species also undergo ready oxidation 
to SQ.- and therefore similar chemistry. 

Acrolein is the smallest and most reactive alpha,beta-unsaturated 
carbonyl compound. Exposure to this toxic chemical is widespread 
since acrolein is endogenously produced during lipid peroxidation [4] 
and spermine metabolism [5]. Acrolein is also a combustion product of 

organic materials and therefore present in oils heated to high tempera-
tures, cigarette smoke and automobile exhausts [6]. Its biological effects 
have been associated with inflammatory diseases including atheroscle-
rosis [7], Alzheimer’s [8,9], Parkinson’s diseases [10,11] amongst 
others. Acrolein also has a major impact especially in the brain, and 
prevention of acrolein-induced toxicity is a major therapeutic goal [12]. 

In contrast to the ‘toxic’ effects of some quinones and alpha,beta- 
unsaturated carbonyls, dimethyl fumarate (DMFU; Fig. 1), and a num-
ber of other alpha,beta-unsaturated carbonyl compounds are used 
therapeutically. DMFU was first employed as a drug in 1959 [13], and is 
currently used as a front-line drug against psoriasis (marketed in com-
bination with other fumaric acid esters as Fumaderm [14]) and multiple 
sclerosis (marketed as Tecfidera®, and originally known as BG-12 [15]) 
in which it has been proposed to act via multiple possible mechanisms, 
including as an anti-inflammatory agent [14,16]. The anti-inflammatory 
properties of DMFU have sparked interest in the use of this drug in other 
diseases linked with chronic inflammation. Thus DMFU has been tested, 
with positive effects, in animal models of atherosclerosis [17], Parkin-
son’s disease [18,19], pancreatitis [20] and others [21]. DMFU un-
dergoes ready hydrolysis (e.g. under the acidic conditions of the 
stomach) to give the corresponding mono-methylated species, MMFU 
(Fig. 1), which is a major metabolite. MMFU is marketed as Bafiertam®, 
a stomach-friendly alternative to DMFU for multiple sclerosis treatment. 
There is evidence to suggest that at least some of the effects of DMFU are 
due to reactions of MMFU [22,23], though this is far from being fully 
resolved, as MMFU is less reactive, and more selective than DMFU [22]. 
The related alpha,beta-unsaturated carbonyl compounds species, itac-
onate (Fig. 1), is formed from decarboxylation of the TCA cycle inter-
mediate cis-aconitate within the matrix of mitochondria, such as in 
macrophage-lineage cells, where it exerts immunomodulatory actions 
[24]. There is considerable interest in this compound as a therapeutic 
drug that modifies at least some of the same target species as DMFU, 
including Keap1 and hence the anti-inflammatory NRF2 system [24,25]. 

Whilst reactive radicals, such as HO., modify a large number of 
different biological species, due to its indiscriminate and very high 
reactivity, other less reactive radicals show greater selectivity in their 
targets. There is considerable evidence indicating that sulfur-containing 
species, and particularly thiols (RSH), thioethers (RSR′) and, to a lesser 
extent disulfides (RSSR’), are both kinetically important targets (i.e. the 

Fig. 1. Structures of selected alpha,beta-unsaturated aldehydes and related species.  
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rate constant for reaction with the radical is high), and also abundant 
species (cf. data for glutathione, GSH, concentrations within cells of 
2–10 mM [26], and intracellular protein thiol concentrations of 10–40 
mM (and even higher in mitochondria where levels of 60–90 mM have 
been reported [27,28]). Thus, the rate of reaction of the oxidant with 
these species (the product of the rate constant and the concentrations of 
both the target and oxidant) will be high. For two-electron oxidants a 
similar situation holds, with species such as H2O2, other peroxides, 
ONOOH/ONOO− and HOX (X = Cl, Br, I, SCN) species all having 
moderate high rate constants for reaction with sulfur-containing targets, 
and for these being preferred, in most cases, over other sites. 

Soft electrophiles such as alpha,beta-unsaturated carbonyls and 
quinones also show high reactivity with thiols, and their corresponding 
thiolate anions (RS− ). These reactions occur via Michael addition re-
actions, with the nucleophile adding to the double bond at the end 
remote from the carbonyl groups (Fig. 2a and b). Addition can also occur 
via direct addition to the carbonyl group when this is an aldehyde (Schiff 
base reaction; Fig. 2c), though these reactions are slow (cf. data in 
Ref. [29] for reaction of methylglyoxal, a highly reactive dialdehyde, 
with BSA, where the observed rate constant, kobs, is ~7.2 × 10− 3 M− 1 

s− 1). Alpha,beta-unsaturated carbonyls also react, though with lower 
rate constants, with nitrogen-containing nucleophiles, with these 
including sites on free amino acids, peptides and proteins (particularly 
the neutral amine form of the Lys side-chain and the N-terminus, the 
guanidine group of Arg, and the imidazole group of His), the amine 
groups of DNA and RNA bases (both the endocylic nitrogen atoms and 
amine substituents of guanine, adenine and cytosine), and amine groups 
on the head groups of phospholipids (e.g. phosphatidyl serine and 
phosphatidyl ethanolamine). In contrast, quinones and alpha, 
beta-unsaturated carbonyls react much less readily with thioethers 
and disulfides. Thus both oxidants (radicals and two-electron species) 
and soft electrophiles target thiols and there is considerable interest in 
the relative roles of these different species in both signaling processes 
that predominantly occur with low levels of these species (often termed 
‘eustress’, ‘good stress’), and the damage (‘distress’ or ‘oxidative stress’) 
resulting from exposure to high levels of these species [30,31]. The 

crossover from positive to negative effects is clearly dependent on a wide 
range of factors, and whilst some of these have been elucidated, a lot 
remains to be determined with regard to predicting the effects of 
particular species, their concentration profiles and their specific targets 
[30]. Furthermore, as oxidant generation and reactions are intimately 
linked with electrophile formation and subsequent reactions, the rela-
tive role of these different species is an open question, and particularly 
with regard to thiol modification, as they all target these species. 

The following sections in this short review outline recent data on the 
biological targets of DMFU and acrolein, as well as limited discussion of 
other alpha,beta-unsaturated carbonyl compounds, the targets of these 
species and the factors that are proposed to control such reactions. This 
information is compared and contrasted (in a non-exhaustive manner) 
with some of the data available for one- and two-electron oxidants that 
also modify Cys residues, to put the modifications induced by alpha, 
beta-unsaturated carbonyls in a wider context. We propose that such 
comparisons, and particularly kinetic data, are a powerful method to 
distinguish reactions that are observable but unimportant, from those 
that important and drivers of toxicity (such as with acrolein) or the 
capacity to reduce inflammation (e.g. DMFU). 

2. Molecular targets of DMFU 

The molecular mechanism of action of DMFU has been proposed to 
arise from its ability to form adducts with soft nucleophiles on proteins 
such as the thiol group of cysteine (Cys) residues, though reaction at His, 
Lys and the N-terminus of proteins and peptides is possible. At biological 
pH values, Cys residues are typically present as an acid-base equilibrium 
mixture of the neutral thiol (RSH) and the ionized thiolate (RS− ). The 
pKa for the thiol group in proteins can vary markedly from that for free 
Cys (pKa 8.6 [32]) and GSH (pKa 9.2 [33]), and also between different 
proteins, with values as low 2.9 reported for catalytic Cys residues in 
some enzymes [34,35]. These alterations in pKa arise from the presence 
of specific peptide sequences, and three-dimensional structures, that 
enhance the ionization of the thiol (e.g. via suitably placed proton ac-
ceptors) and stabilize the thiolate form (e.g. via electronic interactions). 

Fig. 2. Mechanisms of: a) the Michael reactions of acrolein, and b) 1,4-benzoquinone with the thiolate form of a Cys residue on a protein. c) Schiff base reaction of a 
primary amine group (often the epsilon-amino group of Lys) with an aldehyde group. 
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The thiolate form is a better nucleophile and hence considerably most 
reactive. Consequently, it might be expected that DMFU would pre-
dominantly target proteins with low pKa Cys residues [36–38]. Whilst 
some data support this hypothesis, it is clear that this is not the sole 
factor, and others may be more important. Thus while DMFU has been 
shown to react with a wide variety of different Cys residues, and 
particularly those present on proteins, it is likely that only some of these 
species will be responsible for the observed biological effects of DMFU. 
Identifying the biological relevant reactions of DMFU, over less impor-
tant bystander reactions is likely to close the knowledge gap around its 
beneficial effects. 

A number of approaches have been used to identify DMFU targets, 
including examination of the activity of Cys-dependent enzymes, where 
DMFU adduction would be expected to perturb activity [39] and liquid 
chromatography-mass spectrometry (LC-MS proteomics). Whilst the 
former can be highly informative and yield data on the time course and 
dose-dependence of DMFU-mediated effects, the approach is inherently 
biased as the target enzyme has to be chosen before the study 
commences. 

In contrast, LC-MS can be used in an unbiased, or less-biased, manner 
and can identify large numbers of targets in single experiments [40]. 
However, this approach also has limitations as it is biased towards more 
abundant species, those that are readily digested (e.g. by trypsin to 
peptides), and peptides that are efficiently ionized in the MS experiment. 
Thus modifications on low abundance species, which may be critical in 
determining a biological action, may be lost in the background ‘noise’. 
Experiments can be conducted to both detect modified species, or to 
examine loss of parent peptides. The former requires some knowledge 
(or educated guesses) as to the species formed, which can introduce bias 
and potentially result in important products being missed, whereas the 
latter is inherently less sensitive approach as high levels of modification 
are required for detection. Furthermore, the mechanism behind the loss 
of a peptide can be unclear (either whether it is due to adduct formation 
or other processes such as oxidation). The detection of products is a 
more sensitive approach, as the background should be zero, but is 
dependent on the adduct species being a stable entity under the condi-
tions used for protein extraction (from the cells/tissues/animals 
employed), digestion to peptides, and under LC-MS analysis conditions. 
These assumptions are rarely fully tested, and it is clear that some ad-
ducts of soft electrophiles with Cys residues are unstable, with reversal 
detected in the presence of high concentrations of other good nucleo-
philes. Thus, Cys adducts to quinones can be reversed by concentrations 

of glutathione (GSH) present in cell lysates (i.e. mM), and also by other 
reductants [41,42]. This can be a significant problem, as dithiothreitol 
(DTT) is used in many LC-MS protocols to effect the reduction of di-
sulfide bonds (with subsequent alkylation) to aid proteolysis to free 
peptides, but may also remove adduct species. A further poorly-explored 
factor is potential intra- or inter-molecular transfer of the added species 
from one Cys to another (adduct scrambling). This is known to occur 
between quinone-adducted proteins and GSH, and it also likely to occur 
between proteins [41,42]. 

A large number of DMFU targets have been identified (Table 1). 
However, differentiation between these targets to determine which is/ 
are responsible for the observed biological effects is complex, and 
quantification of the extents of modification are often not reported. This 
is of major importance, as it is likely that only a target that reacts rapidly 
with DMFU and to a high extent (i.e. a high percentage conversion to 
product), will have biological consequences, unless the target is part of a 
finely-balanced signaling pathway (see, e.g., the work of Kolch [43]). 

One approach to identify key alpha,beta-unsaturated carbonyl tar-
gets focuses on the experimental modulation of Cys-dependent proteins 
whose changed activity might explain the observed biological effects 
[44,45]. This has led to the identification, in addition to the key thiol 
peptide GSH [46,47], of GAPDH [48], p65 [49] and Keap1 [50] as po-
tential targets of interest with regard to the effects of DMFU. However, 
the biological relevance of most of these targets is not yet fully accepted, 
and this may be cell or situation dependent. Only Keap1 is widely 
accepted as a key component of the DMFU-sensitive proteome, with this 
being, at least partly, responsible for the in vivo actions of DMFU [19, 
50–58]. 

The Keap1-NRF2 system is a central sensor of cellular stress with this 
system known to be affected both by oxidants and electrophiles, though 
probably via different ‘sensor’ Cys residues on the Keap1 protein 
[59–62]. Keap1 can bind to NRF2 and mark it for proteasomal degra-
dation, inhibiting its anti-oxidative and anti-inflammatory function 
[63–67]. DMFU can however bind to Keap1, with this proposed to 
modulate NRF2 binding [68]. Newly synthesized NRF2 can therefore 
relocate to the nucleus and initiate a stress-response. The sensor function 
of Keap1 is reported to involve multiple Cys residues, with Cys151 
appearing to be central to DMFU sensing. The presence of basic amino 
acid residues in close proximity to this residue is believed to lower the 
pKa value of the Cys151 residue and therefore enhance its reactivity [52, 
53,69]. This effect would however also be expected to enhance reac-
tivity with oxidants, so the basis of the apparent discrimination for 

Table 1 
Kinetic data and mechanistic consequences for reaction of DMFU with selected amino acid, peptide and protein targets.  

Target Method of detection Rate constant, k 
[M− 1s− 1] 

Result of modification Experimental system References 

BSA HPLC ~0.45 – Purified protein, multiple DMFU concentrations [78] 
Cofilin MS – ~29% decrease in actin severing 

activity 
Primary rat astrocytes, 
500 μM DMFU 

[40,96] 

Creatine 
kinase B 

HPLC ~0.52 – Purified protein, multiple DMFU concentrations [78] 

GAPDH MS ~2.19 GAPDH inhibition Spleen lysates from mice treated with 100 mg DMFU/ 
kg daily for 5 days 

[48,78] 

GSH MS ~0.79, 
~0.32 

Detection of GSH-adducts Rats treated with 20 mg/kg DMFU solution directly 
injected into the small intestine 

[46,78, 
97] 

IRAK4 MS with isoTop-ABPP – Interaction inhibition between IRAK4 
and MyD88 

Cal-1 cells exposed to 50 μM DMFU for 4 h [77] 

Keap1 MS ~22.8 NRF2 stabilization KEAP1 transfected HEK 293FT cells treated with 21 μM 
DMFU 

[52,78] 

NAC HPLC ~0.52 – Purified compound, multiple DMFU concentrations [78] 
p65 Mutation controlled 

WB and IF 
– Inhibition of p65 DNA binding and 

transcriptional activity 
Breast cancer cell lines MCF-7, T47D, BT474 treated 
with 20 μM DMFU for 4 h 

[49] 

Papain MS ~2.13 – Purified protein, multiple DMFU concentrations [78] 
PKC0 isoTop-ABPP – Inhibition of interactions between PKC0 

and CD28 
Primary human T cells treated with 50 μM DMFU for 4 
h 

[73] 

Tubulin alpha 
1A 

MS – Lysosomal trafficking was not 
significantly altered 

N1E-115 neuronal cells treated with 50 μM DMFU for 
24 h 

[40]  
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electrophiles over oxidants at this site remains to be fully determined. 
Mutation of this residue to a Ser (i.e. Keap1 C151S mutant) has been 
reported to inhibit Nrf2 activity in a manner independent of the cellular 
redox state [70,71]. However, comparison of WT and NRF2 knockout 
mice in a model of multiple sclerosis has shown that DMFU protects both 
groups of mice equally well from the development of acute inflamma-
tory experimental autoimmune encephalomyelitis [72] suggesting that 
the Keap1/NRF2 system may not be the critical mediator of DMFU ac-
tions in this system. In contrast, other studies using NRF2-knockout mice 
in a myelin oligodendrocyte glycoprotein (MOG)- experimental auto-
immune encephalomyelitis model showed a clear Nrf2 dependence for 
DMFU treatment [15]. These discrepancies may be due to the different 
diseases examined, which are likely to be have multiple contributing 
pathways, and/or the different experimental approaches used to inter-
rogate them. 

The sensitivity of LC-MS methods has allowed the identification of a 
large number of DMFU targets in specific systems. Whilst this high 
sensitivity is a major advantage, this has resulted in a much larger pool 
of potential culprit proteins, and has exacerbated the problem of 
determining the key targets; this is likely to be further exacerbated as the 
sensitivity of spectrometers continues to be enhanced. MS investigations 
of neuronal cell types have identified, among others, cofilin-1 and 
tubulin as DMFU targets [40]. Follow up functional studies showed that 
DMFU inhibits cofilin-1-mediated actin cleavage. However, 
DMFU-modified tubulin appears to function normally with regard to 
lysosomal axon mobility [40], indicating that not every DMFU modifi-
cation has biological consequences. Another MS study of primary human 
T-cells has revealed, among others, PKCө as a target [73]. Comparison of 
the data from these two MS-based studies indicates only modest overlap 
in the identified targets, suggesting that different cell types may contain 
specific target species. Alternatively, these differences may arise from 
the different experimental protocols employed. Comparison between 
MS-based and other experimental approaches, has provided a small 
number of common targets, with one of these being the key metabolic 
enzyme, glyceraldehyde-3-phosphate dehydrogenase (GAPDH) [48,74], 
though whether this is the most important target is questionable. 
However, both the MS- and targeted approaches have provided limited 
quantitative data on the rates and overall extents of modification, and 
how these compare to oxidant-mediated damage – where GAPDH is a 
major target both in cell signaling events and also in cell damage [30,75, 
76]. 

The development of the MS-based isoTOP-ABPP (isotopic tandem 
orthogonal proteolysis–activity-based protein profiling) method [73,77] 
and its use at different exposure time points (e.g. after 1 and 4 h of 
exposure), has allowed identification of ~170 DMFU-sensitive protein 
Cys residues [77]. Comparison of the data from the two different time 
points indicates that the Cys13 of Irak4 may be a kinetically favored 
target. This modification is proposed to inhibit interactions between 
Irak4 and MyD88, thereby reducing the production of pro-inflammatory 
TNFα [77]. 

3. Molecular targets of acrolein 

The reactivity of acrolein towards soft nucleophiles has been re-
ported to be 100–300 fold greater than for DMFU [39,78] though it has a 
similar selectivity in terms of its principal targets, with these again being 
soft nucleophiles (i.e. Cys, His, Lys) and with Cys residues being the most 
reactive target. Within the complete ‘thiolome’, Cys residues that are 
predominantly present as the thiolate (RS− ) are kinetically-favored 
targets, and this selectivity has been proposed to mediate much of the 
toxicity of acrolein [79]. However, this targeting of Cys, and 
Cys-containing proteins, is not as selective as is the case with DMFU, and 
proteins that lack Cys residues, such as alpha-synuclein have also been 
proposed as major targets [10,80,81]. Whether such reactions are 
quantitatively important is less clear, as the focus on no-Cys proteins 
appears to have been driven, at least in part, by the availability and 

sensitivity of the methods used to examine these reactions. 
Early research on the reactions of acrolein resulted in the develop-

ment of sensitive antibodies capable to detect acrolein-modified pro-
teins. Thus, Uchida et al. raised an antibody against an acrolein-Lys 
adduct (FDP-lysine; Nε-(3-formyl-3,4-dehydropiperidino)lysine) [4], 
and this antibody has been employed to identify acrolein-modified 
proteins present in injured spinal cords and in cardiovascular (athero-
sclerotic) lesions [4,82]. This same approach has been used to detect 
adducts on alpha-synuclein in vitro, and in the substantia nigra of in-
dividuals suffering from Parkinson disease [81]. These modifications on 
the isolated protein promoted alpha synuclein crosslinking a hallmark of 
Parkinson disease progression [10]. Immunoblot analysis of the rat 
striatum following acrolein injection revealed that this compound 
modifies large numbers of proteins, with broad smears detected on the 
blots, together with more distinct bands [10]. 

In contrast to the high sensitivity of these antibodies against acrolein- 
modified Lys residues, detection of corresponding Cys adducts has 
proved more difficult as some acrolein-Cys adducts are unstable under 
the conditions used in LC-MS analyses, where ions with m/z +38 rather 
than +56 are detected [83]. Thus, MS analysis of acrolein-exposed thi-
oredoxin showed that it is modified at Cys-73, but this gave rise to ions 
with m/z +38 rather than the expected +56. This has been shown to 
occur as a result of the acrolein-modified Cys group reacting with the 
N-terminal amino group of the tryptic peptide, with subsequent loss of 
water (i.e. a mass change of − 18). The resulting cyclic species is of 
greater stability and more readily detected [84]. MS analysis of lyso-
zyme and HSA showed that both can be modified by acrolein in vitro. 
Lysozyme was observed to be modified at Cys residues, despite con-
taining no free Cys residues (only disulfides) in its native structure; the 
detection of these adducts has been ascribed to a reduction of the native 
disulfides during sample treatment and subsequent reaction with acro-
lein. With HSA modification was detected as the sole free Cys residues 
(Cys-34) and not at disulfide sites, though multiple other modifications 
were also detected at His and Lys residues. This is unsurprising, given 
the very high concentrations of acrolein employed (up to 14 mM) [85]. 
This instability of some acrolein-Cys adducts, may result in an 
under-estimation of the extent and quantitative importance of Cys 
adduction [84]. The reported ability of N-acetyl-cysteine (NAC) and 
GSH to rescue targets from acrolein-induced damage in vitro and in vivo, 
is certainly consistent with reaction of acrolein with these species being 
important, and a kinetically-important pathway of removal/detox-
ification [86]. Thus the antibody detection methods may over-estimate 
the importance of adduction at Lys, and the technical issues with LC-MS 
may underestimate the importance of Cys adduction. 

Recent kinetic data on acrolein reactions [78] clearly indicate that 
reaction with Cys residues is rapid, and that the rate constants for re-
action with different thiols correlates strongly with the thiol pKa (r2 =

0.92, i.e. is strongly dependent on the concentration of the thiolate 
species [78]). Furthermore, this thiol pKa dependence is much greater 
for acrolein than for DMFU (where the r2 value for the correlation be-
tween thiol pKa and rate constant is 0.47 [78]), with the reactivity of the 
latter reported to also be determined by other factors such as steric bulk, 
and for DMFU the presence of unfavorable (repulsive) electronic in-
teractions between the attacking nucleophile and the two electron-rich 
ester groups [78]. Such interactions are less likely to be of importance 
for the small and uncharged acrolein. Thus, the toxicity of acrolein may 
be due to rapid and unspecific depletion or modification of cellular GSH 
and other key protein thiols [39]. Acrolein adduction has been reported 
to results in significant enzyme inhibition, including of DNA methyl 
transferase. [86,87], glutathione reductase [88,89], pyruvate dehydro-
genase, α-ketoglutarate dehydrogenase [90], protein 
disulfide-isomerase [91], protein tyrosine phosphatase-1B [92] and 
thioredoxin [93]. This broad pattern of enzyme inhibition by acrolein 
suggests that this compound may, in some circumstances, induce cyto-
toxicity via mechanisms other than GSH depletion [94]. This broad 
reactivity of acrolein may prevent a generalized identification of the 
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“main” target(s) of this species. In contrast, DMFU may have beneficial 
effects via acting less rapidly and in a much more discriminate manner 
on a much smaller number of specific targets. 

4. Kinetic data for of alpha,beta-unsaturated carbonyl reactions 
with Cys residues 

A summary of kinetic data for reaction of DMFU with thiol/thioloate 
groups present on amino acids, peptides and a range of proteins is pre-
sented in Table 1. The rate constants for reaction with BSA (~0.45 M− 1 

s− 1) and creatine kinase B (~0.52 M− 1 s− 1) are similar to that for NAC 
(~0.52 M− 1 s− 1), with the rate constant for GSH being marginally higher 
(~0.79 M− 1 s− 1). In contrast, some proteins with low pKa thiols have 
higher rate constants (e.g. papain, ~2.1 M− 1 s− 1; GAPDH ~2.2 M− 1s− 1) 
but these are markedly lower than for Keap1 (~22.8 M− 1 s− 1) [78]. The 
high rate constant for reaction of DMFU with Keap1, supports the 
contention that this is a significant target for DMFU. Mutation of the 
Cys151 residues to Ser decreased the rate constant by a factor of 6.5, 
supporting a role for this residue on Keap1 in DMFU sensing [78]. 
However, the modest difference between the rate constants for GSH and 
Keap1, when combined with the cellular concentrations of these two 
materials (with the concentration of GSH being orders of magnitude 
greater), suggests that reaction with GSH will predominate over reaction 
with Keap1. However it needs to be noted that these kinetic data are for 

reactions in homogenous dilute solutions and the situation inside a cell 
will deviate from this. In this respect it is worth noting that molecular 
crowding and microdomains have been shown to modulate the rate, 
mechanisms and extent of oxidation reactions [95], and a similar situ-
ation may occur for the reactions of alpha,beta-unsaturated carbonyls, 
including DMFU. It should also be noted that although absolute con-
centrations of DMFU are reported in Table 1 (and also for acrolein in 
Table 2), it is the molar ratio of alpha,beta-unsaturated aldehyde to the 
target protein(s) that is of critical importance in determining the con-
sequences of the reactions. However these are not always easy to 
determine especially for complex systems. 

Related kinetic data for acrolein are compiled in Table 2. Compari-
son of these datasets shows that acrolein typically reacts with markedly 
higher rate constants than DMFU (c.f. k values for reaction with NAC of 
65 M− 1 s− 1 for acrolein, compared to 0.52 M− 1 s− 1 for DMFU, i.e. ca. 
100-fold faster). A similar effect is seen for GSH (186 and 0.79 M− 1 s− 1 

for acrolein and DMFU, respectively [78]). As with DMFU, these values 
are markedly influenced by the reaction pH (and temperature, as ex-
pected), with the thiolate being the more reactive nucleophile. Similar to 
DMFU, some proteins react with acrolein with rate constants of a similar 
magnitude to NAC and GSH, with protein tyrosine phosphatase 1B 
(PTP1B) reported to react with k 87 M− 1 s− 1 [92], however other pro-
teins have somewhat higher k values (e.g. BSA, 279 M− 1 s− 1, GAPDH 
499 M− 1 s− 1, CK 764 M− 1 s− 1 and papain 741 M− 1 s− 1; at pH 7.4 and 

Table 2 
Kinetic data and mechanistic consequences for reaction of acrolein with selected amino acid, peptide and protein targets.  

Target Method of 
detection 

Rate constant, k 
[M− 1 s− 1] 

Result of modification Experimental system References 

α-Synuclein MS – His-50 and Lys-60 as major targets, other Lys also 
modified 

Purified protein; 37 ◦C; pH 7.4; 1.5–21 h; 20 μM 
protein; 200 μM acrolein 

[80] 

BSA HPLC ~279 Competitive kinetics Purified protein; 25 ◦C; pH 7.4; 30 min; 500 μM 
competitor (GSH or NAC); 0–120 μM protein; 100 
μM acrolein 

[78] 

Creatine kinase HPLC ~764 Competitive kinetics Purified enzyme; 25 ◦C; pH 7.4; 30 min; 500 μM 
competitor (GSH or NAC); 0–120 μM protein; 100 
μM acrolein 

[78] 

Pyruvate kinase MS – Enzyme inhibition and Acrolein adducts on 
Cys152 and Cys358 

Purified enzyme at 2.5 mg mL− 1; 37 ◦C; pH 7.4; 
10 min–4 h; reacted with 2 μM–5 mM Acrolein. 

[98] 

MCF-7 cells were treated with 2–200 μM of 
acrolein for 2–24 h at 37 ◦C with 5% CO2. 

DNA methyl 
transferase 

Enzyme 
activity 

– Enzyme inhibition Purified protein; 37 ◦C; pH 7.4; 60 min; 100 μg 
protein; 0–80 μM acrolein 

[86] 

GAPDH HPLC ~499 Competitive kinetics Purified enzyme; 25 ◦C; pH 7.4; 30 min; 500 μM 
competitor (GSH or NAC); 0–120 μM protein; 100 
μM acrolein 

[78] 

Gluthathione 
reductase 

Enzyme 
activity 

– Enzyme inhibition Purified protein; 37 ◦C; pH 7; 0–120 min; 0.1 μM 
protein; 10 μM acrolein 

[88] 

GSH HPLC ~186 Loss of acrolein Pure GSH; 25 ◦C; pH 7.4; 0–2 min; 
500 μM GSH; 150–200 μM acrolein 

[78] 

HSA MS – Acrolein adducts at: Cys 34, His67, Lys137, 
His146, Lys262, Lys276, His288, His338, Lys414, 
Lys525 and Lys574 

Purified enzyme; Room temperature; 2 h; 1 mg 
mL− 1 protein; 4–14 mM acrolein 

[85] 

Lysozyme MS – Acrolein adducts at: Cys6, Cys30, Cys64, Cys76, 
Cys80, Lys96, Cys155 and Lys116 

Purified and reduced enzyme; room temperature; 
2 h; 1 mg mL− 1 protein; 4–14 mM acrolein 

[85] 

NAC HPLC ~65 Loss of acrolein Pure NAC; 25 ◦C; pH 7.4; 0–2 min; 
500 μM NAC; 150–200 μM acrolein 

[78] 

Papain HPLC ~741 Competitive kinetics Purified enzyme; 25 ◦C; pH 7.4; 30min; 500 μM 
competitor (GSH or NAC); 0–120 μM protein; 100 
μM acrolein 

[78] 

Protein disulfide- 
isomerase 

Enzyme 
activity 

– Enzyme inhibition Purified enzyme; 37 ◦C; pH 7.4; 16 h; 0.2 mM; 
10–100 μM acrolein 

[91] 

Pyruvate 
dehydrogenase 

Enzyme 
activity 

– Enzyme inhibition Purified enzyme; room temperature; pH 7.25; 2 
min; 16 mUnits protein; 10 nM acrolein 

[90] 

Thioredoxin Enzyme 
activity 

– Enzyme inhibition via Cys adduction A549 cells; 37 ◦C; pH 7.5; 30 min; 30–75 μg 
protein from cell lysis; 5–25 μM acrolein 

[93] 

Thioredoxin MS – Cys-73 modification Purified protein; room temperature; 1 h; 100 μM 
protein; 100 μM acrolein 

[83] 

Tyrosine 
phosphatase 1B 

Enzyme 
activity + MS 

~87 Enzyme inhibition via active site Cys215 
modification 

Purified enzyme; 30 ◦C; pH 7.4; 1–10min; 4 μM 
protein; 20–60 μM acrolein 

[92] 

α-Keto-glutarate 
dehydrogenase 

Enzyme 
activity 

– Enzyme inhibition Purified enzyme; room temperature; pH 7.25; 2 
min; 16 mUnits protein; 10 nM acrolein 

[90]  
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25 ◦C [78]), though again the difference in the magnitude of these 
values, over that for GSH, is very modest (as with DMFU), and therefore 
GSH is again likely to be a major target due to its higher concentration. 

5. Comparison of the kinetics of oxidant-versus electrophile- 
mediated Cys modification 

There is now a considerable body of kinetic data available for the 
reaction of different modifying agents with Cys residues present on free 
amino acids, peptides and proteins, and therefore it is of value to 
compare these. Table 3 presents such data for a limited number of 
different biological targets for reaction with selected alpha,beta- 
unsaturated carbonyls, quinones, one- and two-electron oxidants. 
These data indicate that quinones (under similar experimental condi-
tions) are kinetically more effective modifying agents than alpha,beta- 
unsaturated carbonyls. This is unsurprising as (for example) 1,4-benzo-
quinone can be considered as two fused acrolein molecules. Thus reac-
tion of 1,4-benzoquinone with GSH has a rate constant, k, of ~6 × 105 

M− 1 s− 1 [42], a value that is ~3200-fold higher than for acrolein and 
750000-fold higher than for DMFU. However, this large difference be-
tween the data for quinones (as exemplified by 1,4-benzoquinone, but 
also others) and alpha,beta-unsaturated carbonyls, decreases when Cys 
residues on proteins are considered. Thus, for proteins such as GAPDH, 
the difference between the rate constants for reaction with 1,4-benzo-
quinone and acrolein is only ~34-fold (k for 1,4-benzoquinone, 1.7 ×
104 M− 1 s− 1 [42], compared to 499 M− 1 s− 1 for acrolein [78]), and a 
similar decrease is observed for DMFU (k 2.2 M− 1 s− 1, i.e. a ~7700-fold 
difference). Similar effects are seen with other reactive proteins (e.g. 
papain). 

The rate constants reported for reaction of two-electron oxidants 
with similar or identical Cys residues vary very markedly with the rate 
constant for reaction of GSH and the Cys-34 residue on BSA/HSA with 
H2O2 being in the range 1–13 M− 1 s− 1, and therefore of the same order 
of magnitude as for alpha,beta-unsaturated carbonyls, but much lower 
than for simple quinones such as 1,4-benzoquinone and 1,2-benzoqui-
none (see Table 3). In contrast, the rate constants for reaction of the 
two-electron oxidants peroxynitrous acid (ONOOH, which is present in 
equilibrium with its anion species peroxynitrite, ONOO¡) and hypo-
chlorous acid (HOCl, which is present in equilibrium with its anion 
species hypochlorite, − OCl), with these species are many orders of 
magnitude higher (Table 3). However, it is critically important to 
remember that the rate of a reaction and the rate constant are different 
parameters, as the former is also determined by the concentration of the 
reactants (i.e. rate = k x [modifying agent] x [target]) and therefore the 
in situ concentration of the alpha,beta-unsaturated carbonyl/quinone/ 
oxidant is of critical importance. The steady state concentrations of 
alpha,beta-unsaturated carbonyls or quinones may be considerably 
higher (potentially micromolar, for acute exogenous exposure) than 
those for highly reactive oxidants such as ONOOH or HOCl, with the 
biological fluxes of these oxidants under normal physiological 

conditions being in the micro- or nanomolar range. The concentrations 
of oxidants can however be markedly elevated at sites of inflammation 
(cf. data for the presence on high micromolar or even millimolar con-
centrations of HOCl within the neutrophil phagolysosome, after cellular 
activation [99]). This concentration effect also holds for one-electron 
oxidants, with the most extreme example being the hydroxyl radical 
(HO.) which reacts with virtually all thiols with diffusion controlled rate 
constants (i.e. k ~109–1010 M− 1 s− 1), but the steady state concentration 
of this species in biological systems is probably in the nano-to picomolar 
range (at most) under physiological conditions, and the selectivity of 
this radical for thiols is low. Other radicals such as peroxyl (ROO.), alkyl 
(R.), and hydoperoxyl (HOO.) also likely contributors to thiol oxidation. 
From this discussion, it should be clear that knowledge of both the rate 
constants for the reactions of interest and the (likely) concentration of 
the modifying agent, are critical to determining what species is likely to 
induce damage, and also what biological targets might be affected. 
These data also indicate that the extent of modification of Cys residues 
on proteins from exposure to micromolar concentrations of electro-
philes, such as alpha,beta-unsaturated carbonyls or quinones, may result 
in similar or greater extents of Cys alteration than exposure to highly 
reactive oxidants. This is, however, clearly situation dependent. In 
addition, such kinetic data can shed light on the competing pathways of 
modification induced by quinones (direct adduction versus redox 
cycling to give SQ.-, and hence O2

.-/H2O2), with direct adduction re-
actions to Cys residues having rate constants (at least for simple qui-
nones such as 1,4- and 1,2-benzoquinone [38,42]) that are greater than 
for reaction of the O2

.-/H2O2 formed via redox cycling with Cys. For 
complex quinones, where the rate constants for direct adduction are 
slower (cf. data in Ref. [42]), the redox cycling pathway (i.e. 
SQ.-/O2

.-/H2O2) may be of greater importance as these electron transfer 
reactions are less likely to be affected by steric and electronic in-
teractions than the direct adduction processes. 

6. Conclusions 

Alpha,beta unsaturated carbonyls such as acrolein or DMFU have a 
broad reactivity towards Cys-containing molecules. Determining the 
main molecular pathways that result in biological effects is therefore 
difficult. Second order reaction rate constants allow comparison of 
different alpha,beta unsaturated carbonyls. This approach indicates that 
Cys residues are indeed the major targets of alpha,beta unsaturated 
carbonyls, but there is considerable variation in the rate constants for 
their reaction with both the nature of the alpha,beta unsaturated 
carbonyl compound, and the environment and ionization state of the 
target thiol. Comparison of the rate constants for these reactions with 
quinones and oxidant species, indicates that soft electrophiles are 
competitive modifying agents for multiple important Cys residues on 
proteins, and therefore may play a key role in both cell signalling and 
toxicity. 

Table 3 
Kinetic data for the modification of thiol residues on GSH and BSA by selected soft electrophiles and one- or two-electron oxidants.  

Target Modifying system and rate constant for reaction (M− 1 s− 1)a 

Acroleinb DMFUb 1,4-benzoquinonec H2O2
d ONOOHe HOClf HO. 

NAC 65 0.52 ND 13 4.15 × 102 2.9 × 107 1.4 × 1010 

GSH 1.86 × 102 0.79, 0.32 5.9 × 105 1.9 ~1.4 × 103 1.2 × 108 8.8 × 109 

BSA 2.79 × 102 0.45 1.9 × 104 1.2 ~2.7 × 103 ND >1010 

ND = not determined. 
a Data from [42,46,78,100–104]. 
b Data at pH 7.4, 21 ◦C. 
c Data at pH 7.0, 10 ◦C. 
d Data at pH 7.4, 37 ◦C. 
e Data at pH 7.4, 37 ◦C. 
f Data at pH 7.4, 22 ◦C. 
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