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The reactive aldehyde acrolein is a ubiquitous environmental pollutant and is also generated

endogenously. It is a strong electrophile and reacts rapidly with nucleophiles including

thiolates. This review focuses on the effects of acrolein on thioredoxin reductase (TrxR) and

thioredoxin (Trx), which are major regulators of intracellular protein thiol redox balance.

Acrolein causes irreversible effects on TrxR and Trx, which are consistent with the formation

of covalent adducts to selenocysteine and cysteine residues that are key to their activity. TrxR

and Trx are more sensitive than some other redox-sensitive proteins, and their prolonged

inhibition could disrupt a number of redox-sensitive functions in cells. Among these effects

are the oxidation of peroxiredoxins and the activation of apoptosis signal regulating kinase

(ASK1). ASK1 promotes MAP kinase activation, and p38 activation contributes to apoptosis

and a number of other acrolein-induced stress responses. Overall, the disruption of the TrxR/

Trx system by acrolein could be significant early and prolonged events that affect many

aspects of redox-sensitive signaling and oxidant stress.
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1 Introduction

Acrolein (Prop-2-enal), a reactive and volatile a,b-unsatu-

rated aldehyde, is a ubiquitous environmental pollutant that

is found in many everyday sources, including cigarette

smoke (85–228 mg per cigarette) [1–3], exhaust from internal

combustion engines, wood combustion, smoke from other

fires, photochemical oxidation of airborne hydrocarbons,

and overheated cooking oils [3, 4]. Inhalation is the most

likely route of exposure to exogenous acrolein, and occupa-

tions with significant exposure include foundries, the

manufacture of acrylate polymers, welding coated metals,

coffee roasting, printing, rubber vulcanization, and fire

fighting [3, 4]. Dangerous levels of acrolein are contained in

smoke from rapid combustion (e.g. burning buildings,

vegetative fires), and acrolein may be a significant contri-

butor to serious lung damage and death following smoke

inhalation [3]. While inhaled acrolein can be absorbed and

have systemic effects [5–7], airway epithelial cells would be

expected to receive the highest doses from inhaled sources.

Adverse respiratory effects are related to the dose and

duration/frequency of exposure and include respiratory

irritation, airway cell destruction, pulmonary edema,

inflammation, chronic obstructive pulmonary disease, lung

hemorrhage, and death [1, 8, 9].

Acrolein is also generated in vivo from some drugs (e.g.

the anti-cancer agents cyclophosphamide and ifosfamide),

and some of their resulting toxicities can be attributed to

acrolein [10]. Bladder damage (hemorrhagic cystitis) is the

most well-recognized toxicity of the acrolein generated by

these drugs, although hepatotoxicity can also occur [11–13].

Thiol compounds (e.g. 2-mercaptoethanesulfonate, amifos-

tine) can protect the bladder by scavenging free acrolein
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[11–13]. Acrolein is the predominant toxin of allylamine, a

known cardiac and vascular toxin [14].

Vascular diseases are the most prominent cause of death,

and endothelial cell dysfunction is an important initiator of

the pathophysiology of atherosclerosis. LDL oxidation, lipid

peroxidation, and proinflammatory stimuli are all associated

with atherosclerosis. Lipid peroxidation products are

common in vascular lesions associated with oxidative stress

[15]. Large amounts of reactive aldehydes, including acrolein

and 4-hydroxynonenal (4-HNE), are generated during the

breakdown of lipid peroxides and during LDL oxidation

[15, 16]. Acrolein is an initiator and product of lipid perox-

idation. The oxidation of polyunsaturated fatty acids and

LDL are major sources of acrolein [1, 17, 18]. LDL oxidation

and lipid peroxidation are associated with atherosclerosis,

human atherosclerotic lesions contain acrolein adducts, and

plasma acrolein levels increase in relation to the extent of

atherosclerosis [15, 18]. Vascular disease is common in

diabetics, and these individuals have significantly increased

acrolein adducts that are in proportion to poor control of

blood glucose [7]. Acrolein causes systemic endothelial cell

dysfunction [5, 15, 18] and vascular pathogenesis [16, 19–23].

Human endothelial cells are especially sensitive to acrolein,

e.g. Z5mM acrolein for 30 min is cytotoxic [24]. This is a

realistic exposure given the levels of acrolein adducts in

human urine (370–1240mM) and their levels in plasma

(19–62 mM) [25].

Inflammation contributes to vascular disease and ather-

osclerosis. Acrolein is formed in vivo at significant levels at

sites of inflammation [26]. Micromolar levels of pros-

taglandins are present at sites of inflammation [27], and the

J2 prostaglandins markedly elevate acrolein production [28].

In bovine endothelial cells, acrolein increases monocyte

adhesion and the expression of cell adhesion molecules [29].

Neutrophils are activated in atherosclerotic lesions [15], and

neutrophil myeloperoxidase converts threonine to acrolein

in high yield [26, 30]. Acrolein may play a role in the

formation of arterial foam cells [15] which have important

roles in various stages of atherosclerosis.

In addition to endogenously generated acrolein, acrolein

from cigarette smoke may contribute to vascular effects

including atherosclerosis and coronary artery disease

[6, 31–33]. Acrolein is a prominent component of the gas

phase of cigarette smoke [1–4] and some of this acrolein can

be absorbed into the blood [5, 6], e.g. acrolein-protein

adducts are significantly increased in the urine of smokers

[7]. Several effects of cigarette smoke on the vasculature are

consistent with known effects of acrolein, including anti-

oxidant depletion [5, 34], protein oxidation [35], and

increased lipid peroxidation [36].

In addition to its toxic effects on endothelial cells [10, 24,

37], acrolein is toxic to other cells types as well, including

bronchial epithelium and fibroblasts [1], vascular smooth

muscle [14], and neurons [38]. Depending on the cell type,

acrolein can be 10–200 times more toxic than formaldehyde

[1, 14], and can be more toxic than 4-HNE [38]. Neuronal

apoptotic cell death is common in neurodegenerative

disorders such as Alzheimer’s disease, and acrolein levels

are significantly elevated in the brains of Alzheimer’s and

early Alzheimer’s patients, with levels five times those of

4-HNE [38–40].

Apoptosis has an important role in tissue homeostasis,

and is thought to be an important contributor to some of the

respiratory, cardiovascular, and neurodegenerative patholo-

gies that are associated with elevated acrolein levels/expo-

sure (above). The thioredoxin system is critical for cell

survival, and many proteins and signaling events are

dependent upon, or regulated by, this system. This review

discusses the current understanding of the effects of acro-

lein on the thioredoxin system, and the implications for

several signaling events that are regulated by thioredoxin,

including a number that could promote apoptosis. Given the

exogenous and endogenous sources of acrolein (as indicated

above), its effects on airway epithelium and vascular endo-

thelium are two of the sites that are emphasized.

2 Reactivity of acrolein: potential effects
on cellular thiols

Acrolein is a strong electrophile and among the most reac-

tive of the a,b-unsaturated aldehydes, being more reactive

with cellular proteins than 4-HNE [1, 15, 41]. Acrolein

preferentially reacts with soft nucleophiles, and in biological

systems it has been considered to have the highest reactivity

with thiols, typically through Michael addition, resulting in

acrolein-thiol adducts [16, 41, 42]. While reaction with

selenols, such as in selenocysteine (SeCys), has received

little consideration, it is likely of great importance (below).

Acrolein can also react with amines (e.g. lysine, histidine) by

various mechanisms, but these reactions are much slower

than the reaction with thiols [1, 42].

Thiolates (–S–) are much more susceptible to attack by

oxidants and electrophiles than are thiols (–SH) [43]. The

pKa values of thiols in a typical protein and in reduced

glutathione (GSH) are 8.5 and 8.8, respectively [43], so less

than 10% of their thiols would be predicted to be thiolates at

pH 7.4. Within proteins, however, the amino acids in the

immediate vicinity of cysteine (Cys) residues can signifi-

cantly influence the thiol pKa such that some Cys residues

will largely be in the thiolate form at physiological

pH. Prime examples are the active sites of thioredoxin (Trx,

pKa of ca. 6.5) and thioredoxin reductase (TrxR, pKa esti-

mated at 5.2) [43–45]. Their active site thiols should be

largely ionized and therefore very reactive at pH 7.4. The

SeCys of the active site of TrxR is even a stronger nucleo-

phile than Cys [46, 47], and this strong nucleophilicity could

be a key determinant in the enhanced reactivity of SeCys

relative to Cys [47]. Since the SeCys of TrxR is also exposed

on the surface of the enzyme [48], its combined properties

could render it particularly reactive with acrolein or other

strong electrophiles.
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Thiol-acrolein adducts can be more stable than those of

some other a,b-unsaturated aldehydes [1], and represent a

form of protein oxidation by removal of the reductive capa-

city of the thiol, or of the selenol in the case of SeCys. Such

adducts could therefore have significant long-term conse-

quences for proteins with critical Cys or SeCys residues.

Such adducts on proteins of the thioredoxin system could

cause major disruptions of intracellular thiol redox balance.

3 Acrolein causes irreversible inhibition
of TrxR

Mammalian TrxRs are NADPH-dependent homodimers

with three known redox-active centers per subunit: one

FAD, an N-terminal domain dithiol (C59/C64), and a

C-terminal active site containing C497/U498 (U is SeCys)

[49, 50]. The C59/C64 dithiol is reduced by the flavin, and in

turn is believed to donate electrons to the C497/U498 active

site [51]. These redox centers are essential for the catalytic

functions of TrxR [49–52]. While cytosolic TrxR1 and mito-

chondrial TrxR2 are encoded by distinct genes, the three

redox-active centers are conserved between these two

proteins. A major role of the TrxRs is to keep their respective

thioredoxins in the reduced state (Fig. 1). The thioredoxins,

in turn, keep many intracellular protein thiols reduced.

The strong nucleophilicity of the active site of TrxR

should render it particularly susceptible to electrophilic

attack. An initial report showed that 50–75mM acrolein for

30 min could inhibit TrxR activity by ca. 65% in human lung

cancer A549 cells [53]. Another group subsequently noted

that 25mM acrolein for 30 min inhibited 88% of TrxR activity

in human umbilical vein endothelial cells [54], but other

antioxidant enzymes were not inhibited including gluta-

thione peroxidase, glutathione reductase, catalase, and

superoxide dismutase [54]. These data imply that acrolein

does not indiscriminately target all antioxidant proteins in

cells. More recent studies with normal human bronchial

epithelial cells (BEAS-2B) showed that Z2.5 mM acrolein

strongly inhibits TrxR activity, and even 1 mM acrolein

causes significant inhibition [55]. These activity losses

represent inhibition and not protein degradation. Activity

was not restored in the cell lysates by removal of free acro-

lein, or by NADPH (the electron donor for TrxR) which

should readily facilitate reduction of its C59/C64 disulfide to

the dithiol, and its C497/U498 selenenyl sulfide to selenol-

thiol. Similarly, TrxR activity does not recover in BEAS-2B

cells even 4 hr after acrolein removal [55]. The irreversible

effect on TrxR in BEAS-2B cells implies that even inter-

mittent acrolein exposure will inhibit TrxR for at least 4 hr

after the acrolein source is removed. The findings in BEAS-

2B cells are in contrast to those of A549 cells, in which

70–100% of TrxR activity had recovered at 2–4 hr after

acrolein removal [53]. It is not known if the recovery in A549

cells represented new protein synthesis or reactivation of

existing enzyme [53]. The differences between the A549 and

BEAS-2B cells could reflect their different origins, but are

also consistent with the pronounced resistance of A549 cells

to other oxidants [56] which is reflected in the much higher

levels of acrolein required to inhibit TrxR in A549 [53]. Like

many cancers, A549 cells markedly overexpress TrxR [57]

which may also contribute to the differences from BEAS-2B

cells. While the unsaturated aldehyde 4-HNE is less reactive

than acrolein [1, 41], high concentrations of 4-HNE (50 mM

for 6 hr) can inhibit ca. 60% of the TrxR activity in HeLa

cells [58].

TrxR in cells is considerably more sensitive to acrolein

than are some other proteins with redox-sensitive thiols

(Fig. 2). For example, while the active site thiol in glycer-

aldehyde phosphate dehydrogenase has proven very redox-

sensitive [59, 60], the cellular activity of this enzyme is not

significantly affected by acrolein (Fig. 2). Glutathione

reductase is not inhibited in bronchial cells treated with 2.5

or 5mM acrolein, and 12.5 mM acrolein only inhibited its

activity by ca. 40%, whereas just 2.5 mM acrolein markedly

Figure 1. Normal function of the Trx system. TrxR keeps the

active site of Trx reduced (–SH, –SH). This applies to the cytosolic

(TrxR1, Trx1) or mitochondrial (TrxR2, Trx2) systems. Direct

oxidation of Trx, or inhibition of TrxR, can result in oxidized Trx

(–S–S–).

Figure 2. The effects of 30 min acrolein treatments on the specific

activities of TrxR, glutathione reductase (GSSG-R), and glycer-

aldehyde-3-phosphate dehydrogenase (GAPDH) in normal

human bronchial epithelial cells (BEAS-2B). �po0.01 relative to

the cells treated with vehicle alone (no acrolein). Details of the

enzymatic assays are described in Supporting Information,

methods.
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inhibits TrxR activity (Fig. 2). Glutathione reductase in

human umbilical vein endothelial cells is unaffected by

25 mM acrolein (30 min), as are other antioxidant enzymes

such as glutathione peroxidase and superoxide dismutase

[54].

Purified TrxR is very sensitive to acrolein, e.g. 80% irre-

versible inhibition with 1 mM acrolein [55], implying that

direct reaction with acrolein can inhibit the enzyme. The

greater sensitivity of purified TrxR relative to that in cells

likely reflects the absence of competing reactions with other

thiols as might occur in cells. The detailed mechanism by

which acrolein causes irreversible inhibition of TrxR

remains to be determined, but given its preferential reaction

with, and adduction to, soft nucleophiles [42], the Cys and/

or SeCys residues are prime candidates. The monomers of

rat and human TrxR1 have 14 and 13 Cys residues,

respectively, plus one SeCys each; of these, the N-terminal

domain dithiol (C59/C64) and the active site Cys-SeCys

(C497/U498) are essential for TrxR activity (above). Based on

its strong nucleophilicity and exposure on the enzyme

surface [46, 48], C497/U498 could be the most susceptible.

This site is covalently modified by some other agents (e.g.

2,4-dinitrochlorobenzene, curcumin, and 4-HNE), resulting

in irreversible inhibition of TrxR [58, 61–63]. Recent func-

tional studies are consistent with acrolein-SeCys adducts in

TrxR, e.g. TrxR1 pre-treated with acrolein behaves like

SeCys-minus TrxR in a number of functional assays

including inherent NADPH oxidase activity, and redox

interactions with some quinones [64].

TrxR1, including the C59/C64 dithiol, shares strong

homology with glutathione reductase, except the latter lacks

the 16-residue C-terminal SeCys-containing domain found

in TrxR [48, 49]. The relative insensitivity of glutathione

reductase to acrolein (Fig. 2 and [54]) suggests that the C59/

C64 dithiol in TrxR may be less susceptible to acrolein than

is C497/U498. Unlike the irreversible inhibition of TrxR

[55], GSH levels recover quickly once acrolein is removed

(Fig. 3). As noted in Fig. 2, the activity of glutathione

reductase, which reduces glutathione disulfide (GSSG) to

GSH, is largely intact in acrolein-treated cells (Fig. 2).

The irreversible inhibition of TrxR by acrolein can there-

fore compromise the maintenance of cellular thiol redox

balance for at least 4 hr. It implies diminished capacity to

maintain the thioredoxins and thioredoxin-dependent

proteins in their reduced (active) state. Inhibition of TrxR can

increase the susceptibility of cells to oxidants and promote

apoptosis [50], and TrxR1 knockouts do not survive [65].

Putative acrolein-TrxR adducts may have other effects as well.

Deletion or inactivation of the SeCys residue may directly

promote cell death through mechanisms that are not yet well

understood [66, 67]. Such effects are more severe than those

caused by siRNA suppression of TrxR [62], which typically

does not decrease cell viability in non-stressed conditions.

Thus, direct targeting of the SeCys may have some effects

that extend beyond those of a decreased ability to support

thioredoxin and thioredoxin-dependent processes.

While it is clear that acrolein causes irreversible inhibi-

tion of TrxR, additional experiments are needed to deter-

mine the residue(s) within TrxR that are affected by

acrolein, and the full extent of the implications of this

inhibition. Studies are also need to determine if there are

differential effects of acrolein on cytosolic TrxR1 vs. mito-

chondrial TrxR2.

4 Effects of acrolein on thioredoxins

While both glutathione and the thioredoxins are major

players in the maintenance of intracellular thiol redox

balance, these systems are not in redox equilibrium with

each other [68, 69], and the redox state of the thioredoxins

may be more critical to cell survival for some cells [70]. All

mammalian cells have cytosolic (Trx1) and mitochondrial

(Trx2) thioredoxins [71]. While these 12 kDa proteins are

encoded by distinct genes, their conserved active sites

(WCGPCK) are cycled between the reduced (dithiol) and

oxidized (disulfide) forms [72] as depicted in Fig. 1. Trx2 has

no other Cys residues, whereas Trx1 has three additional

Cys (C73 and a C62/C69 dithiol) [72] that can influence its

activity. The active site in Trx1 (C32/C35) is more readily

oxidized than C62/C69 [72].

TrxR1 and TrxR2 normally maintain Trx1 and Trx2

largely in the reduced state in cells [24, 50, 55, 71–73].

A central role of the thioredoxins is to reduce key Cys resi-

dues in a number of intracellular proteins including

peroxiredoxins, ribonucleotide reductase, protein disulfide

Figure 3. Relative GSH in human endothelial cells (HMEC-1)

treated with acrolein for 30 min, washed with HBSS and analyzed

immediately (no recovery), or allowed to recover in medium

with 10% FBS and supplements for 1 or 2 h. �po0.05, ��po0.01,

or ���po0.001 relative to the corresponding ‘‘No recovery’’

samples. GSSG remained below detectable limits in all samples.

GSH and GSSG were measured by HPLC [73]; the detailed

method is described in Supporting Information, methods.

1364 C. R. Myers et al. Mol. Nutr. Food Res. 2011, 55, 1361–1374

& 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.mnf-journal.com



isomerase, methionine sulfoxide reductase, and others

[49, 50, 71, 74].

Trx1 and Trx2 are not in redox equilibrium with each

other, so their redox states can be used to differentially

assess the effects of oxidants and electrophiles on the thiol

redox status of the cytosolic and mitochondrial compart-

ments [69, 75]. An initial report showed that acrolein can

inhibit the activity of Trx in A549 cancer cells, with maximal

effects at Z15mM [53]. Surprisingly, however, Trx was

considerably more sensitive to acrolein than was TrxR

activity in the A549 cells [53]. This is in contrast to normal

human bronchial cells for which TrxR and Trx displayed

similar sensitivity to acrolein [55]. Redox blot studies with

human endothelial and bronchial epithelial cells show that

5mM acrolein can eliminate the reduced forms of both Trx1

and Trx2, although Trx1 was partially affected by even lower

concentrations [24, 55]. The enhanced sensitivity of Trx1 vs.

Trx2 to acrolein is in contrast to the effects of some other

agents (e.g. t-butyl hydroperoxide, diamide, hexavalent

chromium, or triapine) for which Trx2 is more susceptible

[69, 73, 76, 77].

While the exact mechanism(s) by which acrolein inacti-

vates the Trx1 and Trx2 thiols in cells remains to be deter-

mined, the overall data to date are consistent with the

formation of Trx-S-acrolein adducts as a significant

mechanism. However, a portion of Trx could be converted to

disulfides under some conditions. Trx-S-acrolein adducts

would prevent Trx redox function by blocking one or more

thiols important for activity, and the adducted proteins

would run coincident with oxidized Trx in redox western

blots. The progressive transition of Trx1 through three redox

states (running coincident with fully reduced, partially

reduced, and fully oxidized Trx) with increasing acrolein in

human endothelial and bronchial cells [24, 55] implies that

first one, and then additional thiols are compromised.

Multiple redox states of Trx1 are also seen in redox blots of

acrolein-treated bovine cells [29]. While Trx2 has only one

dithiol, three redox states were also implied from the blots

[24, 55], suggesting that first one, and then both of its thiols

are compromised as acrolein is increased.

Trx-S-acrolein adducts would inhibit Trx activity, and

acrolein-thiol adducts are not easily reversed [1]. Consistent

with the formation of Trx-acrolein adducts, high concen-

trations of the potent disulfide reductants dithiothreitol and

Tris(2-carboxyethyl)phosphine hydrochloride were unable to

restore Trx1 or Trx2 to their reduced states in cell lysates

from human bronchial cells that had been treated for 30 min

with 12.5 mM acrolein [55]. Similarly, dithiothreitol was

unable to restore reduced Trx1 to acrolein-treated bovine

endothelial cells [29]. Overall, these data are consistent with

Trx-S-acrolein adducts as an important mechanism of Trx

inactivation. Following a 1-hr in vitro incubation of equal

amounts of human Trx1 and acrolein, acrolein adducts on

C73 were observed coincident with a large decline in Trx

activity [29]. Other modifications at C62/C69 of Trx1 can

also block activity [78], so acrolein adducts on any of its

thiols could potentially inhibit normal function. Acrolein

adducts on C32/C35 have been noted for Trx1 in which the

other Cys residues were replaced by serine [29]. In addition

to Trx-S-acrolein adducts, it is possible that other as yet

unrecognized changes to Trx in acrolein-treated cells may

contribute to the inability of disulfide reductants to restore

the reduced form.

In human bronchial epithelial cells, there is a strong

relationship between the acrolein-mediated inhibition of

TrxR and the inactivation of Trx1 [55]. While this might

suggest that Trx1 oxidation results from the inability of TrxR

to maintain Trx1 in a reduced state, such effects on Trx1

should be reversible by disulfide reductants, which proved

not to be true [55]. Thus, it seems more likely that a majority

of the Trx inactivation was the result of acrolein-Trx adducts,

or other effects that are not easily reversed.

While acrolein adducts may largely account for Trx

inactivation in cells, there is modest recovery of the redox

state of Trx1 in human endothelial cells after a 4-hr acrolein-

free period [24]. Protein synthesis is not required for this

modest recovery following low acrolein concentrations

(2.5 and 5 mM), but protein synthesis is required for any

recovery from 12.5 mM [24]. These data imply that, with low

acrolein concentrations, there may be a mix of acrolein-Trx1

adducts and oxidized Trx1 (as disulfides), whereas acrolein-

Trx1 adducts are predominant as acrolein is increased.

While the vast majority of TrxR is inhibited in these cells,

and TrxR activity does not show any signs of recovery 4-hr

after acrolein is removed (above), the remaining TrxR

activity could account for reduction of Trx1 disulfides.

Alternatively, acrolein adducts to thiols are reversible, albeit

at a slow rate [42], and it is possible that cells have some

ability to enhance the reversal of such adducts and thereby

regenerate modest amounts of reduced Trx1. In limited

experiments, redox recovery of Trx2 in human endothelial

cells was not observed [24]. In A549 cells, partial recovery of

Trx activity was noted 4 hr after acrolein was removed, but in

these cells TrxR activity had fully recovered [53].

Thiol antioxidants such as N-acetylcysteine (NAC) can

protect cells from some oxidants. Pretreatment (2 hr) with

NAC partially protects the Trx1 redox state in human

endothelial cells, and significantly diminishes the cytotoxi-

city of 5 or 12.5 mM acrolein [24]. In limited experiments,

NAC did not protect Trx2, however [24]. While NAC

increased GSH levels by an average of 31%, GSH-mono-

ethyl ester (cell-permeable) increased GSH by 64% but

offered only a minor protection of the cells from 12.5 mM

acrolein. The bulk of the protective effects of NAC cannot

therefore be explained by elevated GSH. NAC also protects

other cell types from acrolein [10, 79, 80], and it reduces the

toxicity of cigarette smoke extract, a known source of acro-

lein [81–85]. While extracellular thiols, including NAC,

would quickly scavenge acrolein and thereby protect cells,

the protection afforded by NAC pre-treatment is noted even

when extracellular NAC is washed away before acrolein

treatment [24, 79]. It is possible that intracellular NAC, or
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thiols resulting from NAC, act as a thiol buffer or trap for

acrolein, reducing the likelihood of reaction with cellular

components. There are other possibilities, however, and the

mechanism(s) of protection afforded by NAC remain poorly

understood.

Overall, studies with bovine and non-cancerous human

cells demonstrate that acrolein inhibits/inactivates Trx1 and

Trx2 at low micromolar concentrations that are coincident

with acrolein toxicity [24, 29, 55]. These concentrations are

also cytotoxic to porcine pulmonary cells [37] and murine

lymphocytes [86]. Since both Trx1 and Trx2 are critical to cell

survival and to the function of many proteins involved in cell

growth and signaling [50, 71], the inactivation of Trx1 and/

or Trx2 by acrolein could negatively impact cell survival.

Disruption of the Trxs has been associated with diminished

antioxidant defense, increased oxidant sensitivity, and the

promotion of apoptosis [69, 74, 76].

5 Effects of acrolein on peroxiredoxins

Peroxiredoxins (Prxs) are ubiquitous peroxidases that degrade

H2O2 and organic hydroperoxides. During this process, their

active site Cys residues are oxidized to sulfenic acid (–SOH). In

the 2-Cys Prxs (e.g. cytosolic Prx1 and Prx2, and mitochondrial

Prx3), this sulfenic acid reacts with the resolving Cys on

the other subunit to form a disulfide-linked dimer [87–89]. The

Prxs are directly dependent on their respective Trxs to reduce

these disulfides to thiols, thereby regenerating active Prx [90].

In addition to the formation of disulfides as just descri-

bed, two other types of Prx thiol oxidation are possible:

(1) direct reaction with electrophiles to form Prx-S-electro-

phile adducts, or (2) over-oxidation of sulfenic acid to sulfi-

nic (Prx-SO2) or sulfonic (Prx-SO3) forms. Both of these

possibilities would prevent disulfide linkages between the

two subunits.

In acrolein-treated human bronchial cells, Prx1 and Prx3

were examined as representatives of cytosolic and mito-

chondrial 2-Cys Prxs, respectively. Acrolein treatment

resulted in the near complete oxidation of Prx1 and Prx3 to

dimers [55], consistent with the oxidation of their thiols to

disulfides. Consistent with this, these Prx dimers were

readily reduced to Prx monomers by disulfide reductants

[55]. These observations are in contrast to what would be

expected for Prx-S-acrolein adducts, or for oxidation to the

sulfinic or sulfonic forms, both of which should block dimer

formation. While it is possible that a small percentage of Prx

thiols react directly with acrolein, the Prx active site thiols

may well be protected from direct alkylation, e.g. the Prx2

thiols are poorly reactive with iodoacetamide and various

chloroamines, even though these agents readily alkylate a

number of cellular thiols [89]. The reversible effects of

acrolein on Prx are in direct contrast to the irreversible

effects on TrxR and Trx (above).

A significant increase in Prx1 and Prx3 oxidation does not

occur in acrolein-treated cells until all, or nearly all, of their

respective Trxs (Trx1 and Trx2) are inactivated, i.e. the

reduced form is eliminated [55]. This implies that Prx

oxidation results from the inability of the Trxs to keep the

Prxs reduced. Because of their dependence on the Trxs, the

Prxs are therefore indirectly dependent on the function of

TrxR, and Prx oxidation occurs with acrolein treatments that

cause extensive inhibition of TrxR [55]. It was previously

noted that the low levels of TrxR in erythrocytes hinder the

reduction of oxidized Prx [91]. Electrophilic isothiocyanates

also react with thiols, and some of these can oxidize mito-

chondrial Prx3 in cells [92]. In contrast to acrolein, however,

the isothiocyanates have little to no effect on cytosolic

peroxiredoxins, and Prx3 is markedly oxidized by treatments

that inhibit only ca. 20% of TrxR activity [92]. The oxidation

of Prx3 is important for apoptosis, however, as other

isothiocyanates that oxidize GSH, but not Prx3, do not

promote apoptosis [92].

The Prxs have important roles as peroxidases and there-

fore as mediators of peroxide-dependent signaling [43, 59,

89, 93]. For example, Prx3 may be a critical regulator of

mitochondrial peroxide signaling given that mitochondria

lack catalase and they contain 30-fold more Prx3 than

glutathione peroxidase [94]. The ability of acrolein to

compromise the function of Prxs by irreversible effects on

their source of electrons (i.e. the TrxR/Trx system) implies

that peroxide levels would increase, and/or that cells would

be less tolerant of peroxide exposure. The earlier observation

that various aldehydes can increase peroxide production in

cells [15] may in part result from the effects on the Trx/Prx

system which were not known at the time. Acrolein-medi-

ated Prx oxidation may also promote apoptosis or render

cells more sensitive to apoptotic insults. For example, Prx3

is a primary defense against peroxides in mitochondria, and

depletion/oxidation of Prx3 renders HeLa cells and Jurkat T

lymphocytes more susceptible to apoptosis [92, 94]. Some

cell types may be more susceptible to these effects,

depending on their levels of TrxR/Trx/Prx relative to other

antioxidant systems. For example, endothelial cells contain

more TrxR than other human cells, and they have more

TrxR than glutathione peroxidase [95]. It is therefore possi-

ble that the Trx/Prx system may be more critical for cell

survival and for regulating redox- and peroxide-dependent

signaling in human endothelium than in some other cell

types. Such differences need to be considered when asses-

sing the effects of acrolein and other electrophiles on

different cells and tissues, as well as in different species.

6 Other downstream effects of the
acrolein-mediated disruption of the
TrxR/Trx system

In addition to loss of support for the Prxs, disruption of the

TrxR/Trx system by acrolein would be expected to have

multiple additional downstream effects [96], including:

(i) interference with DNA replication during S phase,
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because ribonucleotide reductase is largely dependent on

Trx1 [97]; (ii) changes in protein folding through effects on

protein disulfide isomerase; (iii) loss of support for

methionine sulfoxide reductase which is involved in the

repair of oxidative protein damage; (iv) effects on multiple

redox-sensitive transcription factors including NF-kB, AP-1,

p53 and others [50, 62, 71, 74]; and (v) promotion of apop-

tosis through activation of apoptosis signal regulating kinase

(ASK1). While some of these downstream effects have not

been specifically tested with acrolein, the effects on ASK1

and its downstream proteins have been examined and are

consistent with Trx oxidation. In unstressed cells, reduced

Trx binds to ASK1, keeping ASK1 inactive [50, 98]. Oxidized

Trx dissociates from ASK1, facilitating ASK1 activation and

promoting apoptosis [98–101] via activation of its MAP

kinase kinase kinase activity. While the inactivation of Trx

by acrolein is most likely due to acrolein-S-Trx adducts

(above), acrolein treatments do result in the dissociation of

Trx1 from ASK1 (Fig. 4), and this dissociation is consistent

with ASK1 activation.

Activated ASK1 can mediate the activation (phosphor-

ylation) of p38 MAPK via MKK3/MKK6, and of JNK (c-Jun

N-terminal kinase) via MKK4/MKK7 [100]. These down-

stream effects are thought to be important contributors to

the pro-apoptotic effects of ASK1, and to other ASK1-

mediated stress responses. While studies typically focus on

the dissociation of Trx1 from ASK1, ASK1 is also found in

the mitochondria and its activation there has also been

linked to MAP kinase activation [102]. Reactive aldehydes,

including acrolein, have been implicated in MAP kinase

activation [15], but the responsible mechanisms are not yet

well defined. In CHO cells, acrolein increases ERK and p38

phosphorylation, and chemical inhibitors of MAP kinases

decreased caspase activation [103]. However, Trx redox

status or ASK1 activation were not determined in the CHO

cells. In human endothelial cells, acrolein treatments that

inactivate Trx1 cause significant activation (phosphoryla-

tion) of p38 MAPK and JNK, whereas total levels of p38 and

JNK do not change (Figs. 5 and 6). The p38 inhibitor

SB203580 decreases acrolein toxicity in human endothelial

cells (Fig. 7), implying a role for p38 activation in acrolein-

induced cell death. The JNK inhibitor SP600125 by itself

increases cell death in human endothelial HMEC-1 cells,

precluding its use to explore the role of JNK in acrolein-

induced apoptosis. In airway smooth muscle cells, acrolein

induces a prolonged phosphorylation of p38, and p38

Figure 4. Immunoprecipitation (IP) shows that acrolein treatment

(30 min) of human endothelial (HMEC-1) cells causes dissocia-

tion of ASK1 from Trx1. The relative ratio of ASK1 bound to Trx1

is shown in the plot. Total ASK1 did not change in these cells

(not shown). ��po0.01 and ���po0.001 relative to the control

cells treated without acrolein. In limited experiments, acrolein

also caused the dissociation of 14-3-3 from ASK1 (not shown);

this dissociation is also consistent with ASK1 activation [120].

Details of the IP protocol are described in the methods (see

Supporting Information).

Figure 5. Acrolein causes phosphorylation of p38 in human

endothelial cells (HMEC-1). Cells were treated with acrolein, or

the known activator anisomycin (Aniso, 200 ng/mL), as indicated.

Western blots were probed with anti-phospho-p38 (Thr180/

Tyr182) or anti-p38a (total p38a). ��po0.01 or ���po0.001 rela-

tive to control cells (‘‘None’’) treated without acrolein or aniso-

mycin (n 5 3–5 independent treatments for each). Supporting

Information describes the details of the methods.
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activation facilitates increases in vascular endothelial growth

factor and interleukin-8 [104, 105]. The activation of p38 is

also important for airway inflammation and mucus hyper-

secretion in mice exposed to acrolein aerosols [106]. While

the effects on the Trx system or ASK1 activation were not

assessed in these airway studies, the exposure levels were

consistent with those that would be expected to affect Trx

and Trx-dependent events. Similar to acrolein, electrophilic

isothiocyanates can induce p38 and JNK activation in T24

bladder carcinoma cells [107]. In contrast to acrolein,

however, the inhibition of p38 activity does not protect these

cells from isothiocyanate-induced apoptosis [107]. Such

differences from acrolein could be attributed to differential

effects of the electrophiles themselves, and/or to the

different cell types.

While ASK1 activation is a plausible mechanism for p38

and JNK activation in acrolein-treated cells, there are other

possible contributors. For example, 4-HNE can inhibit

protein tyrosine phosphatases that dephosphorylate (inacti-

vate) MAP kinases such as JNK [108], and trans-2-nonenal

can inhibit membrane-associated phosphotyrosine phos-

phatases [109]. Reaction of acrolein with the active site Cys

or other key residues in these phosphatases represent

plausible alternative mechanisms that may contribute to the

initiation or prolongation of MAP kinase activation.

Some studies have shown that acrolein can affect redox-

sensitive transcription factors such as AP-1 and NF-kB

[29, 110–112]. AP-1 is localized in the nucleus where it exists

as c-Jun dimers or c-Jun-c-Fos heterodimers [113]. Active

AP-1 binds to tetradecanoyl phorbal acetate response

elements in DNA, with the resulting promotion of cell

proliferation and the suppression of pro-apoptotic proteins

including p53 and p21 [113, 114]. The phosphorylation of c-

Jun by JNK enhances AP-1 activity and can promote its

binding to DNA [69, 113]. Treatment of bovine endothelial

cells and rat vascular smooth muscle cells with moderate

doses of acrolein can increase c-Jun phosphorylation [29,

110], although c-Jun phosphorylation does not occur with

higher acrolein levels [110]. Both c-Jun and c-Fos have a

conserved Cys motif (KCR) in their DNA binding domains,

and the oxidation or elimination of this Cys prevents DNA

binding [113, 115]. In A549 cells, acrolein decreases AP-1

binding to DNA and AP-1 activity (as measured by a reporter

construct) [111]. Two likely explanations for this decreased

AP-1 activity, in spite of enhanced c-Jun phosphorylation,

would be the formation of acrolein adducts on AP-1 [111], or

the loss of reduced Trx1 which, together with redox factor-1

(Ref-1), reduces the critical Cys residues in AP-1 [113, 116].

The oxidation of nuclear Trx1 can inhibit the binding of AP-

1 to DNA [69], and this would be predicted to decrease

proliferation and enhance cell death through increases in

p53 and other tumor suppressors.

Acrolein can also affect NF-kB-dependent signaling

[29, 117]. The cytosolic NF-kB dimer (p50/p65) is bound to

IkB, keeping it inactive [113]. Cytosolic oxidant stress and

other insults can promote IkB phosphorylation, the release

of NF-kB and its translocation to the nucleus where it can

activate a number of genes including several that promote

survival and suppress apoptosis [113]. While cytosolic

Figure 6. Acrolein causes phosphorylation of JNK in human

endothelial cells (HMEC-1). Cells were treated with acrolein, or

the known activator anisomycin (Aniso, 200 ng/mL), as indicated.

Western blots were probed with anti-phospho-JNK (Thr183/

Tyr185) or anti-pan-JNK. �po0.05 or ��po0.01 relative to control

cells (‘‘None’’) treated without acrolein or anisomycin (n 5 3–5

independent treatments for each). Supporting Information

describes the details of the methods.

Figure 7. Pretreatment with the p38 inhibitor SB203580 (10 mM,

2 h) protects human endothelial HMEC-1 cells from 5 and

12.5 mM acrolein. Following acrolein (30 min), cells were washed

and incubated for 14 h in fresh medium. The percentage of cells

that displayed visual stress (e.g. rounded, condensed) were

determined (mean7SD, n 5 3). ���po0.001 relative to the

corresponding samples without SB203580 pretreatment.
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oxidants can promote NF-kB translocation, nuclear oxida-

tion can inhibit the binding of NF-kB to DNA [69, 113, 118].

Cys62 in the p50 subunit of NF-kB must be reduced in order

to bind DNA [69, 117], and nuclear Trx1 in conjunction with

Ref-1 reduce this Cys [113, 118]. Consistent with this,

acrolein treatment of A549 cells blocks both the binding and

activity of NF-kB but does not change the phosphorylation

status of IkB [117]. Similarly, treatment of bovine endothe-

lial cells with acrolein blocks NF-kB DNA binding [29].

Aqueous cigarette smoke extract, which is a significant

source of acrolein, initially disrupts the binding of NF-kB to

DNA in Swiss 3T3 cells with coincident disruption of Trx-

NF-kB complexes [112]. Cinnamaldehyde, another a,b-

unsaturated aldehyde that can form thiol adducts, also

blocks NF-kB activity [119]. The inhibition of NF-kB activity/

binding could result from possible acrolein adducts to NF-

kB [117] and/or to acrolein-inactivated Trx1 in the nucleus.

The resulting decrease in NF-kB activity would be predicted

to decrease cell proliferation and enhance cell death.

7 Concluding remarks

A schematic overview of the proposed effects of acrolein on

TrxR, Trx, and Prx is shown in Fig. 8. In untreated cells

(Fig. 8A), TrxR maintains the Trxs in the reduced state,

Figure 8. Examples of functions of the TrxR/Trx system in untreated cells (A), and some proposed effects of acrolein on this system (B).

TrxR is a major regulator of intracellular thiol redox balance through its support of the thioredoxins and a multitude of Trx-dependent

proteins and signaling events, of which only a few examples are shown here. Acrolein causes irreversible inhibition of TrxR and Trx,

which would be most consistent with the propensity of acrolein (shown as Acr� in (B)) to form adducts with soft nucleophiles. The data

are consistent with acrolein adducts on the SeCys of TrxR, and with adducts on one or more thiols of Trx. This results in an inability to

reduce Trx-dependent proteins such as the Prxs which then accummulate in the oxidized form. Oxidized Prxs are unable to function as

peroxidases that could increase peroxide levels and alter peroxide signaling. Acrolein-inactivated Trx also dissociates from ASK1 and this

can promote many downstream effects through activation of the MAP kinases p38 and JNK. Acrolein-induced p38 activation plays an

important role in the induction of apoptosis and other stress responses. Acrolein adducts on Trx1 in the nucleus (shown at right) could

interfere with the activity of redox-sensitive transcription factors such as NF-kB and AP-1 by blocking the reduction of critical Cys residues

in their DNA-binding domains. It is also possible that acrolein may form adducts with the critical Cys residues in these transcription

factors (not shown in the diagram), which could also inhibit their DNA binding. While not shown here, it is predicted that a number of

other TrxR/Trx-dependent systems would be affected by acrolein’s disruption of TrxR and Trx (see text). Since both Trx1 and Trx2 are

affected, this could include a number of cytosolic, nuclear, and mitochondrial Trx-regulated events.
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which supports a number of Trx-dependent proteins

including the peroxidase activity of the peroxiredoxins.

Reduced Trx binds to ASK1, thereby inhibiting the activa-

tion of ASK1 and downstream signals that may otherwise be

transmitted through ASK1, e.g. p38 and JNK activation. In

acrolein-treated cells (Fig. 8B), it is likely that acrolein forms

adducts with the active site-SeCys of TrxR, and with one or

more thiols of the Trxs, thus causing extended inhibition of

TrxR and Trx, and thus Trx-dependent functions. One

example is the accumulation of Prxs in their oxidized

(inactive) state (Fig. 8B), blocking their peroxidase activity.

Acrolein-inactivated Trx also dissociates from ASK1, which

facilitates ASK1 activation and subsequent downstream

events such as the phosphorylation (activation) of p38 and

JNK. In acrolein-treated endothelial cells, p38 activation

contributes to cell death. In airways, p38 activation can

promote inflammation, mucus secretion, and other stress

responses that are not shown in the diagram. Acrolein-Trx1

adducts in the nucleus could compromise the DNA binding

of redox-sensitive transcription factors such as NF-kB and

AP-1 (Fig. 8). This would be expected to markedly decrease

cell proliferation and promote apoptosis.

TrxR and Trx1 exhibit approximately similar sensitivity to

the effects of acrolein, at least in the non-cancerous human

cells examined to date. TrxR and Trx1 are, however,

considerably more sensitive to acrolein than a number of

other oxidant-sensitive and redox-active proteins such as

glutathione reductase, glyceraldehyde-3-phosphate dehy-

drogenase, glutathione peroxidase, and superoxide dismu-

tase. The irreversible effects on TrxR and Trx imply that the

inhibition could extend well beyond exposure to free acro-

lein which can be transient or intermittent. Since the TrxR/

Trx system controls many redox-sensitive proteins in cells,

the downstream effects could be widespread, well beyond

the few examples shown in Fig. 8. Since control of thiol

redox balance is critical for normal function and cell viabi-

lity, thiol redox disruptions resulting from inhibition of the

TrxR/Trx system could be a significant contributor to acro-

lein-induced redox stress and cell death. The effects of

acrolein on the TrxR/Trx system could therefore contribute

to a number of conditions associated with elevated acrolein

including acute and chronic respiratory damage, athero-

sclerosis and other aspects of vascular disease, and neuro-

degenerative disorders such as Alzheimer’s disease. The

effects of acrolein on the TrxR/Trx system and the impli-

cations for redox signaling as it contributes to these disor-

ders warrants further study.
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