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Acrolein, an o,B-unsaturated aldehyde, is a ubiquitous pollutant that is also produced
endogenously through lipid peroxidation. This compound is hundreds of times more reactive
than other aldehydes such as 4-hydroxynonenal, is produced at much higher concentrations,
and persists in solution for much longer than better known free radicals. It has been
implicated in disease states known to involve chronic oxidative stress, particularly spinal cord
injury and multiple sclerosis. Acrolein may overwhelm the anti-oxidative systems of any cell
by depleting glutathione reserves, preventing glutathione regeneration, and inactivating
protective enzymes. On the cellular level, acrolein exposure can cause membrane damage,
mitochondrial dysfunction, and myelin disruption. Such pathologies can be exacerbated by
increased concentrations or duration of exposure, and can occur in normal tissue incubated
with injured spinal cord, showing that acrolein can act as a diffusive agent, spreading
secondary injury. Several chemical species are capable of binding and inactivating acrolein.
Hydralazine in particular can reduce acrolein concentrations and inhibit acrolein-mediated
pathologies in vivo. Acrolein scavenging appears to be a novel effective treatment, which is
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primed for rapid translation to the clinic.
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1 Introduction

Contrary to popular belief, the most severe damage resulting
from spinal cord injury (SCI) does not occur immediate
following the physical wound. Rather, research has shown
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that mechanical trauma induces a cascade of biochemical
reactions leading to a delayed secondary process that
amplifies the effects of injury and spreads the damage
throughout the cord. Oxidative stress, a hallmark of
secondary injury, plays a critical role in mediating functional
loss in SCI [1]. In fact, oxidative stress and free radical-
mediated injuries have been associated with a great number
of diseases, perhaps more than any other pathological
factors [2]. This process has been implicated in pathologies
associated with pollution, smoking, aging, trauma, and
chronic neurodegenerative diseases [3]. The mechanisms of
the generation and action of reactive oxygen species (ROS)
and lipid peroxidation (LPO) have been an area of intense
research aiming to prevent, slow down, or even reverse
various disease processes. There is strong evidence to
suggest that oxidative stress plays a critical role in the
pathogenesis of SCI following trauma [4, 5]. In neurode-
generative diseases lacking obvious physical trauma, oxida-
tive stress is considered one of the primary mechanisms
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leading to structural and functional deficits [6]. However,
free radical scavengers have been largely unsuccessful at
mitigating these central nervous system (CNS) injuries and
diseases. Therefore, improving understanding of the
mechanisms of oxidative stress is of great importance.
Over the last decade, we and others have demonstrated
that acrolein (2-propenal) plays an important role in oxida-
tive stress and many neurological diseases and disorders
[7-13]. This aldehyde is an environmental pollutant that can
also be produced endogenously through LPO [14]. Acrolein
has been shown to be toxic to neural tissues [7, 8, 10, 11, 15],
to catalyze production of ROS, and to possess half-life orders
of magnitude longer than conventional ROS [16]. Further,
acrolein concentrations are elevated in animal models of
SCI [17] and multiple sclerosis (MS) [13]. Thus, acrolein
appears to be a key factor in generating oxidizing species
and perpetuating oxidative stress. In this paper, we will
review acrolein’s neurotoxicity and possible mechanisms of
action. Further evidence will be presented to demonstrate
that acrolein could be a novel therapeutic target to provide
neuroprotection and enhance functional recovery. Animal
experiments with these anti-acrolein therapies show them to
be safe and effective new treatments that could be rapidly
translated to clinical therapies for human patients.

2 The nature of acrolein

Acrolein is an o,B-unsaturated aldehyde with a variety of
endogenous and exogenous sources (Fig. 1). Acrolein
commonly occurs as an environmental pollutant released
from numerous manufacturing processes, burning cigar-
ettes [18, 19], exhaust from combustion engines [16, 20], and
vapors of overheated cooking oil [21]. Acrolein is also
generated endogenously through the oxidation of various
compounds. Details of these free-radical-mediated pathways
that generate acrolein have been covered previously
[16, 22-24], so this review will instead focus on the neural
cytotoxicity of this chemical species and potential as a target
for therapy.

Acrolein is the strongest electrophile among the unsa-
turated aldehydes [8, 22, 25] and occurs at 40 times greater
concentration than other 3,d-unsaturated aldehydes such as
4-hydroxynonenal (HNE) [22]. It reacts readily with many
biomolecules including proteins, DNA, and phospholipids

Exogenous source Biomolecular
Cigarette smoke targets
Car exhaustions of acrolein
) ) _0
Overhgated cooking oil A Protein
Dietary aldehydes Acrolein
Endogenous source ﬂ Lipid
Carbohydrates Reactive DNA
Lipids oxygen
Amino acids species

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

——> Mitochondria
%

1321

[22, 23] (Fig. 1). Within proteins, acrolein binds to cysteine,
histidine, and lysine residues [23], generating carbonyl
derivatives [26] and encouraging protein oligomerization
[27]. Acrolein can also react with the nucleophilic bases of
DNA to form exocyclic adducts [22]. In addition, acrolein has
been shown to be the most reactive product of LPO,
consuming glutathione (GSH) 110-150 times faster than
HNE or crotonaldehyde [16, 22, 23, 26, 28] and further
stimulating the production of ROS. Therefore, as both a
product of and catalyst for LPO [22], acrolein seems to
induce a vicious cycle of oxidative stress, dramatically
amplifying its effects.

Acrolein is active within biological systems much longer
than the better studied ROS. For example, the half-life of
acrolein is on the order of hours to days [16]. Hence, acrolein
persists in the body for significantly longer than the tran-
sient ROS (AL=10"'%s) [22]. In addition, acrolein readily
forms conjugates with proteins and GSH that remain highly
reactive [27, 29-31] and likely have half lives much longer
than free acrolein. In fact, trapping and sequestering acro-
lein—protein adducts prevented subsequent protein cross-
linking and cytotoxicity, providing significantly more cyto-
protection in cultured hepatocytes than scavenging free
acrolein directly [27]. These observations demonstrate acro-
lein’s reactivity to crucial cell components, extended activity
within cells, and persistent elevation in pathological condi-
tions. It is therefore almost certain that acrolein plays a
particularly damaging role in oxidative stress.

3 Vulnerability of the endogenous anti-
oxidative system

The CNS has several methods of reducing oxidative stress,
though these detoxification systems can be overwhelmed
and are themselves vulnerable to inactivation by ROS. GSH,
the cell’s primary mechanism for reducing unstable mole-
cules, binds and sequesters acrolein [3]. However, this
important endogenous antioxidant may be overwhelmed as
GSH becomes depleted, along with other factors known to
reduce oxidative stress such as vitamin E and ascorbic acid
[2]. In fact, due to acrolein’s great reactivity with thiols, GSH
may itself be one of the primary targets of acrolein-mediated
injury. GSH reacts with the third carbon of acrolein to
produce GS-propionaldehyde [29], which is subsequently

Acrolein-mediated
cellular destruction
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Figure 1. Acrolein originates from

multiple exogenous and endogenous
) sources and is known to attack protein,
Myelin lipids, and DNA. Such toxicity can
disrupt neuronal membranes, mito-
chondria, and myelin.
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metabolized by both aldehyde dehydrogenase (ALDH) and
alcohol dehydrogenase [32]. Specific forms of these enzymes
are present at varying concentrations in different tissues:
glial cells produce ALDH2 but not ALDH1, and neither of
them is expressed in neurons [33]. This suggests that
neurons may be particularly vulnerable to acrolein-mediated
injury. Depletion of GSH may compromise reduction of
hydrogen peroxide and lipid peroxides by GSH peroxidase,
and these compounds may then react in the presence
of iron to form free radicals that induce further LPO.
Studies supporting this mechanism found GSH and
N-acetylcysteine protected against acrolein-mediated inju-
ries in vitro [34-37] and in vivo [35]. In fact, acrolein directly
inactivates GSH reductase [38], preventing GSH reduction
and further impairing the cell’s capability to survive oxida-
tive stress.

The reaction of GSH with acrolein is essential to the
endogenous elimination of acrolein; however, this process
depletes GSH reserves, limiting the body’s ability to handle
additional oxidative stress. Additionally, this reaction
produces a toxic intermediate that could further contribute
to cellular injury. Furthermore, acrolein inactivates GSH
reducatase, a key antioxidative enzyme [38]. Intracellular
GSH can suppress oxidative stress when acrolein concen-
trations are low, but can be overwhelmed by high levels of
acrolein.

4 Acrolein toxicity in the CNS: In vitro
and ex vivo evidence

4.1 Membrane damage

Cellular deterioration leading to functional deficits and cell
death may be triggered by membrane damage [39-41]. This
is one mechanism by which acrolein likely contributes to
functional loss in neurological disease and injury
where ROS have been implicated (Fig. 2C and D).
Exposure to acrolein concentrations as low as 1 puM for 4h
resulted in increased permeability of cell membranes to
ethidium bromide (MW 400 Da) in ex vivo spinal cord [10]
(Figs. 1 and 2). As duration of exposure and/or acrolein
concentration increased, larger molecules such as horse-
radish peroxidase (HRP, 44kD) and lactate dehydrogenase
(LDH, 144 kD) were able to pass through the plasmalemma
[10].

There are important differences between membrane
damage mediated by acrolein and that resulting from
physical impact. First, the most severe plasma membrane
leakage occurs immediately following gross trauma [42—45].
Membrane breaches due to primary injury in vitro reseal in
a time-dependent manner [42-45]. Conversely, micromolar
levels of acrolein disrupt the plasma membrane in a
progressive process: damage becomes evident following a
delay ranging from minutes to hours [10, 11]. As acrolein
accumulates and catalyzes additional oxidative stress,
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Figure 2. Diagram (A) representing the steps in acrolein-medi-
ated neural injury. For healthy nerves (B), proteins such as Caspr,
contactin, Nfac, and spectrin comprise axoglial septate junctions
that secure the myelin to the axon at the periphery of the nodes
of Ranvier. These act to sequester voltage gated K* channels to
the internode region. Intact axonal membranes maintain an ionic
balance with low concentrations of intracellular Ca®", keeping
intracellular proteases inactive. Exposure to acrolein results in
damage to myelin, the myelin—axon junction, and the axonal
membranes (B). Influx of calcium activates proteases, which may
cause further damage to the paranodal axoglial junction. Ulti-
mately, acrolein damages both axonal membranes and myelin
structures (C). Myelin decompaction and retraction prevent
saltatory conduction and allow K* channels to spread into the
node of Ranvier, furthering disrupting neuronal function.
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mounting membrane damage could eventually lead to cell
lysis. The delayed and progressive nature of acrolein-
mediated membrane damage demonstrates that this alde-
hyde may play an important role in secondary injury
following mechanical trauma.

The finding that very low concentrations of acrolein can
induce significant membrane damage to otherwise
healthy tissue suggests that acrolein may be responsible for
the delayed membrane damage to the tissue adjacent to the
original injury site. This may help to explain the
phenomenon of “diffuse axonal injury” first postulated by
Povlishock and co-workers to characterize axonal
deterioration outside of the impact zone [46-48]. We hypo-
thesize that acrolein may act as a key factor in spreading
secondary and diffuse membrane damage following physi-
cal trauma [49]. Consistent with this hypothesis, we detected
a significant elevation of acrolein and concomitant
membrane damage at a location more than 10 mm distant
from the original compression site in a guinea pig SCI
model [17, 49]. Furthermore, this membrane damage
accompanied functional deficits such as the loss of
compound action potential (CAP) conduction [11, 50]. Since
plasmalemmal integrity is indispensible for action potential
generation and conduction, it is predictable that acrolein-
mediated membrane disruption is associated with func-
tional abnormalities.

Acrolein is significantly more toxic than other aldehydes
implicated in spinal cord trauma [51, 52]. Specifically, at a
concentration of 200puM, HNE did not cause significant
horseradish peroxidase labeling when applied for 4 h, while
the same concentration of acrolein inflicted significant
membrane disruption as early as 15min [10]. This is
consistent with the notion that acrolein is 100 times more
reactive than HNE and may play a more significant role in
oxidative stress and cell death [22]. Further supporting the
high sensitivity of membranes to acrolein, Hall and co-
workers found that acrolein is significantly more toxic to
mitochondria than HNE [53].

The mechanisms of acrolein-mediated membrane
disruption have not been fully elucidated, though ROS likely
play a role in this process. As discussed above, there is a
significant increase of ROS, LPO, and protein carbonyl
levels as well as depletion of endogenous GSH upon acro-
lein exposure [10, 15]. Acrolein-mediated membrane
damage can be significantly attenuated by the application of
antioxidants in vitro and ex vivo [10]. This suggests that
much of acrolein-induced membrane damage is mediated
by ROS. The remainder of acrolein’s detrimental effects can
likely be attributed to other intermediate compounds or
acrolein itself.

4.2 Mitochondrial dysfunction

Mitochondria produce energy that is critical for cell growth,
function, and survival. Unfortunately, the same properties
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that allow them to efficiently generate ATP make mito-
chondria one of the primary producers of ROS and a
target for pathological oxidation [54, 55]. Specifically, 1-2%
of the electrons which flow into the mitochondrial respira-
tory chain catalyze the incomplete reduction of O, to
superoxide radical O3) [56]. Generation of ROS increases
significantly when the electron transport chain is compro-
mised [54, 55].

Acrolein impairs mitochondrial respiratory function in
heart, spinal cord, and brain tissues [15, 34, 53, 57]. There-
fore, it is likely that acrolein exacerbates oxidative stress in
part by inhibiting normal metabolism in injured neuronal
tissue. Consistent with this hypothesis, we have found that
acrolein stimulated significant ROS production in isolated
brain mitochondria, while decreasing concentrations of
antioxidants such as GSH [15]. As brain mitochondria do
not express high levels of catalase [58, 59], the role of GSH
in detoxifying hydrogen peroxide is critically important for
this organelle and with neurons. As acrolein rapidly depletes
intracellular GSH [23], increased mitochondrial oxidative
stress likely plays an important role in free radical-mediated
damage in central neurons.

Deficient adenine nucleotide translocase (ANT)
activity leads to inhibition of the mitochondrial electron
transport function, which in turn could promote
oxidative stress [60—62]. We noted that the impairment of
ANT activity accompanies acrolein-induced oxidative
stress and inhibition of electron transport [15]. Therefore, it
is postulated that ANT inactivation is an important
intermediate step contributing to overall ROS increases in
acrolein toxicity. Since acrolein has been shown to
have little effect on the activities of respiratory complexes
I-V [34], aldehyde inhibition of ANT likely constitutes
the major method of acrolein-induced toxicity on the
electron transport chain and therefore ROS increase in
mitochondria.

Because ANT contains sulfhydryl moieties in its cysteine
residues [63, 64], it is probable that acrolein directly binds
and modifies ANT. Consistent with such hypothesis ANT is
the single most abundant protein within the inner mito-
chondrial membrane [63], where acrolein likely accumu-
lates. There has also been accumulated evidence that
calcium overload and opening of a transmembrane pore in
the inner mitochondrial membrane, two established
mechanism through which mitochondria produce ROS
[65-68], play only minor roles in acrolein-induced mito-
chondrial generation of ROS [15]. In addition, xanthine
oxidase-dependent ROS generation contributes minimally
to the overall level of oxidative stress induced by acrolein
[15]. These data further highlight the importance of ANT
inhibition in acrolein mediated-ROS production in mito-
chondria. Additionally, brain mitochondria are 10-20 times
more sensitive to acrolein that those of heart muscle,
suggesting that within the CNS, mitochondria may be more
vulnerable to acrolein than in other organ systems [15, 34,
57, 69].
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4.3 Myelin disruption

Myelin damage can lead to the loss of axonal conduction and
paralysis in MS [70, 71] and SCI [72-76]. Similar histo-
pathological changes are seen acutely when acrolein is
incubated with isolated guinea pig spinal cord segments [77]
(Fig. 2). Such myelin disruption can lead to failure of axonal
conduction, which can be partially restored by potassium
channel blockade [78-82]. In addition, it is reported that
sodium channel blockade with phenytoin also protects
spinal cord axons, enhances conduction, and improves
functional motor recovery after contusion SCI [83]. This
relationship supports our assertion that acrolein is capable
of damaging both myelin and axonal membranes and may
represent an important factor in the pathogenesis
of conditions involving damage to both neurons and glia
(Fig. 2).

Upon acrolein exposure in ex vivo, specific structural
abnormalities are found at the paranodal region which
include the lengthening of the nodes of Ranvier and myelin
splitting [77] (Fig. 2D). Morphometric analysis revealed that
12h of incubation with 200uM acrolein increased the
average nodal length ratio (length of node/axonal diameter)
up to fourfold. Concomitantly, the index of paranodal
myelin (a measurement of myelin splitting or decompac-
tion) near the node of Ranvier was more than doubled [77].
Since no mechanical trauma was exerted during these
experiments, it was concluded that the main contributor to
the observed nodal lengthening was the retraction of the
paranodal myelin towards the internode. These changes
occur in part through calcium-dependent processes (Fig. 2C
and D). Calcium is a key cofactor of several enzymes
including proteases believed to be involved in demyelina-
tion, such as calpain [84]. Alternatively, paranodal myelin
splitting appears to be calcium-independent since decreas-
ing calcium concentration did not significantly alleviated
acrolein-mediated myelin splitting [77]. A related observa-
tion is that degradation of myelin basic protein was observed
at the paranodal region following acrolein incubation [77],
suggesting that acrolein reacts directly with this key
component of myelin, leading to delamination and myelin
splitting [85-87] (Fig. 2D).

The mechanisms of myelin retraction and the involve-
ment of calcium in this degenerating process are not fully
understood. Axoglial paranodal junctions are known to be
critical for maintaining the proper structure of the nodes of
Ranvier [88] (Fig. 2B). This axon—glial interaction is gener-
ated and maintained by an axoglial septate junction invol-
ving several proteins, such as contactin [89], contactin-
associated protein (Caspr) [90], glial neurofascin 155
(NF155) [91], protein 4.1B [92, 93], spectrin, and actin
[94, 95]. Following acrolein exposure, the myelin sheath
detaches from axonal Caspr, indicating the dissociation of
paranodal protein complex and confirming the destruction
of axoglial septate junctions [77]. Calpain, a calcium-
dependent protease, can be activated as a result of acrolein
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incubation [96] and disrupts spectrin and protein 4.1
(88, 97]. Thus, calpain activation likely plays a role in
interrupting the normal axoglial connection and producing
structural abnormalities such as myelin retraction [97, 98]
(Fig. 2C and D).

Acrolein-induced demyelination affects neurons in
several critical ways, including the exposure of voltage-gated
potassium channels (VGPC) (Fig. 2D). Such unmasking is
known to cause ionic dysregulation and conduction failure
[77-81]. Specifically, the majority of axonal VGPC in adult
mammalian myelinated axons are located in the juxtapar-
anodal region beneath the myelin sheath, while sodium
channels aggregate within the node of Ranvier [88] (Fig. 2B).
Acrolein incubation results in exposure of potassium
channels in the juxtaparanodal region [77] (Fig. 2D).
Furthermore, Ampyra® (4-aminopyridine), a potassium
channel blocker, has been shown to partially restore
conduction in axons demyelinated by acrolein, supporting
the notion that the exposure of potassium channels is a
primary mechanism of conduction failure in the presence of
acrolein [77-79, 99].

Acrolein-induced demyelination affects these channels in
other ways. In a recent study by Shi and co-workers,
extending duration of acrolein exposure from 6h to more
than 10h resulted in redistribution of VGPCs to the node of
Ranvier [77]. That was the first report that VGPC can be
induced to expand across the node of Ranvier following
acute incubation with an endogenous toxin such as acrolein.
The mechanisms of VGPC diffusion or redistribution are
not likely to be explained by retraction of myelin alone.
Axoglial septate junctions may function as a barrier to the
movement of VGPC [88, 100]. Therefore, acrolein and ROS
damage to the anchoring protein complexes could remove
this limitation and lead to aberrant movement and redis-
tribution of VGPC (Fig. 2D). In such a case, VGPC diffusion
would be caused by the same mechanism as myelin
damage. Due to the longer duration of acrolein exposure,
this pathology may play an important role in the secondary
phase of traumatic injuries or chronic degenerative diseases.
In fact, myelin damage in chronic human MS is associated
with abnormal distribution of Caspr, a protein normally
restricted to the paranodal region [101].

As acrolein has been shown to damage neurons and
cause severe myelin disruption [10, 11, 50, 77], it is likely
that both pathologies contribute to the functional deficits in
neurotrauma and neurodegenerative diseases (Fig. 2). Since
the integrities of both myelin and axons are indispensible
for neuronal function, therapies targeting only one of these
pathologies are expected to only partially restore function.
Indeed, blocking exposed potassium channels with
4-aminopyridine only partially restored CAP conductance
after trauma and acrolein-mediated damage [40, 77]. The use
of a combination therapy targeting myelin and axonal repair
is expected to provide better treatment than either strategy
used alone. Shi and Borgens have shown that polyethylene
glycol, a membrane repair agent, can significantly enhance
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the effect of potassium channel blockade in ex vivo SCI,
indicating a synergistic effect between these two agents
[102].

5 Concentration, duration of exposure,
and compounding factors in acrolein
toxicity

As a ubiquitous pollutant and endogenous toxin, acrolein is
normally present in serum at a concentration of 0.5uM
[103, 104]. Acrolein was observed to cause neuronal damage
ex vivo at concentrations between 1 and 500 uM, a range
known to produce various degrees of structural and func-
tional damage in neurons [10, 11, 15, 37, 50, 96, 105] and
myelin [13, 77]. Although the exact concentrations of acro-
lein in trauma or neurodegenerative diseases have not been
fully quantified, pM-mM levels of acrolein are likely to
occur in pathological tissues. For example, the concentration
of acrolein is reported to reach 80 uM in the respiratory
fluids of smokers [106] and 180 pM in the plasma of patients
with renal failure [107]. Acrolein concentrations in the
brains of Alzheimer’s disease (AD) patients have been found
to increase four-fold from a range of 0.7-0.9nmol/mg
protein to 2.5-5nmol/mg protein [7]. We previously calcu-
lated that 100-500 pM acrolein corresponds to 1.0-5.2 nmol/
mg protein in spinal cord [50], which is similar to the
concentrations in Alzheimer’s disease brains, and thus may
be within the scope of MS and SCI victims as well.

Another factor in the pathophysiology of acrolein-medi-
ated toxicity is the duration of exposure. Due to the limita-
tions of in vitro and ex vivo experimentation, functional
spinal cord tissues could only be incubated with acrolein for
hours [10, 77]. However, acrolein levels are likely to remain
elevated significantly longer in vivo. Luo et al. reported that
acrolein production is increased for at least 7 days following
spinal cord compression [17]. In chronic neurodegenerative
diseases, where the course of the ailment progresses for
years, acrolein concentrations are likely to remain elevated
for much longer periods. Additionally, other secondary
outcomes of injury, such as ischemia [108-111], inflamma-
tion [70, 112, 113], and excitotoxicities [8, 114], can signifi-
cantly exacerbate the formation of oxidative species and the
severity of acrolein-mediated neuronal insult. Thus, the
concentration threshold at which acrolein can inflict
significant damage in vivo may actually be lower than the
values used in reported studies (1-500 pM) due to differ-
ences in exposure time and potential coupling effects in
vivo. From these findings, we conclude that in vitro and ex
vivo studies support the notions that acrolein occurs at toxic
concentrations in pathological conditions, and this elevation
plays a critical role in mediating pathology in neurotrauma
and neurodegenerative diseases.

Despite overwhelming evidence of acrolein toxicity in
vitro, the concentrations of this endogenous toxin occurring
in CNS disorders in vivo have not been fully established.
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Acrolein reacts rapidly, binding to lipids and proteins of
varying chemistries and molecular masses, making accurate
quantification of such a volatile small molecule technically
challenging. Despite the uncertainty, we recently described a
unique method to show that endogenous levels of acrolein
are capable of producing tissue damage [115]. By injuring a
segment of spinal cord, before incubating with uninjured
spinal tissue in a closed media bath, the effects of diffused
acrolein was effectively isolated from those of mechanical
injury. It was shown that acrolein is capable of spreading
from the primary site of trauma and injuring separate tissue
that was not subject to trauma. This indicates that regardless
of the concentration, endogenously produced acrolein is
capable of causing significant neuronal damage. The
broader impact of this study is the demonstration that
secondary injury can produce significant injury distinct
from the effects of mechanical trauma. Such a condition
likely also mimics the chronic conditions present in
neurodegenerative diseases.

The evidence of widespread elevation of acrolein follow-
ing focal compression injury to spinal cord is clearly
consistent with the role of acrolein as a diffusive factor in
secondary injury [17, 77, 115]. The observed accumulation of
LPO products as long-lasting pathological byproducts
capable of spreading injury is consistent with several
previous reports. Using rat spinal cord contusion models,
Baldwin et al. observed a significant increase in HNE in a
region two segments outside the compression zone [51], as
did by Springer et al. [52]. In addition, LPO byproducts such
as acrolein and HNE likely spread farther than conventional
ROS while inflicting more tissue damage due to their
stability in solution [16]. These findings corroborate our
hypothesis that reactive aldehydes cause secondary oxidative
stress that is not limited to the original impact zone, but is
more widely distributed.

Consistent with such hypothesis, we have presented
some evidence linking acrolein to diffusive membrane
damage, mitochondrial dysfunction, and neuronal degen-
eration. Notably, the diffusive elevation of acrolein
spatially coincides with the range of membrane disruption
[17, 49]. As mentioned above, acrolein is diffusively
elevated 10mm from the injury site following in vivo
SCI for at least 24h [17]. In the same injury model, severe
axonal membrane damage was observed, but was not
apparent until several days post-injury [49]. Toklu et al.
found myelin degradation at 7 days post-injury correlated
with LPO and DNA fragmentation [116]. These data are
consistent with the hypothesis that diffusive elevation of
acrolein precedes and leads to membrane disruption and
subsequent cell death following in vivo spinal cord trauma.
Similarly, diffusive mitochondrial dysfunction and LPO
were also observed following initial impact in the same
injury model [117, 118]. This evidence — coupled with
the observations that acrolein can cause mitochondrial
dysfunction, LPO, and other secondary injury mechanisms
— clearly suggests that this aldehyde plays an important role
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in the pathogenesis of diffusive secondary injury following
spinal cord trauma.

6 Acrolein as a novel therapeutic target
for SCl and MS

Acrolein scavengers offer a powerful tool to study the
mechanisms of acrolein-mediated cytotoxicity and to evalu-
ate the utility of anti-acrolein treatments for SCI and MS
[13, 50, 105]. Most research in this area has examined an
antihypertensive drug, Apresoline® (hydralazine), which
has been shown to bind to and neutralize acrolein [31, 119,
120] and acrolein—protein adducts [27, 30, 121]. The mole-
cular structure of hydralazine (Fig. 3) shows this species to
be a strong nucleophile possessing a hydrazide functional
group. This imparts properties similar to the nucleophilic
centers of proteins and DNA: acrolein reacts with a hydra-
zide through a Michael-type addition [119]. Using "H NMR,
Burcham and co-workers have identified the primary reac-
tion product of hydralazine and acrolein to be (1E)-
acrylaldehyde phthalazin-1-yl hydrazone (E-APH), formed in
a 1:1 reaction [31]. In a cell-free system, equimolar concen-
trations of hydralazine and acrolein resulted in nearly
complete elimination of acrolein. Formation of (1E)-
acrylaldehyde phthalazin-1-yl hydrazone greatly reduces the
cellular toxicity of acrolein, allowing it to be safely excreted
from the body [31].

Repeated experiments have shown hydralazine to be
effective at preventing or reducing the severity of patholo-
gies associated with acrolein. Acrolein-mediated cytotoxicity
was reduced by incubation with this drug [105]. In ex vivo
spinal cord, hydralazine mitigated acrolein-mediated
oxidative stress, membrane damage, and loss of CAP
conduction [50, 115]. Hydralazine also reduced accumula-
tion of acrolein—protein adducts in ex vivo spinal cord
compression, which correlated well with findings that
hydralazine mitigated compression-mediated oxidative
stress and membrane damage [50]. Previous studies report
that hydralazine is not an efficient scavenger of superoxide,
nor does it directly influence damaged membranes [50].
Therefore, hydralazine likely acts to reduce injuries through
acrolein scavenging mechanisms. This evidence further
substantiates the theory that acrolein accumulates at

NH
i
= | H
N N
| ik “NH,
N, N
NH N
HaN" H” “NHs
Hydralazine Dihydralazine Phenelzine

Figure 3. Chemical structures of the acrolein scavengers:
hydralazine, dihydralazine, and phenelzine.
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pathologic concentrations following compression injury ex
vivo, and plays a key role in secondary injury mechanisms
following traumatic SCI. Therefore, acrolein is a potential
novel target of therapy to promote improved recovery
following SCI.

Intraperitoneal (IP) injection of hydralazine can deliver
safe and effective doses in vivo [122], reducing acrolein
concentration in spinal cord and leading to enhanced
functional recovery in experimental autoimmune
encephalomyelitis (EAE) mouse [13]. Specifically, hydrala-
zine at 1mg/kg body mass can successfully inhibit
acrolein-mediated myelin damage and reduce behavioral
deficits in EAE mice. Hydralazine directly induces vasodi-
lation, likely by inhibiting calcium release within vascular
smooth muscle and involves opening of vascular potassium
channels [123-126]. Accordingly, hypotension might be
expected as a potentially life-threatening side effect if used
for SCI patients in traumatic shock. However, these fears
have not been borne out in animal studies. The blood
pressure of injured animals was monitored and no serious
hypotension was observed [13]. In fact, this dosage of
hydralazine (1mg/kg) is significantly lower than the
suggested upper limit of safe dosing for human pediatric
patients (7.5mg/kg) [127]. Assuming the bioavailability of
hydralazine through IP injection (in mice) was more than
90%, compared to about 40% through oral application [128],
the systemic concentration hydralazine achieved in EAE
mice is still less than a third that of pediatric human
patients. Therefore, it is likely that a dose effective at trap-
ping acrolein can be reached without eliciting significant
side effects.

In recent rat spinal cord contusion experiments,
an even higher dose of hydralazine (5mg/kg) effectively
lowered acrolein concentrations and enhanced behavioral
recovery without inducing hypotension (unpublished
observations). Using a unique method of mass spectro-
metry, it has been shown that hydralazine concentration can
reach an effective range of 10-30 uM in spinal cord tissues
within hours of IP injection in rats [105, 122]. These find-
ings further support the proposed use of hydralazine to
effectively treat neurotrauma [50] and neurodegenerative
diseases [13] by trapping acrolein within the CNS following
a systemic application. It is noteworthy that hydralazine is a
FDA-approved medication for hypertension [125, 126].
Considering the efficacy in trapping acrolein in vivo, the safe
effective dosage, and the established FDA approval, hydra-
lazine therapy is primed for rapid translation to clinical
therapy.

In addition to hydralazine, several other drugs that have
potential use in scavenging acrolein, but have not yet
received extensive study. In general, these compounds
possess aromatic rings and nucleophilic hydrazine
groups. Dihydralazine is structurally and pharmacologically
similar to hydralazine, but has two hydrazine groups
(Fig. 3). Thus, it could potentially be up to twice as efficient
at trapping acrolein. It was shown to be effective at trapping
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acrolein in a cell-free system and also protected against
acrolein-induced LDH release in cultured hepatocytes [31].
Another potential acrolein scavenger, Nardil® (phenelzine,
Fig. 3), is a monoamine oxidase inhibitor (MAOI) that also
possesses a hydrazine group. Phenelzine has been shown to
protect against acrolein-induced LDH release in vitro, as
well as ischemia-reperfusion injury in gerbils in vivo [129].
Phenelzine reacts with acrolein at the same 1:1 molecular
ratio as hydralazine, so it is expected to be as effective at
removing acrolein from solution. Since the halflife of
phenelzine is 11.6h [130] as compared to 0.5-1h for
hydralazine [131], it might provide additional neuroprotec-
tion. Though phenelzine is not a direct vasodilator, as a
monoamine oxidase inhibitor it can have a transient effect
on blood pressure [132]. Following SCI, when hypotensive
effects are particularly undesirable, phenelzine could be
used as an alternative to hydralazine. However, the safety of
phenelzine would need to be established through further
testing.

7 Concluding remarks

There is strong evidence to indicate that acrolein plays a
critical role in oxidative stress: its long half-life, ability to
generate free radicals, potent cytotoxicity, and elevated
concentrations in disease conditions. It also has synergistic
effects with other common secondary injuries where
oxidative stress is known to exist. Therefore, we postulate
that acrolein is the primary factor in perpetuating oxidative
stress. This would explain why years of research efforts
targeting transient ROS using free radical scavengers have
not yielded any effective treatment. Hence, acrolein consti-
tutes a more logical target for effective therapeutic inter-
vention to reduce oxidative stress.

It is well known that mammalian cells have a built-in
antioxidant system to combat oxidative stress in most of the
situations [3]. However, in the event of injury, acute or
chronic, the endogenous antioxidant system is frequently
overwhelmed by rapid production of free radicals
[66, 133-137]. Acrolein could be responsible for stimulating
the generation of free radicals while also depleting endo-
genous antioxidants such as GSH. Therefore, scavenging
acrolein may impede the vicious cycle that perpetuates
oxidative stress. The strong scientific rationale to trap acro-
lein to treat neurotrauma and diseases is supported by
experiments that have shown existing acrolein scavengers to
not only be effective for in vitro testing, but safe and prac-
tical during in vivo applications. Specifically, hydralazine
serves as an excellent acrolein-scavenger that has prior FDA-
approval, making it likely to be rapidly adopted for clinical
usage. Because of the wide variety of pathological processes
associated with acrolein, research into anti-acrolein thera-
pies may have benefits beyond SCI and MS and potentially
could also be used to treat patients with other diseases
associated with oxidative stress.

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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