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Abstract: Multiple sclerosis (MS) is an autoimmune disease of the central nervous system
(CNS) characterized by an inappropriate inflammatory reaction resulting in widespread
myelin injury along white matter tracts. Neurological impairment as a result of the disease
can be attributed to immune-mediated injury to myelin, axons and mitochondria, but the
molecular mechanisms underlying the neuropathy remain incompletely understood.
Incomplete mechanistic knowledge hinders the development of therapies capable of
alleviating symptoms and slowing disease progression in the long-term. Recently,
oxidative stress has been implicated as a key component of neural tissue damage
prompting investigation of reactive oxygen species (ROS) scavengers as a potential
therapeutic option. Despite the establishment of oxidative stress as a crucial process in MS
development and progression, ROS scavengers have had limited success in animal studies
which has prompted pursuit of an alternative target capable of curtailing oxidative stress.
Acrolein, a toxic B-unsaturated aldehyde capable of initiating and perpetuating oxidative
stress, has been suggested as a viable point of intervention to guide the development of
new treatments. Sequestering acrolein using an FDA-approved compound, hydralazine,
offers neuroprotection resulting in dampened symptom severity and slowed disease
progression in experimental autoimmune encephalomyelitis (EAE) mice. These results
provide promise for therapeutic development, indicating the possible utility of neutralizing
acrolein to preserve and improve neurological function in MS patients.
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1. Introduction

Multiple sclerosis (MS) is an autoimmune demyelinating neuropathy with a variety of endogenous
and exogenous factors that are believed to influence disease risk and clinical course. Many reviews
have focused on assessing patient susceptibility to MS, most notably relationships with gender,
geography and genetics, which have demonstrated strong correlations in clinical cohort studies.
However, to date, the molecular mechanisms underlying known pathogenic risk factors have yet to be
established and, consequently, MS has remained largely refractory to available FDA-approved
treatments. Marked progress in animal studies has enhanced understanding of pathological
mechanisms allowing identification of novel therapeutic targets to improve quality and effectiveness of
treatment regimens. Demonstrations of involvement of oxidative stress have led to attempts to
sequester reactive oxygen species (ROS) for therapeutic intervention; however, to date, targeting
solely ROS has had marginal success. This review summarizes current knowledge of MS pathogenesis
focusing particularly on the role of acrolein, a toxic aldehyde and key factor in oxidative stress, in
attempt to highlight the potential use of acrolein as a therapeutic target and a biomarker for MS
diagnosis and disease progression.

2. Pathogenesis

Multiple sclerosis can be categorized into two main subtypes: relapsing remitting (RR) and primary
progressive (PP), which differ in average age of onset, time course, and initial presentation [1]. RRMS,
responsible for 85% of cases in predominantly younger patients, is characterized by one to two
transient CNS attacks per year with either partial or complete symptomatic resolution. At an average
age of 42 years, RRMS patients often transition to secondary progressive (SP) MS, a chronic phase
characterized by attacks without recovery. Permanent neurological impairments of SPMS eventually
provoke progressive physical deterioration of the patient [2,3]. The remaining 15% of cases typically
present in older patients and are classified as PPMS [4]. PPMS shares many characteristics with
SPMS, except that it is not preceded by RRMS; PPMS patients, even in initial stages of the disease, do
not experience physical recovery following an attack.

Although the exact molecular mechanisms remain to be elucidated, the general consensus is that the
clinical features of MS are the result of a triad of neural tissue injury mechanisms: inflammation,
demyelination, and axonal damage [2,5]. Autoreactive myelin-specific T-lymphocytes are considered
the main inflammatory culprits behind nervous system assault and initiation of disease processes [5—8].
Presumed to be activated by molecular mimicry, these lymphocytes initiate a cascade of subsequent
events such as blood-brain-barrier disruption, microglial activation, excitotoxicity, plaque
development, and ultimately neurodegeneration and microglial scarring. Furthermore, evidence of
inflammation is apparent in biopsied plaques comprised of lymphocytes and macrophages, and in the
blood and CSF which include myelin reactive T-lymphocytes [9-11]. Microglia contribute to the
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inflammatory atmosphere instigated by the T-cells by releasing proteolytic enzymes, cytokines,
oxidative products, and free radicals all of which exhibit toxicity toward oligodendrocytes and
myelin [1,3]. Inflammation elicits mitochondrial disruption, demyelination and axonal assault, the
processes behind transient and permanent neurological impairment and conduction failure. In addition
to myelin damage, axonal loss has also been recognized to contribute to the long term functional
deficits and progression of disease [4,7,12,13]. Ultimately, compromise of axons, left vulnerable by
loss of myelin sheath, is believed to elicit neuronal degeneration, cerebral atrophy, and permanent loss
of function all of which are characteristic of late stage PPMS and SPMS.

Traditional anti-inflammatory therapies have so far demonstrated short term effects in reducing
relapse rates but little if any benefit in slowing disease progression [5,14]. Development of a novel and
more effective treatment strategy necessitates additional study of the underlying pathogenic
mechanisms. Establishment of well-defined links between the observed inflammatory reactions,
demyelination, and axonal damage may enable identification of more suitable pharmacologic targets.

3. Oxidative Stress

Current studies have suggested that the pathogenic traits of MS collectively implicate oxidative
stress as a crucial factor in initiating and perpetuating mechanisms responsible for the characteristic
progressive neurological impairment [15—18]. Processes responsible for generation of reactive oxygen
species and lipid peroxidation, hallmarks of oxidative stress, have been studied in attempt to develop
therapies that can slow, halt, or even reverse chemically-mediated CNS damage. Recent efforts have
focused on targeting ROS by applying pharmaceutical agents to curtail oxidative stress and suppress
free radicals, likely instigators of demyelination and subsequent axonal degeneration. Unfortunately,
these efforts have had minimal effect in vivo which is thought to be attributed to their short half-life,
on the order of milliseconds, and degree of instability of ROS [5,14,18]. Limited response to
application of ROS scavengers has led to the pursuit of a stable compound associated with oxidative
stress to serve as a target for therapeutic intervention. Acrolein (2-propenal), a more stable compound
capable of perpetuating oxidative stress by both initiating and bolstering lipid peroxidation and ROS
generation, has been linked to a plethora of diseases [19-23]. Researchers have provided substantial
data illustrating the detrimental nature of acrolein, particularly in the nervous system.

4. Acrolein

Acrolein, a B-unsaturated aldehyde, is a powerful toxin that has been shown to damage proteins,
lipids, and DNA, generate free radicals, and activate cascades of noxious enzymes [17,24,25].
Acrolein has a variety of endogenous and exogenous sources. As a pollutant, acrolein is emitted during
various manufacturing processes, burning cigarettes, exhaust from combustion engines, and vapors of
overheated cooking oil [24]. Acrolein is also generated endogenously through the oxidation of various
compounds, achieving pathological concentrations in conditions such as trauma, stress, and aging [26].
Both external and internal sources can elevate acrolein concentrations to potentially damaging levels
within the body [17,27-31]. As both a product and catalyst of lipid peroxidation, acrolein induces a
vicious cycle of oxidative stress, dramatically amplifying its effects [24,32]. Furthermore, acrolein
remains active in the body much longer than commonly studied oxidative species; most oxygen
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radicals decay within fractions of a second, while acrolein persists for seven to ten days [33].
Compared to other aldehydes associated with oxidative stress such as 4-hydroxynonenal, acrolein is
generated at 40 times greater concentration and is 100 times more reactive [24,32,33]. Therefore,
acrolein is the most reactive and abundant aldehyde. This evidence strongly suggests that acrolein is a
key factor in perpetuating oxidative stress and has the potential to serve as a viable therapeutic target.

Studies have demonstrated that acrolein is capable of directly damaging nucleic acids present in
DNA, amino acids and lipids, all crucial components of myelin sheath and the lipid-rich neuronal
membrane. Through reaction with a wide variety of proteins and GSH, acrolein adducts have also
exhibited significant reactivity and a longer half-life than that of free acrolein. Furthermore, a recent
study has demonstrated that sequestering acrolein in an animal model of MS, through the use of
acrolein scavengers, promotes functional recovery and decreases incidence of demyelination [27]. As
evidenced in the aforementioned study, acrolein is likely a key mediator in sustaining or even further
aggravating the inflammatory environment presumably liable for functional deterioration in MS and an
assortment of other diseases attributed to oxidative stress [27]. An increase in acrolein-lysine adduct
level was observed in EAE mice concordantly with the presence of behavioral deficit. In addition,
treatment with an acrolein scavenger, hydralazine, reduced demyelination, slowed disease progression
and improved behavioral score [27]. These studies further implicate acrolein as a pathologic factor in
MS by demonstrating the attenuation of behavioral deficit and myelin damage in response to
neutralizing acrolein with hydralazine.

5. Demyelination

CNS demyelination, the hallmark of MS development and progression, is responsible for the
characteristic transient functional impairment seen clinically in RRMS [5,14]. Nerve conduction is
adversely affected by myelin loss due to increased energy required for action potential propagation.
Ultimately, increased energy expenditure depletes ATP and if myelin integrity is not restored, impulse
conduction is halted. Previous evidence has indicated that myelin also plays an integral role in
localizing expression of voltage-gated sodium (VGNa) to the nodes of Ranvier and voltage-gated
potassium (VGK) channels to the juxtaparanodal region beneath myelin sheath. Decompaction or
degradation of myelin results in the aberrant channel expression in which both VGNa and VGK
channels are distributed along the entire length of the axon. VGNa channel redistribution is considered
a compensatory mechanism permitting temporary preservation of conduction despite myelin
breakdown and compromised nodes of Ranvier. However, VGNa channel rearrangement ultimately
becomes ineffective, leading to an ionic imbalance and extracellular calcium influx, which is further
exacerbated by VGK channel migration from the juxtaparanodal region. In addition, aberrant VGK
expression resulting from acrolein-mediated myelin retraction can cause inappropriate outward
movement of potassium ions and the failure of action potential generation at nodal region [34—36].

It is known that acrolein can directly damage myelin, likely through reaction with the protein and
lipid components of the myelin sheath [27,35,37]. Specifically, when isolated ex vivo spinal cord was
exposed to acrolein, significant alterations in myelin structure were observed including myelin
retraction from the nodes of Ranvier and myelin splitting or decompaction [35]. Consequently, myelin
retraction exposed VGK in the juxtaparanodal region, a well-established mechanism that culminates in
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conduction failure. Increased expression of VGK was reported to extend beyond the juxtaparanodal
region into the nodes of Ranvier when exposed to acrolein for up to12 h [35,38]. It is hypothesized that
localized expression of VGK is dictated by axoglial septate junctions. When acrolein-mediated
damage at the junction damages anchoring proteins, channel movement is no longer inhibited
facilitating aberrant VGK expression within the nodal region. Evidence supporting the notion of
acrolein-mediated damage of axoglial septate junctions is that Caspr, an anchoring protein expressed in
the paranodal region of healthy neurons, is delocalized following acrolein exposure [35,36]. In
addition to directly reacting with myelin constituents, acrolein exposure activates calpain, an enzyme
involved in microtubule degradation, enhancing the already toxic environment [39—41].

Though demyelination and membrane damage were previously considered separate disease
processes, they now appear to be intertwined; both have an impact on ionic balance and channel
distribution essential for usual axonal conduction [42—45]. Disruption of these two components by
acrolein is likely to be at least partly responsible for the symptoms and functional deterioration
observed in MS patients. This hypothesis is supported by the fact that acrolein is capable of damaging
both myelin and axons directly and indirectly. Myelin retraction and loss alters the activity and induces
aberrant expression of many ion channels resulting in conduction failure and functional decline.
Concordantly, axonal damage also leads to conduction failure and neuronal degeneration, and, in
addition, permanent neurological dysfunction characteristic of PP- and SP-MS. Therefore, it is
reasonable to suggest the role of acrolein in dual pathological processes in MS.

6. Axonal Injury

The importance of axonal degeneration as a pathologic mechanism in MS has been demonstrated by
post-mortem studies that directly examined lesions in MS patient brain tissue using markers for axonal
damage and myelin disruption. These studies observed a great number of transected axons, implicating
axonal injury as a critical feature of neurodegeneration likely responsible for permanent neurological
deficit often seen in late stages of MS [13,46]. This idea is further supported by the evidence that
axonal damage provoked by an inflammatory environment results in conduction failure and subsequent
symptom development in MS animal models and clinical cases [2,47]. Furthermore, axonal injury
likely represents permanent neuron impairment, and ultimately degeneration, serving as a likely
explanation for absence of functional recovery in PP- and SP-MS [13,46]. In instances of axonal
damage in demyelinated axons, atypical expression of glutamate receptors, sodium channels, and
voltage-gated calcium channels has been reported [17,25]. These results indicate that axonal injury
coupled with altered channel expression, resulting from myelin decompaction, may increase
intracellular calcium levels, all contributing to the degeneration of axons.

As mentioned, acrolein is capable of inflicting axonal damage directly. This is likely because the
axonal membrane, like myelin, is lipid rich and therefore equally susceptible to oxidative
insult—especially acrolein attack. On the other hand, demyelination not only impairs conduction
through loss of internodes and aberrant channel expression, but also leaves the axonal membrane
exposed and vulnerable to injury by inflammatory mediators released by activated glial cells, and
acrolein. Taken together, acrolein can damage axons through direct and indirect mechanisms.
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Shi and colleagues have demonstrated that micromolar concentrations of acrolein can disrupt the
lipid rich cellular membrane, and, moreover, elevated acrolein levels are accompanied by observable
increase of axonal permeability and loss of compound action potential (CAP) conduction [17,30,48].
Introduction of a known acrolein scavenger, hydralazine, in an in vivo or in vitro model was able to
alleviate axonal damage. These studies have provided compelling evidence that acrolein is indeed
capable of inflicting axonal damage and likely plays a significant role in axonal loss in an MS animal
model [27].

7. Mitochondrial Dysfunction

Mitochondrial impairment is an important mechanism underlying observed deficits characteristic of
MS causing deficient energy production provoking cell death. Demyelination and axonal membrane
compromise lead to calcium influx, with consequent activation of cellular pathways provoking harmful
mediators that directly attack mitochondria [14]. The hostile inflammatory environment and membrane
deterioration associated with oxidative stress suggest that mitochondria may also be vulnerable to the
effects of acrolein and ROS more than other cellular structures. Mitochondria provide energy to the
cell in the form of ATP to promote cell function, growth and survival. The process by which they are
able to generate energy, results in the non-pathological production of ROS by the electron transport
chain. Mitochondrial dysfunction impairs the ability of neurons to combat oxidative stress and allows
the release of endogenous ROS produced by the mitochondria. Thus, in disease states, mitochondria
are particularly susceptible to the damaging effects of oxidative compounds and furthermore can
exacerbate oxidative stress and promote cell death and subsequent axonal loss [49,50].

Acrolein has been shown to cause dysfunction of mitochondrial respiration in heart, spinal cord and
brain tissues [25,51-53]. Recently, evidence has been obtained revealing that acrolein may be able to
directly damage mitochondria. Specifically, it has been demonstrated that isolated mitochondria, when
exposed to acrolein, generate ROS and deplete GSH [25]. Reduction of GSH by acrolein renders brain
mitochondria highly susceptible to oxidative stress due to their low levels of catalase [25]. The notion
of direct attack of mitochondria by acrolein was further strengthened by the fact that acrolein impairs
adenine nucleotide translocase (ANT) and consequently, the electron transport chain. It was
suggested that acrolein can directly inhibit ANT, likely through binding cysteine residues, ultimately
diminishing local energy production, perpetuating oxidative stress, and severely impairing
mitochondria function [25,54,55]. This hypothesis is supported by evidence that dysfunction of the
electron transport chain can be facilitated by inhibition of ANT and depletion of glutathione by increased
mitochondrial ROS production [56-58]. If these mechanisms are indeed valid, acrolein would be capable
of both inhibition of ANT and stimulation of ROS production within mitochondria [25].

8. Acrolein Scavenging—A Novel Treatment Strategy for MS

Since acrolein has been implicated as a factor capable of instigating and perpetuating the main
pathogenic mechanisms underlying MS, it is a logical target for pharmacologic therapeutic targeting.
Compounds capable of binding and neutralizing acrolein have shown great promise by alleviating
elevated acrolein levels and attenuating functional decline in EAE mice [42]. Some drugs currently
being examined, such as hydralazine, an FDA-approved anti-hypertensive, are show to be effective
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acrolein scavengers in both in vitro and in vivo studies at safe doses [27,48,59]. When administered to
EAE mice in doses that are substantially less than those approved clinically for antihypertensive use,
hydralazine is capable of sequestering acrolein, mitigating behavioral decline and alleviating
demyelination seen in histological preparations [27]. Similar beneficial effects were also seen in SCI
where acrolein has been implicated. Considering the ability to scavenge acrolein and its
FDA-approval, we speculate that the hydralazine-based anti-acrolein strategy could be developed into
a new MS therapy that can be rapidly translated into the clinic.

Ideally, application of acrolein-scavenging drugs would ease motor deficit through reduction of
acrolein-associated oxidative stress and subsequent membrane, myelin and mitochondrial insult and
ultimately be translated to the clinic as a viable treatment available for MS patients. The main
advantage of this novel approach includes a clear, identifiable, molecular target for treatment,
established methods of monitoring acrolein levels for potential diagnosis, treatment selection and
evaluation. Beyond amplifying oxidative stress, acrolein synergistically exacerbates other parallel
pathologies that are potentially involved in MS pathology, such as ischemia, inflammation, and
excitotoxicity [60—65]. Therefore, once established anti-acrolein therapies could also be paired with other
interventions to maximize treatment effects and greatly enhance the quality of life for MS patients.

9. Concluding Remarks

There is strong evidence to support that oxidative stress plays a role in course of MS and symptom
development. Acrolein appears to be the key factor perpetuating oxidative stress. Recent studies have
ascertained that ROS and acrolein are at least partially responsible for the three hallmark mechanisms
underlying the disease: axonal membrane damage, demyelination, and mitochondrial dysfunction.
More specifically, acrolein is capable of damaging the membrane, myelin, and mitochondria in the
nervous system. Elevated levels of acrolein have been detected in CNS tissue in EAE mice when
symptoms peak. In addition, the acrolein scavenger, hydralazine, has been shown to reduce symptom
severity and slow disease progression through a different mechanism than the currently approved
treatments. This information provides compelling evidence supporting the role of acrolein in
functional deterioration and characteristic mechanisms associated with MS. Therefore, acrolein may
contribute to the pathogenesis of the disease and has the potential to serve as a novel target for the
effective use of acrolein scavengers for long-term symptomatic improvement in MS patients.
Furthermore, this strategy may also be efficacious in the treatment of other diseases associated with
oxidative stress such as cancer, diabetes, atherosclerosis, SCI, and other neurodegenerative disorders.

Acknowledgments

This work was supported in part by the Indiana State Department of Health (204200 to RS),
National Institutes of Health (NS073636 to RS), and Indiana CTSI CBR/CTR Pilot Program Grant
(RR025761 to RS). We thank Nick Race for critical reading of the manuscript.

Conflicts of Interest

The authors declare no conflict of interest.



Int. J. Mol. Sci. 2013, 14 20044

References

10.

11.

12.

13.

14.

15.

16.

17.

Block, M.L.; Hong, J.S. Microglia and inflammation-mediated neurodegeneration: Multiple
triggers with a common mechanism. Prog. Neurobiol. 2005, 76, 77-98.

Trapp, B.D.; Nave, K.A. Multiple sclerosis: An immune or neurodegenerative disorder?
Annu. Rev. Neurosci. 2008, 31, 247-269.

Hohlfeld, R. Biotechnological agents for the immunotherapy of multiple sclerosis. Principles,
problems and perspectives. Brain 1997, 120, 865-916.

Bitsch, A.; Schuchardt, J.; Bunkowski, S.; Kuhlmann, T.; Bruck, W. Acute axonal injury in multiple
sclerosis. Correlation with demyelination and inflammation. Brain 2000, /23, 1174-1183.
Compston, A.; Coles, A. Multiple sclerosis. Lancet 2008, 372, 1502—-1517.

Frischer, J.M.; Bramow, S.; Dal-Bianco, A.; Lucchinetti, C.F.; Rauschka, H.; Schmidbauer, M.;
Laursen, H.; Sorensen, P.S.; Lassmann, H. The relation between inflammation and
neurodegeneration in multiple sclerosis brains. Brain 2009, 132, 1175-1189.

Roach, E.S. Is multiple sclerosis an autoimmune disorder? Arch. Neurol. 2004, 61, 1615-1616.
Weiner, H.L. Multiple sclerosis is an inflammatory T-cell-mediated autoimmune disease.
Arch. Neurol. 2004, 61, 1613-1615.

Lucchinetti, C.; Bruck, W.; Parisi, J.; Scheithauer, B.; Rodriguez, M.; Lassmann, H.
Heterogeneity of multiple sclerosis lesions: Implications for the pathogenesis of demyelination.
Ann. Neurol. 2000, 47, 707-717.

Oksenberg, J.R.; Panzara, M.A.; Begovich, A.B.; Mitchell, D.; Erlich, H.A.; Murray, R.S;
Shimonkevitz, R.; Sherritt, M.; Rothbard, J.; Bernard, C.C.; et al. Selection for T-cell receptor V
beta-D beta-J beta gene rearrangements with specificity for a myelin basic protein peptide in brain
lesions of multiple sclerosis. Nature 1993, 362, 68—70.

Zhang, J.; Markovic-Plese, S.; Lacet, B.; Raus, J.; Weiner, H.L.; Hafler, D.A. Increased frequency
of interleukin 2-responsive T cells specific for myelin basic protein and proteolipid protein in
peripheral blood and cerebrospinal fluid of patients with multiple sclerosis. J. Exp. Med. 1994,
179,973-984.

Frohman, E.M.; Racke, M.K.; Raine, C.S. Multiple sclerosis—The plaque and its pathogenesis.
N. Engl. J. Med. 2006, 354, 942-955.

Trapp, B.D.; Peterson, J.; Ransohoff, R.M.; Rudick, R.; Mork, S.; Bo, L. Axonal transection in the
lesions of multiple sclerosis. N. Engl. J. Med. 1998, 338, 278-285.

Gold, R.; Linington, C.; Lassmann, H. Understanding pathogenesis and therapy of multiple
sclerosis via animal models: 70 years of merits and culprits in experimental autoimmune
encephalomyelitis research. Brain 2006, 129, 1953—-1971.

Bragt, P.C.; Bonta, I.L. Oxidant stress during inflammation: Anti-inflammatory effects of
antioxidants. Agents Actions 1980, 10, 536—539.

Gilgun-Sherki, Y.; Melamed, E.; Offen, D. The role of oxidative stress in the pathogenesis of
multiple sclerosis: The need for effective antioxidant therapy. J. Neurol. 2004, 251, 261-268.

Luo, J.; Shi, R. Acrolein induces axolemmal disruption, oxidative stress, and mitochondrial
impairment in spinal cord tissue. Neurochem. Int. 2004, 44, 475-486.



Int. J. Mol. Sci. 2013, 14 20045

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

Smith, K.J.; Kapoor, R.; Felts, P.A. Demyelination: The role of reactive oxygen and nitrogen
species. Brain Pathol. 1999, 9, 69-92.

Calingasan, N.Y.; Uchida, K.; Gibson, G.E. Protein-bound acrolein: A novel marker of oxidative
stress in Alzheimer’s disease. J. Neurochem. 1999, 72, 751-756.

Daimon, M.; Sugiyama, K.; Kameda, W.; Saitoh, T.; Oizumi, T.; Hirata, A.; Yamaguchi, H.;
Ohnuma, H.; Igarashi, M.; Kato, T. Increased urinary levels of pentosidine, pyrraline and acrolein
adduct in type 2 diabetes. Endocrine J. 2003, 50, 61-67.

Feng, Z.; Hu, W.; Hu, Y.; Tang, M.S. Acrolein is a major cigarette-related lung cancer agent:
Preferential binding at p53 mutational hotspots and inhibition of DNA repair. Proc. Natl. Acad.
Sci. USA 2006, 103, 15404—154009.

Srivastava, S.; Sithu, S.D.; Vladykovskaya, E.; Haberzettl, P.; Hoetker, D.J.; Siddiqui, M.A.;
Conklin, D.J.; D’Souza, S.E.; Bhatnagar, A. Oral exposure to acrolein exacerbates atherosclerosis
in apoE-null mice. Atherosclerosis 2011, 215, 301-308.

Takabe, W.; Niki, E.; Uchida, K.; Yamada, S.; Satoh, K.; Noguchi, N. Oxidative stress promotes
the development of transformation: Involvement of a potent mutagenic lipid peroxidation product,
acrolein. Carcinogenesis 2001, 22, 935-941.

Esterbauer, H.; Schaur, R.J.; Zollner, H. Chemistry and biochemistry of 4-hydroxynonenal,
malonaldehyde and related aldehydes. Free Radic. Biol. Med. 1991, 11, 81-128.

Luo, J.; Shi, R. Acrolein induces oxidative stress in brain mitochondria. Neurochem. Int. 2005, 46,
243-252.

Shi, R.; Rickett, T.; Sun, W. Acrolein-mediated injury in nervous system trauma and diseases.
Mol. Nutr. Food Res. 2011, 55, 1320-1331.

Leung, G.; Sun, W.; Zheng, L.; Brookes, S.; Tully, M.; Shi, R. Anti-acrolein treatment improves
behavioral outcome and alleviates myelin damage in experimental autoimmune encephalomyelitis
mouse. Neuroscience 2011, 173, 150-155.

Lovell, M.A.; Markesbery, W.R. Amyloid beta peptide, 4-hydroxynonenal and apoptosis.
Curr. Alzheimer Res. 2006, 3, 359-364.

Lovell, M.A.; Xie, C.; Markesbery, W.R. Acrolein is increased in Alzheimer’s disease brain and
is toxic to primary hippocampal cultures. Neurobiol. Aging 2001, 22, 187—194.

Shi, R.; Luo, J.; Peasley, M. Acrolein inflicts axonal membrane disruption and conduction loss in
isolated guinea-pig spinal cord. Neuroscience 2002, 115, 337-340.

Acrolein and/or Formaldehyde. Available online: https://www.osha.gov/dts/sltc/methods/
organic/org052/org052.html (access on 25 September 2013).

Kehrer, J.P.; Biswal, S.S. The molecular effects of acrolein. Toxicol. Sci. 2000, 57, 6-15.
Ghilarducci, D.P.; Tjeerdema, R.S. Fate and effects of acrolein. Rev. Environ. Contam. Toxicol.
1995, 144, 95-146.

Jensen, J.M.; Shi, R. Effects of 4-aminopyridine on stretched mammalian spinal cord: The role of
potassium channels in axonal conduction. J. Neurophysiol. 2003, 90, 2334-2340.

Shi, Y.; Sun, W.; McBride, J.J.; Cheng, J.X.; Shi, R. Acrolein induces myelin damage in
mammalian spinal cord. J. Neurochem. 2011, 117, 554-564.



Int. J. Mol. Sci. 2013, 14 20046

36.

37.

38.

39.

40.

41.
42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Sun, W.; Smith, D.; Fu, Y.; Cheng, J.X.; Bryn, S.; Borgens, R.; Shi, R. Novel potassium channel
blocker, 4-AP-3-MeOH, inhibits fast potassium channels and restores axonal conduction in
injured guinea pig spinal cord white matter. J. Neurophysiol. 2011, 103, 469—478.

Morell, P.; Quarles, R.H. Myelin Formation, Structure and Biochemistry. In Basic
Neurochemistry: Molecular, Cellular, and Medical Aspects; 6th ed.; Siegel, G.J., Agranoft, B.W.,
Albers, R.W., Fisher, S.K., Uhler, M.D., Eds.; Lippincott Williams & Wilkins: Philadelphia, PA,
USA, 1999.

Poliak, S.; Peles, E. The local differentiation of myelinated axons at nodes of Ranvier. Nat. Rev.
Neurosci. 2003, 4, 968-980.

Liu-Snyder, P.; McNally, H.; Shi, R.; Borgens, R.B. Acrolein-mediated mechanisms of neuronal
death. J. Neurosci. Res. 2006, 84, 209-218.

Goll, D.E.; Thompson, V.F.; Li, H.; Wei, W.; Cong, J. The calpain system. Physiol. Rev. 2003,
83, 731-801.

Wang, K.K. Calpain and caspase: Can you tell the difference? Trends Neurosci. 2000, 23, 20-26.
Blight, A.R. Effect of 4-aminopyridine on axonal conduction-block in chronic spinal cord injury.
Brain Res. Bull. 1989, 22, 47-52.

Shi, R.; Blight, A.R. Differential effects of low and high concentrations of 4-aminopyridine on
axonal conduction in normal and injured spinal cord. Neuroscience 1997, 77, 553—-562.

Waxman, S.G. Demyelination in spinal cord injury and multiple sclerosis: What can we do to
enhance functional recovery? J. Neurotrauma. 1992, 9, S105-S117.

Waxman, S.G.; Utzschneider, D.A.; Kocsis, J.D. Enhancement of action potential conduction
following demyelination: Experimental approaches to restoration of function in multiple sclerosis
and spinal cord injury. Prog. Brain Res. 1994, 100, 233-243.

Trapp, B.D.; Ransohoff, R.; Rudick, R. Axonal pathology in multiple sclerosis: Relationship to
neurologic disability. Curr. Opin. Neurol. 1999, 12, 295-302.

Trapp, B.D.; Stys, P.K. Virtual hypoxia and chronic necrosis of demyelinated axons in multiple
sclerosis. Lancet Neurol. 2009, 8, 280-291.

Hamann, K.; Nehrt, G.; Ouyang, H.; Duerstock, B.; Shi, R. Hydralazine inhibits compression and
acrolein-mediated injuries in ex vivo spinal cord. J. Neurochem. 2008, 104, 708—718.

Cadenas, E.; Davies, K.J. Mitochondrial free radical generation, oxidative stress, and aging.
Free Radic. Biol. Med. 2000, 29, 222-230.

Lenaz, G.; Bovina, C.; D’Aurelio, M.; Fato, R.; Formiggini, G.; Genova, M.L.; Giuliano, G.;
Merlo Pich, M.; Paolucci, U.; Parenti Castelli, G.; et al. Role of mitochondria in oxidative stress
and aging. Ann. N. Y. Acad. Sci. 2002, 959, 199-213.

Biagini, R.E.; Toraason, M.A.; Lynch, D.W.; Winston, G.W. Inhibition of rat heart mitochondrial
electron transport in vitro: Implications for the cardiotoxic action of allylamine or its primary
metabolite, acrolein. Toxicology 1990, 62, 95-106.

Picklo, M.J.; Montine, T.J. Acrolein inhibits respiration in isolated brain mitochondria.
Biochim. Biophys. Acta 2001, 1535, 145-152.

Vaishnav, R.A.; Singh, [LN.; Miller, D.M.; Hall, E.D. Lipid peroxidation-derived reactive
aldehydes directly and differentially impair spinal cord and brain mitochondrial function.
J. Neurotrauma. 2010, 27, 1311-1320.



Int. J. Mol. Sci. 2013, 14 20047

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Fiore, C.; Trezeguet, V.; le Saux, A.; Roux, P.; Schwimmer, C.; Dianoux, A.C.; Noel, F.;
Lauquin, G.J.; Brandolin, G.; Vignais, P.V. The mitochondrial ADP/ATP carrier: Structural,
physiological and pathological aspects. Biochimie 1998, 80, 137-150.

Klingenberg, M.; Nelson, D.R. Structure-function relationships of the ADP/ATP carrier. Biochim.
Biophys. Acta 1994, 1187, 241-244.

Esposito, L.A.; Melov, S.; Panov, A.; Cottrell, B.A.; Wallace, D.C. Mitochondrial disease in
mouse results in increased oxidative stress. Proc. Natl. Acad. Sci. USA 1999, 96, 4820-4825.
Wallace, D.C. Mitochondrial diseases in man and mouse. Science 1999, 283, 1482—1488.
Wallace, D.C. Mouse models for mitochondrial disease. Am. J. Med. Genet. 2001, 106, 71-93.
Hamann, K.; Shi, R. Acrolein scavenging: A potential novel mechanism of attenuating oxidative
stress following spinal cord injury. J. Neurochem. 2009, 111, 1348—1356.

Facchinetti, F.A.F.; Geppetti, P.; Tarantini, F.; DiSerio, C.; Dragotto, A.; Gigli, P.M.;
Catinella, S.; Patacchini, R. Alpha,beta-unsaturated aldehydes in cigarette smoke release
inflammatory mediators from human macrophages. Am. J. Respir. Cell Mol. Biol. 2007, 37, 617-623.
Moretto, N.; Faccinetti, F.; Southworth, T.; Civelli, M.; Singh, D.; Patacchini, R.
Alpha,beta-unsaturated aldehydes contained in cigarette smoke elicit IL-8 release in pulmonary
cells through mitogen-activated protein kinases. Am. J. Physiol. Lung Cell Mol. Physiol. 2009,
296, 1.839-1.848.

Park, Y.S.; Taniguchi, N. Acrolein indeuces inflammatory response underlying endothelial
dysfunction: A risk factor for atherosclerosis. Ann. N. Y. Acad. Sci. 2008, 1126, 185-1809.

Peasley, M.A.; Shi, R. Ischemic insult exacerbates acrolein-induced conduction loss and axonal
membrane disruption in guinea pig spinal cord white matter. J. Neurol. Sci. 2003, 216, 23-32.
Barger, S.W.; Goodwin, M.E.; Porter, M.M.; Beggs, M.L. Glutamate release from activated
microglia requires the oxidative burst and lipid peroxidation. J. Neurochem. 2007, 101, 1205-1213.
Lovell, M.A.; Xie, C.; Markesbery, W.R. Acrolein, a product of lipid peroxidation, inhibits
glucose and glutamate uptake in primary cultures. Free Radic. Biol. Med. 2000, 29, 714—720.

© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/3.0/).



