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a b s t r a c t
The pathogenesis of multiple sclerosis (MS), a disease characterized by demyelination and subsequent
axonal degeneration, is as yet unknown. Also, the nature of the disease is as yet not established, since
doubts have been cast on its autoimmune origin. Genetic and environmental factors have been implied
in MS, leading to the idea of an overall multifactorial origin. An unexpected role in energizing the axon
has been reported for myelin, supposed to be the site of consumption of most of oxygen in brain. Myelin
would be able to perform oxidative phosphorylation to supply the axons with ATP, thanks to the expression therein of mitochondrial FoF1-ATP synthase, and respiratory chains. Interestingly, myelin expresses
the pathway of heme synthesis, hence of cytochromes, that rely on heme group, in turn depending on Fe
availability. Poisoning by these pollutants shares the common characteristic to bring about demyelination both in animal models and in man. Carbon monoxide (CO) and lead poisoning which cause functional
imbalance of the heme group, as well as of heme synthesis, cause myelin damage. On the other hand, a
lack of essential metals such as iron and copper, produces dramatic myelin decrease. Myelin is a primary
target, of iron shortage, indicating that in myelin Fe-dependent processes are more active than in other
tissues. The predominant spread of MS in industrialized countries where pollution by heavy metals, and
CO poisoning is widespread, suggests a relationship among toxic action of metal pollutants and MS.
According to the present hypothesis, MS can be primarily triggered by environmental factors acting on
a genetic susceptibility, while the immune response may be a consequence of a primary oxidative damage due to reactive oxygen species produced consequently to an imbalance of cytochromes and respiratory chains in the sheath.
Ó 2012 Elsevier Ltd. All rights reserved.

Introduction
Myelin sheath, the proteolipid wrap surrounding some axons
both in CNS and PNS, has been supposed for decades to augment
the speed of conduction [1] by an insulating and mechanical support role [2]. However, myelin may also play a trophic role for
the axonal functioning [3–6]. In fact, its loss in demyelinating diseases does not only cause a slowdown of conduction velocity, but
also a degeneration of the axons they wrap [7,8]. For example, Multiple Sclerosis (MS), the major cause of nontraumatic neurological
disability in young adults in North America and Europe [9–11], is a
demyelinating disease of the human central nervous system (CNS),
characterized by focal areas of demyelination of the brain and
spinal cord white matter [12]. The clinical course is variable, with
about 85% of MS patients beginning with a course of recurrent and
reversible neurological deﬁcits in the third decade of life (Relapsing–Remitting MS) [12]. Subsequently, a phase characterized by
continuous and irreversible neurological decline follows that reduces lifespan by 7–8 years, on average [13]. The major cause of
neurological disability in MS patients is neurodegeneration, in
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the form of a progressive loss of axons, dendrites, and neurons,
subsequent to demyelination [13]. It has been supposed that
chronically demyelinated axons degenerate due to the lack of myelin-derived trophic support [3,14] and energy depletion [12,15,16].
Demyelination increases the energy demand of nerve conduction,
and compromises axoplasmic ATP production [16]. The metabolic
interaction between neurons and glia has been investigated [17].
In the giant axon of the crayﬁsh, Hargittai and Lieberman [18] observed that myelin contributes approximately for 70% of the O2
consumption. Consistently with this observation, we have reported
data suggesting that myelin sheath is a site of aerobic ATP production
[3,19]. An ATP synthesis dependent on a transmembrane electrochemical proton gradient generated by an ectopic electron transfer
chain (ETC) was observed in isolated myelin vesicles (IMV) [3,19].
Microscopy techniques identiﬁed ETC and FoF1-ATP synthase in
IMV and in optic nerve sections [3]. The inhibitor of F1 (IF1), a small
protein that binds the F1 moiety of ATP synthase in low pH (a kind of
‘‘crash-barrier’’ against ischemia damage), controls IMV FoF1-ATP
synthase [19]. These biochemical data are conﬁrmed by several
proteomic studies conducted on myelin [20–23], reporting the
expression therein of ETC, FoF1-ATP synthase proteins and tricarboxylic acid cycle enzymes. A conceivable hypothesis of an energetic
function for myelin has been proposed [24].
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Neurons recruit mitochondria in the energetically compromised
chronically demyelinated axoplasm [25,26]. It is tempting to conclude that this mechanism is intended to compensate for a lost
mitochondrial function. Moreover, mitochondria that reach
demyelinated axoplasm in turn get imbalanced and have a reduced
capacity for ATP production [25]. An imbalanced respiration in
myelin [3] would produce reactive oxygen species (ROS) that
would in turn damage the mitochondria reaching the redox-imbalanced axoplasm. Indeed, oxidative stress plays a major role in the
pathogenesis of MS [25]. In fact, ROS, have been implied as mediators of demyelination and axonal damage in both MS and experimental autoimmune encephalomyelitis (EAE) [27]. In addition,
weakened cellular antioxidant defense systems in the central nervous system (CNS) in MS, and its vulnerability to ROS effects may
increase damage [28].
Even though MS is considered an autoimmune disease, several
Authors have recently hypothesized that the triggering mechanism
may not only be immune [12,13]. In fact, anti-inﬂammatory therapies although effective in slowing the progression of MS, have
not reached the goal of stopping or preventing the disease process
[12]. MS is also considered a complex genetic disorder in which
multiple interacting polymorphic genes with low penetrance, each
exerting a small effect on the overall disease risk [12]. Risk assessment studies show increased MS incidence in families with a history for the disease [29]. However, even though no single
environmental agent has by now been associated with the disease,
many studies support a role for the environment in MS disease susceptibility [30]. Studies show a relatively higher risk in northern
Europeans and lower risk in Africans, Asians, and American Indians
[31]. MS has the lowest prevalence in countries with low pollution.
Interestingly, England, where industrial revolution took place was
the ﬁrst country where MS was ﬁrst described, [32].
The hypothesis
We hypothesize that any factors unbalancing heme synthesis or
functioning or Fe or Cu ion supply to myelin, such as environmental pollutants, would cause damage to the sheath and be environmental ‘‘primum movens’’ in the context of a genetic susceptibility
in a multifactorial ethiopathogenesis of MS. In fact, the cytochromes, possessing a prosthetic heme group, play a pivotal role
in the ETC electron transport. The idea of myelin supplying the axons with aerobically synthesized ATP, implies a sustained oxidative
phosphorylation (OXHOS), i.e. a great ﬂux of Oxygen, in the sheath.
This in turn would expose it to potential damage by ROS. Also, a
continual intense heme synthesis is necessary for the cytochromes
operating in the OXPHOS [34], as well as a convenient supply of
iron.
Evaluation and discussion of the hypothesis
Interestingly, myelin is a site of intense heme synthesis [34].
Cultures of mouse dorsal root ganglia (DRG) incubated for 48 h
with delta-aminolevulinic acid (ALA), a precursor of heme group,
showed intense porphyrin ﬂuorescence localized in myelin sheath
but not in axons, or neuronal somata neither in demyelinated axons [34]. The same Authors observed that lead poisoning (saturnism) causes a progressive demyelination in myelinated DRG
cultures treated with lead. This effect was counteracted by the
addition of exogenous ALA, suggesting that the lead-induced effect
may be due to toxic effects of the metal on the heme biosynthetic
pathway in myelin [34]. Similar conclusions were obtained on
brain myelin in rat subjected to prolonged lead poisoning: Pb accumulation in myelin induced a modiﬁcation in the sheath structure,

associated with changes in myelin membrane ﬂuidity [35]. Electron microscopy analyses showed a loss of the ordered layers in
the Pb-intoxicated sample with respect to the control experiments
[35] [36] so the Authors conclude that Pb may be considered as a
one of the factors contributing to demyelinating diseases. Porphyries, a set of rare genetic diseases that share a common feature, i.e.
an imbalance in heme synthesis, cause demyelination and severe
neural dysfunctions, such as schizophrenia e seizures [37].
CO poisoning is primarily associated with brain injury, and
causes demyelination in a high percentage of cases. Brain injury
after acute CO poisoning has been related to oxidative stress, ROS
production, and consequent inﬂammatory responses. However,
unless myelin is active in OXPHOS it would be unclear why ROS
should affect it. Some patients who develop brain damage following severe CO poisoning do so due to an autoimmune reaction [38]
[39]. This damage seems to depend on a change in myelin basic
protein (MBP) structure, induced by CO poisoning, similar to that
seen in MS [40], that in turn, sets an autoimmune response [39].
Hydrogen inhalation, exerting antioxidant effect was proposed as
a simple, and economic therapy in the treatment of acute CO poisoning, and also to protect brain against ischemia-reperfusion injury [38].
OXPHOS functioning relies on copper (Cu) and iron (Fe) ions. Cu
is contained in the ETC complex IV, contributing to reduce oxygen
to water, while Fe is a component of cytochrome heme group and
the Fe–S proteins involved in electron transport. Zimmerman et al.
[41] observed that Cu deﬁciency induced by a low copper diet in
rats is associated with a substantial reduction in myelin content
(56%) and brain weight (11%), and suggested that Cu is essential
for myelin formation and growth during critical periods in development. Moreover, Cu deﬁciency is always associated with neurological disorders [42]. Brain injury associated to Cu lack is also
observed in Menkes disease, an X-linked recessive neurodegenerative disorder, caused by mutations in a copper-transporting p-type
ATPase (ATP7A) that delivers copper to the CNS [43] and in mouse
exposed to the copper chelator, cuprizone (bis(cyclohexanone)oxalyldihydrazone) [44]. Komoly et al. showed that before demyelination development [45] carbonic anhydrase II (CA II) activity falls in
the brain of cuprizone treated mice.
A consistent Fe content was reported in oligodendrocytes and
myelin sheath [46]. Iron content can be directly measured in myelin by MRI [47]. Activity of Fe-requiring enzymes involved in metabolic activity is elevated in oligodendrocytes, that are the
principal cells that stain for iron in the CNS under normal conditions [48]. Early hypomyelination is associated to a decreased
availability of Fe in the diet [48]. Also, iron deﬁciency has been
associated with irreversible alterations in brain myelination, in
early development [49]. These data suggest that Fe ions play a role
in myelin, setting up a link among Fe and MS [50]. An iron dysregulation in the pathogenesis of MS has been given attention [51].
Interesting is the high content in serum ferritin in MS chronic patients [51].
If myelin is an active site of OXPHOS, and for the considerations
exposed, any factor inhibiting this function would concur towards
MS triggering. The hypothesis of myelin as a mitochondria-like
membrane [3,4,24] implies that any impairment in cytochrome
functioning or in oxygen delivery to the ETC would cause ROS production and a damage to the sheath. Damaging agents may be pollutants, particularly heavy metals inhibiting myelin heme
synthesis, or other environmental poisons, such as CO. A massive
ROS production is expected when the ETC is imbalanced. Oxidative
stress would represent a major cause of myelin damage. This
would also adequately explain why MS symptoms start in the second decade of life. This is the moment when myelin synthesis is
complete, and its turnover slows down. Oxidative stress of the
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lipids in the sheath would be clinically silent as long as myelin is
rapidly renewed. When myelin turnover slows down damage
ncreases to a point of no return. The challenging hypothesis of a
trophic role for myelin and its involvement in sleep mechanism
[33] can also explain the known sleep disturbances typical of MS
subjects.
Conclusions
In line with studies on the symbiotic relationship of the axon
and its sheath, we have focused our attention on the implications
of the new role of myelin as a respiring wrap. We hypothesize that
environmental pollution may impair at various levels the OXPHOS
in myelin sheath. In this respect, the primum movens in MS, would
be an oxidative myelin damage, possibly determining a susceptibility to the disease, in the context of a genetic polymorphism.
Interestingly, epidemiologic studies indicate that MS is more
diffused in North America and in Europe, with its incidence
decreasing with the closeness to equator [32], i.e. MS is prevalent
in the industrial countries, where environmental pollution is
consistent.
The importance of the present hypothesis would lay in its representing a common molecular explanation for a number of well
characterized processes all of which otherwise lack an explanation.
This is the case for the alterations induced on myelin by essential
metals as Fe, Cu poisoning or lack, as well as by nonessential heavy
metal poisoning and by pollutants as CO, that are chemically different but related to OXPHOS functionality. Rare is such a case for a
single hypothesis. Trapp and Nave [12] suggested that a multi-disciplinary approach is necessary to be able to look for novel aspects
of MS pathogenesis to develop therapies that may delay or prevent
the irreversible and progressive neurological decline. A new view
on a primary damage to myelin and a subsequent immune-mediated injury may represent a fresh point of view about the ethiopathogenesis of MS to start with.
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