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A B S T R A C T

Alzheimer's disease (AD) is a typical neurodegenerative disease in central nervous system (CNS). Generally
speaking, patients with severe AD are often accompanied with cognitive impairment. Oligodendrocytes (OLs) are
myelin-forming cells in CNS, and myelin injury potentially has something to do with the cognitive impairment in
AD. Based on the previous experimental studies, it has been recognized that nitric oxide (NO), as a signaling
molecule, might have an influence on the axon and myelin by affecting the energy transport mechanism of OLs
through monocarboxylate transporter 1 (MCT1). Interestingly, a novel model of cell signaling——axo-myelinic
synapse (AMS) has been put forward. In the context of this model, chances are that a new way is established in
which NO can influence the pathogenesis of AD by down-regulating the expression of MCT1. As a consequence,
it may provide attractive prospective and underlying drug targeting effects for the treatment of AD.

1. Introduction

Nitric oxide (NO), once an atmospheric pollutant, is now a magical
signaling molecule. In 1986, endothelium-derived relaxing factor
(EDRF) was proved to be NO, and it was found for the first time that gas
molecules could play a signaling role in organisms [1]. Since it was
discovered, much attention has been paid to it. In 1992, NO was chosen
as the molecule of the year by Science. Subsequently, the discovery of
NO and its biological significance were highly evaluated [2].

NO, which acts as an intercellular messenger throughout brain,
produces a variety of physiological effects so that it could exert effects
in many different brain functions [3]. In addition to physiological ef-
fects, NO also gives rise to cell damage and acts as a major mediator of
neurodegeneration in neurological disorders, including Alzheimer's
disease (AD), Parkinson's disease, amyotrophic lateral sclerosis (ALS),
Huntington's disease and stroke [4].

AD is a latent, progressive neurodegenerative disease in central
nervous system (CNS). It is characterized by cerebral cortex atrophy
with β-amyloid (Aβ) protein depositions, neurofibrillary tangles, de-
creased cholinergic neurons, and the formation of senile plaques. At the
same time, AD is also a common cause of dementia whose clinical
symptoms are manifested as progressive deterioration of cognitive im-
pairment and mental problems. As a result, people with AD would
gradually lose their memory and ability to learn, judge, communicate

and even have difficulty in daily activities [5]. Unfortunately, there is
neither targeted treatment nor a drug that can reverse the progression
of the disease.

In most studies, NO has been reported to have beneficial effects on
brain functions (such as learning and memory). However, there is also
evidence that high NO production may lead to abnormal protein
modification and affect the pathogenesis of neurodegenerative diseases
[6,7]. High level of NO may affect synaptic plasticity, leading to cell
death [8]. Animal model studies revealed that NO may affect aging and
dementia, memory deficit, long-term memory and other cognitive tasks
by regulating the activity of nitric oxide synthase (NOS). Importantly,
elevated NO level has been reported to have a link with cognitive im-
pairment in patients with AD [9].

From this point of view, as a possible reverse mediator of cognitive
functions, NO may make a difference in the pathological process of AD,
and to some extent, it has an important influence on the brain functions
of patients with AD, which is worthy of exploration. Up to now, the
scientific studies of NO as an AD target are relatively few, but it is a
novel perspective which deserves more exploration.

2. Nitric oxide serves as a bidirectional regulation factor in the
pathogenesis of Alzheimer's disease

In most cases, NO has two sides. In physiological level, NO is a
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molecule with neuroprotective effects, but it also has neurotoxicity
when produced in large quantities [10]. Using hippocampal slices, it
was confirmed that the synthesis of NO in postsynaptic neurons are
induced by the activation of glutamate N-methyl-D-aspartic acid re-
ceptor (NMDAR), leading to influx of calcium and activation of nitric
oxide synthase (NOS), and then, NO is diffused into the pre-synapses of
the partner neurons to promote long-term potentiation (LTP) [11]. In
the following years, the functions of NO had been established as a
retrograde transmitter of LTP [11]. Moreover, drug therapies for AD
may play a role by affecting NO/NOS related signaling pathways [12].

NO is produced from arginine and oxygen by NOS [13]. NOS

includes NOS1, NOS2 and NOS3 which are encoded by neuronal, in-
ducible and endothelial nitric oxide synthase (nNOS, iNOS and eNOS)
respectively. nNOS is found in neurons, eNOS is found in vascular en-
dothelial cells, and iNOS is activated in OLs, astrocytes and microglial
cells [14]. Both nNOS and eNOS are expressed constitutively, and their
activations depend on calcium ion/calmodulin, while iNOS expression
is induced in astrocytes, microglial cells and blood-derived macro-
phages that respond to foreign bodies and tissue damage [15]. All of
these cell types are altered in brain of AD, so these three subtypes of
NOS are thought to take effects in the progression of AD [16]. eNOS
plays an important part in neurocognitive functions. NO derived from

Abbreviation

Aβ β-amyloid
AD Alzheimer's disease
ALS amyotrophic lateral sclerosis
AMPAR α-amino-3-hydroxy-5-methylisoxazole-4-propionate re-

ceptor
AMS axo-myelinic synapse
APP amyloid precursor protein
BACE1 β-site APP cleaving enzyme 1
Cdk5 cyclin-dependent kinase 5
CNS central nervous system
EDRF endothelium-derived relaxing factor
eNOS endothelial nitric oxide synthase
iNOS inducible nitric oxide synthase
LPC lysophosphatidyl choline
LPS lipopolysaccharide

LTP long-term potentiation
MBP myelin basic protein
MCT monocarboxylate transporter
mPFC medial prefrontal cortex
NMDAR N-methyl-D-aspartic acid receptor
nNOS neuronal nitric oxide synthase
NO nitric oxide
NOS nitric oxide synthase
OLs oligodendrocytes
PFC prefrontal cortex
Pin1 peptidyl-prolyl cis-trans isomerases 1
RIP-3 receptor-interacting protein 3
RNS reactive nitrogen species
ROS reactive oxygen species
RyR ryanodine receptor
TNFα tumor necrosis factor α

Fig. 1. The role of nitric oxide synthase (NOS) and nitric oxide (NO) in the progression of Alzheimer's disease (AD). In general, NO is produced by arginine
and oxygen encoded by inducible nitric oxide synthase (iNOS), neuronal nitric oxide synthase (nNOS) and endothelial nitric oxide synthase (eNOS). All of these
subtypes are altered in brain of AD, so they are thought to play an important role in the progression or prevention of AD. When protein aggregates such as amyloid-β
(Aβ), pathogen infection and inflammatory damage occur, microglial cells and astrocytes are activated. Then the expression of iNOS is increased, resulting in NO
production. In addition, myelin basic protein (MBP) could also induce microglial cells and astrocytes to activate iNOS, further releasing NO. Similarly, the expression
of ryanodine receptor (RyR) increases in AD, resulting in a large influx of Ca2+, which activates the expression of nNOS in neurons, leading to the synthesis of NO.
Then, NO reacts with superoxide to produce peroxynitrite. Peroxynitrite oxidizes various macromolecules, such as DNA, lipids and proteins. eNOS plays an important
role in neurocognitive functions. In blood vessels, tumor necrosis factor α (TNFα) and peptidyl-prolyl cis-trans isomerases 1 (Pin1) can inhibit the production of NO
by changing the expression or activity of eNOS enzyme. When the bioavailability of NO in endothelial cells decreases, it leads to the disturbance of vascular
endothelial function and the damage of cerebral circulation and peripheral circulation. In this case, the amyloid precursor protein (APP), β-site APP cleaving enzyme
1 (BACE1) and Aβ are increased. In addition, it is found that it also promotes p25 generation and Tau phosphorylation.
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eNOS has neuroprotective effects [10]. In terms of vessels, tumor ne-
crosis factor α (TNFα) and peptidyl-prolyl cis-trans isomerases 1 (Pin1)
can inhibit the production of NO by changing the expression or activity
of eNOS [17]. When the bioavailability of endothelial NO decreases, it
brings about endothelial dysfunction, leading to cerebral and peripheral
circulatory impairment [10]. In this case, for one thing, it increases
amyloid precursor protein (APP), β-site APP cleaving enzyme 1
(BACE1) and Aβ [18]; for another, it could promote p25 generation and
Tau phosphorylation [19]. P25 is an activator of cyclin-dependent ki-
nase 5 (Cdk5) in hippocampus, while Cdk5 is the main kinase that in-
duces Tau phosphorylation [20]. Chronic p25 generation induced by Aβ
leads to persistent synaptic inhibition, synaptic plasticity impairment
and decreased cognitive ability, which promotes the development of
AD-like pathology [21].

Generally speaking, NO has been considered as an important factor
in neurotoxic injury caused by neuroinflammation in AD [11]. AD is
marked by senile plaque. The core of senile plaque is the deposition of
Aβ, as well as the activated microglial cells and astrocytes surrounding
the senile plaques [12]. In the pathological conditions of AD, astrocytes
are activated by a variety of factors, such as Aβ and pro-inflammatory
cytokines [15]. Similarly, when protein accumulation, pathogen infec-
tion and inflammatory damage occurred, the microglial cells should be
activated. Reactive microglial cells and astrocytes tend to produce
iNOS, further releasing a higher level of NO and enhancing in-
flammatory cascade reaction [12,15]. iNOS accounts for the in-
flammation/degeneration in CNS, and it derives from the production of
excessive NO and the production of reactive nitrogen species (RNS)
[22]. Physiologically, nNOS is activated by calcium entry into the cells,
resulting in NO synthesis, which in turn affects the release of neuro-
transmitters. It was demonstrated that the expression of ryanodine re-
ceptor (RyR) (a calcium release channel in endoplasmic reticulum/
sarcoplasmic reticulum) was increased in 3xTg-AD mouse model, re-
sulting in the increase of calcium-induced calcium release in the early
stage of AD. On the contrary, in the late stage of AD, the increase of
nNOS activity due to calcium release induced by RyR led to the damage
of macromolecules associated with oxidation and nitroso-stress [23]. In
summary, the expression of RyR increases in AD, resulting in a large
influx of calcium, which activates the expression of nNOS in neurons,
leading to the production of NO. NO reacts with superoxide to produce
peroxynitrite. Peroxynitrite oxidizes various macromolecules, such as
DNA, lipids and proteins. Worse still, NO also deactivates the enzymes
in respiratory chain of mitochondria, resulting in the reduced produc-
tion of ATP, which is detrimental to bioenergy. In this way, neurons are
damaged, directly facilitating the pathology of AD [16,23] (Fig. 1).

In light of the above evidences, it can be inferred that NO might
participate in the mechanism of cognitive impairment in AD patients.
Consequently, efforts are made to deduce the possible mechanism from
the new perspective of energy metabolism.

3. Involvement of oligodendrocytes in the pathology of
Alzheimer's disease

3.1. Oligodendrocyte and myelin injury are widely found in Alzheimer's
disease

Over the past decade, it has been shown that OLs play a key role in
maintaining and long-term survival of axons and neurons, which im-
plied that OLs may participate in neurodegenerative diseases [24].
White matter lesions, especially damage in OLs and myelin sheath, can
facilitate cognitive impairment and pathological changes of AD. As a
result, OLs are targeted for the study and early treatment of AD [25].

Myelin basic protein (MBP) is the main protein of myelin sheath in
CNS, which can maintain the structure and function of myelin sheath
[26]. It was reported that the loss of myelin sheath and the destruction
of MBP were found in pathological models of AD patients [27]. The
MBP was proved to decrease in AD patients compared with the blank

control group [28]. Interestingly, the activation of glial cells is a
common phenomenon in neurodegenerative diseases [27], and it was
suggested that MBP-activated Th1 cells could induce the expression of
IL-1β and iNOS in microglial cells and astrocytes through similar T cell-
microglial contact, resulting in NO production [29,30].

In 1964, Terry et al. first proposed the existence of myelin injury in
AD. This kind of injury was different from that caused by nerve fiber
damage and it was a kind of myelin injury without axonal degeneration,
indicating that the myelin sheath around axons was interrupted, va-
cuolar, and granulated [31]. A loss of myelin integrity in AD patients
had been revealed both in autopsy and imaging studies. Through an
assessment of glial and temporal myelin injuries in AD mice, it was
shown that myelin was vulnerable and the myelin damage was common
in AD [32].

The loss of OLs, decreased myelin density, axonal loss and increased
astrocytes were reported to be the main causes of changes in AD.
Myelin injury in AD increases the likelihood that OLs should be at-
tacked [25,32].

Premature dysfunction of OLs in AD may be the main reason for
myelin injury. Heterogeneity of OLs is the primary cause of selective
myelin injury in AD [33,34]. Partial recovery of myelin injury in
transgenic model mice of AD was achieved by early treatment of OL/
myelin pathology [35].

Donepezil is an acetylcholinesterase inhibitor used in the treatment
of AD. It stimulates the differentiation of OLs and the maturation of OL
progenitor cells derived from neural stem cells without affecting cell
proliferation or cell viability. It has been demonstrated that Donepezil
can promote OL differentiation and myelin-associated gene expression
[36]. Although Donepezil improves the cognitive symptoms of AD pa-
tients, delays the decline of cognitive functions, and has good safety, it
can only control or improve the symptoms for a period of time, and
cannot prevent or significantly delay the progression of the disease.
Frankly, the effective treatment for AD patients is still a tough problem
[37,38].

3.2. Cognitive functions are facilitated by promoting the growth and
development of OLs and myelination

The typical progression of AD starts with a decline in memory and
learning, followed by language barriers, and ultimately cognitive im-
pairment [39]. Both in AD patients and mouse models, the formation
and development of OLs persist throughout the whole life and con-
tribute to myelin formation and remodeling, thus it exerts an enormous
functions on learning and memory, as well as cognitive functions [32].

Prefrontal cortex (PFC) is a brain region concerning complex emo-
tions and cognitive behaviors. It has been further demonstrated that
myelination is necessary for the cognitive processes depending on
medial prefrontal cortex (mPFC) [40].

Multiple neurological diseases (such as multiple sclerosis, diffuse
sclerosis, etc.) have myelin damages accompanied by cognitive im-
pairment, and it was found that myelin injury was diffusely found in
schizophrenia, depression, bipolar affective disorders and other mental
diseases with cognitive disorders, and loss of cognitive functions may
be linked with myelin injury [41]. To further demonstrate the role of
myelination in mPFC dependent behavior, the mPFC was selectively
demyelinated by lysophosphatidyl choline (LPC)-induced demyelina-
tion [42]. Severe demyelination occurred in rats at 7 days after local
injection of LPC to mPFC. It was found that the mPFC-dependent
function of demyelinating rats was severely impaired. Therefore,
myelination is imperative for mPFC-dependent behaviors because the
function of mPFC can be damaged for blocking the differentiation of
OLs or lecithin induced demyelination. It has been suggested that ma-
turation and myelination of OLs are essential for normal cognitive
functions [42].

The maturation of complex neural circuits required for advanced
cognitive and motor function depends on myelination. OLs promote
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rapid and saltatory electrical pulse conduction through myelination and
isolation of axons [42,43]. Myelination pushes forward an immense
influence on promoting advanced cognitive functions, while abnormal
myelination is related to neurological disorders and mental disorders
[42].

How does myelin defect affect cognitive functions? In one case, the
thinning of myelin sheath alters the conduction velocity of myelinated
axons in mPFC, leading to abnormal information processing and loss of
cognitive functions [42]. Considering abnormal plasticity of myelin
sheath, the development and maintenance of myelin functional in-
tegrity may be the most important and vulnerable factor to obtain and
maintain optimal cognitive functions [42].

3.3. Axo-myelinic synapse (AMS): a novel model of cell signaling

Myelin sheath, once regarded as the inert insulator layer around
axons, is now considered to play an active and dynamic role in main-
taining the structure and function of axons. Myelin sheath is able to
transmit action potential rapidly by jumping conduction, provide nu-
tritional support and maintain axon integrity. Myelin sheath determines
the consistency of speed and the time of signals because it affects the
distance between Ranvier's nodes. Hence myelin sheath is essential for
advanced functions of brain. It is widely recognized that myelination of
axons greatly enhances the speed of signal transmission [44].

Intercellular communication through signaling molecules is funda-
mental to the development of nervous system [45]. If the commu-
nication between axons and myelin sheath is vital to normal phy-
siology, the interruption of this signal may bring about a variety of
diseases, not only white matter lesions, but also axon-oligodendrocyte
interactions in the cortex. Both axons and OLs are energy-consuming
cells, they are susceptible to metabolic challenges [45]. Lactate pro-
duced by OL glycolysis is converted into pyruvate in axons and ATP is
produced by aerobic respiration of axonal mitochondria. To support

this process, OL specific clearance of monocarboxylate transporter 1
(MCT1) results in axonal damage rather than death of OLs, suggesting
that lactate is exported from OLs to axons, which is key to the survival
of axons [45].

Excitedly, there can be a dynamic communication between axons
and myelin-forming OLs, including activity-dependent signals from
axons to myelin sheath [46]. Using mature myelin calcium imaging, it
was found that axons covered myelin sheath by releasing vesicles of
glutamate and activating glutamate receptors in myelin sheath, which
may contribute to dynamically regulate the physiology and structure of
myelin sheath [44]. NMDARs expressed on myelin sheath have phy-
siological functions and represent the potential synaptic signal inter-
actions between axons and myelin sheath [45]. Recent studies have
begun to reveal the molecular structure of the so-called “axo-myelin
synapse (AMS)”. Accordingly, AMS may be an attractive target for the
treatment of various neurological diseases [44,45]. OL myelin com-
plexes may in turn regulate the spread of action potentials by providing
metabolic support or changing subtle myelin properties [46].

It has been shown that training in a special task like learning new
motor skills or spatial navigation resulted in changes in white matter in
specific regions of brain, indicating the changes in axon caliber and/or
myelination. AMS would be the ideal location to transmit this plasticity
[47]. It is suggested that axons release transmitters along their inter-
nodes, signaling to the overlying myelin sheath, which forms the basis
of what we call AMS [45].

Currently, AMS is understood only in the context of glutaminergic
signals. It is assumed that the synapse plays a part in axon conduction
and may affect all aspects of learning and memory, which in turn affects
neurological and mental disorders [45,47]. A potential role of AMS is
that it is a means of coupling action potential flow to oligodendroglia
generation and transferring energy-rich substrates to axons, especially
during periods of increased electrical activities [45]. Therefore, the
possible function of AMS is to combine electrical activity with the

Fig. 2. Summary of the proposed axo-myelinic synapse (AMS). First, there is an action potential to induce internode membrane depolarization, which is detected
by voltage-gated calcium channels. Because the internode axolemma is covered with a large number of insulated myelin sheath, a relatively low resistance pathway is
necessary through myelin sheath, in order to enable the voltage-gated calcium channel to feel changes of electric field changes. There is evidence that there is a
physical connection between voltage-gated calcium channel and ryanodine receptor (RyR) on the axoplasmic reticulum near the inner surface of axolemma. At this
time, the voltage-gated calcium channel acts as a voltage sensor and transduces depolarization to activation of RyRs. As a result, the voltage-gated calcium channel
results in Ca2+ acting on the RyRs and releasing Ca2+ from axons, rather than admitting the influx of a large number of Ca2+. Then, Ca2+ promotes vesicular fusion
in a tetanus-dependent manner and releases glutamate into the peri-axonal space. In turn, the α-amino-3-hydroxy-5-methylisoxazole-4-propionate receptors
(AMPARs) and N-methyl-D-aspartic acid receptors (NMDARs) in myelin sheath are activated, which leads to the influx of Ca2+ into the myelin cytoplasm. Glutamate
is likely to be intaken by glutamate transporters and reloaded into vesicles. The consequences of an increase in myelin Ca2+ are unclear. It is assumed that it might
regulate the myelin structure or signaling to oligodendrocytes (OLs). Then, monocarboxylate transporter 1 (MCT1), which is located on the inner surface of myelin
sheath opposite to axonal membrane, is used to transport the lactate, so as to provide nutritional/metabolic support for axons.
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metabolic output of OLs, that is, the action potential flow increases
more, the glutamate releases more, thereby increasing myelinic calcium
and triggering the release of OLs lactate. Lactate is a metabolic fuel,
thus this process increases the energy efficiency of axons [44,45]. The
disturbance of this basic new pattern of intercellular signal may support
the onset of some important CNS diseases, in which myelin and white
matter lesions are important pathophysiological events [45] (Fig. 2).

Although AMS is a concept for the present, it is rapidly accumu-
lating to support a mechanism that allows the axon to communicate
with its overlying myelin sheath. The presence of AMS may account for
the underlying disorders in CNS [45]. In addition, the concept em-
phasizes the dynamic nature of axons and their myelin sheath, which
may continue to undergo important plasticity not only during early
development, but also throughout adult life [47]. In consequence, AMS
may serve as a remarkable target for treatment of neurological diseases
[44].

4. Effects of nitric oxide on cognitive impairment in Alzheimer's
disease for deficiency of lactate

4.1. Nitric oxide impairs the energy metabolism in oligodendrocytes

It has been realized that mitochondrial dysfunction is an important
factor in the pathogenesis of many degenerative diseases [48]. In CNS,
mitochondrial dysfunction is mainly manifested in mitochondrial DNA
damage [49], mitochondrial respiratory chain complex inhibition
[50–52] and mitochondrial membrane dysfunction [53]. Cells are
thought to experience three major forms of cell death: apoptosis, ne-
crosis, and autophagy [54]. When the level of ATP is below a certain
threshold, mitochondria can induce necrosis, and mitochondria can also
induce apoptosis by releasing cytochrome C into the cytoplasm [55].
Autophagy is a clear process, but its function as an active cell death
mechanism remains controversial [54]. Additionally, there is an alter-
native form of programmed cell death called necroptosis, which is
mainly concentrated in the activation of receptor-interacting protein 3
(RIP-3) [56]. Under certain conditions, the mitochondria are not re-
quired for the execution of necroptosis [57]. The production of NO in
neurons plays an important role in mitochondrial dysfunction [50,58].
It has been shown that mitochondrial dysfunction leads to cell degen-
eration, resulting from the formation of reactive oxygen species (ROS)/
RNS [59]. Therefore, it is concluded that NO has toxic effects on

mitochondria of OLs.
Monocarboxylate transporter (MCT) is an extracellular membrane

channel for transmembrane transport of lactate, pyruvate and ketone
bodies and protons. In CNS, MCT1 is almost completely present in OLs
[60], and its down-regulation can lead to axonal injury and/or neuronal
cell loss [61].

The MCT1 in OLs is the key transporter of axon energy metabolites
to axons. The attenuation of MCT1 is a reason for axon pathological
changes caused by local energy failure in axons [33]. MCT1 has been
proved to be a novel target for S-nitrosation [62]. NO also has a reg-
ulatory effect on energy metabolism. In our previous studies, it has been
assumed that NO may influence the expression of MCT1 in OLs [63].
Although there is still a lack of conclusive evidence to show that NO has
an exact impact on MCT1, it has been inferred that the possibility is
likely to exist, and a great deal of studies are in need to prove this point
[63].

4.2. Lactate is an important energy metabolite in central nervous system

OLs nutritionally support neurons through MCT1 [32]. It has been
found that OLs provide energy directly to axons through MCT1 and also
have an impact on human diseases like AD, in which axonal energy loss,
such as mitochondrial failure, has become possible. All these adult
neurodegenerative diseases showed “degenerative” neuropathy, in-
dicating early axonal failure [28,29].

Lactate is necessary in the energy supply of neurons in vivo [27],
and it is essential for neuronal ATP homeostasis, whether it is provided
by astrocytes or OLs. Neurodegeneration or neuronal dysfunction is
produced by interfering with this pathway and may even be related to
the function of memory [28,29]. The importance of lactate as an energy
metabolite of neurons has been determined. In a study, the long-term
memory in rats was significantly impaired by hippocampal specific
inhibition of the expression of MCT1, MCT2 or MCT4, and the injection
of L-lactate rather than equivalent glucose alleviated MCT1 or MCT 4
deficiency [27].

The cellular sources of lactate providing long-term memory were
initially considered as astrocytes; however, subsequent identification of
MCT1 expression in OLs suggested that OLs may also mediate these
effects. Lactate has neuroprotective effects in brain injury models. It can
be used as a metabolite of neurons and a signal molecule that binds to
lactate receptor of neurons. The findings highlighted the underlying

Fig. 3. Nitric oxide (NO) serves as an inducing
factor contributing to cognitive impairment in
Alzheimer's disease (AD). Based on existing ex-
periments and evidences, it is concluded that en-
dogenous NO may act on oligodendrocytes (OLs) by
interfering with their energy metabolism. OLs also
plays an indispensable role in the cognitive func-
tions and neuropathology of AD. In other words, NO
may be involved in the progression of cognitive
impairment of AD. It is explored whether there are
some key substances that make NO play a potential
role in the development of AD, especially cognitive
impairment. Therefore, it is focused on the mono-
carboxylate transporter 1 (MCT1). Lactate, the en-
ergy substrate that MCT1 transports, is thought to
be related to cognition and memory. A new possible
mechanism, that is, axo-myelinic synapses (AMS), is

tried to explain it in terms of energy supply. The production of NO in OLs is caused by the activation of glutamate N-methyl-D-aspartic acid receptor (NMDAR) in OLs,
which leads to the influx of calcium ion and the activation of nitric oxide synthase (NOS). In the context of AMS, on one hand, the activation of NMDAR causes the
activation of NOS, which leads to the production of NO. On the other hand, the influx of Ca2+ may regulate the structure of myelin sheath or signal transduction to
OLs. MCT1 is located on the inner surface of myelin sheath opposite to the axon membrane and is used to transport lactate and provide nutritional/metabolic support
to axons. At the same time, it is speculated that the production of NO may influence the expression of MCT1, which is likely to result in the down-regulation of MCT1.
Therefore, it is assumed that the expression of MCT1 may be down-regulated by NO in glial cells, resulting in insufficient energy supply of axons and neurons,
impaired myelin structure and functions, and affecting the advanced functions of brain, which eventually leads to cognitive impairment in AD patients. If the
hypothesis turns out to be true, then MCT1 serves as an intermediate of energy transport, and NO acts as a possible influencing factor. Inhibiting the production of NO
and maintaining the energy transport of MCT1 may be targeted in the treatment of AD.
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role of lactate in neurodegenerative models with nervous neuronal
metabolism [27,59].

Since the transport mediated by MCT1 is bidirectional, lactate is
also thought to be a potential source of ATP homeostasis in OLs, which
is important to the production and maintenance of myelin integrity. In
cortical slices cultured under low glucose conditions, myelin formation
and the formation of OLs were seriously damaged, but lactate supple-
mentation could rescue it, indicating that lactate plays an important
part in the maturation and myelination of OLs [27].

4.3. Nitric oxide may serve as a potential factor contributing to cognitive
impairment in Alzheimer's disease for the deficiency of lactate

AD is believed to be a gray matter disorder caused by the accu-
mulation of neurotoxicity of Aβ and tau proteins. Nevertheless, there is
increasing evidence that white matter lesions take effects in the pa-
thogenesis of AD. Disorders of AMS lead to mental disorders involving
white matter. Myelin determines the speed and timing of signals, which
is known to be crucial for higher-level brain functions [44,45].

Interestingly, AD-related Aβ peptides increase the activity of
NMDAR and, as discussed above, NMDAR is also associated with AMS
[45]. In a word, it has been recognized as an important part of AD
pathology in the known pathological features of Aβ and the new mo-
lecular structure of AMS. Although the dysfunction of glutamate is just
a hypothesis, it is speculated that defective signals create a “chronic
excitotoxicity” environment due to persistent inflammation, that is a
potentially degenerative process. AMS is likely to be a potential target.
Chronic hyperstimulation of axo-myelin complexes may be detrimental
to myelin sheath [44,45].

As mentioned above, NO can affect the energy metabolism of OLs.
Lactate plays an indispensable role in the energy supply of neurons and
glial cells. MCT1 is an important transporter of lactate from OLs to
neurons. OLs play an inevitable role in AD cognitive impairment. Apart
from this, in terms of AMS, this new model of cell signaling is also
challenged by axonal energy metabolism. Timely supply of lactate can
solve the problem of axonal energy failure. From the point of view of
energy supply, it is hypothesized that MCT1 expression may be down-
regulated by NO in neurons and glial cells, resulting in insufficient
energy supply of axons and neurons, impairing myelin structure and
functions, and influencing the advanced functions of brain, which
eventually leads to cognitive impairment in AD patients. If the hy-
pothesis turns out to be true, then MCT1 serves as an intermediate of
energy transport, and NO acts as a possible influencing factor.
Inhibiting the production of NO and maintaining the energy transport
of MCT1 may be targeted in the treatment of AD [44,45] (Fig. 3).

5. Perspectives

This study proposes that NO-induced down-regulation of MCT1 in
OLs may play a vital role in cognitive impairment in AD, which offers
promising application. Particularly, NO and MCT1 in OLs may be of
great value in clinical treatment of neurodegenerative diseases.
Moreover, AMS, as a novel model of cell signaling, this kind of basic
intercellular signal interferences may support many important diseases
in CNS, in which myelin sheath and white matter lesions are con-
siderable pathophysiological events. In turn, drugs targeting AMS may
represent a new direction in the current treatment of drug-resistant
diseases in CNS. Future studies may lay emphasis on further exploring
the proposed mechanism and new therapeutic strategies. The hypoth-
esis is just the beginning, with more evidence to be explored and dis-
covered.
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