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ABSTRACT: An emerging concept termed the “neuro-glia-vascular unit” (NGVU) has been established in recent
years to understand the complicated mechanism of multicellular interactions among vascular cells, glial cells, and
neurons. It has been proverbially reported that the NGVU is significantly associated with neurodegenerative
disorders, such as Alzheimer’s disease (AD), Parkinson’s disease (PD), and amyotrophic lateral sclerosis (ALS).
Physiological aging is an inevitable progression associated with oxidative damage, bioenergetic alterations,
mitochondrial dysfunction, and neuroinflammation, which is partially similar to the pathology of AD. Thus,
senescence is regarded as the background for the development of neurodegenerative diseases. With the
exacerbation of global aging, senescence is an increasingly serious problem in the medical field. In this review,
the coupling of each component, including neurons, glial cells, and vascular cells, in the NGVU is described in
detail. Then, various mechanisms of age-dependent impairment in each part of the NGVU are discussed.
Moreover, the potential bioenergetic alterations between different cell types in the NGVU are highlighted, which
seems to be an emerging physiopathology associated with the aged brain. Bioenergetic intervention in the NGVU
may be a new direction for studies on delaying or diminishing aging in the future.
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stress, mitochondrial damage, altered glucose
metabolism, and neuroinflammation, are strikingly
similar to the pathological changes in Alzheimer’s disease

Aging is a complex and irreversible process characterized
by a gradual loss of biological function and increased
susceptibility to neurodegenerative diseases [1].

According to World Population Aging, in 2019, the
world’s population over 65 years of age had reached 703
million, which is approximately 9% of the world's
population [2]. It is estimated that the global aging
population is expected to increase to 1.5 billion by 2050
or approximately 16% of the world’s population [2]. It is
worth mentioning that the underlying cellular and
molecular changes in the aging brain, including oxidative

(AD) [3].

The brain accounts for only 2% of the total body
weight, but consumes approximately 20% of the total
oxygen and 25% of the total glucose [4]. Most glucose
expended in the brain is mainly used to transduce energy
through glycolysis and mitochondrial oxidative
phosphorylation to maintain and complete synaptic
transmission [5]. However, glucose utilization in the
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human brain is significantly reduced during aging [6] and
is associated with reduced insulin-sensitive glucose
transporter expression [7]. Low glucose utilization leads
to tau hyperphosphorylation [8] and synaptic dysfunction
[9], which are the core pathological features of AD. These
data imply that brain senescence may be a precursor of
AD.

The neuro-glia-vascular unit (NGVU) is an emerging
concept defined by Harder [10] that emphasizes
neurovascular coupling among neurons, glial cells, and
vascular cells. Each component of the NGVU cooperates
with each other to maintain brain homeostasis under
physiological conditions [11]. However, recent studies
have shown that physiological aging may lead to damage

r

or dysfunction of NGVU components [12], which acts as
a background for neurodegenerative diseases. In this
review, the various components of the NGVU and their
structural and functional coupling with each other are first
described. Moreover, we discuss the role of NGVU
dysfunction in neurodegenerative disorders such as AD,
PD, and ALS. In addition, age-related impairments in the
morphology and biological function of NGVU
components are elucidated in detail. Furthermore, this
work highlights the precise mechanism of energy
metabolism dysfunction between different types of cells
(such as between neurons and astrocytes or neurons and
oligodendrocytes) in the NGV U during aging.
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Figure 1. Structure schematic of neuro-glia-vascular unit.

1. Major components of the NGVU

Dysfunction after brain injury or disease is mainly caused
by neuronal damage. Over the past few years, the concept
of the NGVU has been proposed to understand the
progression of cerebral ischemic injury and
neurodegenerative diseases [13, 14]. This emerging
concept highlighted the interactions among multiple cell
types but did not focus on identifying the unique
contribution of each cell type, which has revised the
neuro-centric view of brain diseases. The NGVU is a

structural and functional unit composed of neurons, glial
cells (oligodendrocytes, microglia, and astrocytes),
vascular cells (endothelial cells (ECs), pericytes, and
smooth muscle cells (SMCs)), and the basal lamina [15,
16] (Fig. 1). The functional coupling of these diverse
components of the NGVU is essential for neurovascular
coupling, brain metabolism dynamics, and the
maintenance of neuronal homeostasis [17]. Furthermore,
the NGVU plays a vital role in the production and
development of the blood brain barrier (BBB) to maintain
a stable environment for brain function [18, 19].

Aging and Disease ® Volume 12, Number 8, December 2021

2081



Yuan M., et al

Bioenergetic impairment in the NGVU

1.1 Glial cells in the NGVU

Glial cells, including astrocytes, microglia, and
oligodendrocytes, perform specific functions to maintain
central nervous system (CNS) homeostasis. Astrocytes
are the most abundant cells in the human brain and serve
as a bridge to build connections between neurons and
cerebral microvessels [20, 21]. In fact, astrocytes play
important roles in maintaining the metabolic and ion
homeostasis of neuronal cells, modulating synaptic
transmission, and spreading glutamate-induced excitatory
signals [22-24]. Because there is almost no direct contact
between neurons and microvessels, some essential
materials, such as glucose and oxygen supplied from the
cerebral circulation, must interact with astroglia before
reaching the neurons [25]. Additionally, astrocytes
control BBB permeability by stretching their end-feet to
the microvessel to interact with ECs [26]. Within the
NGVU, microglia act as the first defense in protecting the
CNS from pathogen infringement and clearing cell debris
[27]. The interaction between microglia and astrocytes
leads to neuroinflammation cascade amplification [28,
29]. As different parts of the NGVU, microglia and
astrocytes enhance immunological functions through their
synergy to build a cascade amplification of neural
networks [30]. Oligodendrocytes produce lipid-enriched
myelin to ensheath axons of the neurons and expedite the
conduction of nerve impulses [31].

1.2 Vascular cells in the NGVU

The vascular components of the NGVU mainly include
ECs, pericytes, and SMCs [13]. ECs, the typical and
central part of the NGVU, are the major structural
elements of the BBB, which are regulated by adjacent
pericytes, astrocytes, and neurons [15]. Recent studies
have shown that pericytes display various functions in the
NGVU, such as maintenance of BBB integrity through
interaction with ECs and astrocytes [32-34], phagocytosis
and immunological functions [35], blood flow control
[36], and stem cell function [37]. Furthermore, ECs,
pericytes, and astrocytes interact with each other to form
tight junctions, which regulate BBB permeability in the
NGVU [38]. Vascular smooth muscle cells in the NGVU
contribute to the modulation of microvascular blood flow
in the brain [36]. However, an in-depth understanding of
the precise function of pericytes and SMCs is warranted.
Additionally, the extracellular matrix, which is produced
by both ECs and pericytes, forms the basal lamina of
capillaries in the CNS [39].

1.3 Neurons in the NGVU

Neurons, the basic units constituting the structure and
function of the nervous system, serve a variety of
functions, including stimulation, integration of

information, impulse conduction, and adjustment of BBB
function [40]. Neurons detect subtle changes in glucose
and oxygen and transmit unknown electrical and chemical
signals, such as glutamate signaling to astrocytes [41, 42].
As a bridge connecting neurons and microvessels,
astrocytes play a vital role in the regulation of essential
materials in neurons [43]. One side of astroglial end-feet
combined with presynaptic and postsynaptic neurons is
called a tripartite synapse [44, 45]. Furthermore, almost
all microvessel surfaces are covered by astroglial end-
feet, and astrocytes are connected to each other via gap
junctions with connexin 43 channels, forming an overall
functional syncytium [46]. This evidence indicates that
neurovascular communication occurs through astroglial
end-feet. However, the precise mechanism by which the
supply of nutritious materials from brain capillaries is
provided to neurons remains unclear.

2. NGVU in age-related neurodegenerative diseases
2.1 NGVU and AD

AD, as a progressive neurodegenerative disease, is
clinically characterized by extensive memory loss and
continuous cognitive dysfunction [47]. Insoluble AP
deposition in senile plaques is widely known to be the key
pathological mechanism of AD [48]. With extensive
research, dysfunction of the aged NGVU is considered to
be highly related to Ap accumulation [49]. According to
the two-hit hypothesis of AD from Zlokovic [50], NGVU
dysfunction occurs before the disruption of AP
homeostasis in the CNS. Under normal circumstances,
peripheral AP is prevented from entering the brain by the
intact BBB, and AP in the CNS is cleared in time [51].
However, as aging proceeds, decreased expression of AP
efflux transporters (LRP1 and P-gp) on the endothelium
[52, 53] and increased expression of AP influx
transporters (RAGESs) [54] could lead to the accumulation
of AP in the aged brain, which finally accelerates the
progression of AD.

In addition to AP accumulation, neuroinflammation
plays a fundamental role in AD pathology [55]. Increased
leakage is observed in the BBB during aging [56], which
indicates that more substances may leak into the brain and
abnormally activate microglia, inducing neuro-
inflammation [57]. Microglia, as defensive cells in the
NGVU, have prominent phagocytic functions to clear
invading pathogens, abnormal proteins, and residual
debris from the CNS [58]. With advanced aging,
microglia show declined capacity of self-renewal [59],
reduced motility [60], non-homogeneous distribution [61],
and a diminished ability to internalize AP peptides [58],
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which implies the disrupted clearance of AP and a more
toxic environment for neurons.

2.2 NGVU and PD

PD is a progressive and incurable neurodegenerative
disorder with motor and non-motor symptoms [62]. Motor
symptoms, such as quiescent tremor, bradykinesia,
myotonia, and postural gait disorders, can be preceded by
non-motor symptoms that include depression,
constipation, and sleep disorders [63]. The loss of
substantia nigra pars compacta dopaminergic neurons is
the hallmark of PD pathogenesis. Dopaminergic neurons
contain abundant mitochondria due to their high-
metabolic demand and have high levels of reactive
oxygen species (ROS) [64]. In senescent cells, mitophagy
is impaired [65] and energy support declines, which lead
to reduced mitochondria repair, finally resulting in
dopaminergic neuronal loss [66].

Addition to neural injury, the disturbance of glial cells
in the NGVU contribute to the progression of PD.
Physiologically, astrocytes protect dopaminergic neurons
from the invasion of toxic molecules, including glutamate
and o-synuclein, by producing antioxidants [67].
However, the phenotype of astrocytes is altered [20] and
microglia are activated by chronic inflammation in the
aged brain [58]. Moreover, senescent astrocytes and
microglia produce various cytokines, chemokines (such
as TNF-a, IL-1p, and IL-6), and ROS, which damage the
integrity of the NGVU [68, 69]. As described above, P-gp
on the BBB is decreased with aging. It has been reported
that decreased P-gp may be related to the accumulation of
a-synuclein in the brain [70]. Misfolded a-synuclein
aggregates that form Lewy bodies and neurites are
confirmed to be the histological hallmark of PD [62].
Obviously, aging is a risk factor for the development of
neurodegenerative  diseases. Although the crucial
mechanisms remain unclear, age-related impairment of
the NGVU partly contributes to the initiation and
maintenance of the malignant cycle in neurodegeneration.
Thus, targeting aged NGVU to prevent the progression of
neurodegenerative disorders may be a highly feasible
therapeutic strategy.

3. Impact of senescence on the components of the
NGVU (Table 1)

3.1 Age-related effect on neurons

During the aging process, nuclear DNA lesions occur
extensively in neurons; proteins involved in DNA
methylation and acetylation, DNA repair, and lipid
metabolism are disrupted over time with aging [71].
Moreover, DNA repair dysfunction exacerbates DNA

damage [72]. Furthermore, these age-related nuclear
DNA lesions cause mitochondrial DNA damage, resulting
in mitochondrial dysfunction [72]. In addition to nuclear
DNA lesions, altered protein modifications, such as
carbonylation, nitration, and covalent binding of the lipid
peroxidation product 4-hydroxynonenal, during aging
lead to reduced activity of various proteins, which fail to
prevent toxic protein aggregation and oxidative stress
[12].

Age-related impairment of the mitochondria and
endoplasmic reticulum (ER) plays an important role in
neuronal functional decline [73-76]. The damaged
mitochondria and ER lose the ability to sequester Ca?",
which leads to increased concentrations of intracellular
Ca?", inducing ROS production, resulting in neuronal
apoptosis [71, 77]. Meanwhile, decreased ROS clearance
with aging enhances oxidative stress and neuronal
apoptosis [71]. Increasing evidence has shown that the
ER, performing functions in synthesis and the
modification and processing of proteins, is distinctly
impaired with aging [78, 79]. With advancing age, ER-
related stress significantly increases [80] and ER-related
chaperones, such as glucose regulatory protein 78, decline
in the brain, which is associated with the progression of
neurodegeneration [81]. Additionally, deterioration of
synaptic plasticity and deficits in long-term potentiation
occur in the aged brain, which may partly be caused by
increased activation of microglia [82].

During normal aging, the total number of neurons
shows no significant change in the hippocampus and
many regions of the cortex. However, a massive loss of
principal neurons in the dorsal primate prefrontal cortex
was reported in a recent study [83]. This change implies
that the loss of neurons in the aged brain may be regional.
Most neurons in the CNS are non-renewable, except in
some specific areas, such as the subventricular zone
(SVZ) and subgranular zone (SGZ) of the dentate gyrus
[84, 85]. However, senescence reduces neuronal
regeneration capacity in the SVZ and SGZ [86, 87]. B2-
microglobulin and insulin-like growth factor-1 are
negative regulators of neurogenesis associated with aging
[86, 88]. During aging, negative regulation decreases,
leading to excessive activation of glutamate (a major
excitatory neurotransmitter in the CNS) and subsequent
excitotoxicity [89]. Moreover, as discussed above,
maladjustment of Ca?" regulation causes neuronal
vulnerability to excitotoxicity, further accelerating the
progress of neuronal apoptosis [71].

3.2 Age-related effect on glial cells in the NGVU

3.2.1 Astrocytes
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As a multifunctional cell type in the NGVU, astrocytes
show  senescence-related changes in  number,
morphology, and function during aging; in a study by
Harris [90], the number and size of astrocytes increased
significantly with aging. However, a different view from
Rodriguez-Arellano [91] and Vartak-Sharma [92]
indicated that the number of astrocytes does not change
dramatically in the aged brain. In addition, the expression
of glial fibrillary acidic protein increases progressively in
the elderly compared to that in the young [93-96], which
has been demonstrated to be highly linked to a flat,
senescent morphology of astrocytes [20, 97].
Furthermore, the concentration of glutamate transporters,
glutamate-aspartate transporter, and glutamine synthase
are decreased in senescent astrocytes [98-100]; these
alterations lead to the dysfunction of glutamate regulation,
which contributes to neuronal excitotoxicity. The function
of aquaporin 4 in aged astrocytes is also upregulated
[101], which leads to diminished clearance of CNS
metabolites. Neurotransmitter-induced Ca?" signaling is
reduced in aged astrocytes, which affects the release of
neuro-active substances that support neuronal functions
[20, 102].

In a review by Antero [20], it was reported that
oxidative stress, proteotoxic aggregation, and metabolic
stress persist in the aging brain. Oxidative stress and
proteotoxic aggregation induce astrocytes to secrete
proinflammatory cytokines, such as interleukin-6 (IL-6)
and  metalloproteinase =~ (MMP)-9, resulting in
inflammation in the aging brain [20]. Therefore, senescent
astrocytes are also identified as “A1” reactive astrocytes
(astrocytes of a more inflammatory state) [103], which
secrete a neurotoxin that kills neurons [29]. Meanwhile,
the metabolic stress of astrocytes in the senile brain
reduces the capacity of astrocytes to support metabolism
transportation to neurons [104]. Thus, astrocytes develop
a poor supportive function and exhibit increased secretion
of harmful factors with increasing age, which, to a large
extent, affects the survival of neurons.

3.2.2 Microglia

During aging, microglia exhibit retrogressive changes in
different aspects; compared to young microglia, aged
microglia become much less motile with the supply of
adenosine triphosphate (ATP), which indicates a lower
patrol capability in the NGVU [105]. Abnormal
phenotypic shifts are detected in aged microglia [106-
108]. Senescent microglia tend to polarize to the M1
phenotype with specific morphological features,
including increased soma volume and thicker processes
[105]. Meanwhile, microglia in the aged brain are evenly
distributed compared with those in the young brain [61],
which may be because of altered morphology or an

increased number of microglia [109]. Moreover, elevated
expression of proinflammatory markers, such as major
histocompatibility complex (MHC)-II, CD16/32, CD86,
interferon-y, inducible nitric oxide synthase, interleukin-
1B, IL-6, tumor necrosis factor-o, and lipofuscin granules
are also found in aged microglia [27, 73]. Several studies
[110, 111] have suggested that regulatory factors, such as
CD200, C-X3-C motif chemokine ligand 1, and gamma-
aminobutyric acid from neurons and nuclear factor
erythroid 2-related factor 2, transforming growth factor-f,
macrophage colony-stimulating factor, and
granulocyte/macrophage colony stimulating factor from
astrocytes could play a key role in the shift in microglia
towards an M1 phenotype during aging. However, the
precise mechanism of such detrimental phenotypic shifts
in senescent microglia requires further in-depth research.
Increasing evidence implies that there are more complex
and active interactions between glial cells and neurons.

Palmer et al. [112] have hypothesized that both
astrocytes and microglia may be involved in the
elimination of neurons during aging. Previous work from
different laboratories has suggested that senescent
microglia increase the reactivity of astrocytes through
their secretory profile [29, 113, 114].

3.2.3 Oligodendrocytes

In the CNS, oligodendrocytes wrap axons and form
insulating myelin, playing a vital role in efficient nerve
conduction. Oligodendrocytes have swelling morphology
in the aging brain caused by degenerated inclusions of
myelin sheaths in the cytoplasm [115]. Additionally,
myelin formed by senescent oligodendrocytes is thinner
with shorter internode lengths, which results in a reduced
ability of myelin to increase nerve conduction velocity
[116]. Moreover, the differentiation [117, 118] and
recruitment [118, 119] of oligodendrocyte precursor cells,
as replacements for oligodendrocytes in the mature CNS,
are impaired during the aging process; these alterations
may lead to a decrease in oligodendrocytes. Additionally,
oligodendrocytes are associated with the metabolism and
nutrition of axons and decreased oligodendrocytes may
cause deterioration and death of the axon [120, 121].

3.3 Age-related effects on microvascular components in
the NGVU

3.3.1 ECs

Cerebral ECs are the main component of the BBB and
play various roles in the NGVU [122]. The number of ECs
was found to be decreased in the aged brain [123]. The
loss of ECs may lead to the morphological elongation and
thinning of remaining ECs [123]. The function of ECs is
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closely linked to the mitochondria; during physiological
aging, the number and function of the mitochondria are
significantly decreased [124], which is damaging to ECs
[50]. Nitric oxide (NO), the most important endothelium-
derived vasodilator for ECs, exerts powerful anti-
inflammation, anti-apoptosis, and pro-angiogenesis
effects and modulates cellular metabolism, mitochondrial
function, and synaptic transmission [125-129].
Senescence leads to increased mitochondrial production
of superoxide [130], which reacts with NO to form
peroxynitrite, resulting in reduced availability of NO and
endothelial dysfunction [131-133]. The activity and
expression of endothelial NO synthase is reduced during
advanced aging [134, 135], which directly inhibits the
production of NO [136]. Thus, an age-related reduction in

the production of endothelium-derived NO negatively
affects the function of microvessels, neurons, astrocytes,
and microglia.

In the context of aging, the reduced regeneration
capacity and newly generated defective ECs are
irreversible changes involving multiple mechanisms
[137-139]. First, the secretion of growth factors, such as
vascular endothelial growth factor, is impaired, resulting
in the growth arrest of ECs [139]. Moreover, elevated
levels of tissue inhibitors of metalloproteinase during
aging inhibit the expression of MMP-9, which plays a
vital role in angiogenesis [138]. In a review by Gradinaru
[137], newborn ECs were reported to show functional
defects with aging, including increased low-density
lipoprotein and reduced NO production.

Table 1. Alterations of NGVU constituents during physiological aging.

NGVU constituent Alterations during physiological aging References

Neurons Age-related accumulation of nuclear DNA damage was found to be in 12-month Han/NMRI  [71, 72]
mice.
Declined function of mitochondrion in aging rats were widely reported in several studies. [74-76]
The number of DCX+ newly born neurons decrease progressively with increasing age (from  [87]
7.5 months to 12 months) in the subgranular zone in F344 rats

Astrocytes Astrocytes presented a flat, senescent morphology with aging in Hwang’s study. [97]
The expression of GFAP is significantly increased in the hippocampus of human brain. [93, 95, 96]
An age-dependent decrease for GLAST and GS expression levels were observed in aged [99, 100]
astrocytes from Wistar rats or Sprague-Dawley rats.
In vivo, age-related over-abundance in Ca®" was associated with an increase in INK/SAPK  [102]
activation, which has been linked to cell death signaling.
Senescence astrocytes affects aging brain though oxidative stress, proteotoxic aggregation, [20]
metabolic stress and inflammation.

Microglia Microglia from aged C57BL/6 mice showed a reduced patrol capability [105]
Age-dependent switch from the alternative M2 to the classical M1 phenotype was detected [108]
in APP/PS1 mice hippocampus at age of 18 months.
Senescent microglia express proinflammatory markers including MHC-II, IL-18, IL6, TNF-  [27, 73]
o and lipofuscin granules.

Oligodendrocytes  Oligodendrocytes from a 35-year-old rhesus monkey showed a swelling morphology along [115]
their lengths.
OPCs showed declined capacity of differentiation and recruitment in female Sprague Dawley [118, 119]
rats.
The recruitment of progenitor cells to replace lost OLs was impaired in C57BL/6 mice.

Endothelial cells MnSOD (manganese superoxide dismutase) in endothelial cells from aged Fischer-344 rats  [124]
were decreased significantly, which indicates that mitochondrial dysfunction could be an
important mediator of vascular lesions.
Reduced production of endothelium-derived NO was found in Fischer-344 rats. [133-135]
Deficiency in eNOS substrates (L-arginine, in human) and the presence of endogenous eNOS
inhibitors (symmetric dimethylarginine, in human) in advancing age result in lower
expression of eNOS.
Reduced capacity of regeneration and newly generated defective endothelial cells are also  [137, 139]
characteristic alterations in aged brain.

Pericytes Ultrastructural alterations including vesicular and lipofuscin-like inclusions, increased size [140-145]
of mitochondria and foamy conversion in senescent pericytes were reported in several studies.
The loss of pericytes are reported in the brain of aged male Wistar rats and human. [146, 147]
No change in the number of pericytes in the brain of 35-year rhesus monkeys. [142, 145]
Pericyte populations are increased in the 36-month rat parietal cortex.
Age-dependent diminished neurotrophic support was come forward in Bell’s study. [148]
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3.3.2 Pericytes and SMCs

Pericytes, as specialized SMCs, display ultrastructural
alterations, such as vesicular and lipofuscin-like
inclusions, increased mitochondrial size, and foamy
conversion, with physiological aging [140-145]. The
number of pericytes is decreased in the brains of both aged
rats and humans [146, 147]. Robert et al. [148] indicated
that pericyte deficiency leads to a reduction in brain
microcirculation and BBB breakdown associated with
brain accumulation of several toxic protein molecules.
However, different studies have shown no change in the
number of pericytes in monkeys [142] and increased

Neuron

pericytes in the aging rat brain [145, 149]. These
discrepancies may be associated with distinct mechanisms
of age-related pericyte degeneration. In addition, the
secretion of various neural trophic factors is disturbed in
aged pericytes [148], and senescent SMCs induced by
H>O, have a proinflammatory role through the
upregulation of IL-6, chemokines, and innate immune
receptors [150]. Previous studies have attempted to
explore the precise mechanisms of age-related changes in
pericytes and SMCs; however, more evidence is required
to identify the role of senescent pericytes in the structural
and pathological dysfunctions of the NGVU.
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Figure 2. Glucose metabolism between microvessel, astrocyte and neuron in the neuro-glia-vascular unit. Glucose
supplied from microvessels can be directly transported to astrocytes by GLUT1(Glucose transporter 1) and neurons by
GLUT1 and GLUT3(Glucose transporter 3). Glucose transported into astrocytes produces lactate via glycolytic pathway.
Then, lactate, served as an energetic substrate for neurons, is transported to neurons through MCT1 (Monocarboxylate
transporter 1) and MCT4 (Monocarboxylate transporter 4) (astrocytic form) and MCT2 (neural form).

4. Altered connection of energy metabolism in the
NGVU during advanced age

4.1 Impaired energy metabolism between astrocytes and
neurons

Neurons are indispensable in the CNS, as well as in the
NGVU. In the past two decades, numerous studies have
suggested that the energy metabolism of astrocytes is a
key factor supporting the high energy requirement of
neurons [43, 151-153]. Metabolic interactions between
astrocytes and neurons include three components, 1)
glucose and lactate, 2) fatty acids and ketone bodies
(KBs), and 3) D- and L-serine. Among these components,
glucose metabolism seems to be the foremost pathway for
energy metabolism between astrocytes and neurons (Fig.

2). Previous data show that astrocytes cultured in vitro
produce large amounts of lactate and neurons produce less
lactate from glucose under normal (21%) oxygen
environments [ 154], which implies that astrocytes take up
glucose from microvessels and produce lactate as a
supplement for neurons. Under normal circumstances,
glucose is transported into astrocytes through GLUTI,
and astrocytes generate ATP and lactate through
anaerobic glycolysis [43]. Subsequently, lactate is
released from astrocytes and is taken up by neighboring
neurons through monocarboxylate transporters (MCTs),
which is called the astrocyte-neuron lactate shuttle
(ANLS) [153]. Except for the mediation of astrocytes,
GLUT3 allows the direct import of glucose from blood
vessels into neurons [151]. However, astrocytes are likely
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to be responsible for most energy supplementation to
neurons because 99% of the microvessel surface is
covered by astrocyte end-feet [25, 151, 155]. Moreover, a

......................

E GLUTI % MCT1
% MCT2  (JTTT) Mitochondria
Figure 3.

study on GLUT3-knockout mice demonstrates that mice
survive without glucose when lactate is available [156].

Microvessel

Astrocyte

Mechanisms of energy metabolism in the oligodendrocytes. Oligodendrocytes have

continuous energic requirement to support the function of axons and the form of myelin. Glucose is taken
up from microvessels through GLUT1 and produces lactate via glycolysis. Also, lactate can be taken up
from astrocytes through MCT1. Then, lactate in oligodendrocytes is transported to axon through MCT1

(form in oligodendrocytes) and MCT2 (neural form).

GLUT!1 is an important mediator for the passage of
glucose through the blood into astrocytes, which
indirectly provides energy to neurons [43]. In a study by
Souza [157], aged astrocytes showed decreased GLUT1
expression compared to that of newborn astrocytes,
indicating reduced transportation of glucose from blood
into astrocytes. Moreover, Fan et al. have reported
significantly decreased GLUTI1 expression and age-
related declines in GLUT3 expression in 15-month-old
mice [158]. In contrast, an age-related decrease in the
expression of GLUT3 was found in the hippocampus of
29-month-old Wistar rats [159]. Furthermore, MCT1, a
key mediator of the ANLS, declines with aging [158].

Reduced expression of multiple transporters in the energy
transport pathway from astrocytes to neurons might be an
important cause of neuronal metabolic disorders during
aging. Recently, an imaging study has showed decreased
neuronal mitochondrial metabolism and increased glial
mitochondrial metabolism in the elderly compared to
those in young people [160]. Upregulated mitochondrial
metabolism in astrocytes may be an energy-saving way to
meet energy demands under stress. Additionally, one
study on primary cortical astrocytes isolated from rats of
different ages indicated that the metabolic shift in
astrocytes from anaerobic  respiration towards
mitochondrial metabolism is positively associated with
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increasing age [161]; this metabolic shift leads to
decreased production of lactate, which hampers the ANLS
and deprives neurons of their energy supply. Overall,
enhanced mitochondrial metabolism and decreased
lactate levels may partly explain the state of metabolic
insufficiency in the senile brain.

4.2 Reduced bioenergetics between oligodendrocytes and
neurons

Oligodendrocytes have high energy demands to form
myelin and interact with axons. Recent studies suggest
that oligodendrocytes take up lactate from astrocytes
through MCT1 and glucose from microvessels through
GLUT1 [162] (Fig. 3). Lactate may then be shuttled to and
taken up by axons through MCT1 on oligodendrocytes
and MCT2 on neurons; several studies have indicated that
glucose and lactate seem to be substrates for
oligodendrocytes to support the energy metabolism of
axons [121, 163-165].

During normal aging, the abnormal ultrastructure of
myelin in the CNS potentially reduces normal axon—glia
metabolic coupling [166]. As discussed previously, the
expression of MCT1 is reduced during aging [158], which
may affect the energy supply from oligodendrocytes to
axons. In addition, MCT1-knockout oligodendrocytes in
transgenic mice have decreased metabolism and
axonopathy [121]. On the basis of a previous study that
showed decreased expression of GLUTI1 in senescent
astrocytes [157], we hypothesized that impaired energy
transport from astrocytes to oligodendrocytes may
indirectly  influence the metabolism  between
oligodendrocytes and axons. Nevertheless, the specific
mechanism  of  altered  Dbioenergetics  between
oligodendrocytes and neurons during physiological aging
requires more in vitro and in vivo studies.

4.3 Senescence-related energy metabolism of microglia in
the NGVU

Glucose, fatty acids, and glutamine are reported to be
energy substrates for microglia [167]; among these
substrates, glucose seems to be the main source of energy.
Like neurons, microglia express GLUT3, which directly
transports glucose from brain vessels into microglia [168].
In addition, microglia express other GLUTs under
different circumstances; interestingly, GLUTS, a passive
fructose transporter, is only expressed in microglia in the
brain [169]. However, the precise function of GLUTS5 in
microglia remains unclear.

A great deal of evidence suggests that aged microglia
are associated with a more reactive/activated phenotype
in both human and rat brains [109, 170, 171]. MHC II
antigens, CD11b, CDI14, and pattern recognition

receptors, which are expressed in activated microglia, are
also elevated in senescent microglia [172-175]. In
addition, considering the reduced glucose metabolism
during aging [176], astroglia may be activated in this
environment [167, 171]. Furthermore, healthy neurons
and astrocytes maintain microglia in a resting state with
low energy demands [177, 178]. However,
physiologically aged neurons and astrocytes may partly
contribute to the activation of microglia. This evidence
may support the view that more quiescent microglia are
activated during aging. Since activated microglia
constantly require ATP and the availability of glucose in
the brain is not infinite, astroglia may take up energy from
the other two energy substrates (fatty acid and glutamine)
when glucose is deficient [168]. The data presented in a
study by Antwoine et al. [179] suggest that aged microglia
exhibit a bioenergetic shift from glucose to fatty acid
utilization, which indicates energy metabolism
dysfunction in senescent microglia. However, there is no
powerful evidence to explain the relationship between
declined metabolism in aged microglia and the NGVU.
Nevertheless, as patrol and defensive cells in the NGV U,
astroglia are undoubtedly impaired in various functional
ways caused by bioenergetic disorders during advanced
age.

4.4 Decreased energy supply from brain microvascular
ECs to astrocytes and neurons

Glucose must be continuously supplied to the NGVU via
blood circulation due to the lack of glucose in the brain
[180, 181]. Energetic substrates are delivered from the
blood to astrocytes or neurons by several types of
transporters [151, 182]. GLUT1 and GLUTS3, two key
glucose transporters in the NGVU, are decreased in ECs
during aging [157-159, 183], implicating age-related
inefficiency of glucose supply from blood to the NGV U.
Apart from the reduced expression of GLUTs, the
dysfunction of the GLUTI1 transporter transferring
glucose from the blood to the brain may partly contribute
to this inefficient energy transport in the senescent NGVU
[184, 185]. In addition to glucose, KBs are believed to be
a better source from blood to neurons during ischemia or
hypoxia [43]. The KB used for the brain is mostly
produced in the liver and transported from blood to
astrocytes, as well as to some neurons, by MCT1 on ECs
[186]. In the hippocampus of female mice, MCT]I
expression shows a decreasing trend from 9 to 15 months
of age [158], suggesting an impaired capacity of KB
transportation from ECs to neurons with aging.
Nevertheless, the data on age-related modulation of the
expression of MCT1 are lacking and require more
targeted studies to verify this in the future.
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5. Conclusions and Perspectives

Population aging is becoming a worldwide issue that
severely influences social and economic development.
With a deeper understanding of the concept of the NGV U,
age-related impairment of the NGVU has gradually
appeared as a characteristic change during physiological
aging and an increasing risk factor for neurodegenerative
disorders. Considering the close cooperation between
each component in the NGVU, the damage caused by
senescence is disastrous for the morphology and function
of neurons, glial cells, and vascular cells. Furthermore, the
bioenergetic metabolism cascade between different cell
types in the NGVU is altered with advanced age.
Decreased transportation capability of energetic
substrates involved with GLUTs and MCTs and an age-
related metabolic shift may be responsible for the
impairment of bioenergetic metabolism in the NGVU.
Nevertheless, the precise mechanism remains an
enormous challenge for present academic standards due
to the intricate and subtle changes in energy metabolism
shuttling in different cell types. Senescent bioenergetic
alterations in the NGVU are expected to be a newly
developed physiopathology of the aged brain. Thus,
bioenergetic intervention for the brain may be a viable and
practical therapy to prevent and delay the process of aging
in prospective medical fields.
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