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Energy Crisis Links to Autophagy and Ferroptosis in Alzheimer’s Disease:
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Abstract: Alzheimer’s disease (AD) is one of the most common neurodegenerative diseases
worldwide. The occult nature of the onset and the uncertainty of the etiology largely impede the de-
velopment of therapeutic strategies for AD. Previous studies revealed that the disorder of energy
metabolism in the brains of AD patients appears far earlier than the typical pathological features of
AD, suggesting a tight association between energy crisis and the onset of AD. Energy crisis in the
ARTICLE HISTORY brain is known to be induced by the reductions in glucose uptake and utilization, which may be as-
cribed to the diminished expressions of cerebral glucose transporters (GLUTSs), insulin resistance,
mitochondrial dysfunctions, and lactate dysmetabolism. Notably, the energy sensors such as peroxi-
Received: April 12, 2022 some proliferators-activated receptor (PPAR), transcription factor EB (TFEB), and AMP-activated
iz‘éf;et‘iﬁ[zi;‘ﬁ’l’z%éz protein kinase (AMPK) were shown to be the critical regulators of autophagy, which play important

roles in regulating beta-amyloid (AB) metabolism, tau phosphorylation, neuroinflammation, iron
dynamics, as well as ferroptosis. In this study, we summarized the current knowledge on the molec-
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10.2174/1570159X20666220817140737 ular mechanisms involved in the energy dysmetabolism of AD and discussed the interplays existing
between energy crisis, autophagy, and ferroptosis. In addition, we highlighted the potential network
CrossMark in which autophagy may serve as a bridge between energy crisis and ferroptosis in the progression

of AD. A deeper understanding of the relationship between energy dysmetabolism and AD may
provide new insight into developing strategies for treating AD; meanwhile, the energy crisis in the
progression of AD should gain more attention.
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1. INTRODUCTION of AP [3]. Interestingly, mounting clinic studies exerted that
glucose hypometabolism is an invariant pathological per-
spective that precedes clinical symptoms and pathological
changes even for decades in AD patients, suggesting that
energy crisis may be an etiologic factor of AD [4, 5]. It is
known that glucose hypometabolism paves the way to ener-
gy crisis, which is known to give rise to autophagy in normal
and pathological conditions [6, 7]. In this paper, we reviewed
the studies concerning energy metabolism in AD conditions,
and further focused on the role of autophagy and ferroptosis
in the progression of AD, aiming to unveil the potential net-
works between energy crisis, autophagy and ferroptosis in
AD progression.

Alzheimer’s disease (AD), characterized by progressive
cognitive impairments and memory loss, is one of the most
common dementias worldwide. Recent epidemic studies
revealed that the number of Americans aged 65 and older
with AD may grow to 13.8 million by the middle century [1].
Unfortunately, there is still a lack of effective strategies for
the prevention or treatment of AD. Even worse, since the
etiology of AD is also currently unknown, ectopic metabo-
lism of beta-amyloid (Af), hyperphosphorylation of tau pro-
tein, chronic inflammation, oxidative damage as well as met-
al ion dysregulation are recognized as the potential risk fac-
tors of AD [2]. Among that, the AP cascade hypothesis is
widely accepted as many AD patients exist the mutations of 2. THE HALLMARKS OF ALZHEIMER’S DISEASE
amyloid precursor protein (APP), presenilin 1 (PS1), prese- . . .
nilin 2 (PS2), and the epsilon 4 allele of apolipoprotein E One outstanding pathological hallmark of AD is the for-

(APOE4), which are highly associated with the metabolism mation of senile plaques (SPs), which are predominately
constituted by AB [8]. The production of AB depends on the

successive cleavage of APP by [-secretase and y-secretase
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is successively cleaved by the B-secretase and y-secretase to produce the

AP, meanwhile, the metal ions (Fe, Cu, and Zn) could enhance the activity of B-secretase. With the help of metal ions, the Ap is deposited to
form senile plaques. On the other hand, the AP could induce microglial activation and astrocytic activation to produce inflammatory factors.
Increased contents of metal ions lead to CDKS and GSK3a/f activation, thus promoting tau hyperphosphorylation and NFTs formation. Iron
overload is also observed in the cerebral neurons, which results in ferroptosis. All the aforementioned pathways participate in the progression

of AD. (A4 higher resolution/colour version of this figure is available

excessive generation of AR and impaired clearance of A are
the main causes of SPs formation in the brain [11]. Apart
from the deposition of AP, the neurofibrillary tangles (NFTs)
caused by the hyperphosphorylation of tau protein is another
notable characteristic of AD. Tau protein is commonly found
in the neurons of the central nervous system and has the
function to stabilize microtubules and assist the transporta-
tion of cargo along axons [12]. Phosphorylation of tau con-
trols its binding to microtubules and triggers the assembly of
microtubules, but the hyperphosphorylation of tau results in
the opposite effects [13]. Phosphorylation of tau is regulated
by several enzymes such as cyclin-dependent kinase5
(CDKS5), glycogen synthase kinase3a/B(GSK3a/B), and
phosphatase 2A(PP2A), and these enzymes abnormalities
lead to hyperphosphorylation of tau, thereby contributing to
the formation of NFTs [14]. The abnormal accumulations of
AP and NFTs in the brain trigger a series of events that may
cause the occurrence of AD [15]. Furthermore, mounting
evidence suggested that neuroinflammation is a contributor
to the progression of AD. The inflammatory factors such as
tumor necrosis factor a (TNFa), interleukin 1p (IL-1f), and
interleukin 6 (IL-6) are increased in the AD brain, some of
which are highly associated with A production, tau phos-
phorylation, and blood-brain barrier (BBB) disruption. Nev-
ertheless, it is still uncertain whether neuroinflammation is a
cause or a consequence of AD. In addition, dysregulations of
metal ions (such as iron, copper, and zinc) play attractive
roles in the progress of AD. Especially, iron is accumulated
in SPs and neurons in the AD brain, which in turn implicates
the regulation of AP production, tau phosphorylation, and
neuronal loss (Fig. 1) [16-18].

It is noteworthy that energy dysmetabolism is also a fea-
ture of the AD brain, such as glucose hypometabolism is
prevalent in the brains of AD patients and AD animals, and it
is prior to the appearance of the pathologic symptoms in the
progress of AD [4, 5, 19, 20], suggesting that glucose hypo-
metabolism may be a potential etiologic factor of AD. Un-
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fortunately, there was pretty limited research conducted to
uncover the roles of energy crisis in the progress of AD. We,
therefore, summarized the studies regarding glucose hypo-
metabolism in AD and hoped to find a better way to over-
come this disease.

3. THE ENERGY DYSMETABOLISM
HEIMER’S DISEASE BRAIN

IN ALZ-

3.1. The Energy Metabolism in the Brain

The brain is a high-energy requirement organ that repre-
sents only 2% of the total body mass but consumes about
25% of the glucose from the body’s absorption[21]. Glucose
is the main source of energy supplementation in the brain.
Glucose crosses the BBB and enters the cells dependent on
the glucose transporters (GLUTSs) [22]. The brain mainly
expresses glucose transporters GLUT1, GLUT2, GLUTS3,
GLUT4, GLUTS, GLUT6, and GLUTS, of which, GLUTI
locates in the blood vessel endothelium and astrocytic end
feet, which is in charge of glucose entry from the peripheral
circulation, whereas the GLUT3 and GLUT4 are abundantly
expressed in the neuron [23], indicating the important roles
of glucose in the regulation of neuronal activities.

The glucose in the cytoplasm is phosphorylated by hexo-
kinase (HK) to produce glucose-6-phosphate, which may
submit to three different metabolism pathways including
glycolysis, pentose phosphate pathway (PPP), and glycogen-
esis (only in astrocytes) [21]. Glucose and lactic acid are
involved in brain development and memory formation and
are coupled with neuronal metabolism, meanwhile, astro-
cytes may play a regulatory role[24]. In neurons, glucose
uptake is largely dependent on the GLUT3 and GLUT4, and
subsequently, the glucose suffers glycolysis and tricarboxylic
acid cycle (TAC cycle) to produce adenosine triphos-
phate(ATP) to maintain neuronal functions[23]. Glucose also
has an important role in neuronal scavenging of ROS
through the PPP to produce nicotinamide-adenine dinucleo-
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tide phosphate (NAPDH), which is required for the regenera-
tion of reduced glutathione [25]. It is worth noting that the
storage of glycogen in neurons is inhibited in normal condi-
tions [26], however, several studies revealed that the storage
of glycogen in neurons exists only in severe neurological
diseases [27]. In addition, due to the high expression of lac-
tate dehydrogenase 1 (LDH1) in neurons, the lactate can be
easily converted to pyruvate to act as an energy substrate in
neurons [28]. Lactic acid can also activate neuronal gluta-
mate signals and play a protective effect on long-term
memory [29-31]. Neurons have a stronger preference for the
uptake of lactate than glucose [32], hence, the metabolic
activity of lactate in the brain is critical for neuronal activity.

Astrocytes are identified to account for about 5%-15% of
the brain’s energy expenditure, while their energy consump-
tion becomes higher in non-resting states [21, 33, 34]. Astro-
cytes absorb glucose mainly through GLUT1 and convert it
into lactic acid which is oxidized in mitochondria [28], and
this action is related with the phosphorylation of pyruvate
dehydrogenase (PH.D.) and the activity of cytochrome oxi-
dase in astrocytes [35]. A previous study showed that repres-
sion of mitochondrial respiration in astrocytes (only aerobic
glycolysis in astrocytes) did not affect astrocyte survival and
memory performance in mice [36], suggesting that glycoly-
sis is the main energy source of astrocytes. Another study
from single-cell metabolic state analysis showed that lactic
acid maintains mitochondrial length in radial glial progeni-
tors [37], but it is not clear whether the effect is the same in
mature individuals. Importantly, the neuron-absorbed lactate
largely originates from astrocytic lactate. Lactate is secreted
through monocarboxylate transporter 1/4 (MCT1/4) in astro-
cytes, and subsequently taken up by MCT2 in neurons [38]
where it is converted into pyruvate as a direct source of en-
ergy [38]. Different from astrocytes, microglial energy me-
tabolism depends primarily on oxidative phosphorylation
[39], but converts to glycolysis upon activation [40]. This
metabolic reprogramming is thought to be involved in the
inflammatory response of microglia during the evolution of
neurological diseases [41, 42]. Microglia possess the ability
to produce and uptake lactate, and could rapidly change their
metabolic pattern to select lactate as an energy donor in the
presence of insufficient glucose supply [43]. This metabolic
shift may accommodate the high ATP demand of microglia.

The brain owns the ability to sense and adapt to alterna-
tions in environmental energy and hormone modulation to
survive periods of nutritional deficiency [44]. The hypothal-
amus and brainstem are the major brain regions responsible
for energy regulation [45]. Due to the lack of a typical blood-
brain barrier structure in the median eminence (ME) of the
arcuate nucleus, it is considered to be a portal for sensing
changes in hormones and nutrients in the circulatory system
[45], by which, the brain can trigger a complementary effect
to escape the energy crisis. Increasing evidence indicates that
ketone bodies are substitution fuel for the brain during occa-
sional periods of energy starvation caused by pathologic or
physiologic factors [46]. Ketone bodies mainly contain -
hydroxybutyrate and acetoacetate, which are mainly pro-
duced by acetyl Coenzyme A(CoA) in the liver through the
B-oxidation pathway [47]. However, the concentration of
ketone bodies is low since the formation of ketone bodies is
inhibited by insulin in the normal physiological state [48].
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Several studies have suggested that the appropriate concen-
tration of ketone bodies have protective effects on the neu-
ronal system, the underlying mechanism may be due to the
reduced metabolic pressure caused by alternative fuels [49],
whereas the high concentration of ketone bodies have signif-
icant neurotoxicity via induction of plasma membrane depo-
larization [50]. A previous study provided evidence that the
absence of the ketone transporter solute carrier family 5
member 8 (SLC5AS8) contributed to the shortage of brain
energy in mice, even though SLC5A8 was not expressed in
the brain, suggesting that chronic ketone deficiency may
affect the brain’s energy supply [51].

In addition to ketone bodies, insulin can also regulate
brain development and energy metabolism. Insulin is known
to be secreted by pancreatic beta-cell, which is critical to the
systemic homeostasis of blood glucose. Insulin exerts its
actions by binding to insulin receptors (IRs) present on most
cells. Interestingly, IRs are widely expressed in all the cell
types in the brain, especially in the cortex, hippocampus,
striatum, and olfactory bulb [23]. GLUT4 is an insulin-
sensitive glucose transporter in neurons, challenge with insu-
lin induces GLUT4 translocation to the plasma membrane
via an AKT-dependent manner [52]. Moreover, insulin also
modulates glucose entry into the brain via promoting astro-
cytic GLUTI translocation to the cell membrane by coopera-
tion with insulin-like growth factor 1 (IGF1) [53]. It is nota-
ble to know that the insulin level in plasma is much higher
than that in cerebrospinal fluid (CSF) [54], indicating that
most of the insulin in the brain may stem from circulating
pancreatic insulin.

3.2. The Energy Crisis in Alzheimer’s Disease Brain

High energy is required to maintain synaptic activity, and
neurons must maintain energy homeostasis to induce the
formation of long-term memory [55]. Therefore, the brain is
easy to be affected by low energy metabolism. Energy me-
tabolism is different in different brain regions, while the are-
as of the brain with more connectivity certainly have higher
energy requirements [56, 57]. Animal experiments showed
that learning and memory increase glucose consumption in
the hippocampus [58]. Minoshima S, et al. examined glucose
metabolism levels in different brain regions of AD patients
by autopsy and found decreased glucose metabolism in the
parietotemporal association, posterior cingulate, and frontal
association cortices [59]. Nowadays, several techniques
(such as positron emission tomography (PET), functional
magnetic resonance imaging (fMRI), and magnetic reso-
nance spectroscopy (MRS) have been employed to measure
the energy metabolism of the brain [60]. The fMRI aims to
evaluate the brain activity and functional connectivity of
different brain regions by monitoring blood oxygen level
dependence (BOLD) [61]. An animal experiment showed
diminished connectivity of the mesial temporal with other
brain regions in the brain of aged rats, which may be associ-
ated with age-related cognitive impairment [62]. In clinical
research, Wu YQ, et al. found that the bilateral inferior tem-
poral gyrus signal was significantly lower in mild cognitive
impairment (MCI) patients than that in healthy subjects [63],
indicating that the decreased activity of the bilateral inferior
temporal gyrus may be involved in cognitive impairment.
The relationship between BOLD changes and AD risk genes
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(especially APOEe4) has been extensively studied. Subjects
with the APOEe4 allele showed reduced functional connec-
tivity in the hippocampus and middle temporal cortex [64].
Furthermore, female subjects with the APOEe4 allele also
showed an age-dependent reduction in functional connectivi-
ty between the hippocampus and precuneus/posterior cingu-
late cortex [65]. Therefore, the fMRI functional connectivity
can be used as an indicator for the early clinical diagnosis of
AD and the judgment of AD progression.

MRS is a non-invasive, functional imaging technique that
can be used to characterize changes in metabolite concentra-
tions [66]. The function of MRS to detect metabolites de-
pends on the different imaging modalities (MRS-active nu-
clei), such as '"H MRS quantifies N-acetylaspartate (NAA)
and glutamate more efficiently, and *'P MRS is used to de-
tect all phosphorylation products, especially for phosphatidyl
inositol and ATP, while ?C MRS, for precise tracking of the
metabolic fate of marked metabolites (for example, glucose
and pyruvate) [67]. Using '"H MRS analysis, early AD pa-
tients showed low NAA/creatine (Cr) and late AD patients
showed lower NAA/Cr and higher myo-Inositol/Cr in the
posterior cingulate [68]. According to the *'P MRS analysis,
part of the brain regions (retrosplenial cortex, hippocampi,
and parieto-occipital) exhibited high energy phosphate meta-
bolic activity in AD patients [69, 70]. The application of *C
MRS in AD patients is relatively limited at present [71], but
PC MRS has the function of being able to detect dynamic
glucose transport, which will have a wider application in the
future.

Glucose is converted to glucose-6-phosphate by HK, but
deoxyglucose-6-phosphate cannot continue to be used as a
substrate for glycolysis and therefore accumulates intracellu-
larly [72]. Therefore, '*F-fluorodeoxyglucose (FDG) can be
used with PET to monitor glucose metabolism in the brain
[73]. FDG uptake in several brain regions decreases signifi-
cantly with age, especially in the superior temporal pole [74].
Consistent with this result, Pezzoli S, et al. found that the
decreased glucose metabolism in AD patients mainly oc-
curred in the temporal lobe [75]. Other studies showed that
decreased glucose metabolism also occurred in the posterior
cingulate gyrus and precuneus in AD patients [76, 77]. Fur-
thermore, according to the FDG uptake of PET studies in
early AD brains, cognitively healthy older adult controls and
MCI brains, the rates of glucose uptake were significantly
reduced in partial regions of the AD brain, such as in frontal,
parietal, temporal lobes, and cingulate gyrus, which were
accompanied with brain volume reduction and cortical thin-
ning [78]. In addition, by following up on FDG uptake in the
brain of AD patients(range 2.0 - 4.0 years), Ossenkoppele R,
et al. found reduced FDG uptake in the frontal, parietal, and
lateral temporal lobes, which could effectively indicate the
progress of AD [79]. The ventral arcuate nucleus of the hy-
pothalamus locates at the medial edge of the third ventricle,
contains neurons such as agouti-related peptide (AgRP) and
pro-opiomelanocortin (POMC) neurons which are regulated
by leptin, insulin and ghrelin to maintain the overall energy
balance of the body [80]. Through PET/MR imaging and
histopathological observation of the AD brains, it was found
that the hypothalamus of AD patients had different degrees
of atrophy, amyloid plaque formation, and NFTs [81]. Stud-
ies of PET using the FDG as a tracer also revealed a signifi-
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cant deficit in glucose metabolism in the hypothalamus in the
AD subjects and MCI subjects as well as in “pre-
symptomatic” transgenic mice overexpressing APP (Tg2576)
[81, 82]. The enzyme creatine kinase (CK) reaction and
kynurenine pathways are the keys to balancing brain energy
metabolism. When local energy demand suddenly increases,
CK reaction can quickly replenish ATP from energy buffer
phosphocreatine (PCr) [83]. In the early degenerative regions
of the brain in AD patients, PCr levels were elevated as as-
sessed using phosphorus-31 MR spectroscopy (31P-MRS),
further indicating changes in brain energy metabolism in the
brains of AD patients [84]. However, whether changes in
glucose uptake and utilization trigger the onset of AD or
dysmetabolism of energy is due to the neurodegeneration in
the AD brain, is still a matter of debate.

Different type of cells has different changes in energy me-
tabolism in the pathological process of AD. The expression
levels of GLUT3 and GLUT4 in neurons were significantly
decreased [85, 86], but the MCT levels were increased in AD
brains [87]. These alternations may be associated with the
increased susceptibility of neurons to take up lactate during
energy crisis. Moreover, the astrocytic GLUT1 was also de-
creased, along with the activation of astrocytes in the progress
of AD [88], suggesting the glucose hypometabolism in AD
brains since GLUT]1 acts as the “gatekeeper” for glucose entry
into the brain. In addition, quantifications of FDG uptake by
different cells in the brain of 5XFAD mice revealed a signifi-
cant increase in microglial uptake compared to that in WT
mice, while no significant differences were found in neurons
and astrocytes [89]. This study further sequenced single cells
of microglia and found that a subset of microglia with higher
glucose transporters with defective glycolysis and oxidative
phosphorylation was increased during the pathological pro-
gression in 5XFAD mice [89], indicating that a decreased glu-
cose utilization happened in microglia. Previous studies re-
vealed that glycolysis in microglia could attenuate the phago-
cytic activity of AP and increase the secretion of TNFa [90,
91]. In addition, lactate challenge could also promote the se-
cretions of IL-6 and IL-1p in primary microglia [92]. A recent
study further uncovered that lactate was increased in the mi-
croglia from 5xFAD mice, and lactate-induced lactylation of
histone 4 lysine 12 lactonization (H4K121a) is highly enriched
at the promoter of glycolysis-related genes and thereby in-
creasing glycolytic activity in microglia, which subsequently
exacerbates microglial dysfunction and promotes neuroin-
flammation [93]. Considering that oxidative phosphorylation
is the main metabolic approach in microglia [39], remodeling
the energy program in microglia may be a promising strategy
to alleviate the progress of AD.

3.3. The Inducing Factors of Energy Dysmetabolism in
the AD Brain

Since energy metabolism disorder is an outstanding
pathological feature of AD, Doorduijn AS, et al. conducted a
meta-analysis on the intake of energy and protein in normal
people and AD patients [94]. The study found no sufficient
evidence that the intake of energy or protein in AD patients
was lower than that in the control group [94], suggesting that
the energy metabolism disorder in the AD brain is not caused
by insufficient intake, but may be associated with the uptake
or utilization of cerebral glucose.
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3.3.1. Ectopic Expressions of Glucose Transporters

AD patients are often associated with decreased expres-
sions of glucose transporters (mainly GLUT1 and GLUT3),
which may be regulated by hypoxia-inducible factor la
(HIF-1a). Further studies also suggested that the expression
level of GLUTI in brain-derived endothelial cells (BDCECs)
of the AD brain was significantly reduced than that in the
normal brain [95], indicating that the uptake of glucose was
diminished in the AD brain. Interestingly, GLUT1 deficiency
in endothelium promoted the BBB breakdown and reduced
the blood flow; Furthermore, GLUT1 deficiency in endothe-
lium promoted the neuropathology and cognitive impair-
ments in an animal model of AD [96], suggesting that energy
crisis may be a potential causative factor for AD. Apart from
GLUT1 and GLUTS3, the translocation of GLUT4 to the cell
membrane was also impaired in the AD brain, despite the
fact that the GLUT4 expression level was unchanged in the
condition of AD [97, 98]. The mechanism of mislocation of
GLUT4 remains largely unknown, which may be highly as-
sociated with the dysregulation of insulin signaling in AD
brains since GLUT4 is an insulin-regulated transporter [99].

3.3.2. Insulin Resistance

Insulin resistance results in a significant decrease in the
uptake and utilization of glucose, which subsequently im-
pairs the energy metabolism system in the body. Insulin re-
sistance is a characteristic of type-2 diabetes, whereas a simi-
lar phenomenon has appeared in the AD brain, such as de-
creased insulin signaling activity, and abnormal binding of
insulin with insulin receptors [23]. Furthermore, there is evi-
dence to support an epidemiological linkage between AD
and type-2 diabetes as ectopic inflammatory responses, insu-
lin resistance, and mitochondrial dysfunction are observed in
these diseases [100]. Therefore, several scholars also refer to
AD as type-3 diabetes [101]. The depletion of insulin in dia-
betic rats activates the protein kinase A (PKA) pathway and
induces tau phosphorylation [102]. While it was once
thought that insulin resistance could worsen tau damage by
disrupting the balance of tau kinases and phosphatases [103].
Interestingly, the brains of the tau transgenic mice showed an
increased response to insulin without the expected insulin
resistance, suggesting a complex linkage between insulin
resistance and tau phosphorylation [104]. Of note, our previ-
ous study revealed that leptin knockout significantly worsens
the AP pathology and cognitive deficits in APP/PS1 mice
[105], suggesting that the chronic diabetic state is a contribu-
tor to AD. Interestingly, several other studies also suggested
that insulin resistance can be induced by AP toxicity [106,
107], however, the mechanism underlying remains largely
unknown. The insulin receptor substrate (IRS) protein family
plays a critical role in the process of insulin signal transduc-
tion [108]. Insulin binds to its receptor IRs to recruit IRS and
phosphatidylinositol 3-kinase (PI3K) to the plasma mem-
brane for the production of phosphatidylinositol-3,4,5-
trisphosphate (PIP3) from phosphatidylinositol-4,5-bisphos-
phate [PI(4,5)P2], which subsequently activates AKT [108].
Further study revealed that insulin signaling is modulated by
liquid-liquid phase separation (LLPS) by driving the for-
mation of intracellular IRS1 condensates [109]. Insulin stim-
ulation could promote the PIP3 production and recruitment
of AKT in the IRS1 condensates, subsequently promoting
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insulin signal transduction from the plasma membrane into
the cytoplasm [109]. Therefore, the failure of the IRS/PI3K/
AKT signal pathway is recognized as the main contributor to
insulin resistance. GSK3f and rapamycin complex (mTOR)
are the predominant downstream targets of the IRS/PI3K/
AKT signal pathway [110, 111]. The inactivation of PI3K
activates GSK3p [112], which is directly related to tau hy-
perphosphorylation and glucose metabolism. On the other
hand, the failure of the IRS/PI3K/AKT signal pathway could
inhibit mTOR, which plays vital roles in the regulation of
cell growth [113], glucose metabolism [114], amino acid
metabolism [115], as well as autophagy [116]. Notably, the
IRS1/2 levels and IRs were both significantly reduced in the
brains of AD patients [117], suggesting that the disturbance
of insulin signaling is involved in the progress of AD. In-
deed, the translocations of insulin-dependent neuronal glu-
cose transporters (such as GLUT4 and GLUT8) from intra-
cellular compartments to the cell membranes were signifi-
cantly inhibited possibly via the disturbance of insulin sig-
naling, which may subsequently lead to energy crisis in neu-
rons [99, 118].

3.3.3. Mitochondrial Dysfunction

Mitochondrial dysfunction is one of the pathological fea-
tures of AD. In the brain of AD patients, the main manifesta-
tions of mitochondrial damage are included but are not lim-
ited to the decreased ATP production, the reduction of oxida-
tive phosphorylation, and the impairment of antioxidant
function [119]. Through proteomic analysis of triple trans-
genic mice (3xTg) and WT mice, Yu H, ef al. found signifi-
cant differences in the expressions of mitochondrial proteins
in the entorhinal cortex, which mainly include glucose-
regulating proteins and TCA-related proteins [120]. In addi-
tion, the methylation level in the d-loop region of the mito-
chondrial gene in the blood of AD patients was lower than
that in normal people, but the methylation level in the inner
olfactory cortex was increased [121], which was consistent
with the decreased expression of complex I/IV subunit gene
of mitochondrial electron transport chain in the brain of AD
patients [122-124]. Dihydrolipoamide dehydrogenase (DLD)
is an important mitochondrial enzyme related to energy me-
tabolism, and its mutation and decreased activity are be-
lieved to be related to the genetic and pathological processes
of AD [125].5-methoxyindole-2-carboxylic acid (MICA), an
inhibitor of DLD, stimulated the expression of human A in
C. elegans and reduced the aggregation of AP [126]. How-
ever, the inhibition of DLD activity in C. elegans expressing
tau resulted in the phosphorylation of tau protein and the
increase of glucose in vivo [127].

Energy metabolism disorders may also be associated with
oxidative stress and the unfolded protein response (UPR),
primarily as a result of oxidative damage to enzymes in-
volved in glycolysis, TCA, and ATP synthesis. These en-
zymes are damaged by free radicals not only in AD but also
in down's syndrome, amnestic mild cognitive impairment
(aMCI), type 2 diabetes, and other conditions [128, 129].
Studies  using oxidized nucleoside  8-hydroxy-20-
deoxyguanosine (8-OHdG) assay found that the oxidative
damage of mitochondrial DNA was increased in the brain of
AD patients, which may, in turn, aggravate the vicious cycle
between mitochondrial dysfunction and oxidative stress
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[130]. The accumulation of proteins that are unfolded or mis-
folded in the endoplasmic reticulum (ER) can lead to stress.
To alleviate this, cells activate an intracellular signaling net-
work, collectively known as the UPR, that coordinates the
recovery of ER function [131]. Mitochondria and ER stress
are closely related to apoptosis in AD pathology. When ER
stress occurs, UPR can feedback and control the stress, thus
improving the folding efficiency. When the stress cannot be
solved, UPR promotes cell apoptosis. It was verified by ex-
periments that the overexpression of APP/AP or hyperphos-
phorylated tau can induce ER stress, which is manifested by
the activation of UPR and the imbalance of mitochondria
[132]. It should be noted that, from the current point of view,
the pathogenesis of AD is unclear and multi-factorial. Simi-
larly, the above energy metabolism factors usually do not
occur independently in AD, and there is no clear evidence to
indicate the order.

3.3.4. Lactate Dysmetabolism

Lactate from the astrocyte-to-neuron lactate shuttle is the
main energy substrate for neurons [133]. Lactic acid could
protect against glutamate toxicity and regulate neuronal sig-
naling [134] and increase cellular respiration [135]. Produc-
tion of lactic acid in astrocytes is largely dependent on
AMPK activity, knockout of AMPK in astrocytes, but not
neurons, leads to thioredoxin-interacting protein (TXNIP)
hyperstability, GLUT1 misregulation, lactate reduction, and
neuronal loss [136]. Notably, abnormal AMPK activity was
reported in the postmortem AD patients and AD mouse
models [137], suggesting that lactate homeostasis is impaired
in the brains of AD patients. A previous study revealed that
bilateral intrahippocampal injections of AP,s3s significantly
decreased the lactate content and reduced the MCT2 expres-
sion in the brains of rats [138]. Interestingly, the lactate level
was significantly elevated in the CSF of AD patients [139].
A similar result was also obtained in another study, which
found that the high lactate level in the CSF of AD patients
was positively associated with reduced glucose consumption
in the left medial prefrontal cortex (mPFC), left orbitofrontal
cortex (OFC), and left parahippocampal gyrus (PHG) [140].
This circumstance may be related to the loss of the ability to
absorb lactate in neurons or neurons becoming more depend-
ent on lactic acid metabolism for energy supply in the condi-
tion of AD. On the other hand, chronic inflammation was
reported to increase the supply of lactic acid to neurons but
impair the lactic acid oxidation in neurons [141], suggesting
that neuroinflammation may also contribute to lactate
dysmetabolism in AD pathology.

4. AUTOPHAGY MAY BE A BRIDGE BETWEEN AD
AND ENERGY CRISIS

4.1. The Relationship between Autophagy and Energy
Crisis

The causes of energy metabolism disorder in the brain
are various, and the regulation of autophagy is also affected
by various factors. /n vivo, autophagy can be induced by a
variety of cytokines, enzymes, and hormones, such as insulin
[110], nitric oxide (NO) [142], interleukin, leptin, and angi-
ogenin [143], and other conditions such as sleep (rapid eye
movement sleep) [144], starvation [145] and nutritional defi-
ciency. In the state of starvation, autophagy activity is en-
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hanced which promotes the activation of peroxisome prolif-
erators-activated receptor o (PPARa), regulates B-oxidation,
and promotes the formation of ketones which are compensa-
tory fuel for the organisms [145]. Furthermore, amino acid
starvation could activate autophagy through activating amino
acid starvation response (AAR), mechanisms that may in-
volve activation of the mechanistic target of rapamycin com-
plex 1 (mTORC1) and PKC [146].

Energy affects autophagic activity mainly through tran-
scriptional and post-transcriptional regulations. At the tran-
scriptional level, the energy-sensitive transcription factors
PPAR and transcription factor EB (TFEB) induce autophagy
by up-regulating the expressions of related genes, such as
Beclin 1, LC3, autophagy-related protein 7 (Atg7), autopha-
gy-related protein 9B (Atg9B), and UV Radiation Re-
sistance-Associated Gene (UVRAG), WD repeat domain
phosphoinositide-interacting protein 1 (WIPI1), etc. [147].
At the post-transcriptional level, AMPK signaling plays an
important role in nutrition deprivation-mediated autophagy
[148]. When the cells are suffering from the energy crisis,
the AMPK is phosphorylated and activates and Unc-51-like
autophagy-activating kinase 1 (ULK1/Atgl) at S317, and the
activated ULK1 subsequently promotes the activation of
Beclin 1 and then promotes LC3-I lipidation into LC3-II to
promote the mature of autophagosomes (Fig. 2) [149]. It
should be noted that the ULK1 is a vital regulator for au-
tophagy, and several scholars believe that studying the post-
translational modification of ULK1 will help to understand
how energy and nutrient factors regulate autophagy [150].

4.2. Autophagy is Impaired in Alzheimer’s Disease Brain

The prevailing view is that autophagy is a protective
mechanism in cells, and its imbalance is closely related to
the occurrence of neurodegenerative diseases [151]. Autoph-
agy is mainly divided into three types: macro-autophagy,
micro-autophagy, and chaperone-mediated autophagy,
meanwhile, macro-and chaperone-mediated autophagy have
gained considerable attention in the research of AD and other
neurodegenerative diseases [152]. In terms of macro-
autophagy, it refers to the transport of “cargo” (such as dam-
aged mitochondria and misfolding proteins) to lysosomes for
degradation [153]. The formation of autophagic complexes is
a key step in the initiation of autophagy. The mechanisms in
the formations of autophagic complexes are still under inves-
tigation and may be divided into several units by their func-
tions: Atg9 vesicles, the Atg2-Atgl8/WIPI complex, the
Atg8/LC3 conjugation system, the class III phosphatidyl
inositol 3-kinase(PI3K) complex, the Atgl2 conjugation
system, and the Atgl/ULK complex [154]. Macro-autophagy
is mainly characterized by autophagosomes formed by ex-
tending a double-layer membrane structure to surround sub-
stances that need to be swallowed and degraded, which can
be induced by cell signals including energy crisis [155]. Re-
cently, researchers employed single population laser capture
microdissection coupled with custom-designed microarray
profiling to study postmortem brain tissue samples of precu-
neus cathepsin D positive (a marker susceptible to NFTs)
and found that the autophagosome-related genes were mi-
sexpressed in MCI and AD samples [156]. Interestingly, the
AD-related gene PS1 plays essential role in the acidification
of lysosomes and activation of cathepsins, and PS1 muta-
tions produce a significant autophagic deficiency in the
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Fig. (2). Energy crisis promotes autophagy activation. Energy crisis could be induced by starvation, nutritional deficiency, and glucose hy-
pometabolism, which enhance the activity of PPARa, thus transcriptionally upregulates the expressions of LC3, Atg7 and Beclin-1 to induce
autophagy; Energy crisis also activates TFEB, which subsequently transcriptionally increases the expressions of Atg9B, UVRAG, and
WAPZ1 to induce autophagy. In addition, energy crisis enhances the phosphorylation of ULK1 via activation of AMPK, thus promoting the
LC3 lipidation and Beclin-1 phosphorylation, resulting in autophagy activation. (4 higher resolution/colour version of this figure is available

in the electronic copy of the article).

fibroblasts from AD patients [157]. The previous study also
uncovered that high brain cholesterol promoted the for-
mation of autophagosomes while blocking its fusion with the
endosomal-lysosomal system, these actions, therefore, re-
duced the AP degradation but promoted AP secreted out of
the cells [158].

Different from macro-autophagy, the chaperone-
mediated autophagy does not depend on the formation of
autophagosomes but relies on the chaperone heat shock cog-
nate 70 (HSC70) targeting proteins containing KFERQ-like
motifs, and subsequently enters into the lysosomal lumen
with the help of lysosomal complexes containing lysosome-
associated membrane protein 2 (LAMP2A) and heat shock
protein 90 (HSP90) [159]. It is noteworthy that tau and AB
both contain KFERQ-like motifs, raising the possibility that
tau and AP can be targeted by HSC70 and enter lysosomes
for degradation [160, 161]. A previous study revealed that
the mRNA of HSC70 was significantly decreased in the
postmortem brain of AD patients compared to the controls,
indicating a potential role of HSC70 in the progression of
AD [162]. Surely, inhibition of HSC70 by its inhibitor VER-
155008 effectively reduced the AP burden and paired helical
filament tau accumulation in SXFAD mice [163]. However,
HSC70 was shown to tightly interact with tau fibrils and
avoid their aggregation by capping the nucleating ends [164].
Moreover, the Hyperphosphorylated tau also interacts with
the HSC70-carboxyl terminus of the HSC70-interacting pro-
tein (CHIP) complex which promoted the ubiquitination of
tau, therefore, ubiquitinated tau was removed and subse-
quently inhibited the tau-mediated cell death [165].In addi-
tion, the scaffolding protein Ran-binding protein 9 (RanBP9)
was increased in the brains of AD patients and AD mouse
models, which could enhance the abilities of HSP90-HSC70
binding to ATP and increase their ATPase activities. How-
ever, genetic reduction of RanBP9 effectively improved the
synaptic plasticity and tau pathology in P301S mice [166].
These studies suggest that the functions of CMA may be
context-dependent, and the regulation of CMA should be
taken into consideration in the treatment of AD.

Mitophagy is a specific autophagy phenomenon that se-
lectively degrades and recycles damaged mitochondria [167].

Mitophagy-mediated removal of damaged mitochondria by
PTEN-induced putative kinase 1 (PINK1) is a vital step in
the maintenance of mitochondrial homeostasis. PINK1 is
recruited to the damaged mitochondria because of decreased
mitochondrial membrane potential and depolarization, and
subsequently, Parkin, an E3 ubiquitin ligase, is also recruited
to the mitochondria and mediates the formation of two dis-
tinct poly-ubiquitin chains, linked through Lys 63 and Lys
27 [168, 169]. The mitochondrial voltage-dependent anion
channel 1 (VDAC]) is the target of Parkin-mediated Lys 27
polyubiquitination [169]. The autophagic adaptor p62 then
binds to mitochondria via ubiquitin labeling and then pro-
motes mitochondrial degradation [170]. The mitophagy
pathway was extensively damaged in the brains of AD pa-
tients and AD animal models [171], suggesting that the dam-
aged mitochondria may continuously be accumulated, which
results in energy crisis and ROS overproduction in the patho-
logical process of AD. A previous study showed that energy
crisis could trigger mitochondrial fission [172], which may
exacerbate the deterioration of the tissue energy environment
and cause cell death [167]. Of note, AP could decrease mi-
tophagy by reducing the expression of PINK1 and worsening
the cognitive ability in mice [173]. Moreover, the aggrega-
tion of AP protein could limit the autophagic pathway of
neurons [174], leading to intracellular calcium overload and
mitochondrial damage [175], and subsequently contributing
to the progression of AD. Furthermore, overexpression of
human tau could impair mitophagy via elevating mitochon-
drial membrane potential, reducing Parkin expression, and
inhibiting Parkin translocation to mitochondria in neurons
[176, 177]. Together, these results indicate that mitophagy is
impaired under the condition of AD, and targeting mitopha-
gy may be a new strategy for combating AD.

4.3. Autophagy Involves in Ap Metabolism

Mounting evidence has suggested a bidirectional rela-
tionship between autophagy and AD [178]. Autophagy plays
important role in the regulation of the AP generation. Activa-
tion of Atg5-dependent autophagy can promote the degrada-
tion of APP, which subsequently reduces the accumulation
of AP in the AD animal models [179]. Furthermore, a previ-
ous study revealed that a significant portion of BACEI1 is
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recruited to the autophagic vacuoles along axons in the con-
dition of AD [180], and inhibition of the mTOR pathway
triggered autophagy could effectively reduce the production
of AP by reducing the expression of BACE1 [181]. Despite,
autophagy is also involved in the secretion of A, evidenced
by that conditional knockout of Atg7 induced autophagic
deficiency increased the content of AP in neurons but re-
duced the extracellular AP deposition in APP23 mice [182].
The underlying mechanism of autophagy-modulated AP se-
cretion remains largely unknown. Cholesterol dysmetabo-
lism should be considered since it widely exists in AD brains
and plays a vital role in the regulation of A clearance and
secretion [158]. On the other hand, the ectopic metabolism of
AP also has a role in the regulation of autophagy. AP can
trigger oxidative stress by increasing the expression of
NADPH oxidase 4 (NOX4), which results in neuronal death
via over-activation of autophagy [183].

It is noteworthy that AMPK pathways and mTOR signal-
ing can sense the energy and glucose states, but different
activation modes of AMPK have the opposite effect on the
clearance of AP [184]. It has been reported that the cognitive
function of APP/PS1 mice is negatively correlated with the
AP plaque load, the activation of mTOR, and the activation
of autophagy [185]. Based on the method of computer simu-
lation, several scholars believe that the formation of soluble
AP, the activation of mTOR, and the activation of autophagy
are connected in a vicious cycle of mutual influence: the
increase of soluble AP will activate mTOR, while the activa-
tion of mTOR will inhibit the activation of autophagy, thus
affecting the clearance of AP [186].

4.4. The Relationship Between Autophagy and Tau Me-
tabolism

The tau phosphorylation is modulated by autophagic bio-
activity [178]. The hyperphosphorylation of tau can be re-
duced by the activation of autophagy. Metformin, an activa-
tor of the AMPK pathway, effectively decreased the phos-
phorylation of tau via enhancing the autophagic activity in
db/db mice [187]. Similar results were observed in APP/PS1
transgenic mice. Nitazoxanide is an autophagy activator that
has been demonstrated in vivo and in vitro to enhance au-
tophagy and inhibit tau phosphorylation [188]. Another re-
search also showed that loss of B-interferon can lead to the
accumulation of tau in mice, which can be alleviated by
stimulating macro-autophagy [189]. Notably, hyperphos-
phorylated tau can damage the mitochondria and autophagic
function possibly via increasing the number of autophago-
somes and affecting the permeability of the lysosomal mem-
brane [190, 191], thus in return, exacerbate the tau patholo-

gy.

Increasing evidence suggested that the autophagy-
lysosome pathway plays a vital role in tau clearance, both
pathological and physiological tau secretion from neurons is
in an autophagy-dependent manner. Autophagy inhibitors or
knockout of Beclinl in SH-SYS5Y cells that overexpress hu-
man tau protein promote the expression of tau protein and
the secretion of phosphorylated tau [192]. Activation of au-
tophagy promoted the degradation of insoluble tau and pro-
tected against its toxicity in Drosophila [193]. mTOR-
independent activation of autophagy also facilitated neuronal
survival by reducing the aggregation of tau in the brains of
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human tauopathy model mice [194]. Furthermore, cathepsin
D, a lysosomal protease, owns the ability to degrade tau pro-
tein, and inhibition of cathepsins effectively delayed tau deg-
radation and promoted the formation of high molecular
weight species of tau [195]. The clearance of tau can also be
regulated by its acetylation since a total of 15 acetylation
sites were identified in tau protein using tandem mass spec-
trometry assay [196]. p300 is a kind of lysine acetyltransfer-
ase, p300 and its homologous CBP can acetylate tau and
reduce tau toxicity [197]. p300 can regulate tubulin acetyla-
tion through the role of sirtuin 2 (SIRT2), and the decrease in
acetylated tau or the increase in tubulin acetylation is condu-
cive to the phosphorylation of tau and its clearance through
autophagy [198]. Another study showed that hyperactivation
of p300/CBP can block autophagic flux and increase the
secretion of tau in neurons [199]. Meanwhile, the intracellu-
lar role of p300 is thought to be a factor that integrates mis-
folded protein stress, but this role is thought to be achieved
by the highly disordered variable spliceosome in the p300
molecule independent of the acetyltransferase domain [200].
Thus, p300 also has the function to overcome the intracellu-
lar misfolded proteins.

4.5. Autophagy Interacts with Neuroinflammation

An increasing number of studies showed that neuroin-
flammation contributes to the progression of AD [201]. The
elevated biomarkers of inflammation were found in the
blood and peripheral tissues of AD patients [202]. Neuroin-
flammation is the chronic activation of the immune response
of the central nervous system, which is the body’s response
to harmful stimuli. Autophagy and neuroinflammation cross-
talk each other through certain inflammatory factors and
signaling pathways. NLRP3 inflammasomes activation leads
to IL-1P and TNFa production which are highly associated
with the aggregation of tau and AB. NLRP3 inflammasomes
activation regulates tau kinases and phosphatases to promote
tau protein phosphorylation and aggregation, and increases
the deposition of AP by reducing the phagocytic process
[203]. The NLRP3 inflammasomes activation could be in-
hibited by the activation of autophagy [204], in return, the
autolysosome functions could also be impaired by NLRP3
inflammasomes mediated inflammatory response in the con-
dition of AD [205]. The PI3K-Akt signaling pathway is an
important regulatory pathway in inflammatory stress and
autophagy disorders in neurodegenerative diseases. Activa-
tion of the PI3K-Akt signaling pathway results in the inhibi-
tion of autophagy by the activation of mTOR, and also en-
hances the nuclear location of nuclear factor kappa-B (NF-
kB) to promote the production of inflammatory factors in the
M1 microglia [206], suggesting the beneficial roles of PI3K-
Akt signaling pathway inhibition of AD. A high level of glu-
cocorticoid (GC) exposure is thought to be associated with
age-related cognitive decline in humans. Reduction of GC in
senescence-accelerated mouse-prone 8 (SAMPS8) mice en-
hanced the hippocampal autophagy, which was accompanied
by decreased expressions of inflammatory markers (heme
oxygenase | (HMOX1), aldehyde dehydrogenase 2
(ALDH2), IL-1B and C-C Motif Chemokine Ligand 3
(CCL3) [207], suggesting that the inflammatory and au-
tophagic processes occurring in nerve cells are antagonistic
to each other. Of note, cell selection for inflammation or
autophagy is related to the changes in the environmental
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energy of the cell. A study evaluated the acute alternation in
ambient glucose on microglia and found that inflammation
was activated when the cellular environment changed from
normal glucose to high glucose, whereas autophagy was ac-
tivated on the contrary [208].

4.6. Autophagy Involves in Iron Metabolism and Ferrop-
tosis

Iron is the most abundant metal ion in the brain [209].
There are two forms of iron in the organizations as ferrous
iron and ferric iron, ferrous iron is a reduced form of iron,
while ferric iron is an oxidation form. The ferrous iron forms
alkoxy chloride with lipid peroxides and the release of fer-
rous iron is realized by the fusion of ferritin autophagosome
and lysosome [210]. The regulations of iron in normal brains
and AD brains have been specifically introduced in our pre-
vious reviews [17, 211]. Iron is an important element in-
volved in the REDOX reaction of cells, but the excessive
accumulation of iron will lead to oxidative damage and cell
death, which has been observed in the brains of AD patients
and animal models [212, 213]. Mounting evidence suggested
that abnormal iron deposition was observed at the heart of
neurological disorders (the cortex in AD, the substantia nigra
in Parkinson’s disease, and the mitochondria in Huntington’s
disease) [214]. Abnormal iron homeostasis in the brain can
increase the production of harmful free radicals, resulting in
damage to sensitive cells and subcellular structures [209]. It
has been reported that autophagy plays important role in the
modulation of iron homeostasis. Iron is stored in ferritin dur-
ing times of iron excess and must be released under periods
of iron demand. By interacting with ferritin to move to the
lysosome lumen where the ferritin is destroyed and the iron
is liberated, nuclear receptor coactivator 4 (NCOA4) can
mediate the selective autophagy of ferritin [215]. Further-
more, activation of CMA could also promotes iron release by
degrading ferritin [216]. It is noteworthy that deficiency of
autophagy could give rise to impairment of ferritinophagy,
thus leading to accumulation of ferritin and iron overload
[215]. Therefore, dysregulation of the autophagy system may
directly lead to intracellular iron accumulation in AD brains.

Ferroptosis, a new kind of cell death, is different from
other forms of cell death (necrosis, apoptosis, pyroptosis),
which is characterized by iron-dependent lipid peroxide,
reduced or disappeared mitochondrial cristae, mitochondrial
membrane concentration, and mitochondrial volume reduc-
tion [217]. Regulation of ferroptosis involves multiple sig-
naling pathways, including the Nrf2-keapl pathway,
RAS/MAPK signal pathway, AMPK pathway, efc. [218].
Damages to the antioxidant system such as the dysfunctions
of the plasma membrane system x. (xCT) and peroxidase 4
(GPX4) could accelerate the progress of ferroptosis [219].
Notably, autophagy and ferroptosis take similar regulatory
pathways, evidenced by that AMPK-mediated phosphoryla-
tion of Beclinl at Ser90/93/96 is necessary for lipid peroxi-
dation [220, 221], suggesting a potential connection between
autophagy and ferroptosis. Surely, recent studies revealed
that autophagy can promote cell ferroptosis via p62 selective
degradation of aryl hydrocarbon receptor nuclear transloca-
tor-like (ARNTL) [222]; In addition, GPX4 is a target of
HSC70, and degradation of GPX4 via activation of CMA
could give rise to ferroptosis (Fig. 3) [223].
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Fig. (3). Ferroptosis is modulated by autophagy. Enhanced GPX4
degradation mediated by CMA activation gives rise to lipid peroxi-
dation and ferroptosis. The macro-autophagy activation induces
ARNTL degradation, thus transcriptionally promotes the EGLN2
expression, and subsequently inhibits HIF 1 a-mediated lipid storage,
finally leading to lipid peroxidation and ferroptosis. (4 higher reso-
lution/colour version of this figure is available in the electronic
copy of the article).

Ferroptosis occurs in a variety of neurodegenerative dis-
eases such as AD and Parkinson’s disease [224], and could
also be observed in vascular cognitive impairment, stroke,
and traumatic brain injury [225]. The relationship between
ferroptosis and AD has been noted. Metabolomics analyses
showed that iron homeostasis, lipid peroxidation, and xCT
are impaired in the AD brain [226]. Chronic iron exposure
induced apoptosis, autophagy, and ferroptosis in mouse neu-
rons, leading to loss of neurons and increasing the risk of AD
[227]. Our previous study revealed that excess iron deposi-
tion was observed in the neurons of the P301S transgenic
mice, and administration of iron chelator a-lipoic acid signif-
icantly reduced the phosphorylated tau and neuronal loss
possibly by upregulation of GPX4 and xCT [18]. Moreover,
mice with specific knockout of GPX4 in the cortex and hip-
pocampal neurons exerted degeneration of neurons and im-
paired cognitive ability, while administration of vitamin E
diet or ferroptosis inhibitor liproxstatin-1 effectively re-
versed these effects [228], suggesting that targeting ferropto-
sis may be a promising strategy for the treatment of AD. It is
worth noting that mitochondrial dysfunction and abnormal
glucose metabolism are hallmarks of AD, which suggest a
potential association between energy crisis and ferroptosis.
Indeed, several studies showed that mitochondrial dysfunc-
tion could induce lipid peroxidation, leading to ferroptosis
[229]; Other studies also suggested that in the existence of
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mitochondrial DNA stress, cells were sensitive to ferroptosis
inducers [230]. The relationship between ferroptosis and
energy crisis is an interesting topic that should be further
elucidated.

5. STRATEGIES TO FUEL THE BRAIN

In addition to targeting AP, tau, and neuroinflammation,
improving the brain’s energy supply has recently gained
great attention in the treatment of AD. The strategies are
mainly divided into the following directions:

5.1. Energy-Replacement Therapy

Ketones are the important compensatory fuel for the
brain in the condition of glucose deficiency. Medium-chain
triglyceride (MCT), a ketone supplement, was used in pa-
tients with mild to moderate AD. The brain ketone and brain
glucose intake were measured using PET, a study revealed
that the total energy metabolism of the brain was increased
without changing glucose utilization after ketone supplemen-
tation [231]. Similar to the aforementioned study, ketogenic
drink treatment in patients with MCI showed an increase
(about 230%) in ketone metabolism in the brain, which was
accompanied by enhanced cognitive ability [232]. By com-
paring dietary interventions at different ages, increased in-
take of ketones and exogenous ketones increased the stability
of the brain neural network [233]. Moreover, studies in dif-
ferent animal models have found that a ketogenic diet can
also improve the symptoms of other neurological diseases in
the brain, such as schizophrenia [234], traumatic brain injury
[235], and multiple sclerosis [236]. The protective effect of
the ketogenic diet on neurons may be realized by appropri-
ately improving the autophagic function of neurons since the
ketogenic diet can activate Sirt] and hypoxia-induced factor-
la (HIF-1a), which can synergistically induce the autophagy
of neurons [237]. However, the safety of ketone as an alter-
native fuel remains to be determined since early exposure to
ketone resulted in impaired cognitive function in young
normal mice [238]. These studies suggested that the func-
tions of ketones may be dependent on the pathological states,
which need to be further elucidated.

5.2. Improvement of Glucose Metabolism

Glucose hypometabolism occurs in the brains of AD pa-
tients, thus improvement of the glucose uptake and glucose
utilization are taken into consideration in the treatment of
AD. Liraglutide, a glucagon-like peptide 1 analog that is
commonly used by type-2 diabetes patients to improve B cell
function and suppress glucagon to restore normoglycemia,
was shown to have neuroprotective effects on AD via reduc-
ing AP production and tau phosphorylation [239]. Recent
studies also revealed that liraglutide could improve the neu-
ronal supportive ability of astrocytes via enhancing the as-
trocytic glycolysis and mitochondrial functions in AD animal
models [240, 241]. Based on these observations, liraglutide
is in ongoing clinical trials for treating AD. Besides the lirag-
lutide, a first-line antihyperglycemic medication, metformin,
was also performed to explore the effects on AD. Studies
exerted that metformin could effectively reduce the A load,
tau phosphorylation, and neuroinflammation, and promote
glucose delivery and uptake in brains of several AD models,
suggesting its multi-benefits for combating AD [242]. Nev-
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ertheless, it is worth noting that both the liraglutide and met-
formin have the abilities to reduce AP load and tau phos-
phorylation; however whether these effects are ascribed to
the improvements in glucose metabolism remains to be fur-
ther explored.

5.3. Insulin Application

Disturbance of insulin signaling is a contributor to the
energy crisis in the brain of AD patients. Therefore, insulin
and antidiabetic drugs become feasible ideas for the treat-
ment of AD. Due to the limitations of hypoglycemia and
BBB, intranasal administration is wildly used to investigate
the effects of insulin in neurodegenerative disorders [243].
Intranasal insulin was shown biosecurity in the treatment of
Down’s syndrome [244], and could effectively alleviate
nerve damage and insulin resistance by inhibiting GSK3f in
several animal models of cognitive impairments [245-247].
Importantly, the improvements in learning and memory
function [248], and reductions in AP aggregation and p-Tau
levels [249] were also observed in the intranasal insulin-
treated animal models of AD. Therefore, several groups have
performed clinical trials to investigate the effects of intrana-
sal insulin in AD patients. Kellar D, et al uncovered that
intranasal insulin treatment for 12 months significantly re-
duced changes in white matter hyperintensity volume in deep
and frontal regions, and also modulated the inflammation
and immune function in MCI patients and AD patients [250,
251]. Similarly, intranasal insulin treatment also improved
delayed memory, preserved general cognition, and functional
abilities, and retarded the reduction of glucose uptake in AD
patients [252]. However, in another randomized clinical trial,
although no clinically important adverse events were found
to be associated with the treatment, intranasal insulin had no
cognitive or functional benefits in AD patients [253]. The
paradoxical results remind us that the effects of insulin on
AD need more investigation.

CONCLUSION

In this review, the characteristics of the energy crisis in
AD were summarized (Fig. 4). Particularly, energy crisis
links to the modulations of autophagy, indicating that au-
tophagy may facilitate the rescue of energy crisis in the early
stage of AD, and may be out of control in the pathological
process of AD, which in turn, leads to the exacerbation of
AD. Furthermore, since the occurrence of ferroptosis is part-
ly autophagy-dependent from the current research point of
view, it prompts the possibility that ferroptosis may be the
outcome of the impaired autophagy induced by the energy
crisis. Surely, recent evidence uncovered that energy crisis
could inhibit ferroptosis in cancer cells [254, 255], suggest-
ing a certain relation between ferroptosis and energy crisis.
However, whether energy crisis induces or represses ferrop-
tosis under the condition of AD pathology merits further
investigations. Taken together, despite considerable advanc-
es in the experimental phase in many reagents and therapeu-
tic directions, the treatment of AD remains very difficult.
Considering that the occurrence of the energy crisis is far
earlier than the AP deposition, tau phosphorylation, neuroin-
flammation, and ferroptosis, the energy crisis in the progres-
sion of AD should gain more attention in future studies.



Energy Crisis in Alzheimer’s Disease

Glucose
dysmetabolism
Insulin resistance '—

Impairments of
macro-autophagy

T and mitophagy

crisis

—

Current Neuropharmacology, 2023, Vol. 21, No. 1 77

Increased A, p-tau,
neuroinflammation,
and mitochondrial

dyshomeostasis

Alzheimer's
disease

Mitochondrial
dysfunction

[ CMA imbalance J—'[ Ferroptosis

Lactate
dysmetabolism

Fig. (4). Energy crisis contributes to the progress of AD. The reduced glucose uptake and utilization, insulin resistance, mitochondrial dys-
function, as well as lactate dysmetabolism promote the energy crisis in the brain, which impairs the macro-autophagy and mitophagy, and
subsequently causes the productions of AP and p-tau, and promotes the neuroinflammation and mitochondrial dysmetabolism; On the other
hand, energy crisis may also promote ferroptosis via regulating CMA in neurons, and eventually promotes the progress of AD. (4 higher res-
olution/colour version of this figure is available in the electronic copy of the article).
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