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Abstract: Depression and Alzheimer’s disease (AD) are two prevalent and debilitating conditions
that significantly impact millions of people worldwide. Depressive disorders are characterized by
persistent feelings of sadness, loss of interest, and impaired cognitive function. AD is a progressive
neurodegenerative disorder that is accompanied by cognitive decline, memory loss, and behavioral
changes. To date, the pathogenesis of AD and depression has not yet been fully explained. Recent
studies have provided insights into the intricate relationship between these two disorders by empha-
sizing the role of glucose metabolic abnormalities as a potential link. This review explores the bidi-
rectional association between depression and AD, focusing on common pathophysiological mecha-
nisms involving glucose metabolism, such as hypothalamic-pituitary-adrenal (HPA) axis dysregula-
tion, insulin resistance, glucose transporters, and oxidative stress. Understanding the crosstalk be-
tween glucose metabolic abnormalities, depression, and AD will open new avenues for therapeutic
interventions. Finally, improving glucose metabolism through lifestyle modifications, pharmaceuti-
cal interventions or novel therapeutic approaches could provide a promising therapeutic strategy for
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managing both conditions simultaneously.
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1. INTRODUCTION

Alzheimer’s disease (AD) is the most common form of
dementia [1]. It is characterized by the progressive deteriora-
tion of memory and cognitive function, along with the de-
velopment of primary progressive aphasia, self-dissociation,
and behavioral abnormalities [2, 3]. AD affects over 50 mil-
lion people worldwide, and the number is expected to triple
over the next four decades [4]. So far, there has been no ef-
fective treatment to decrease progression due to in adequate
understanding. Furthermore, AD is primarily associated with
two irreversible pathologies, a cluster of neurofibrillary tan-
gles and amyloid plaque conformation, which are accompa-
nied by synaptic loss and neuronal death [5, 6]. Metabolic
dysfunction including impaired glucose metabolism, is an-
other important feature of AD, and, patients and transgenic
AD model mice display a reduced brain glucose metabolism
[7]. Recent studies have shown that diabetes mellitus type 2
(T2DM) and AD share common pathogenesis features linked
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to glucose metabolic abnormality, insulin resistance, oxida-
tive stress, and inflammation [8-13].

Depression is a common mental health disorder marked
by persistent feelings of sadness, hopelessness, and lack of
interest [14]. Over 264 million people worldwide suffer from
depression, which is a leading cause of disability [15]. Re-
cent research has suggested a potential bidirectional relation-
ship between depression and glucose metabolism [16]. De-
pression may disrupt and glucose metabolism, lead to meta-
bolic disorders such as diabetes [17]. T2D is associated with
an increased risk of depression [18]. Hyperglycemia, oxida-
tive stress, and neuroinflammation induced by T2D have
been demonstrated to induce depression-like behavior in
diabetic mice [18, 19]. On the other hand, metabolic disor-
ders can worsen depressive symptoms, resulting in a detri-
mental cycle [20].

However, the exact causes of AD and depression are not
yet fully understood, recent studies have highlighted glucose
metabolic abnormalities as potential links between these
disorders [21]. Usually, both disorders are viewed as sepa-
rate conditions; however, emerging evidence suggests a bidi-
rectional relationship between depression and AD [22]. Fur-
ther, understanding the role of glucose metabolism may un-
ravel both disorders’ complexity and identify common
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treatment pathways, providing a promising avenue for future
investigations. Cells require glucose for energy, and their
levels should be controlled in the body and cells. Nonethe-
less, impaired glucose uptake affects mitochondrial ATP
production and can cause AD and depression [7, 23, 24].
Additionally, depression and AD are associated with dysreg-
ulation of the hypothalamic-pituitary-adrenal (HPA) path-
way, which regulates immune function and brain glucose
metabolism [25-27]. Thus, it is necessary to explore new
treatment strategies for AD and depression based on their
pathogenesis. Some drugs target glucose metabolism disor-
ders and improve brain metabolism and regeneration by re-
ducing the neuropathology associated with AD and depres-
sion. This review provides molecular insights into the com-
mon pathogenic mechanisms that link these disorders.

2. PATHOLOGICAL FEATURES OF ALZHEIMER’S
DISEASE AND DEPRESSION

Dr. Alois Alzheimer first reported the neuropathological
characteristics of AD in 1907 [28]. Extracellular neuritic
plaques containing misfolded amyloid-beta (AB) proteins
and intraneuronal neurofibrillary tangles (NFTs), caused by
the accumulation of hyperphosphorylated tau proteins, are
the main features of AD [29-31]. Several factors, such as
genetics, neurotransmitters, glucose metabolic abnormalities,
reactive oxygen species (ROS), and inflammation, play im-
portant roles in developing this multifactorial disorder (Fig.
1) [32-37]. Generally, depression is defined by constant feel-
ings of sadness and a lack of interest in activities that are
usually enjoyed, and symptoms include energy loss, change
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in appetite, anxiety, or feelings of worthlessness [38]. How-
ever, severe depression can lead to self-harm or suicide [39].
Although the fundamental mechanisms underlying depres-
sion remain unknown, alterations in neurotransmitter sys-
tems, neuroinflammation, and neuroendocrine dysregulation
have all been implicated in this disorder [40-44].

2.1. Tau in Alzheimer’s Disease

Accumulation of phosphorylated Tau is the main patho-
logical feature of AD [45]. Tau is essential for maintaining
neuronal structure and function, regulating the assembly and
stabilization of microtubules, and nutrient transport within
nerve cells [46]. However, abnormal Tau protein undergoes
many alterations that lead to the formation of neuronal tan-
gles, impaired nutrient transport, and, ultimately, cell death
in AD [47]. Tau is a component of the normal microtubule
network and is essential for axonal transport and communi-
cation between axonal compartments and somatodendritic
regions [48]. However, the accumulation of Tau tangles is
thought to contribute significantly to the cognitive decline
observed in AD [49]. The hyperphosphorylation of Tau pro-
teins forms these tangles [50]. This hyperphosphorylation
leads to the detachment of Tau proteins from microtubules,
consequently clustering together and forming neurofibrillary
tangles [51]. These tangles block the transport system, even-
tually leading to neuronal death [52].

Interestingly, research indicates that the accumulation of
Tau tangles in the brain is more closely associated with cog-
nitive decline in AD than beta-amyloid plaques, suggesting
that Tau pathology is more closely related to neurodegenera-
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Fig. (1). Multifactorial basis of the features of Alzheimer’s disease. Hypotheses regarding genetics, neurotransmitters, glucose metabolic
abnormalities, reactive oxygen species (ROS), and inflammation have been promoted to explain this multifactorial disorder. AR production
increases with APP, APOE, PSENI and PSEN2 gene mutations, leading to impairment of neuronal activities. Neurotransmitters including
acetylcholine, neuropeptide, and norepinephrine impair synaptic functions. ROS activates inflammatory pathways and disrupts synaptic func-
tion in AD. Tau hyperphosphorylation and glucose metabolic abnormalities could cause AD. (4 higher resolution/colour version of this fig-

ure is available in the electronic copy of the article).
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tion [53]. The progression of Tau tangles throughout differ-
ent brain regions is related to the development of clinical
symptoms in AD. Further, recent studies have suggested that
Tau protein may contribute to the spread of AD within the
brain [54]. It is hypothesized that abnormal Tau proteins can
be transferred from one neuron to another, triggering recipi-
ent neurons to develop Tau tangles [55]. As Tau pathology
spreads from the initial sites to other areas of the brain, this
mechanism could explain the progressive nature of AD [56].
The significance of Tau in AD has spurred increased interest
in developing novel therapeutic approaches targeting Tau.
These therapeutics are designed to inhibit Tau phosphoryla-
tion, prevent its aggregation, and potentially modify the
course of AD.

2.2. Genetics of Depression

Depression is a complex disorder resulting from a com-
bination of genetic, biological, environmental, and psycho-
logical factors (Fig. 2) [40]. Chemical imbalance is a com-
mon factor contributing to depression in the brain [57]. Neu-
rotransmitters such as serotonin and dopamine are critical in
regulating mood and emotions [58].

Studies have demonstrated that a positive family history
is one of the most important risk factors for developing de-
pressive disorder (40-50%) [59]. One of the key genes asso-
ciated with depression is the serotonin transporter [60]. Sero-
tonin regulates mood, memory, sleep, and body temperature,
and low serotonin levels are associated with depression [61].
Selective serotonin reuptake inhibitors (SSRIs) are common-
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ly prescribed to increase the serotonin levels in the brain
[62]. SSRIs elevate the concentration of 5-hydroxy-
tryptamine (5-HT) in the synaptic spaces of serotoninergic
neurons, leading to a therapeutic impact on depression [63].
Various 5-HT receptors, such as 5-HT1A and 5-HTIB,
modulate depression and mood-related behaviors [64]. Be-
havioral depression is closely related to SHT1A deficiency
and disruption of the cAMP/PKA/CREB pathway in the hip-
pocampus [65]. Depression caused by chronic stress is char-
acterized by an increase in serum corticosterone (CORT), a
decrease in serotonin, and an elevated level of IFN-y and
TNF-a in the frontal cortex of rats [66]. Another gene in-
volved in depression is brain-derived neurotrophic factor
(BDNF), which plays a vital role in neuronal growth and
survival, and its decreased levels are linked to depression
[67]. Additionally, BDNF gene variations have been linked
to an increased risk of developing depression, as they can
affect the brain’s ability to adapt and respond to stress asso-
ciated with 5-HT [68]. 5-HT receptor stimulation produces
rapid and sustained antidepressant-like effects by activating
the BDNF-mTOR signaling pathway in the medial prefrontal
cortex [69]. In addition to these genes, some studies have
identified several other genetic variations associated with an
increased risk of developing depression. Opioid receptors are
widely distributed in the frontal cortex and limbic regions,
such as the amygdala and hippocampus, and are involved in
mood and pain [70]. Dopamine plays a major role in regulat-
ing rewards, mood enhancement, and overcoming depression
and aversion [71]. Gamma-aminobutyric acid (GABA), an
inhibitory neurotransmitter, affects approximately one-third
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Fig. (2). Depression is a complex disorder resulting from a combination of genetic, biological, environmental, and psychological factors.
Serotonin, Dopamine and GABA gene mutations, leading to impairment of neuronal activities. Biological factors including activated micro-
glia, inflammasome activation, ROS activates inflammatory pathways and glucose metabolic abnormalities leads to depression. Comorbidi-
ties, such as environmental, psychological factors could also cause depression. (4 higher resolution/colour version of this figure is available

in the electronic copy of the article).
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of neurons in the brain and has been shown to be effective in
treating depression and mania [72]. In depression, an in-
crease in glutamate and glutamine levels is associated with a
decrease in GABA levels, and glutamate stimulation toxicity
causes GABA dysfunction [73].

2.3. Glucose Metabolism and Alzheimer’s Disease

The human brain utilizes 20% of the glucose; it requires
a great deal of energy mainly to uphold the synaptic activity;
95% of glucose is employed in the generation of ATP [74].
This is the reason that alterations in glucose metabolism led
to harm to cell regulation, as reduced ATP can impact proper
synaptic function. A large part of the process is independent
of insulin regulation. Nevertheless, there are insulin recep-
tors in diverse brain regions, influencing such processes as
memory, cognition, and the regulation of energy metabolism
[75]. Glucose homeostasis is critical for inhibiting AD, as
reduced glucose levels in the CSF and brain can increase
synaptic inactivity and the risk of AD [76]. According to
previous studies, individuals with diabetes have a higher risk
of developing AD than those without [77]. Also, AD is char-
acterized by impaired glucose metabolism in the brain, often
referred to as “type 3 diabetes [78]”. Further, AD patients
observed reduced glucose metabolism and utilization in af-
fected brain regions using the positron emission tomography
(PET), such as the hippocampus and frontal cortex, which
leads to cognitive decline and neurodegeneration [79]. Sev-
eral expressions of glucose transporters were reduced in the
brain of AD model mice [80]. Inside cells, glucose is metab-
olized either through the pentose phosphate pathway (PPP)
or by means of glycolysis [81]. Hexokinase (HK) is the first-
step catalytic enzyme, and phosphofructokinase (PFK) is
another rate-limiting enzyme in glycolysis, while glucose-6-
phosphate dehydrogenase (G6PD), which is regarded as one
of the most crucial enzymes for controlling the rate-limiting
step of the PPP, their activities were discovered to be de-
creased in the cortex and hippocampus [82]. In addition, the
effects of insulin on the brain, which can lead to mitochon-
drial dysfunction, oxidative stress, and inflammation, are key
factors in glucose dysregulation [35, 83]. These glucose met-
abolic abnormalities in AD are thought to be activated by
amyloid-beta-induced insulin resistance, mitochondrial dys-
function, and oxidative stress [84]. Moreover, these process-
es cause neuronal damage and cognitive decline by disrupt-
ing energy production, impairing synaptic function, and
promoting neuroinflammation [85]. Thus, it is possible that
although brain glucose metabolism impairment can relate to
AD, the mechanism is still inconclusive [86]. High blood
glucose levels can also negatively affect the brain because
excess glucose can form toxic protein aggregates known as
amyloid plaques, which involves a glucose analog to evalu-
ate glucose metabolism in the brain, has been proposed as a
potential biomarker for AD [87].

2.3.1. Mechanisms Linking Glucose Metabolism and AD

Insulin is a hormone that regulates glucose metabolism.
The peripheral regions of the body need insulin to activate
the signaling that enables the translocation of glucose trans-
porters, facilitating the entry of glucose into the cell [88]. For
instance, the insulin signaling pathway governs the translo-
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cation of GLUT4 to the plasma membrane [89]. It involves
the binding of insulin to its receptor (a tyrosine kinase),
which will phosphorylate the substrate proteins of the insulin
receptor (IRS1/2) and recruit adaptors to the PM, like phos-
phatidylinositol 3-kinase (PI3K). PI3K raises phosphatidyl-
inositol 3,4,5-trisphosphate (PIP3) at the PM, resulting in the
activation of protein kinase B [89]. In the central nervous
system (CNS), insulin must cross the blood-brain barrier
(BBB) and bind to its receptor, and the conformational alter-
ation of which leads to the enzymatic activity of tyrosine
kinase and the autophosphorylation of the receptor [90]. In
addition to glucose homeostasis, it is important for maintain-
ing brain function, including neuronal function, promoting
the creation of new memories, and regulating neurotransmit-
ter levels in the brain (Fig. 3) [91]. However, insulin re-
sistance associated with type 2 diabetes can cause the brain
to resist the effects of insulin, impair cognitive function, and
increase the risk of developing AD [92]. According to these
studies, insulin resistance impairs glucose uptake in the brain
and promotes the accumulation of amyloid-beta plaques,
resulting in energy deficits and neuronal dysfunction [93].
Also, it has been found that insulin resistance and diabetes
may contribute to the development of AD through other
mechanisms, such as mitochondrial dysfunction, oxidative
stress, and neuroinflammation, along with glucose dysregu-
lation in the brain [94]. Further, insulin resistance (IR) in-
creases the production of inflammatory molecules in the
body and promotes the progression of neurodegeneration.
IRs are extensively expressed in diverse brain regions, such
as the hypothalamus, hippocampus, cerebral cortex, striatum,
cerebellum, choroid plexus, and olfactory bulb. IR along
with insulin-like growth factor 1 (IGF1) resistance (IGFIR)
has been stated to be present in neurons from the human
postmortem hippocampi of AD subjects, entailing flaws in
the signaling cascades after insulin receptor activation along
with resistance (IGF1R) has been stated to be present in neu-
rons from the human postmortem hippocampi of AD sub-
jects, involving defects in the signaling cascades after insulin
receptor activation [95]. Insulin signaling is vital for neu-
ronal growth, as it regulates neurotransmission and synaptic
plasticity via the Mitogen-Activated Protein Kinase (MAPK)
and Akt signaling pathways [92, 96]. Dysregulation of these
pathways is essential for producing AP, which increases the
activation of glycogen synthase kinase 33 (GSK3p) to en-
hance Tau phosphorylation [97]. Impaired insulin signaling
is related to the accumulation of neurotoxic Af and hyper-
phosphorylated Tau through decreased PI3K/AKT signaling
and enhanced activation of GSK3p [98]. Additionally, it was
demonstrated that IR/IGFIR in AD brains involves de-
creased receptor binding and IRS/PI3K/PKB pathway activa-
tion, along with reduced anti-apoptosis-related mechanisms
of insulin/IGF1 [99]. Conversely, AB can disrupt insulin sig-
naling and downregulate the PI3K/Akt pathways [100]. Fur-
thermore, there is increased expression of brain insulin re-
sistance markers, IRS-phosphorylated at serine 616 (IRS-1
p**'%) and IRS-1 p*%** in the hippocampus and cerebellar
cortex of AD patients without T2DM [101].

Furthermore, Yang et al. reported that the cortical and
hippocampal PDK1 phosphorylation at Ser241 in AD mice
increases with aging, which subsequently increases Akt
phosphorylation at Thr308 and Ser473, which significantly
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Fig. (3). Specific mechanisms by which aging improves AD glucose metabolism. Insulin regulates glucose metabolism in liver, muscle, and
brain. Glucose across the blood brain barrier and it is transported into astrocytes via glucose transporter (GLUT) 1, whereas the major trans-
porters of glucose in neurons and microglia are GLUT3 and GLUTS. (4 higher resolution/colour version of this figure is available in the

electronic copy of the article).

increases within the hippocampus and cortex of 3xTg-AD
mice [102]. Increased phosphorylation of PRAS40 at Thr246
leads to Akt hyperactivity in AD [103], which is also ob-
served in the brains of aged mice [102]. Akt activity is up-
regulated in the aged fruit fly after treatment with growth
factor. In contrast, RNAi downregulated Akt phosphoryla-
tion and decreased neuronal death, thereby improving starva-
tion conditions and locomotor activity in aged and Ap42-
induced flies [104]. However, the exact molecular mecha-
nisms that associate the origin of AD disease with glucose
and insulin metabolic alterations are still unclear.

2.3.2. Glucose Transporters and AD

Glucose transporters or glucose transport proteins
(GLUTs) are a family of proteins that facilitate glucose
transport into cells [105]. GLUT1 is the predominant trans-
porter responsible for transporting glucose across the blood-
brain barrier and into neurons [106]. Studies have shown that
abnormalities in glucose metabolism and transporters play
critical roles in AD pathogenesis [79]. Additionally, post-
mortem studies of AD patients have revealed a decrease in
GLUT! expression in the affected regions of the brain,
which proves that impaired glucose transport may contribute
to the energy deficits observed in AD [107]. AP inhibits the
activity of GLUT1, leading to decreased glucose metabolism
in neurons [108]. This impaired glucose metabolism can
damage neuronal function and contribute to the progression
of AD. In addition to GLUTI, other glucose transporters,

such as GLUT3 and GLUT4, have also been implicated in
AD. GLUT3 acts as the neuron-specific glucose transporter,
it is largely observed in the brain, and has been considered as
fundamental for neuronal glucose supply. Both GLUT1 and
GLUT3 are insulin independent for membrane translocation.
The hippocampal GLUT4 protein the same functional role it
plays in the classic insulin-sensitive tissues [108]. Research
has demonstrated that alterations in the expression and func-
tion of these transporters may affect glucose uptake and me-
tabolism in the brain, further exacerbating the energy deficits
observed in AD [109].

Although dysregulated glucose metabolism, insulin re-
sistance, altered GLUT expression, and glycation contribute
to the development and progression of AD, future research is
required to elucidate the precise mechanisms and develop
effective therapeutic interventions. Nonetheless, targeting
glucose metabolism has great potential to reduce the impact
of AD and improve the quality of life of affected individuals.
The relationship between glucose dysregulation and AD em-
phasizes the importance of maintaining healthy blood glu-
cose levels to maintain brain health. Moreover, individuals
can manage the risk of developing AD by adopting a healthy
lifestyle, including regular exercise, a balanced diet, and
proper management of chronic conditions such as diabetes.
However, these findings provide valuable insights into po-
tential strategies for prevention and treatment. Further stud-
ies are needed to fully understand the complex relationship
between glucose dysregulation and AD.
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2.4. Glucose Dysregulation in Depression

Depression is associated with several physiological
changes that affect the glucose metabolism [110]. Based on
the study, individuals with depression had reduced glucose
metabolism in certain regions, particularly the prefrontal
cortex and hippocampus of the brain [111]. Further, it has
been proved that this decrease in glucose metabolism may
lead to impaired brain function and contribute to depressive
symptoms [112]. Another study revealed that individuals
with depression have higher levels of insulin resistance,
which leads to elevated blood glucose levels [113]. Insulin
resistance is linked to inflammation and oxidative stress, and
may disrupt glucose metabolism in the brain, leading to
mood and behavioral changes [114]. Moreover, multiple
mechanisms have been proposed to explain the relationship
between glucose metabolism and depression, including the
dysregulation of the HPA axis, inflammation-induced insulin
resistance, oxidative stress, and impaired mitochondrial
function (Fig. 4) [115, 116]. These processes can disrupt
neuronal homeostasis, leading to depressive symptoms.

The HPA axis is a complex communication system be-
tween the hypothalamus, pituitary gland, and adrenal glands
that regulates the body’s response to stress [117]. Dysregula-
tion of the HPA axis results in abnormal cortisol levels and
depression by contributing to its symptoms, such as fatigue,
irritability, and difficulty concentrating [118, 119]. Addition-
ally, studies have shown that individuals with depression
tend to have higher cortisol levels [120]. Prolonged psycho-
logical stress has been associated with adverse effects on
HPA axis function, increasing the risk of depression [121].
Studies have shown that prolonged exposure to high cortisol
levels can damage the hippocampus, a brain region that is
important for memory and emotional regulation [122]. This
damage can further increase symptoms of depression, mak-
ing it more difficult for individuals to cope with stress, this
hyperactivity depression disorder can increase cortisol levels,
a hormone that can impair insulin sensitivity and lead to glu-
cose dysregulation [123]. Elevated levels of glucocorticoid
(GCs) over an extended time are associated with neuronal
damage and apoptosis and have been observed in individuals
with AD and depression [124]. Moreover, the treatment of
depression often involves a combination therapy, medica-
tion, and lifestyle changes.

2.5. Oxidative Stress and Neuroinflammation in the
Pathogenesis of AD and Depression

Mitochondria, the powerhouses of cells responsible for
producing energy, and disruptions in their function have
been observed in individuals with AD [125]. Therefore, mi-
tochondrial function, oxidative stress, and inflammation may
play a role in the association between glucose metabolism
and AD. Mitochondrial dysfunction is a pathological link
between blood glucose and AD, which can reduce mitochon-
drial respiration and decrease energy synthesis, causing syn-
aptic injury and AD development in diabetic mice [126].
Further studies have revealed that A leads to mitochondrial
dysfunction and induces metabolic disorders, including the
tricarboxylic acid (TCA) cycle [127]. Next, mitochondrial
dysfunction is associated with oxidative stress and inflamma-
tion. Oxidative stress occurs when an imbalance between
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free radicals and antioxidants is implicated in AD develop-
ment [128]. They can also cause mitochondrial dysfunction
and neuronal death. Inflammation, which is the body’s re-
sponse to injury or infection, plays a role in AD progression
[129]. Reactive oxygen species (ROS) are molecules pro-
duced during normal cellular metabolism that can damage
cellular components such as proteins, lipids, and DNA, lead-
ing to dysfunction and, ultimately, cell death [130]. Although
ROS play essential roles in various physiological processes,
excessive ROS production can cause oxidative stress, which
has been implicated in the pathogenesis of several neuro-
degenerative diseases, including AD [131]. In the brain, oxi-
dative stress contributes to the formation of beta-amyloid
plaques and neurofibrillary tangles, which are characteristic
features of AD [132]. Additionally, ROS have been shown to
activate inflammatory pathways and disrupt synaptic func-
tion, further exacerbating neurodegenerative processes [133].
In support of this, several studies have evidenced the in-
creased levels of ROS and markers of oxidative damage in
the brains of AD patients [134]. Furthermore, genetic and
environmental factors that promote ROS generation or im-
pair antioxidant defense mechanisms are associated with
disease development [135]. For instance, mutations in genes
encoding antioxidant enzymes, such as superoxide dismutase
and glutathione peroxidase, are linked to an increased risk of
AD [136]. Since oxidative stress plays a significant role in
AD, targeting ROS and restoring redox balance has emerged
as a potential therapeutic strategy. Antioxidants, such as vit-
amin E, vitamin C, and polyphenols, reduce oxidative dam-
age and improve cognitive function in AD [137]. However,
clinical trial outcomes investigating the efficacy of antioxi-
dant therapy in humans have been inconsistent, emphasizing
the challenges of targeting oxidative stress in AD patients.

It has been evidenced from studies that individuals with
depression have higher levels of ROS and lower levels of
antioxidants [138], which neutralize ROS and prevent oxida-
tive damage [139]. An imbalance between ROS and antioxi-
dant levels can lead to oxidative stress [140]. Furthermore,
oxidative stress influences various neurotransmitter systems
in the brain, including serotonin, and may disrupt normal
function and lead to inflammation in the brain [141]. In addi-
tion, several studies have demonstrated the effectiveness of
antioxidants, either alone or in combination with traditional
antidepressants, in reducing oxidative stress and improving
the symptoms of depression [142]. Although targeting oxida-
tive stress with antioxidant therapy may lead to the develop-
ment of novel and more effective treatments for depression,
further research is required to fully understand the role of
ROS in depression. In conclusion, insights into oxidative
stress in depression may help researchers develop novel
therapeutic strategies by targeting this underlying mecha-
nism and improving outcomes for individuals with depres-
sion.

Neuroinflammation is a significant factor in the devel-
opment of depression [13]; patients exhibit increased plasma
levels of proinflammatory cytokines (IL-1, IL-6, IL-8, IL-12,
IL-1B, and interferon-y) and decreased levels of anti-
inflammatory cytokines (IL-4, IL-10, and TGF-B1) [143]. As
this suggests a relationship between inflammation and de-
pression, the exact nature of this association remains under
investigation. Chronic inflammation can affect the balance of
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neurotransmitters in the brain, such as serotonin and dopa-
mine, which are crucial for mood regulation [144]. Inflam-
mation may also impact the brain structure and function,
particularly in regions involved in emotional processing and
stress responses [145]. Brain areas important to emotional
regulation have been shown to be directly influenced by ex-
cess activation of brain cytokine networks [146]. Microglia

is the primary inflammatory cell type in the brain, it can pro-
duce proinflammatory cytokines [147]. Brain regions such as
the hippocampus, amygdala, and anterior cingulate cortex
have been reported to particularly be influenced by increased
cytokine levels, which are areas that have been repeatedly
associated with depression [148]. Inflammation can lead to
oxidative stress, an imbalance between free radicals and an-



764 Current Neuropharmacology, 2025, Vol. 23, No. 7

tioxidants in the body, and cause damage to tissues and or-
gans, resulting in many diseases [149]. Oxidative stress plays
a pathogenic role in chronic inflammatory diseases, antioxi-
dant defenses are diminished and oxidative stress is elevated
in depression.

Inflammation is a crucial pathophysiological link be-
tween major depression and metabolic syndromes, including
glucose levels [150]. Higher concentrations of chemokines
and IL-6 have also been observed in patients with depression
[151]. Proinflammatory cytokines may cause a decrease in
serotonin levels, as well as neurogenesis and synaptic plas-
ticity-physiological states linked to depression [152]. Thus, it
can interact with virtually all pathophysiological changes
that characterize major depression, thereby influencing neu-
rotransmitter function, synaptic plasticity, and neuronal
structure. As a result of immune activation, changes in the
tryptophan-kynurenine pathway play a significant role in
dysfunctional neurotransmitter systems in the brain and con-
tribute to changes in the brain structure and function that
characterize depression [153]. Therefore, the neuroinflam-
mation caused by the accumulation of B-amyloid, the
dysregulated activity of microglia and the loss of neuropro-
tective functions emphasizes the central role of inflammatory
processes in the pathophysiology of depression and dementia
[154]. Consequently, there is synaptic dysfunction and ex-
tensive neuronal damage influencing regions that are crucial
for cognitive and emotional control. This series of events
highlights potential targets for therapeutic interventions that
aim to regulate neuroinflammatory pathways in the context
of depressive and neurodegenerative disorders.

3. DEPRESSION AS A RISK FACTOR FOR AD

Depression is a potential risk factor for AD [155]. Some
studies have shown that individuals with depression are more
likely to develop AD later in their life [156]. Further, depres-
sion is present in approximately 50% of patients with AD.
Various potential mechanisms have been proposed to explain
the connection between depression and AD [156], including
neuroinflammation, oxidative stress, dysregulation of the
HPA axis, and changes in the neurotransmitter systems [157-
159]. Next, changes in cortisol levels and hippocampal atro-
phy due to depression may further increase the risk of AD
[160] Disruptions in glutamatergic synaptic signaling and
decreased BDNF levels are also contributing factor [161].
For instance, chronic stress and inflammation associated
with depression can damage brain cells and increase the pro-
duction of AP plaques [162]. Moreover, depression can alter
the structure and function of the brain by reducing the hippo-
campal volume and impairing neurotransmitter function
[163]. By the way, methylglyoxal (MG) acts as the conse-
quences of alterations in glucose regulation and its associa-
tion with depression and AD. For example, MG is increased
in T2DM and may be a significant mediator of the overlaps
of major depressive disorder (MDD) with AD [164, 165].
MG can arise in any cell, typically as a consequence of hy-
perglycemia. MG is associated with stress-induced MDD
with cognitive deficits, as seen in preclinical models as well
as being an AD risk factor [166, 167]. The damaging effects
of MG are typically modelled as being mediated by its role
as a precursor for the production of advanced glycation end
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products (AGE), which activate the receptor for AGEs
(RAGE). RAGE activation is intimately linked to stress/
depression and AD [168, 169]. As well as T2DM, MG is
increased exclusively in astrocytes in the CNS, as shown in
the spontaneously hypertensive rodent model [170], suggest-
ing that MG may be an important coordinator of wider meta-
bolic syndrome and the association of metabolic syndrome
with a diverse array of medical conditions, including MDD
and AD [171, 172]. Recent work has highlighted the im-
portance of astrocytes in the association of MDD with AD
[173].

CONCLUSION

Understanding the relationship between glucose metabol-
ic abnormalities, depression, and AD offers new treatment
possibilities. Targeting glucose metabolism through lifestyle
changes, medications, or innovative therapies may be a
promising approach for simultaneously managing both con-
ditions. Abnormalities in glucose metabolism play a signifi-
cant role in the association between depression and AD. The
shared pathophysiological mechanisms related to disrupted
glucose metabolism contribute to the onset and progression
of both disorders. Future research must uncover the underly-
ing molecular pathways and identify potential therapeutic
targets for effective management and prevention of debilitat-
ing conditions. Glucose metabolism is a critical process that
provides energy for cellular functions, and its disruption can
lead to various health conditions. Further, recent studies have
linked glucose metabolic abnormalities to neurological dis-
orders such as depression and AD. Additionally, both condi-
tions have been linked to glucose metabolic abnormalities,
suggesting potential crosstalk between the two diseases. Al-
so, the relationship between depression, AD, and abnormali-
ties in glucose metabolism suggests a complex interaction
between these conditions. Understanding the intricate rela-
tionships between these disorders can lead to the develop-
ment of innovative therapeutic strategies that target metabol-
ic irregularities (Fig. 5). Hence, future research should focus
on uncovering the molecular mechanisms that drive this in-
teraction to better understand these conditions and identify
potential therapeutic targets.

AUTHORS' CONTRIBUTIONS

The authors confirm their contribution to the paper as
follows: SY and TS contributed to the paper design and
implementation, SY, YL, QT, YZ, TS wrote the manuscript.
All authors reviewed the results and approved the final ver-
sion of the manuscript.

LIST OF ABBREVIATIONS

AD = Alzheimer’s Disease

HPA = Hypothalamic-pituitary-adrenal
T2DM = Diabetes Mellitus Type 2

AP = Amyloid-beta

NFTs = Neurofibrillary Tangles

ROS = Reactive Oxygen Species



Glucose Metabolic Abnormality

APP = Amyloid Precursor Protein

PSENI1 = Presenilin 1

PSEN2 = Presenilin 2

APOE = Apolipoprotein E

CSF = Cerebrospinal Fluid

SSRIs = Selective Serotonin Reuptake Inhibitors
5-HT = 5-hydroxytryptamine

CORT = Corticosterone

BDNF = Brain-derived Neurotrophic Factor
GABA = Gamma-aminobutyric Acid

PET = Positron Emission Tomography
PPP = Pentose Phosphate Pathway

HK = Hexokinase

PFK = Phosphofructokinase

G6PD = Glucose-6-phosphate Dehydrogenase
IRS1/2 = Insulin Receptor

MAPK = Mitogen-activated Protein Kinase
GSK3p = Glycogen Synthase Kinase 3f
PI3K = Phosphatidylinositol 3-kinase
PIP3 = Phosphatidylinositol 3,4,5-trisphosphate
CNS = Central Nervous System

BBB = Blood-brain Barrier

IR = Insulin Resistance

IGF1 = Insulin-like Growth Factor 1

IRS-1 p**'® = IRS-phosphorylated at serine 616
TCA = Tricarboxylic Acid

GLUTs = Glucose Transport Proteins

GCs = Glucocorticoid

MG = Methylglyoxal

MDD = Major Depressive Disorder

AGE = Advanced Glycation End Products
RAGE = Activate the Receptor for AGEs

CONSENT FOR PUBLICATION
Not applicable.

FUNDING

This work was funded by the National Nature Science
Foundation of China (Grant no.32160210 and no.
32360219); Natural Science Foundation of Gansu Province
(Grant 1n0.23JRRA1755); Youth Talents Lifting Project
Foundation of Northwest Normal University (NWNU-
LKQN2021-01).

CONFLICT OF INTEREST

The authors declare no conflict of interest, financial or
otherwise.

Current Neuropharmacology, 2025, Vol. 23, No. 7 765

ACKNOWLEDGEMENTS

Declared none.

REFERENCES

(1]

[10]

[11]

[12]

[13]

[14]

[15]

Rizzi, L.; Rosset, I.; Roriz-Cruz, M. Global epidemiology of de-
mentia: Alzheimer’s and vascular types. BioMed Res. Int., 2014,
2014, 1-8.

http://dx.doi.org/10.1155/2014/908915 PMID: 25089278

Jucker, M.; Walker, L.C. Alzheimer’s disease: From immunothera-
py to immunoprevention. Cell, 2023, 186(20), 4260-4270.
http://dx.doi.org/10.1016/j.cell.2023.08.021 PMID: 37729908
Verkhratsky, A.; Steardo, L.; Parpura, V.; Montana, V. Transla-
tional potential of astrocytes in brain disorders. Prog. Neurobiol.,
2016, /44, 188-205.
http://dx.doi.org/10.1016/j.pneurobio.2015.09.003 PMID:
26386136

Li, X.; Feng, X.; Sun, X.; Hou, N.; Han, F.; Liu, Y. Global, region-
al, and national burden of Alzheimer’s disease and other dementias,
1990-2019. Front. Aging Neurosci., 2022, 14, 937486.
http://dx.doi.org/10.3389/fhagi.2022.937486 PMID: 36299608
Tiwari, S.; Atluri, V.; Kaushik, A.; Yndart, A.; Nair, M. Alz-
heimer’s disease: Pathogenesis, diagnostics, and therapeutics. Int.
J. Nanomedicine, 2019, 14, 5541-5554.
http://dx.doi.org/10.2147/1IN.S200490 PMID: 31410002

Ratan, Y.; Rajput, A.; Maleysm, S.; Pareek, A.; Jain, V.; Pareek,
A.; Kaur, R.; Singh, G. An insight into cellular and molecular
mechanisms underlying the pathogenesis of neurodegeneration in
Alzheimer’s disease. Biomedicines, 2023, 11(5), 1398.
http://dx.doi.org/10.3390/biomedicines 11051398 PMID: 37239068
Butterfield, D.A.; Halliwell, B. Oxidative stress, dysfunctional
glucose metabolism and Alzheimer disease. Nat. Rev. Neurosci.,
2019, 20(3), 148-160.
http://dx.doi.org/10.1038/541583-019-0132-6 PMID: 30737462
Cha, D.; Carvalho, A.; Rosenblat, J.; Ali, M.; Mclntyre, R. Major
depressive disorder and type II diabetes mellitus: Mechanisms un-
derlying risk for Alzheimer’s disease. CNS Neurol. Disord. Drug
Targets, 2015, 13(10), 1740-1749.
http://dx.doi.org/10.2174/1871527313666141130204535 PMID:
25470393

Baglietto-Vargas, D.; Shi, J.; Yaeger, D.M.; Ager, R.; LaFerla,
F.M. Diabetes and Alzheimer’s disease crosstalk. Neurosci. Biobe-
hav. Rev., 2016, 64, 272-287.
http://dx.doi.org/10.1016/j.neubiorev.2016.03.005 PMID:
26969101

De Felice, F.G.; Ferreira, S.T. Inflammation, defective insulin
signaling, and mitochondrial dysfunction as common molecular
denominators connecting type 2 diabetes to Alzheimer disease. Di-
abetes, 2014, 63(7), 2262-2272.
http://dx.doi.org/10.2337/db13-1954 PMID: 24931033
Pugazhenthi, S.; Qin, L.; Reddy, P.H. Common neurodegenerative
pathways in obesity, diabetes, and Alzheimer’s disease. Biochim.
Biophys. Acta Mol. Basis Dis., 2017, 1863(5), 1037-1045.
http://dx.doi.org/10.1016/j.bbadis.2016.04.017 PMID: 27156888
Rosales-Corral, S.; Tan, D.X.; Manchester, L.; Reiter, R.J. Diabetes
and Alzheimer disease, two overlapping pathologies with the same
background: Oxidative stress. Oxid. Med. Cell. Longev., 2015,
2015, 1-14.

http://dx.doi.org/10.1155/2015/985845 PMID: 25815110

Troubat, R.; Barone, P.; Leman, S.; Desmidt, T.; Cressant, A.;
Atanasova, B.; Brizard, B.; El Hage, W.; Surget, A.; Belzung, C.;
Camus, V. Neuroinflammation and depression: A review. Eur. J.
Neurosci., 2021, 53(1), 151-171.
http://dx.doi.org/10.1111/ejn.14720 PMID: 32150310

Tye, K.M.; Mirzabekov, J.J.; Warden, M.R.; Ferenczi, E.A.; Tsai,
H.C.; Finkelstein, J.; Kim, S.Y.; Adhikari, A.; Thompson, K.R;
Andalman, A.S.; Gunaydin, L.A.; Witten, I.B.; Deisseroth, K. Do-
pamine neurons modulate neural encoding and expression of de-
pression-related behaviour. Nature, 2013, 493(7433), 537-541.
http://dx.doi.org/10.1038/nature11740 PMID: 23235822

He, J.; Ouyang, F.; Li, L.; Qiu, D.; Li, Y.; Xiao, S. Incidence trends
of major depressive disorder in China: An age-period-cohort mod-
eling study. J. Affect. Disord., 2021, 288, 10-16.



766

[16]

[17]

[18]

[19]

[20]

(21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

Current Neuropharmacology, 2025, Vol. 23, No. 7

http://dx.doi.org/10.1016/j.jad.2021.03.075 PMID: 33839553
Moulton, C.D.; Pickup, J.C.; Ismail, K. The link between depres-
sion and diabetes: The search for shared mechanisms. Lancet Dia-
betes Endocrinol., 2015, 3(6), 461-471.
http://dx.doi.org/10.1016/S2213-8587(15)00134-5 PMID: 25995124
Detka, J.; Kurek, A.; Basta-Kaim, A.; Kubera, M.; Lason, W.;
Budziszewska, B. Neuroendocrine link between stress, depression
and diabetes. Pharmacol. Rep., 2013, 65(6), 1591-1600.
http://dx.doi.org/10.1016/S1734-1140(13)71520-2 PMID:
24553007

Khawagi, W.Y.; Al-kuraishy, H.M.; Hussein, N.R.; Al-Gareeb,
A.L; Atef, E.; Elhussieny, O.; Alexiou, A.; Papadakis, M.; Jabir,
M.S.; Alshehri, A.A.; Saad, H.M.; Batiha, G.E.S. Depression and
type 2 diabetes: A causal relationship and mechanistic pathway.
Diabetes Obes. Metab., 2024, 26(8), 3031-3044.
http://dx.doi.org/10.1111/dom.15630 PMID: 38802993

Palazzo, E.; Marabese, 1.; Boccella, S.; Belardo, C.; Pierretti, G.;
Maione, S. Affective and cognitive impairments in rodent models
of diabetes. Curr. Neuropharmacol., 2024, 22(8), 1327-1343.
http://dx.doi.org/10.2174/1570159X22666240124164804 PMID:
38279738

Penninx, B.W.J.H.; Milaneschi, Y.; Lamers, F.; Vogelzangs, N.
Understanding the somatic consequences of depression: Biological
mechanisms and the role of depression symptom profile. BMC
Med., 2013, 11(1), 129.
http://dx.doi.org/10.1186/1741-7015-11-129 PMID: 23672628
Farooqui, A.A.; Farooqui, T.; Panza, F.; Frisardi, V. Metabolic
syndrome as a risk factor for neurological disorders. Cell. Mol. Life
Sci., 2012, 69(5), 741-762.
http://dx.doi.org/10.1007/s00018-011-0840-1 PMID: 21997383
Bennett, S.; Thomas, A.J. Depression and dementia: Cause, conse-
quence or coincidence? Maturitas, 2014, 79(2), 184-190.
http://dx.doi.org/10.1016/j.maturitas.2014.05.009 PMID: 24931304
Tang, B.L. Glucose, glycolysis, and neurodegenerative diseases. J.
Cell. Physiol., 2020, 235(11), 7653-7662.
http://dx.doi.org/10.1002/jcp.29682 PMID: 32239718

Cunnane, S.C.; Trushina, E.; Morland, C.; Prigione, A.; Casadesus,
G.; Andrews, Z.B.; Beal, M.F.; Bergersen, L.H.; Brinton, R.D.; de
la Monte, S.; Eckert, A.; Harvey, J.; Jeggo, R.; Jhamandas, J.H.;
Kann, O.; la Cour, C.M.; Martin, W.F.; Mithieux, G.; Moreira, P.I;
Murphy, M.P.; Nave, K.A.; Nuriel, T.; Oliet, S.H.R.; Saudou, F.;
Mattson, M.P.; Swerdlow, R.H.; Millan, M.J. Brain energy rescue:
An emerging therapeutic concept for neurodegenerative disorders
of ageing. Nat. Rev. Drug Discov., 2020, 19(9), 609-633.
http://dx.doi.org/10.1038/541573-020-0072-x PMID: 32709961
Ahmad, M.H.; Fatima, M.; Mondal, A.C. Role of hypothalamic-
pituitary-adrenal axis, hypothalamic-pituitary-gonadal axis and In-
sulin signaling in the pathophysiology of Alzheimer’s disease.
Neuropsychobiology, 2019, 77(4), 197-205.
http://dx.doi.org/10.1159/000495521 PMID: 30605907

Knezevic, E.; Nenic, K.; Milanovic, V.; Knezevic, N.N. The role of
cortisol in chronic stress, neurodegenerative diseases, and psycho-
logical disorders. Cells, 2023, 12(23), 2726.
http://dx.doi.org/10.3390/cells12232726 PMID: 38067154

Milligan Armstrong, A.; Porter, T.; Quek, H.; White, A.; Haynes,
J.; Jackaman, C.; Villemagne, V.; Munyard, K.; Laws, S.M.; Ver-
dile, G.; Groth, D. Chronic stress and A lzheimer’s disease: The in-
terplay between the hypothalamic-pituitary-adrenal axis, genetics and
microglia. Biol. Rev. Camb. Philos. Soc., 2021, 96(5), 2209-2228.
http://dx.doi.org/10.1111/brv.12750 PMID: 34159699

Graeber, M.B.; Kosel, S.; Egensperger, R.; Banati, R.B.; Miiller,
U.; Bise, K.; Hoff, P.; Méller, H.J.; Fujisawa, K.; Mehraein, P. Re-
discovery of the case described by Alois Alzheimer in 1911: His-
torical, histological and molecular genetic analysis. Neurogenetics,
1997, (1), 73-80.

http://dx.doi.org/10.1007/s100480050011 PMID: 10735278

Gong, C.X.; Grundke-Igbal, L; Igbal, K. Targeting tau protein in
Alzheimer’s disease. Drugs Aging, 2010, 27(5), 351-365.
http://dx.doi.org/10.2165/11536110-000000000-00000 PMID:
20450234

Spires-Jones, T.L.; Attems, J.; Thal, D.R. Interactions of pathologi-
cal proteins in neurodegenerative diseases. Acta Neuropathol.,
2017, 134(2), 187-205.
http://dx.doi.org/10.1007/s00401-017-1709-7 PMID: 28401333

[31]

[32]

[33]

[34]

[33]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

Yang et al.

Zhang, H.; Wei, W.; Zhao, M.; Ma, L.; Jiang, X.; Pei, H.; Cao, Y.;
Li, H. Interaction between AP and Tau in the pathogenesis of Alz-
heimer’s disease. Int. J. Biol. Sci., 2021, 17(9), 2181-2192.
http://dx.doi.org/10.7150/ijbs.57078 PMID: 34239348

Bagyinszky, E.; Youn, Y.C.; An, S.; Kim, S. The genetics of Alz-
heimer’s disease. Clin. Interv. Aging, 2014, 9, 535-551.
http://dx.doi.org/10.2147/CIA.S51571 PMID: 24729694

Bhatt, S.; Puli, L.; Patil, C.R. Role of reactive oxygen species in the
progression of Alzheimer’s disease. Drug Discov. Today, 2021,
26(3), 794-803.

http://dx.doi.org/10.1016/j.drudis.2020.12.004 PMID: 33306995
Chen, Z.; Zhong, C. Decoding Alzheimer’s disease from perturbed
cerebral glucose metabolism: Implications for diagnostic and ther-
apeutic strategies. Prog. Neurobiol., 2013, 108, 21-43.
http://dx.doi.org/10.1016/j.pneurobio.2013.06.004 PMID:
23850509

Dewanjee, S.; Chakraborty, P.; Bhattacharya, H.; Chacko, L.;
Singh, B.; Chaudhary, A.; Javvaji, K.; Pradhan, S.R.; Vallamkon-
du, J.; Dey, A.; Kalra, R.S.; Jha, N.K.; Jha, S.K.; Reddy, P.H.;
Kandimalla, R. Altered glucose metabolism in Alzheimer’s dis-
ease: Role of mitochondrial dysfunction and oxidative stress. Free
Radic. Biol. Med., 2022, 193(Pt 1), 134-157.
http://dx.doi.org/10.1016/j.freeradbiomed.2022.09.032 PMID:
36206930

Kinney, J.W.; Bemiller, S.M.; Murtishaw, A.S.; Leisgang, A.M.;
Salazar, A.M.; Lamb, B.T. Inflammation as a central mechanism in
Alzheimer’s disease. Alzheimers Dement. (N.Y.), 2018, 4(1), 575-
590.

http://dx.doi.org/10.1016/j.trci.2018.06.014 PMID: 30406177
Yang, Z.; Zou, Y.; Wang, L. Neurotransmitters in prevention and
treatment of Alzheimer’s disease. Int. J. Mol. Sci., 2023, 24(4),
3841.

http://dx.doi.org/10.3390/ijms24043841 PMID: 36835251

Kendler, K.S. The phenomenology of major depression and the
representativeness and nature of DSM criteria. Am. J. Psychiatry,
2016, 173(8), 771-780.
http://dx.doi.org/10.1176/appi.ajp.2016.15121509 PMID: 27138588
Cipriani, A.; Barbui, C.; Geddes, J.R. Suicide, depression, and
antidepressants. Bmyj, 2005, 330(7488), 373-374.
http://dx.doi.org/10.1136/bm;j.330.7488.373

Dean, J.; Keshavan, M. The neurobiology of depression: An inte-
grated view. Asian J. Psychiatr., 2017, 27, 101-111.
http://dx.doi.org/10.1016/j.ajp.2017.01.025 PMID: 28558878

Feng, R.; He, M.C.; Li, Q.; Liang, X.Q.; Tang, D.Z.; Zhang, J.L,;
Liu, S.F.; Lin, F.H.; Zhang, Y. Phenol glycosides extract of Fructus
Ligustri Lucidi attenuated depressive-like behaviors by suppressing
neuroinflammation in hypothalamus of mice. Phytother. Res.,
2020, 34(12), 3273-3286.

http://dx.doi.org/10.1002/ptr.6777 PMID: 32603019

Ogtodek, E.; Szota, A.; Just, M.; Mos, D.; Araszkiewicz, A. The
role of the neuroendocrine and immune systems in the pathogenesis
of depression. Pharmacol. Rep., 2014, 66(5), 776-781.
http://dx.doi.org/10.1016/j.pharep.2014.04.009 PMID: 25149980
Ouakinin, S.R.S.; Barreira, D.P.; Gois, C.J. Depression and obesity:
Integrating the role of stress, neuroendocrine dysfunction and in-
flammatory pathways. Front. Endocrinol. (Lausanne), 2018, 9,
431.

http://dx.doi.org/10.3389/fendo.2018.00431 PMID: 30108549
Wieroniska, J.M.; Pile, A. Depression and schizophrenia viewed
from the perspective of amino acidergic neurotransmission: An-
tipodes of psychiatric disorders. Pharmacol. Ther., 2019, 193, 75-82.
Rajmohan, R.; Reddy, P.H. Amyloid-beta and phosphorylated tau
accumulations cause abnormalities at synapses of Alzheimer’s dis-
ease neurons. J. Alzheimers Dis., 2017, 57(4), 975-999.
http://dx.doi.org/10.3233/JAD-160612 PMID: 27567878
Muralidar, S.; Ambi, S.V.; Sekaran, S.; Thirumalai, D.;
Palaniappan, B. Role of tau protein in Alzheimer’s disease: The
prime pathological player. Int. J. Biol. Macromol., 2020, 163,
1599-1617.

http://dx.doi.org/10.1016/j.ijbiomac.2020.07.327 PMID: 32784025
Chong, F.P.; Ng, K.Y.; Koh, R.Y.; Chye, S.M. Tau proteins and
tauopathies in Alzheimer’s disease. Cell. Mol. Neurobiol., 2018,
38(5), 965-980.

http://dx.doi.org/10.1007/s10571-017-0574-1 PMID: 29299792



Glucose Metabolic Abnormality

(48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

Scholz, T.; Mandelkow, E. Transport and diffusion of Tau protein
in neurons. Cell. Mol. Life Sci., 2014, 71(16), 3139-3150.
http://dx.doi.org/10.1007/s00018-014-1610-7 PMID: 24687422
Boccalini, C.; Ribaldi, F.; Hristovska, I.; Arnone, A.; Peretti, D.E.;
Mu, L.; Scheffler, M.; Perani, D.; Frisoni, G.B.; Garibotto, V. The
impact of tau deposition and hypometabolism on cognitive impair-
ment and longitudinal cognitive decline. Alzheimers Dement.,
2024, 20(1), 221-233.

http://dx.doi.org/10.1002/alz.13355 PMID: 37555516

Igbal, K.; Gong, C.X.; Liu, F. Hyperphosphorylation-induced tau
oligomers. Front. Neurol., 2013, 4, 112.
http://dx.doi.org/10.3389/fneur.2013.00112 PMID: 23966973
Kolarova, M.; Garcia-Sierra, F.; Bartos, A.; Ricny, J.; Ripova, D.
Structure and pathology of tau protein in Alzheimer disease. Int. J.
Alzheimers Dis., 2012, 2012, 1-13.
http://dx.doi.org/10.1155/2012/731526 PMID: 22690349

Reddy, P.H. Abnormal tau, mitochondrial dysfunction, impaired
axonal transport of mitochondria, and synaptic deprivation in Alz-
heimer’s disease. Brain Res., 2011, 1415, 136-148.
http://dx.doi.org/10.1016/j.brainres.2011.07.052 PMID: 21872849
Gallardo, G.; Holtzman, D.M. Amyloid-p and Tau at the crossroads
of Alzheimer’s disease. Adv. Exp. Med. Biol., 2019, 1184, 187-203.
http://dx.doi.org/10.1007/978-981-32-9358-8_16 PMID: 32096039
Brunello, C.A.; Merezhko, M.; Uronen, R.L.; Huttunen, H.J.
Mechanisms of secretion and spreading of pathological tau protein.
Cell. Mol. Life Sci., 2020, 77(9), 1721-1744.
http://dx.doi.org/10.1007/s00018-019-03349-1 PMID: 31667556
Lewis, J.; Dickson, D.W. Propagation of tau pathology: Hypothe-
ses, discoveries, and yet unresolved questions from experimental
and human brain studies. Acta Neuropathol., 2016, 131(1), 27-48.
http://dx.doi.org/10.1007/s00401-015-1507-z PMID: 26576562
Gibbons, G.S.; Lee, V.M.Y.; Trojanowski, J.Q. Mechanisms of
cell-to-cell transmission of pathological Tau: A review. JAMA
Neurol., 2019, 76(1), 101-108.
http://dx.doi.org/10.1001/jamaneurol.2018.2505 PMID: 30193298
MacQueen, G.; Frodl, T. The hippocampus in major depression:
Evidence for the convergence of the bench and bedside in psychiat-
ric research? Mol. Psychiatry, 2011, 16(3), 252-264.
http://dx.doi.org/10.1038/mp.2010.80 PMID: 20661246

Hariri, A.R.; Holmes, A. Genetics of emotional regulation: The role
of the serotonin transporter in neural function. Trends Cogn. Sci.,
2006, /0(4), 182-191.

http://dx.doi.org/10.1016/j.tics.2006.02.011 PMID: 16530463
Zalar, B.; Blatnik, A.; Maver, A.; Klemenc-Keti§, Z.; Peterlin, B.
Family history as an important factor for stratifying participants in
genetic studies of major depression. Balkan J. Med. Genet., 2018,
21(1), 5-12.

http://dx.doi.org/10.2478/bjmg-2018-0010 PMID: 30425904
Jasinska, A.J.; Lowry, C.A.; Burmeister, M. Serotonin transporter
gene, stress and raphe—raphe interactions: A molecular mechanism
of depression. Trends Neurosci., 2012, 35(7), 395-402.
http://dx.doi.org/10.1016/j.tins.2012.01.001 PMID: 22301434
Kanova, M.; Kohout, P. Serotonin-its synthesis and roles in the
healthy and the critically Ill. Int. J. Mol. Sci., 2021, 22(9), 4837.
http://dx.doi.org/10.3390/ijms22094837 PMID: 34063611

Nutt, D.; Forshall, S.; Bell, C.; Rich, A.; Sandford, J.; Nash, J.;
Argyropoulos, S. Mechanisms of action of selective serotonin
reuptake inhibitors in the treatment of psychiatric disorders. Eur.
Neuropsychopharmacol., 1999, 9(Suppl. 3), S81-S86.
http://dx.doi.org/10.1016/S0924-977X(99)00030-9 PMID: 10523062
Andrews, P.W.; Bharwani, A.; Lee, K.R.; Fox, M.; Thomson, J.A.,
Jr Is serotonin an upper or a downer? The evolution of the sero-
tonergic system and its role in depression and the antidepressant re-
sponse. Neurosci. Biobehav. Rev., 2015, 51, 164-188.
http://dx.doi.org/10.1016/j.neubiorev.2015.01.018 PMID: 25625874
Gottlieb, N.; Li, T.Y.; Young, A.H.; Stokes, P.R.A. The 5-HT7
receptor system as a treatment target for mood and anxiety disor-
ders: A systematic review. J. Psychopharmacol., 2023, 37(12),
1167-1181.

http://dx.doi.org/10.1177/02698811231211228 PMID: 37994803
Kim, M.H.; Leem, Y.H. Chronic exercise improves repeated re-
straint stress-induced anxiety and depression through SHTIA re-
ceptor and cAMP signaling in hippocampus. J. Exerc. Nutrition Bi-
ochem., 2014, 18(1), 97-104.

[66]

[67]

[68]

[69]

[70]

(71]

[72]

(73]

[74]

[75]

[76]

[77]

(78]

[79]

(80]

Current Neuropharmacology, 2025, Vol. 23, No. 7 767

http://dx.doi.org/10.5717/jenb.2014.18.1.97 PMID: 25566444
Stepanichev, M.; Dygalo, N.N.; Grigoryan, G.; Shishkina, G.T.;
Gulyaeva, N. Rodent models of depression: Neurotrophic and neu-
roinflammatory biomarkers. BioMed Res. Int., 2014, 2014, 1-20.
http://dx.doi.org/10.1155/2014/932757 PMID: 24999483
Hashimoto, K.; Shimizu, E.; Iyo, M. Critical role of brain-derived
neurotrophic factor in mood disorders. Brain Res. Brain Res. Rev.,
2004, 45(2), 104-114.
http://dx.doi.org/10.1016/j.brainresrev.2004.02.003 PMID:
15145621

Mabhar, 1.; Bambico, F.R.; Mechawar, N.; Nobrega, J.N. Stress,
serotonin, and hippocampal neurogenesis in relation to depression
and antidepressant effects. Neurosci. Biobehav. Rev., 2014, 38,
173-192.

http://dx.doi.org/10.1016/j.neubiorev.2013.11.009 PMID:
24300695

Fukumoto, K.; Fogaga, M.V.; Liu, R.J.; Duman, C.H.; Li, X.Y ;
Chaki, S.; Duman, R.S. Medial PFC AMPA receptor and BDNF
signaling are required for the rapid and sustained antidepressant-
like effects of 5-HT,;, receptor stimulation. Neuropsychopharma-
cology, 2020, 45(10), 1725-1734.
http://dx.doi.org/10.1038/541386-020-0705-0 PMID: 32396921
Nummenmaa, L.; Tuominen, L. Opioid system and human emo-
tions. Br. J. Pharmacol., 2018, 175(14), 2737-2749.
http://dx.doi.org/10.1111/bph.13812 PMID: 28394427

Craske, M.G.; Meuret, A.E.; Ritz, T.; Treanor, M.; Dour, H.J.
Treatment for anhedonia: A neuroscience driven approach. De-
press. Anxiety, 2016, 33(10), 927-938.
http://dx.doi.org/10.1002/da.22490 PMID: 27699943

Brambilla, P.; Perez, J.; Barale, F.; Schettini, G.; Soares, J.C. GA-
BAergic dysfunction in mood disorders. Mol Psychiatry, 2003,
8(8), 721-737.

http://dx.doi.org/10.1038/sj.mp.4001362

Krystal, J.H.; Sanacora, G.; Blumberg, H.; Anand, A.; Charney,
D.S.; Marek, G.; Epperson, C.N.; Goddard, A.; Mason, G.F. Glu-
tamate and GABA systems as targets for novel antidepressant and
mood-stabilizing treatments. Mol. Psychiatry, 2002, 7(S1)(Suppl.
1), S71-S80.

http://dx.doi.org/10.1038/sj.mp.4001021 PMID: 11986998
Faria-Pereira, A.; Morais, V.A. Synapses: The brain’s energy-
demanding sites. Int. J. Mol. Sci., 2022, 23(7), 3627.
http://dx.doi.org/10.3390/ijms23073627 PMID: 35408993
Kullmann, S.; Heni, M.; Hallschmid, M.; Fritsche, A.; Preissl, H.;
Héring, H.U. Brain insulin resistance at the crossroads of metabolic
and cognitive disorders in humans. Physiol. Rev., 2016, 96(4),
1169-1209.

http://dx.doi.org/10.1152/physrev.00032.2015 PMID: 27489306
Butterfield, D.A.; Di Domenico, F.; Barone, E. Elevated risk of
type 2 diabetes for development of Alzheimer disease: A key role
for oxidative stress in brain. Biochim. Biophys. Acta Mol. Basis
Dis., 2014, 1842(9), 1693-1706.
http://dx.doi.org/10.1016/j.bbadis.2014.06.010 PMID: 24949886
Arvanitakis, Z.; Wilson, R.S.; Bienias, J.L.; Evans, D.A.; Bennett,
D.A. Diabetes mellitus and risk of Alzheimer disease and decline in
cognitive function. Arch. Neurol., 2004, 61(5), 661-666.
http://dx.doi.org/10.1001/archneur.61.5.661 PMID: 15148141
Kroner, Z. The relationship between Alzheimer’s disease and dia-
betes: Type 3 diabetes? Altern. Med. Rev., 2009, 14(4), 373-379.
PMID: 20030463

Abolhassani, N.; Leon, J.; Sheng, Z.; Oka, S.; Hamasaki, H.; Iwaki,
T.; Nakabeppu, Y. Molecular pathophysiology of impaired glucose
metabolism, mitochondrial dysfunction, and oxidative DNA dam-
age in Alzheimer's disease brain. Mech. Ageing Dev., 2017, 161(pt
A), 95-104.

http://dx.doi.org/10.1016/j.mad.2016.05.005

Winkler, E.A.; Nishida, Y.; Sagare, A.P.; Rege, S.V.; Bell, R.D;
Perlmutter, D.; Sengillo, J.D.; Hillman, S.; Kong, P.; Nelson, A.R.;
Sullivan, J.S.; Zhao, Z.; Meiselman, H.J.; Wenby, R.B.; Soto, J.;
Abel, E.D.; Makshanoff, J.; Zuniga, E.; De Vivo, D.C.; Zlokovic,
B.V. GLUTI reductions exacerbate Alzheimer’s disease vasculo-
neuronal dysfunction and degeneration. Nat. Neurosci., 2015,
18(4), 521-530.

http://dx.doi.org/10.1038/1n1.3966 PMID: 25730668



768 Current Neuropharmacology, 2025, Vol. 23, No. 7

(81]

(82]

(83]

(84]

[85]

(86]

(87]

(88]

(89]

[90]

[91]

[92]

[93]

[94]

[95]

Stincone, A.; Prigione, A.; Cramer, T.; Wamelink, M.M.C.; Camp-
bell, K.; Cheung, E.; Olin-Sandoval, V.; Griining, N.M.; Kriiger,
A.; Taugeer Alam, M.; Keller, M.A.; Breitenbach, M.; Brindle,
K.M.; Rabinowitz, J.D.; Ralser, M. The return of metabolism: Bio-
chemistry and physiology of the pentose phosphate pathway. Biol.
Rev. Camb. Philos. Soc., 2015, 90(3), 927-963.
http://dx.doi.org/10.1111/brv.12140 PMID: 25243985

Tiwari, M. Glucose 6 phosphatase dehydrogenase (G6PD) and
neurodegenerative disorders: Mapping diagnostic and therapeutic
opportunities. Genes Dis., 2017, 4(4), 196-203.
http://dx.doi.org/10.1016/j.gendis.2017.09.001 PMID: 30258923
Galizzi, G.; Di Carlo, M. Insulin and its key role for mitochondrial
function/dysfunction and quality control: A shared link between
dysmetabolism and neurodegeneration. Biology (Basel), 2022,
11(6), 943.

http://dx.doi.org/10.3390/biology 11060943 PMID: 35741464

Jha, S.K.; Jha, N.K.; Kumar, D.; Ambasta, R.K.; Kumar, P. Link-
ing mitochondrial dysfunction, metabolic syndrome and stress sig-
naling in Neurodegeneration. Biochim. Biophys. Acta Mol. Basis
Dis., 2017, 1863(5), 1132-1146.
http://dx.doi.org/10.1016/j.bbadis.2016.06.015 PMID: 27345267
Kapogiannis, D.; Mattson, M.P. Disrupted energy metabolism and
neuronal circuit dysfunction in cognitive impairment and Alz-
heimer’s disease. Lancet Neurol., 2011, 10(2), 187-198.
http://dx.doi.org/10.1016/S1474-4422(10)70277-5 PMID:
21147038

Gonzalez, A.; Calfio, C.; Churruca, M.; Maccioni, R.B. Glucose
metabolism and AD: Evidence for a potential diabetes type 3. A/z-
heimers Res. Ther., 2022, 14(1), 56.
http://dx.doi.org/10.1186/513195-022-00996-8 PMID: 35443732
Bosco, D.; Fava, A.; Plastino, M.; Montalcini, T.; Pujia, A. Possi-
ble implications of insulin resistance and glucose metabolism in
Alzheimer’s disease pathogenesis. J. Cell. Mol. Med., 2011, 15(9),
1807-1821.

http://dx.doi.org/10.1111/j.1582-4934.2011.01318.x PMID:
21435176

Saltiel, A.R.; Kahn, C.R. Insulin signalling and the regulation of
glucose and lipid metabolism. Nature, 2001, 414(6865), 799-806.
http://dx.doi.org/10.1038/414799a PMID: 11742412

Leto, D.; Saltiel, A.R. Regulation of glucose transport by insulin:
Traffic control of GLUT4. Nat. Rev. Mol. Cell Biol., 2012, 13(6),
383-396.

http://dx.doi.org/10.1038/nrm3351 PMID: 22617471

Banks, W.A.; Rhea, E.M. The blood-brain barrier, oxidative stress,
and insulin resistance. Antioxidants, 2021, 10(11), 1695.
http://dx.doi.org/10.3390/antiox 10111695 PMID: 34829566
Blazquez, E.; Hurtado-Carneiro, V.; LeBaut-Ayuso, Y.; Velazquez,
E.; Garcia-Garcia, L.; Gémez-Oliver, F.; Ruiz-Albusac, J.M.; Avi-
la, J.; Pozo, M.A. Significance of brain glucose hypometabolism,
altered insulin signal transduction, and insulin resistance in several
neurological diseases. Front. Endocrinol. (Lausanne), 2022, 13,
873301.

http://dx.doi.org/10.3389/fendo.2022.873301 PMID: 35615716
Arnold, S.E.; Arvanitakis, Z.; Macauley-Rambach, S.L.; Koenig,
AM.; Wang, H.Y.; Ahima, R.S.; Craft, S.; Gandy, S.; Buettner, C.;
Stoeckel, L.E.; Holtzman, D.M.; Nathan, D.M. Brain insulin re-
sistance in type 2 diabetes and Alzheimer disease: Concepts and
conundrums. Nat. Rev. Neurol., 2018, 14(3), 168-181.
http://dx.doi.org/10.1038/nrneurol.2017.185 PMID: 29377010

de la Monte, S.M. Brain insulin resistance and deficiency as thera-
peutic targets in Alzheimer’s disease. Curr. Alzheimer Res., 2012,
9(1), 35-66.

http://dx.doi.org/10.2174/156720512799015037 PMID: 22329651
Blazquez, E.; Velazquez, E.; Hurtado-Carneiro, V.; Ruiz-Albusac,
J.M. Insulin in the brain: Its pathophysiological implications for
States related with central insulin resistance, type 2 diabetes and
Alzheimer’s disease. Front. Endocrinol. (Lausanne), 2014, 5, 161.
http://dx.doi.org/10.3389/fendo.2014.00161 PMID: 25346723
Spielman, L.J.; Little, J.P.; Klegeris, A. Inflammation and insu-
lin/IGF-1 resistance as the possible link between obesity and neu-
rodegeneration. J. Neuroimmunol., 2014, 273(1-2), 8-21.
http://dx.doi.org/10.1016/j.jneuroim.2014.06.004 PMID: 24969117

[96]

[97]

(98]

[99]

[100]

[1o01]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

(11

[112]

Yang et al.

Sims-Robinson, C.; Kim, B.; Rosko, A.; Feldman, E.L. How does
diabetes accelerate Alzheimer disease pathology? Nat. Rev. Neu-
rol., 2010, 6(10), 551-559.
http://dx.doi.org/10.1038/nrneurol.2010.130 PMID: 20842183
Lauretti, E.; Dincer, O.; Pratico, D. Glycogen synthase kinase-3
signaling in Alzheimer’s disease. Biochim. Biophys. Acta Mol. Cell
Res., 2020, 1867(5), 118664.
http://dx.doi.org/10.1016/j.bbamcr.2020.118664 PMID: 32006534
de la Monte, S.M. Contributions of brain insulin resistance and
deficiency in amyloid-related neurodegeneration in Alzheimer’s
disease. Drugs, 2012, 72(1), 49-66.
http://dx.doi.org/10.2165/11597760-000000000-00000 PMID:
22191795

Yonamine, C.Y.; Michalani, M.L.E.; Moreira, R.J.; Machado, U.F.
Glucose transport and utilization in the hippocampus: From neuro-
physiology to diabetes-related development of dementia. Int. J.
Mol. Sci., 2023, 24(22), 16480.
http://dx.doi.org/10.3390/ijms242216480 PMID: 38003671

Razani, E.; Pourbagheri-Sigaroodi, A.; Safaroghli-Azar, A.; Zoghi,
A.; Shanaki-Bavarsad, M.; Bashash, D. The PI3K/Akt signaling ax-
is in Alzheimer’s disease: A valuable target to stimulate or sup-
press? Cell Stress Chaperones, 2021, 26(6), 871-887.
http://dx.doi.org/10.1007/s12192-021-01231-3 PMID: 34386944
Santiago, J.A.; Karthikeyan, M.; Lackey, M.; Villavicencio, D.;
Potashkin, J.A. Diabetes: A tipping point in neurodegenerative dis-
eases. Trends Mol. Med., 2023, 29(12), 1029-1044.
http://dx.doi.org/10.1016/j.molmed.2023.09.005 PMID: 37827904
Yang, S.; Pascual-Guiral, S.; Ponce, R.; Giménez-Llort, L.; Bal-
trons, M.A.; Arancio, O.; Palacio, J.R.; Clos, V.M.; Yuste, V.J.;
Bayascas, J.R. Reducing the levels of Akt activation by PDKI1
knock-in mutation protects neuronal cultures against synthetic
amyloid-beta peptides. Front. Aging Neurosci., 2018, 9, 435.
http://dx.doi.org/10.3389/fnagi.2017.00435 PMID: 29358916
Sancak, Y.; Thoreen, C.C.; Peterson, T.R.; Lindquist, R.A.; Kang,
S.A.; Spooner, E.; Carr, S.A.; Sabatini, D.M. PRAS40 is an insulin-
regulated inhibitor of the mTORCI protein kinase. Mol. Cell, 2007,
25(6), 903-915.

http://dx.doi.org/10.1016/j.molcel.2007.03.003 PMID: 17386266
Chen, Y.R.; Li, Y.H.; Hsiech, T.C.; Wang, C.M.; Cheng, K.C;
Wang, L.; Lin, T.Y.; Cheung, C.H.A.; Wu, C.L.; Chiang, H. Ag-
ing-induced Akt activation involves in aging-related pathologies
and Af-induced toxicity. Aging Cell, 2019, 18(4), e12989.
http://dx.doi.org/10.1111/acel. 12989 PMID: 31183966

Mueckler, M.; Thorens, B. The SLC2 (GLUT) family of membrane
transporters. Mol. Aspects Med., 2013, 34(2-3), 121-138.
http://dx.doi.org/10.1016/j.mam.2012.07.001 PMID: 23506862
Patching, S.G. Glucose transporters at the blood-brain barrier:
Function, regulation and gateways for drug delivery. Mol. Neuro-
biol., 2017, 54(2), 1046-1077.
http://dx.doi.org/10.1007/512035-015-9672-6 PMID: 26801191
Kyrtata, N.; Emsley, H.C.A.; Sparasci, O.; Parkes, L.M.; Dickie,
B.R. A systematic review of glucose transport alterations in Alz-
heimer’s disease. Front. Neurosci., 2021, 15, 626636.
http://dx.doi.org/10.3389/fnins.2021.626636 PMID: 34093108
Peng, W.; Tan, C.; Mo, L.; Jiang, J.; Zhou, W.; Du, J.; Zhou, X_;
Liu, X.; Chen, L. Glucose transporter 3 in neuronal glucose metab-
olism: Health and diseases. Metabolism, 2021, 123, 154869.
http://dx.doi.org/10.1016/j.metabol.2021.154869 PMID: 34425073
Szablewski, L. Glucose transporters in brain: In health and in Alz-
heimer’s disease. J. Alzheimers Dis., 2016, 55(4), 1307-1320.
http://dx.doi.org/10.3233/JAD-160841 PMID: 27858715

Lang, U.E.; Borgwardt, S. Molecular mechanisms of depression:
Perspectives on new treatment strategies. Cell. Physiol. Biochem.,
2013, 31(6), 761-7717.

http://dx.doi.org/10.1159/000350094 PMID: 23735822

Qiu, W.; Cai, X.; Zheng, C.; Qiu, S.; Ke, H.; Huang, Y. Update on
the relationship between depression and neuroendocrine metabo-
lism. Front. Neurosci., 2021, 15, 728810.
http://dx.doi.org/10.3389/fnins.2021.728810 PMID: 34531719
Akbaraly, T.N.; Kumari, M.; Head, J.; Ritchie, K.; Ancelin, M.L.;
Tabak, A.G.; Brunner, E.; Chaudieu, I.; Marmot, M.G.; Ferrie, J.E.;
Shipley, M.J.; Kivimiki, M. Glycemia, insulin resistance, insulin
secretion, and risk of depressive symptoms in middle age. Diabetes
Care, 2013, 36(4), 928-934.



Glucose Metabolic Abnormality

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

http://dx.doi.org/10.2337/dc12-0239 PMID: 23230097

Zou, X.H.; Sun, L.H.; Yang, W.; Li, B.J.; Cui, R.J. Potential role of
insulin on the pathogenesis of depression. Cell Prolif., 2020, 53(5),
¢12806.

http://dx.doi.org/10.1111/cpr.12806 PMID: 32281722

Lee, S.H.; Zabolotny, J.M.; Huang, H.; Lee, H.; Kim, Y.B. Insulin
in the nervous system and the mind: Functions in metabolism,
memory, and mood. Mol. Metab., 2016, 5(8), 589-601.
http://dx.doi.org/10.1016/j.molmet.2016.06.011 PMID: 27656397
Lemche, E.; Chaban, O.S.; Lemche, A.V. Neuroendocrinological
and epigenetic mechanisms subserving autonomic imbalance and
HPA dysfunction in the metabolic syndrome. Front. Neurosci.,
2016, 10, 142.

http://dx.doi.org/10.3389/fnins.2016.00142 PMID: 27147943
Leonard, B.E.; Wegener, G. Inflammation, insulin resistance and
neuroprogression in depression. Acta Neuropsychiatr., 2020, 32(1),
1-9.

http://dx.doi.org/10.1017/neu.2019.17 PMID: 31186075

Pariante, C.M.; Lightman, S.L. The HPA axis in major depression:
Classical theories and new developments. Trends Neurosci., 2008,
31(9), 464-468.

http://dx.doi.org/10.1016/j.tins.2008.06.006 PMID: 18675469
Guerry, J.D.; Hastings, P.D. In search of HPA axis dysregulation in
child and adolescent depression. Clin. Child Fam. Psychol. Rev.,
2011, 74(2), 135-160.
http://dx.doi.org/10.1007/s10567-011-0084-5 PMID: 21290178
Gold, P.W. The organization of the stress system and its dysregula-
tion in depressive illness. Mol. Psychiatry, 2015, 20(1), 32-47.
http://dx.doi.org/10.1038/mp.2014.163 PMID: 25486982

Burke, H.M.; Davis, M.C.; Otte, C.; Mohr, D.C. Depression and
cortisol responses to psychological stress: A meta-analysis. Psy-
choneuroendocrinology, 2005, 30(9), 846-856.
http://dx.doi.org/10.1016/j.psyneuen.2005.02.010 PMID: 15961250
Mello, A.AF.; Mello, M.F.; Carpenter, L.L.; Price, L.H. Update on
stress and depression: The role of the hypothalamic-pituitary-
adrenal (HPA) axis. Rev. Bras. Psiquiatr., 2003, 25(4), 231-238.
http://dx.doi.org/10.1590/S1516-44462003000400010 PMID:
15328550

Brown, E.; Rush, A.J.; McEwen, B.S. Hippocampal remodeling
and damage by corticosteroids: Implications for mood disorders.
Neuropsychopharmacology, 1999, 21(4), 474-484.
http://dx.doi.org/10.1016/S0893-133X(99)00054-8 PMID:
10481830

Bjorntorp, P. Neuroendocrine perturbations as a cause of insulin
resistance. Diabetes Metab. Res. Rev., 1999, 15(6), 427-441.
http://dx.doi.org/10.1002/(SICI)1520-

7560(199911/12)15:6<427:: AID-DMRR68>3.0.CO;2-C PMID:
10634968

Vyas, S.; Maatouk, L. Contribution of glucocorticoids and gluco-
corticoid receptors to the regulation of neurodegenerative process-
es. CNS Neurol. Disord. Drug Targets, 2013, 12(8), 1175-1193.
PMID: 24040816

Cardoso, S.; Carvalho, C.; Correia, S.C.; Sei¢a, R.M.; Moreira, P.I.
Alzheimer’s disease: From mitochondrial perturbations to mito-
chondrial medicine. Brain Pathol., 2016, 26(5), 632-647.
http://dx.doi.org/10.1111/bpa.12402 PMID: 27327899

Ashleigh, T.; Swerdlow, R.H.; Beal, M.F. The role of mitochondri-
al dysfunction in Alzheimer’s disease pathogenesis. Alzheimers
Dement., 2023, 19(1), 333-342.

http://dx.doi.org/10.1002/alz.12683 PMID: 35522844

Wang, W.; Zhao, F.; Ma, X.; Perry, G.; Zhu, X. Mitochondria
dysfunction in the pathogenesis of Alzheimer’s disease: Recent ad-
vances. Mol. Neurodegener., 2020, 15(1), 30.
http://dx.doi.org/10.1186/513024-020-00376-6 PMID: 32471464
Cenini, G.; Lloret, A.; Cascella, R. Oxidative stress in neurodegen-
erative diseases: From a mitochondrial point of view. Oxid. Med.
Cell. Longev., 2019, 2019, 1-18.
http://dx.doi.org/10.1155/2019/2105607 PMID: 31210837

Perry, V.H. Contribution of systemic inflammation to chronic
neurodegeneration. Acta Neuropathol., 2010, 120(3), 277-286.
http://dx.doi.org/10.1007/s00401-010-0722-x PMID: 20644946
Circu, M.L.; Aw, T.Y. Reactive oxygen species, cellular redox
systems, and apoptosis. Free Radic. Biol. Med., 2010, 48(6), 749-
762.

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

Current Neuropharmacology, 2025, Vol. 23, No. 7 769

http://dx.doi.org/10.1016/j.freeradbiomed.2009.12.022 PMID:
20045723

Bai, R.; Guo, J.; Ye, X.Y.; Xie, Y.; Xie, T. Oxidative stress: The
core pathogenesis and mechanism of Alzheimer’s disease. Ageing
Res. Rev., 2022, 77,101619.
http://dx.doi.org/10.1016/j.arr.2022.101619 PMID: 35395415
Tamagno, E.; Guglielmotto, M.; Vasciaveo, V.; Tabaton, M. Oxi-
dative stress and beta amyloid in Alzheimer’s disease. which comes
first: The chicken or the egg? Antioxidants, 2021, 10(9), 1479.
http://dx.doi.org/10.3390/antiox10091479 PMID: 34573112
Tarafdar, A.; Pula, G. The role of NADPH oxidases and oxidative
stress in neurodegenerative disorders. Int. J. Mol. Sci., 2018,
19(12), 3824.

http://dx.doi.org/10.3390/ijms 19123824 PMID: 30513656

Luca, M.; Luca, A.; Calandra, C. The role of oxidative damage in
the pathogenesis and progression of Alzheimer’s disease and vas-
cular dementia. Oxid. Med. Cell. Longev., 2015, 2015, 1-8.
http://dx.doi.org/10.1155/2015/504678 PMID: 26301043

Kozlov, A.V.; Javadov, S.; Sommer, N. Cellular ROS and antioxi-
dants: Physiological and pathological role. Antioxidants, 2024,
13(5), 602.

http://dx.doi.org/10.3390/antiox 13050602 PMID: 38790707
Casado, A.; Encarnacion Lopez-Fernandez, M.; Concepcion
Casado, M.; de La Torre, R. Lipid peroxidation and antioxidant en-
zyme activities in vascular and Alzheimer dementias. Neurochem.
Res., 2008, 33(3), 450-458.
http://dx.doi.org/10.1007/s11064-007-9453-3 PMID: 17721818
Pocernich, C.B.; Lange, M.L.; Sultana, R.; Butterfield, D.A. Nutri-
tional approaches to modulate oxidative stress in Alzheimer’s dis-
ease. Curr. Alzheimer Res., 2011, 8(5), 452-469.
http://dx.doi.org/10.2174/156720511796391908 PMID: 21605052
Bhatt, S.; Nagappa, A.N.; Patil, C.R. Role of oxidative stress in
depression. Drug Discov. Today, 2020, 25(7), 1270-1276.
http://dx.doi.org/10.1016/j.drudis.2020.05.001 PMID: 32404275
Poljsak, B. Strategies for reducing or preventing the generation of
oxidative stress. Oxid. Med. Cell. Longev., 2011, 2011, 1-15.
http://dx.doi.org/10.1155/2011/194586 PMID: 22191011

Elsayed Azab, A.; A Adwas, A.; Ibrahim Elsayed, A.S.; A Adwas,
A.; Tbrahim Elsayed, A.S.; Quwaydir, F.A. Oxidative stress and an-
tioxidant mechanisms in human body. J. Biotochnol. Bioeng., 2019,
6(1), 43-47.

http://dx.doi.org/10.15406/jabb.2019.06.00173

Teleanu, R.I.; Niculescu, A.G.; Roza, E.; Vladacenco, O.; Grume-
zescu, A.M.; Teleanu, D.M. Neurotransmitters-key factors in neu-
rological and neurodegenerative disorders of the central nervous
system. Int. J. Mol. Sci., 2022, 23(11), 5954.
http://dx.doi.org/10.3390/ijms23115954 PMID: 35682631
Jiménez-Fernandez, S.; Gurpegui, M.; Diaz-Atienza, F.; Pérez-
Costillas, L.; Gerstenberg, M.; Correll, C.U. Oxidative stress and
antioxidant parameters in patients with major depressive disorder
compared to healthy controls before and after antidepressant treat-
ment: Results from a meta-analysis. J. Clin. Psychiatry, 2015,
76(12), 1658-1667.

http://dx.doi.org/10.4088/JCP.14r09179 PMID: 26579881

Nobis, A.; Zalewski, D.; Waszkiewicz, N. Peripheral markers of
depression. J. Clin. Med., 2020, 9(12), 3793.
http://dx.doi.org/10.3390/jcm9123793 PMID: 33255237

Wu, H.; Denna, T.H.; Storkersen, J.N.; Gerriets, V.A. Beyond a
neurotransmitter: The role of serotonin in inflammation and im-
munity. Pharmacol. Res., 2019, 140, 100-114.
http://dx.doi.org/10.1016/j.phrs.2018.06.015 PMID: 29953943
Maydych, V. The interplay between stress, inflammation, and
emotional attention: Relevance for depression. Front. Neurosci.,
2019, /3, 384.

http://dx.doi.org/10.3389/fnins.2019.00384 PMID: 31068783

Kim, Y.K.; Na, K.S.; Myint, A.M.; Leonard, B.E. The role of pro-
inflammatory cytokines in neuroinflammation, neurogenesis and
the neuroendocrine system in major depression. Prog. Neuropsy-
chopharmacol. Biol. Psychiatry, 2016, 64, 277-284.
http://dx.doi.org/10.1016/j.pnpbp.2015.06.008 PMID: 26111720
Hanisch, U.K. Microglia as a source and target of cytokines. Glia,
2002, 40(2), 140-155.

http://dx.doi.org/10.1002/glia.10161 PMID: 12379902



770 Current Neuropharmacology, 2025, Vol. 23, No. 7

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

Kim, Y.K.; Won, E. The influence of stress on neuroinflammation
and alterations in brain structure and function in major depressive
disorder. Behav. Brain Res., 2017, 329, 6-11.
http://dx.doi.org/10.1016/j.bbr.2017.04.020 PMID: 28442354
Khansari, N.; Shakiba, Y.; Mahmoudi, M. Chronic inflammation
and oxidative stress as a major cause of age-related diseases and
cancer. Recent Pat. Inflamm. Allergy Drug Discov., 2009, 3(1), 73-
80.

http://dx.doi.org/10.2174/187221309787158371 PMID: 19149749
Chan, K.L.; Cathomas, F.; Russo, S.J. Central and peripheral in-
flammation link metabolic syndrome and major depressive disor-
der. Physiology (Bethesda), 2019, 34(2), 123-133.
http://dx.doi.org/10.1152/physiol.00047.2018 PMID: 30724127
Koéhler, C.A.; Freitas, T.H.; Maes, M.; de Andrade, N.Q.; Liu, C.S.;
Fernandes, B.S.; Stubbs, B.; Solmi, M.; Veronese, N.; Herrmann,
N.; Raison, C.L.; Miller, B.J.; Lanctot, K.L.; Carvalho, A.F. Pe-
ripheral cytokine and chemokine alterations in depression: A meta-
analysis of 82 studies. Acta Psychiatr. Scand., 2017, 135(5), 373-
387.

http://dx.doi.org/10.1111/acps.12698 PMID: 28122130

Mehdi, S.; Wani, S.U.D.; Krishna, K.L.; Kinattingal, N.; Roohi,
T.F. A review on linking stress, depression, and insulin resistance
via low-grade chronic inflammation. Biochem. Biophys. Rep.,
2023, 36, 101571.

http://dx.doi.org/10.1016/j.bbrep.2023.101571 PMID: 37965066
Gong, X.; Chang, R.; Zou, J.; Tan, S.; Huang, Z. The role and
mechanism of tryptophan — kynurenine metabolic pathway in de-
pression. Rev. Neurosci., 2023, 34(3), 313-324.
http://dx.doi.org/10.1515/revneuro-2022-0047 PMID: 36054612
dos Santos, H.M.; Bertollo, A.G.; Mingoti, M.E.D.; Grolli, R.E.;
Kreuz, K.M.; Ignécio, Z.M. Dementia and depression: Biological
connections with amyloid B protein. Basic Clin. Pharmacol. Toxi-
col., 2024, 134(5), 563-573.

http://dx.doi.org/10.1111/bcpt. 13996 PMID: 38459754
Canton-Habas, V.; Rich-Ruiz, M.; Romero-Saldafia, M.; Carrera-
Gonzalez, M.P. Depression as a risk factor for dementia and Alz-
heimer’s disease. Biomedicines, 2020, 8(11), 457.
http://dx.doi.org/10.3390/biomedicines8110457 PMID: 33126696
Byers, A.L.; Yaffe, K. Depression and risk of developing dementia.
Nat. Rev. Neurol., 2011, 7(6), 323-331.
http://dx.doi.org/10.1038/nrneurol.2011.60 PMID: 21537355
Correia, A.S.; Cardoso, A.; Vale, N. Highlighting immune system
and stress in major depressive disorder, parkinson’s, and Alz-
heimer’s diseases, with a connection with serotonin. Intz. J. Mol.
Sci., 2021, 22(16), 8525.

http://dx.doi.org/10.3390/ijms22168525 PMID: 34445231
Rodrigues, R.; Petersen, R.B.; Perry, G. Parallels between major
depressive disorder and Alzheimer’s disease: Role of oxidative
stress and genetic vulnerability. Cell. Mol. Neurobiol., 2014, 34(7),
925-949.

http://dx.doi.org/10.1007/s10571-014-0074-5 PMID: 24927694
Zhan, Q.; Kong, F.; Shao, S.; Zhang, B.; Huang, S. Pathogenesis of
depression in Alzheimer’s disease. Neurochem. Res., 2024, 49(3),
548-556.

http://dx.doi.org/10.1007/s11064-023-04061-0 PMID: 38015411
Ouanes, S.; Popp, J. High cortisol and the risk of dementia and
Alzheimer’s disease: A review of the literature. Front. Aging Neu-
rosci., 2019, 11, 43.

http://dx.doi.org/10.3389/fnagi.2019.00043 PMID: 30881301
Benarroch, E.E. Glutamatergic synaptic plasticity and dysfunction
in Alzheimer disease. Neurology, 2018, 91(3), 125-132.
http://dx.doi.org/10.1212/WNL.0000000000005807 PMID:
29898976

[162]

[163]

[164]

[165]

[166]

[167]

[168]

[169]

[170]

(171

[172]

[173]

Yang et al.

Bisht, K.; Sharma, K.; Tremblay, M.E. Chronic stress as a risk
factor for Alzheimer’s disease: Roles of microglia-mediated synap-
tic remodeling, inflammation, and oxidative stress. Neurobiol.
Stress, 2018, 9, 9-21.

http://dx.doi.org/10.1016/j.ynstr.2018.05.003 PMID: 29992181
Bremner, J.D.; Narayan, M.; Anderson, E.R.; Staib, L.H.; Miller,
H.L.; Charney, D.S. Hippocampal volume reduction in major de-
pression. Am. J. Psychiatry, 2000, 157(1), 115-118.
http://dx.doi.org/10.1176/ajp.157.1.115 PMID: 10618023

Kumar, P.; Nesakumar, N.; Gopal, J.; Sivasubramanian, S.; Vedan-
tham, S.; Rayappan, J.B.B. Clinical validation of electrochemical
biosensor for the detection of methylglyoxal in subjects with type-2
diabetes mellitus. Bioelectrochemistry, 2024, 155, 108601.
http://dx.doi.org/10.1016/j.bioelechem.2023.108601 PMID:
37951008

Szczepanik, J.C.; de Almeida, G.R.L.; Cunha, M.P.; Dafre, A.L.
Repeated methylglyoxal treatment depletes dopamine in the pre-
frontal cortex, and causes memory impairment and depressive-like
behavior in mice. Neurochem. Res., 2020, 45(2), 354-370.
http://dx.doi.org/10.1007/s11064-019-02921-2 PMID: 31786717

de Almeida, G.R.L.; Szczepanik, J.C.; Selhorst, I.; Schmitz, A.E.;
dos Santos, B.; Cunha, M.P.; Heinrich, I.A.; de Paula, G.C.; De
Bem, A.F.; Leal, R.B.; Dafre, A.L. Methylglyoxal-mediated dopa-
mine depletion, working memory deficit, and depression-like be-
havior are prevented by a dopamine/noradrenaline reuptake inhibi-
tor. Mol. Neurobiol., 2021, 58(2), 735-749.
http://dx.doi.org/10.1007/s12035-020-02146-3 PMID: 33011857
Patil, G.; Kulsange, S.; Kazi, R.; Chirmade, T.; Kale, V.; Mote, C.;
Aswar, M.; Koratkar, S.; Agawane, S.; Kulkarni, M. Behavioral
and proteomic studies reveal methylglyoxal activate pathways as-
sociated with Alzheimer’s disease. ACS Pharmacol. Transl. Sci.,
2023, 6(1), 65-75.

http://dx.doi.org/10.1021/acsptsci.2c00143 PMID: 36654748
Zhang, L.; Luo, L.; Xue, L.; Ran, D.; Yang, F.; Tang, Q.; Jiang, W.
RAGE signaling pathway is involved in CUS-induced depression-
like behaviors by regulating the expression of NR2A and NR2B in
rat hippocampus DG. Exp. Neurol., 2023, 361, 114299.
http://dx.doi.org/10.1016/j.expneurol.2022.114299 PMID:
36521778

Kothandan, D.; Singh, D.S.; Yerrakula, G. Advanced glycation end
products-induced Alzheimer's disease and its novel therapeutic ap-
proaches: A comprehensive review. cureus, 2024, 16(5), e61373.
http://dx.doi.org/10.7759/cureus.61373

Zhang, W.; Zhao, C.; Wang, C.; Xie, X.; Li, Y.; Chen, B.; Feng, L.;
Jiang, P. Methylglyoxal accumulation contributes to accelerated
brain aging in spontaneously hypertensive rats. Free Radic. Biol.
Med., 2024, 210, 108-119.
http://dx.doi.org/10.1016/j.freeradbiomed.2023.11.012 PMID:
37984752

de Melo, L.G.P.; Nunes, S.0.V.; Anderson, G.; Vargas, H.O;
Barbosa, D.S.; Galecki, P.; Carvalho, A.F.; Maes, M. Shared meta-
bolic and immune-inflammatory, oxidative and nitrosative stress
pathways in the metabolic syndrome and mood disorders. Prog.
Neuropsychopharmacol. Biol. Psychiatry, 2017, 78, 34-50.
http://dx.doi.org/10.1016/j.pnpbp.2017.04.027 PMID: 28438472
Peng, T.; Yang, Y.; Ma, J.; Xu, P.; Xie, X.; Hu, N.; Yan, Y. De-
mentia and metabolic syndrome: A bibliometric analysis. Front.
Aging Neurosci., 2024, 16, 1400589.
http://dx.doi.org/10.3389/fhagi.2024.1400589 PMID: 38934020
Anderson, G. Depression pathophysiology: Astrocyte mitochondri-
al melatonergic pathway as crucial hub. Int. J. Mol. Sci., 2022,
24(1), 350.

http://dx.doi.org/10.3390/ijms24010350 PMID: 36613794



	Glucose Metabolic Abnormality: A Crosstalk between Depression andAlzheimer’s Disease
	Abstract:
	Keywords:
	1. INTRODUCTION
	2. PATHOLOGICAL FEATURES OF ALZHEIMER’SDISEASE AND DEPRESSION
	Fig. (1).
	Fig. (2).
	Fig. (3)
	Fig. (5)
	CONCLUSION
	AUTHORS' CONTRIBUTIONS
	LIST OF ABBREVIATIONS
	CONSENT FOR PUBLICATION
	CONFLICT OF INTEREST
	ACKNOWLEDGEMENTS
	REFERENCES



