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Abstract: Both the brain-derived neurotrophic factor (BDNF) and glucocorticoids (GCs) play multiple
roles in various aspects of neurons, including cell survival and synaptic function. BDNF and its
receptor TrkB are extensively expressed in neurons of the central nervous system (CNS), and the
contribution of the BDNF/TrkB system to neuronal function is evident; thus, its downregulation
has been considered to be involved in the pathogenesis of Alzheimer’s disease (AD). GCs, stress-
related molecules, and glucocorticoid receptors (GRs) are also considered to be associated with AD in
addition to mental disorders such as depression. Importantly, a growing body of evidence suggests
a close relationship between BDNF/TrkB-mediated signaling and the GCs/GR system in the CNS.
Here, we introduce the current studies on the interaction between the neurotrophic system and stress
in CNS neurons and discuss their involvement in the pathophysiology of AD.
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glucocorticoids; GR; depression; Alzheimer’s disease

1. Introduction

In the mammalian brain, the brain-derived neurotrophic factor, BDNF, which is the
most extensively studied neurotrophins, has been recognized as a critical player in pro-
moting neuronal survival and differentiation as well as regulating synaptic plasticity. A
growing body of evidence indicates that the protective effects of BDNF against neural dam-
age in the central nervous system (CNS) occur by activating TrkB, a high affinity receptor
for BDNF, although its precursor molecule, proBDNF, binding to p75NTR, which is the first
identified common receptor for neurotrophins, including the nerve growth factor (NGF),
neurotrophin-3 (NT-3), and neurotrophin-4 (NT-4), also negatively affects neuronal aspects
such as neuronal survival and functions [1–3]. The critical involvement of BDNF/TrkB-
mediated signaling, such as phospholipase Cγ (PLCγ)-, PI3k/Akt-, and ERK-signaling in
the neuro- and glio-genesis, as well as in synaptic function, is highlighted [4]. As expected,
in addition to experimental research studies, clinical evidence also shows that the alter-
ation in BDNF levels in neurodegenerative diseases can be a promising biomarker in most
neurodegenerative conditions and neurodegenerative diseases, including Alzheimer’s
disease (AD) [5]. Furthermore, it has been demonstrated that apoptotic elements, which
are considered responsible for manifestations linked to the pathophysiology of AD, inter-
act with various signaling molecules, including BDNF/TrkB, and downstream signaling
pathways [6]. Also, clinical and preclinical research demonstrates that the alteration of
BDNF/TrkB-mediated signaling is involved in the pathology of depression [7].

In order to cope with a broad spectrum of stressful stimuli, the hypothalamic–pituitary–
adrenal (HPA) axis functions as a critical neuroendocrine system. The regulation of blood
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concentrations of glucocorticoids (GCs), which are secreted from the adrenal glands on top
of the kidneys, is achieved through the negative feedback mechanism of the HPA axis, while
abnormally increased GC levels may be induced under a chronic stressful condition and
cause dysfunction of the brain. Importantly, it has been known that uncontrollable stress
influences the hippocampus at various levels, for example, hippocampus-dependent mem-
ory tasks and synaptic plasticity [8]. Structurally, studies have shown that stress changes
neuronal morphology and reduces neuronal proliferation and hippocampal volume [8].
Such dysregulation of the HPA axis has been suggested to be involved in the pathogenesis
of not only mental disorders but also AD [9]. As expected, a variety of studies show that
GCs affect neurons and induce neurobiological changes (molecular and cellular levels) via
activation of their receptors, the glucocorticoid receptor (GR), or the mineralocorticoid
receptor (MR). Therefore, studies on the influence of GCs on neuronal aspects such as cell
proliferation and cell survival, neurogenesis, synaptic function, genetic vulnerability, and
epigenetic alterations are extensively performed to clarify the basis of brain diseases [10].
In this review, we introduce current studies concerning the possible interaction of the
BDNF/TrkB system with GCs/receptor functions in the CNS neurons. Furthermore, we
discuss the involvement of the interplay of BDNF and GCs in the pathophysiology of AD.

2. BDNF/TrkB System in Neuronal Function

BDNF is a member of the neurotrophin family, which consists of NGF, NT-3, and
NT-4, and is most widely distributed in the mammalian brain, playing multiple roles in
synaptic plasticity. Each neurotrophin has a high-affinity receptor. NGF binds to TrkA with
high affinity. Similarly, both BDNF and NT-4 bind to TrkB, and NT-3 also binds to TrkC
with high affinity. As a common receptor, p75NTR also associates with all neurotrophins
and contributes to neuronal responses such as cell death, although the Trks have been
considered to be involved in a variety of positive effects, including cell survival and synaptic
regulation [11]. Importantly, when BDNF binds to the high-affinity receptor, mainly TrkB,
three signaling pathways, including PLCγ, PI3k/Akt-, and ERK-signaling, are activated to
affect neuronal events such as synaptic transmission (see Figure 1). Because the BDNF/TrkB
system has critical roles in the various brain regions, including hippocampal and cortical
areas, which are required for learning and memory functions, it is demonstrated that
the downregulation of the BDNF/TrkB system has a link to the pathogenesis of various
brain diseases, including AD and mental disorders. In the embryonic and adult stages, an
important contribution of BDNF/TrkB to neurogenesis is well recognized, and the changed
neurogenesis is also associated with the pathophysiology of these brain diseases [12]. It is
well known that these TrkB-dependent signaling pathways and resultant neural cell events
are stimulated by mature (processed) BDNF. Firstly, the BDNF molecule is translated as
a precursor protein, proBDNF, and it is further cleaved into the small mature molecule
that binds to the TrkB receptor with high affinity. In contrast, p75NTR functions as a
high-affinity receptor for proBDNF while having low affinity for mature neurotrophins,
including mature BDNF, and the p75NTR-mediated signaling exerts a negative impact on
neurons, including cell death induction and decreased synaptic function [1–3].

The role of the TrkB.T1 isoform, an alternative splicing of TrkB, is also intensively
studied in this study because of its biological contribution to the CNS [13]. TrkB.T1 isoform
has a truncated C-terminal domain and lacks the intracellular domain of the full-length
receptor TrkB (TrkB.FL), resulting in the loss of autophosphorylation activity, which is
required to trigger intracellular signaling. Recently, the possible involvement of an imbal-
ance between these TrkB isoforms in aberrant signaling and hyperpathia pain has been
demonstrated [13]. The evidence suggests that the truncated receptor, TrkB.T1, is harmful
when it is upregulated in response to an injury or inflammation, although the BDNF/TrkB
(the FL type) system is essential for brain development and maintenance in adulthood,
including contributing to cell survival promotion and the positive regulation of synaptic
function [13]. It is possible that various neuronal responses depend on the expression
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balance of pro/mature BDNF, various TrkB receptor isoforms, and p75NTR in the brain
regions.
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Figure 1. Relationship between the BDNF/TrkB system, glucocorticoids, and HPA axis. Neurotro-
phins, including nerve growth factor (NGF), BDNF, neurotrophin-3 (NT-3), and neurotrophin-4 
(NT-4), are generated as mature forms from the precursor proneurotrophins after receiving proteo-
lytic cleavage. Precursors bind to p75NTR with a high affinity, while mature forms bind to Trks 
preferentially and contribute to cell survival, regulating synaptic plasticity, and neuroprotection via 
activating intracellular signaling pathways (MAPK/ERK-, phospholipase Cγ (PLCγ)-, PI3K/Akt 
pathways).The BDNF/TrkB system is involved in a variety of neuronal events in the CNS. On the 
other hand, released glucocorticoids (GCs) through activation of the hypothalamic–pituitary–ad-
renal axis (HPA axis) also have a role in CNS function, and their levels are regulated via a negative 
feedback action in the HPA axis. GCs are important molecules to cope with stressful conditions; 
however, abnormally increased levels of GCs under chronic stress exert negative impacts on neu-
rons, including the blockade of the BDNF/TrkB system and/or direct suppression of neuronal func-
tions. CRH, corticotropin-releasing hormone; ACTH, adrenocorticotropic hormone. 
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Figure 1. Relationship between the BDNF/TrkB system, glucocorticoids, and HPA axis. Neu-
rotrophins, including nerve growth factor (NGF), BDNF, neurotrophin-3 (NT-3), and neurotrophin-4
(NT-4), are generated as mature forms from the precursor proneurotrophins after receiving prote-
olytic cleavage. Precursors bind to p75NTR with a high affinity, while mature forms bind to Trks
preferentially and contribute to cell survival, regulating synaptic plasticity, and neuroprotection via
activating intracellular signaling pathways (MAPK/ERK-, phospholipase Cγ (PLCγ)-, PI3K/Akt
pathways).The BDNF/TrkB system is involved in a variety of neuronal events in the CNS. On the
other hand, released glucocorticoids (GCs) through activation of the hypothalamic–pituitary –adrenal
axis (HPA axis) also have a role in CNS function, and their levels are regulated via a negative feedback
action in the HPA axis. GCs are important molecules to cope with stressful conditions; however,
abnormally increased levels of GCs under chronic stress exert negative impacts on neurons, including
the blockade of the BDNF/TrkB system and/or direct suppression of neuronal functions. CRH,
corticotropin-releasing hormone; ACTH, adrenocorticotropic hormone.

It was reported that the transplantation of neural stem cells (NSCs) after hypoxic treat-
ment increased the neuronal survival of ChAT (choline acetyltransferase)-positive neurons
in a spinal cord injury (SCI) rat model. In the system, the upregulation of growth factors
including NT-3, glial cell-derived neurotrophic factor (GDNF), and BDNF was observed,
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suggesting that the transplantation of NSCs with hypoxic preconditioning to increase these
trophic factors is an effective strategy for cell-based therapy in the treatment of SCI [14].
Interestingly, a recent study has demonstrated the promotion of axonal remodeling and
restoration of abnormal synaptic structures using adeno-associated virus (AAV) vectors
carrying genes encoding BDNF or TrkB in the stroke model [15]. After the middle cerebral
artery occlusion (MCAO), the stroke rats received a combination therapy with AAV-BDNF
and AAV-TrkB, and they showed significantly improved upper-limb motor functional
recovery and neurotransmission efficiency compared to the AAV vector treatment alone.
It was also revealed that increased levels of synapsin I, postsynaptic density protein 95
(PSD-95), and GAP-43 were achieved by the combination therapy, strongly suggesting the
importance of the BDNF/TrkB system in the functional recovery of an injured CNS [15].

The glial population is also affected by BDNF. Astrocytes have a role in neuronal
survival and differentiation, and they support oligodendrocytes to maintain brain function.
A recent report on astroglial functions has shown that the morphology, physiology, and
survival of both oligodendrocytes and neurons were affected by the astrocytic Methyl-
CpG-Binding Protein 2 (MeCP2). Interestingly, the BDNF mRNA expressions and secreted
BDNF protein levels in astrocytes change after astroglial MeCP2 knockdown [16]. Datta
et al. (2018) showed significant differences in dopaminergic neuronal cell survival co-
cultured with midbrain astrocytes under 6-OHDA stress in comparison to hindbrain and
forebrain astrocytes [17]. They also found that an increased secretion of BDNF in midbrain
astrocytes was noted compared with hindbrain and forebrain astrocytes in the presence
of 6-OHDA, suggesting that astrocytic BDNF contributes to the survival of dopaminergic
neurons [17]. It was revealed that BDNF prevented astroglial cells from apoptosis via
TrkB-T1-dependent intracellular signaling [18]. Interestingly, such an anti-apoptotic action
of BDNF was abolished in the presence of a TrkB antagonist. The activation of signaling
molecules including ERK, Akt, and Src (a non-receptor tyrosine kinase) by BDNF was also
observed, although astrocytes only express TrkB-T1, suggesting the contribution of TrkB-T1
in intracellular signaling for astroglial protection [18]. Furthermore, an upregulation of
TrkB.T1 has been suggested to play a role in the pathogenesis of various neuropathic
disorders [13]. A growing body of evidence suggests roles of elevated TrkB.T1 in astrocytes
and post-injury reactive astrogliosis in multiple CNS injury models [13]. Surprisingly,
Harley et al. (2021) reported that the selective ablation of BDNF in microglia, which are
resident immune cells in the CNS, enhanced the production of newborn neurons under
inflammatory conditions in which LPS (lipopolysaccharide)-induced infections or traumatic
injuries of the brain were conducted [19]. It was revealed that BDNF ablation in microglia
interfered with self-renewal/proliferation and caused a decrease in their overall density,
implying an influence of the microglial BDNF on neurogenesis via regulating microglia
population dynamics and states [19].

In addition, cerebral endothelial cells (CECs), forming the blood –brain barrier (BBB),
are also a potential source for bioactive BDNF and crucial regulators of brain homeosta-
sis [20]. It is reported that endothelial BDNF synthesis/secretion is mainly controlled by
nitric oxide (NO), the best-characterized endothelium-derived factor [21]. Several studies
have demonstrated the physiological roles of cerebral endothelial BDNF, such as neurogen-
esis, neuroprotection, cerebral angiogenesis, and neuroplasticity [21]. It is of importance
that cerebral endothelial BDNF expression is reduced in animal models of hypertension,
diabetes, and rheumatoid arthritis, indicating that diminished endothelial BDNF expression
could be a novel marker of endothelial dysfunction [21]. Various BDNF actions not only in
neuronal and glial cells but also in cerebral microvasculature should be further studied in a
variety of brain regions.

3. Glucocorticoids and Neuronal Functions

It is well known that the function of the HPA axis, which is critically important to cope
with stressful conditions and strictly regulates blood levels of GCs, has been extensively
studied, as dysregulation of the HPA axis has been suggested to be one of the risk factors
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in the pathogenesis of mental disorders and AD [9]. Importantly, secreted GCs from the
adrenal glands, located on top of the kidneys, contribute to regulated blood levels of GCs
via the negative feedback mechanism of the HPA axis. Since the HPA axis is considered a
key endocrine system that has a critical role in the coordination of body-wide changes to
survive stress, a lot of studies are focusing on the relationship between depression and the
dysfunction of the HPA axis [22]. Recent evidence also shows changed neuronal function
of corticotrophin-releasing hormone (CRH) neurons in the paraventricular nucleus of the
hypothalamus (PVN) is involved in stress-related behaviors [22]. Generally, an activation
of the HPA axis, which is required for the secretion of GCs acting on a variety of organs to
cope with stress during the process of adaptation, invokes CRH release from PVN neurons.

The roles of GCs and their receptors, including the glucocorticoids receptor (GR, low
affinity) and mineralocorticoid receptor (MR, high affinity), in the CNS neurons have been
discussed since several neurobiological changes (genetic, epigenetic, molecular, and cellu-
lar levels) caused by released GCs/receptors under chronic stress are closely associated
with negative consequences, including psychiatric disorders. Therefore, in vitro studies
examining the impacts of GCs on neuronal aspects such as cell proliferation and survival,
neurogenesis, neurotransmission, genetic vulnerability, epigenetic alterations, and inflam-
mation are very important [10]. Therefore, in this section, current studies concerning the
contributions of GCs/receptors to neuronal aspects have been introduced.

Recently, Wei et al. (2023) reported a high emotional reactivity of forebrain GR over-
expression mice [23]. They showed a prolonged duration of anxiety behavior and up-
regulation of cFos co-labeling in the calbindin1 + glutamatergic neurons in the ventral
hippocampus CA1 and in the DARPP-32 (dopamine- and cAMP-regulated phosphoprotein
of M(r) 32 kDa) + glutamatergic neurons in the posterior basolateral amygdala after an
optogenetic stimulation in the ventral dentate gyrus of GR overexpression mice [23]. A
study by Dwyer et al. (2023) showed that a novel neurosteroid, NTS-105, has beneficial
effects against traumatic brain injury (TBI). Using organotypic hippocampal slice cultures,
it was revealed that deficits in the hippocampal LTP (long-term potentiation, an important
form of synaptic plasticity) were prevented by post-traumatic administration of NTS-105,
and post-traumatic cell death was also decreased by NTS-105 treatment [24]. Interestingly,
the novel neurosteroid inhibited the activation of the MR and the androgen receptor, while
it was not active at the GR [24]. We recently performed a social reward-conditioned place
preference (SCPP) test using AKR-, BALB/c-, and C57BL/6J-strain mail mice and found
significant anxiety-like and anhedonia-like behaviors in BALB/c mice with downregula-
tion of GR in the nucleus accumbens (NAC), compared with those in AKR and C57BL/6J
strains [25]. We previously reported that GC exposure caused a marked downregulation of
GR in cultured cortical and hippocampal neurons and that the GR downregulation nega-
tively affected synaptic functions, including the release of glutamate while MR expression
was unchanged by GC exposure [26,27], suggesting possible involvement of GR (not MR) in
synaptic regulation. Recently, McCann et al. (2021) reported the highest density of MRs and
MR:GR ratio in the hippocampal CA2 area compared with all other subregions, including
CA1, CA3, and the dentate gyrus (DG), in adult mice [28]. They also found that the MR in
the CA2 area is required for the acquisition of area-specific genes and protein expression in
pyramidal neurons, suggesting important roles for the MR in the hippocampal area [28].

It is recognized that females have higher incidences of affective disorders, includ-
ing anxiety, PTSD, and major depression, although mechanisms under the sex biases
remain unclear. Montgomery et al. (2023) showed an acute activation of the HPA axis
by clozapine-N-oxide (CNO) in the transgenic mice expressing the Gq-coupled Designer
Receptor exclusively stimulated by the Designer Drugs (DREADD) receptor hM3Dq in
corticotropin-releasing factor (CRF, or CRH) neurons and found a novel sex-specific disso-
ciation of GCs levels using the CRH activation method [29]. Although hM3Dq-expressing
males displayed physiological stress sensitivity, including reductions in body and thymus
weights, the corticosterone levels in response to CNO in the hM3Dq females were greater
than those in males. The hM3Dq female animals also showed significant increases in
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baseline and fear-conditioned freezing behaviors, suggesting a possible contribution of
activation of CRH neurons to sex-specific behaviors [29]. You et al. (2023) used a predator
scent stimulus (PSS) paradigm where mice were exposed to a volatile predator cue (e.g., cat
odor) as a psychological stressor and found that appetite changes were caused by PSS [30].
Interestingly, in their system, proenkephalin (Penk)-expressing lateral hypothalamic (LH-
Penk) neurons contributed to overconsumption of a high-fat diet (HFD) because silencing
the LHPenk neurons normalizes the HFD overconsumption caused by PSS. They also found
that elevated corticosterone has a role in the reactivity of GR-containing LHPenk neurons
to HFD, as inhibition of the GR resulted in the suppression of PSS-induced responses,
demonstrating a critical role of physiological/hormonal alterations in appetite regulation
via affecting feeding-related hypothalamic circuit functions [30].

As mentioned above, GCs, the principal effectors of stress, are associated with multiple
signaling in neurons due to a variety of membrane and nuclear receptor subtypes [31]. It has
been suggested that both GR and MR for GCs are localized to the cell membrane, cytosol,
and nucleus, resulting in multiple intracellular signaling and in different time scales of
regulation of synaptic function. Interestingly, the growing evidence also demonstrates that
the rapid actions of acute stress-induced GCs, including changes in synaptic transmission
and neuronal excitability, depend on the activation of membrane GRs and MRs [31].

Markedly, a growing body of evidence demonstrates that impaired mitochondrial
function is associated with major depressive disorder, and a relationship between mito-
chondrial dysfunction and GC stress is also important to understand the pathogenesis
of depressive disorder [32]. Indeed, studies have demonstrated the critical influence of
the mitochondrial system on cognitive processes in the mature brain via regulating NSC
fate during neurodevelopment [33] and the role of mitochondrial function in the NAc and
CRH neurons in anxiety and stress [34]. Collectively, the influence of the HPA axis system,
including CRH and GCs, in the CNS neurons is evident; therefore, understanding how
the altered function of both mitochondrial and GC stress systems affects the BDNF/TrkB
system is very interesting.

4. Glucocorticoid Stress, BDNF, and Neuronal Functions

The evidence suggests an involvement of altered blood concentrations of GCs in the
pathogenesis of various brain diseases in humans. In addition, in adult mammals and
humans, it has been demonstrated that neuroplasticity, which is controlled through vari-
ous mechanisms, is influenced by GC stress. As expected, regulated levels of blood GCs
are closely associated with brain function by affecting hippocampal plasticity, including
glutamatergic neurotransmission, neurogenesis, systems of neurotrophic factors, microglia,
astrocytes, neuroinflammation, and so on [35]. In addition to the amygdala and hippocam-
pus, the prefrontal cortices are involved in the corticolimbic system and are perturbed
by the abnormal function of BDNF/TrkB-related signaling and activity of GR [36]. The
long-term effects of developmental stressors on the BDNF/TrkB system and GR activity
in the prefrontal cortices have also been argued to understand the possible pathogenesis
of neuropsychiatric illnesses, including depression [36]. For example, a recent study has
demonstrated the involvement of BDNF-mediated GR function in long-term memory re-
tention. Arango-Lievano et al. (2019) found that either the lack of GR-phosphorylation
(PO4), which was caused by mutating the BDNF-dependent PO4 sites, or decreased se-
cretion of BDNF using the BDNF-Val66Met mutant resulted in the reduced maintenance
of newly formed postsynaptic dendritic spines in the cortex and caused a malfunction in
the memory retention of mice [37]. The interplay between the BDNF/TrkB system and
the HPA axis plays a central role in the healthy functioning of the brain, and it is probably
that the changed interaction of BDNF/TrkB signaling with GR activity is involved in brain
dysfunction.

As a useful experimental strategy, excess GC exposure using animals has been ex-
tensively performed. Using postnatal Dairy Bull Calves, an examination of leptin con-
centrations and brain development markers, including BDNF, after the exogenous GC
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administration was carried out. McCarty et al. (2023) showed a decreased expression of
BDNF, FGF1 (fibroblast growth factor), and FGF2 in the hypothalamic of Holstein bulls at
5 days after the intravenous infusion of cortisol within 4 h of parturition, followed by a
second infusion 24 h postpartum, with reduced leptin levels in the blood and cerebrospinal
fluid [38]. DEX, a steroid medicine, is used to treat a number of conditions, including inflam-
matory disorders; thus, it is also used to examine the impact of early-life DEX application
on hippocampal BDNF expression. Chen et al. (2020) performed a daily intraperitoneal
injection of DEX in mice from postnatal 1 (P1) to P7 and examined the hippocampal BDNF
levels in both the perinatal period and adulthood [39]. Although the neonatal DEX (ND)
treatment led to depressive-like behaviors in adulthood (P90–P110), the expression of
hippocampal BDNF was unchanged. However, after ND exposure, downregulated BDNF
levels in the perinatal period and puberty (P40) were observed, suggesting that early-life
DEX exposure caused interference in BDNF signaling during neuronal development [39].
A lot of evidence has shown the downregulation of the BDNF system after GC stress [9]
(see Figure 1).

Using mice overexpressing TrkB.T1, Razzoli et al. (2011) examined behavioral pheno-
types after repeated social defeat stress and found that the TrkB.T1 mice, which showed
significant downregulation of the hippocampal BDNF protein, displayed more consis-
tent social avoidance effects than their wild-type littermates [40]. It was reported that
the BDNF/TrkB system and synaptic plasticity in the amygdala were involved in an age-
dependent effect induced by stress on the fear-potentiated memory [41]. After subjecting
adolescent (4-week-old) and adult (8-week-old) rats to social instability stress for 5 weeks,
it was revealed that the stress appeared to hinder the fear-potentiated startle responses in
adolescents, although it improved those in adult animals. Interestingly, stress in adoles-
cence reduced the expression of synaptic proteins, including full-length TrkB and SNAP-25
in the amygdala, whereas adult animals treated with stress showed increased amygdala
expression of full-length and truncated TrkB expressions [41]. Moreover, the effects of
adolescent corticosteroid exposure on the balance between full-length and truncated TrkB
were shown [42]. Barfield et al. (2017) reported that mice that received CORT exposure ex-
hibited a decreased ratio of full-length TrkB/TrkB.T1 in the medial prefrontal cortex, ventral
hippocampus, and amygdala, with decreased hippocampal ERK-signaling [42]. Interest-
ingly, using 10-day combinatory stress paradigms (postnatal days 26 to 35), Azogu et al.
(2018) found sex-specific differences in both endocrine and plasticity-signaling responses
in adulthood when animals received repeated stress during their adolescent period [43].
They reported elevated levels of basal and stress-induced CORT in females compared with
males, which were attenuated by ANA-12, a small-molecule TrkB antagonist, post-stress
in both sexes. As adults, females displayed higher exploratory and locomotor activity
than males. In non-stress animals, males showed elevated TrkB.T1 and full-length TrkB
compared to females in the PFC, hippocampus, and NAc in vehicle-treated animals. On
the other hand, stress exposure caused significant downregulation of both TrkB.T1 and
TrkB.FL in the NAc of males only, and it was associated with upregulation of TrkB.T1
in the PFC [43]. Recently, NAc cell subtype contributions of the BDNF/TrkB system in
the stress outcomes have been demonstrated [44]. TrkB.T1 overexpression in the NAc
dopamine receptor 2 (D2)-containing medium spiny neurons (MSNs) prevents chronic
social stress outcomes in mice, although this overexpression in NAc D1-MSNs potentiated
stress-susceptible outcomes after the social defeat stress paradigm [44]. Increasing evidence
suggests that the TrkB.T1 function, including Ca2+ release from the intracellular storage
instead of lacking studies on molecules interacting with the truncated receptor, is also
involved in BDNF signaling in both normal physiological and pathological conditions [45].

Using AKR-, BALB/c-, and C57BL/6J-strain male mice, we examined depression-like
behaviors, social reward responses, and BDNF expression [25]. Interestingly, among them,
the BALB/c line exhibited the highest anxiety-like and anhedonia-like behaviors, and also
displayed increased responses to social rewards in SCPP, with downregulated GR, and no
changed protein levels of MR, TrkB, and p75 in the NAC, suggesting possible involvement
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of NAC GR activity in an increased social reward response and anxiety [25]. In contrast,
after preadolescent rats were exposed to an enriched environment (EE) and combined
exercise training (CET), it was revealed that hippocampal GR was significantly increased
in both EE and CET groups [46]. Furthermore, hippocampal BDNF and VEGF (vascular
endothelial growth factor) were also increased by EE and CET. The serum corticosterone
(CORT) levels were decreased in EE rats; however, the serum insulin-like growth factor-1
(IGF-1) was increased only in CET rats [46].

BDNF has pivotal roles in neurite outgrowth and the expression of synaptic molecules,
which are essential for pre- and/or post-synaptic functions in CNS neurons. Therefore, it is
probable that GCs affect BDNF-dependent neuronal function. Previously, we reported that
DEX exposure inhibited the BDNF-dependent neurite outgrowth and expression of synaptic
proteins in cultured hippocampal neurons [47]. In the system, although ERK signaling
is important for the action of BDNF-dependent neurite outgrowth and synaptic protein
upregulation, DEX decreased the action of the BDNF by repressing ERK signaling [47].
Recently, Restelli et al. (2023) have shown the possible role of Sprouty4 in the negative
impact of GCs on the BDNF function [48]. Using PC12 cells, they showed the promotion
of transcription of Sprouty4, which is a regulatory molecule repressing ERK signaling
stimulated by NGF, after DEX treatment. Importantly, the knockdown of Sprouty4 or an
induction of dominant negative Sprouty4 (Y53A) reversed the DEX-dependent inhibition
in the NGF/TrkA-promoted ERK activation [48]. They also found that the expression
of Sprouty4 was upregulated by DEX in hippocampal neurons, and the knockdown of
hippocampal Sprouty4 attenuated the negative influence of DEX on neurite formation and
ERK activation stimulated by BDNF, suggesting that Sprouty4 is involved in the inhibitory
effects of GCs in neurotrophin function [48]. It was also reported that retinoic acid (RA)
signaling through retinoic acid receptor α (RARα) is involved in the regulation of the HPA
axis [49,50]. Ke et al. (2019) examined the possible effects of Ro41-5253, a selective RARα
antagonist, using a depression animal model [49]. They found that Ro41-5253 treatment
increased sucrose preference in the sucrose preference test (SPT), numbers of crossing
and rearing in the open field test (OFT), and reduced the immobility time in the forced
swimming test (FST) in rats with depression. Furthermore, the antagonist reduced the
serum levels of CORT and increased BDNF, PSD95, synaptophysin (SYP), and MAP2 in
the hippocampus of rats with depression, suggesting that the antidepressant-like effects of
Ro41-5253 in depressed rats improve the hyperactivity of the HPA axis and hippocampal
neuronal dysfunction [49].

Because growing evidence has also demonstrated that the Val66Met variation in hu-
man BDNF, where a valine (Val) amino acid is replaced with a methionine (Met) amino
acid at position 66 of the BDNF protein, is associated with susceptibility to mental disor-
ders, including depression [51], differences in the neuronal function due to the Val66Met
variation are very interesting. Previous reports suggest that the Val66Met variation of
BDNF results in an alteration of activity-dependent secretion and intracellular trafficking
of the neurotrophin [52,53]. Recently, using animal models, changes in responses to acute
stress have also been shown. Musazzi et al. (2022) exposed adult male BDNFVal/Met and
BDNFVal/Val knock-in mice to acute restraint stress for 30 min and investigated the levels
of both BDNF and CORT [54]. They found that the presynaptic release of glutamate, phos-
phorylation of cyclic AMP response element-binding protein (CREB), and levels of c-fos
(an immediate early gene) in the hippocampus of BDNFVal/Met were higher than those in
BDNF Val/Val animals, although the plasma CORT concentration, nuclear GR expression,
and its phosphorylation in both BDNFVal/Met and BDNFVal/Val mice were similar [54].
Another recent report has suggested that adolescent GC stress leads to sex-specific disrup-
tions to the fear extinction and the GABAergic system due to the Val66Met genotype of
BDNF [55]. During late adolescence, both male and female Val/Val and Met/Met mice
received CORT via their drinking water. It was revealed that the CORT exposure selectively
abolished the fear extinction of female Met/Met animals, while any effect of sex, genotype,
or treatment was not observed for the recovery of fear [55]. When examining three types of
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interneurons, including parvalbumin, somatostatin, and calretinin, in the amygdala nuclei,
changed cell densities of the somatostatin-positive population in female (but not male) ani-
mals by the Val66Met genotype and altered calretinin-positive cell densities in female (but
not male) animals via CORT treatment were observed, although the parvalbumin-positive
cell density was not changed by CORT treatment or the genotype [55].

In glutamatergic neuronal function, the actions of receptors in the postsynaptic sites are
important, and the contribution of BDNF and GCs to receptor regulation is an interesting
issue. Recently, plasticity-related receptor expression and phosphorylation at the synaptic
surface after exposure to CORT and BDNF have been reported [56]. Slices from the
sensorimotor cortex were exposed to BDNF, CORT, or the simultaneous application of both
BDNF and CORT (BDNF + CORT) for 30 min, and immunoblotting for NMDA-type or
AMPA-type receptors was performed. Although CORT application increased NMDA-type
(GluN2A, B) and AMPA-type (GluA1) receptor phosphorylation, BDNF preferentially
upregulated the surface levels of these glutamate receptor subunits. Interestingly, BDNF
and CORT induced the phosphorylation of receptors and failed to change the synaptic
surface expression levels of these receptor subunits [56].

Gong et al. (2019) reported a proteomic profiling of the neural cells using a depressive
model caused by CORT exposure. Their proteomic profiles of mouse neuronal C17.2 stem
cells in vitro and the brains obtained from the depressive-like mice caused by CORT dis-
played a downregulated expression of mitochondrial oxidative phosphorylation-related
proteins by CORT in addition to reduced BDNF and GR, which were reversed by treatment
with berberine (a chemical found in some plants, including coptidis rhizome [57]. Lu et al.
(2021) reported a downregulation of Nr3c1 (encoding GR) by cytoplasmic polyadenylation
element-binding protein 3 (CPEB3) using a genome-wide screening of CPEB3-bound tran-
scripts [58]. Interestingly, they also found that traumatic intensity-dependent PTSD-like
fear memories occurred in CPEB3-KO mice and that hippocampal BDNF downregulation
was associated with increased levels of GR during fear extinction in the CPEB3-KO animals,
suggesting a possible role of GR-BDNF signaling in fear extinction [58].

As shown above, a growing body of evidence indeed demonstrates a close relationship
between BDNF dysfunction and chronic stress. An approach concerning the influence of
an acute stressor on the BDNF levels in humans is very interesting because the amount
of cortisol concentrated under acute physical stress [59] and the possibility of neuronal
activity regulation by GCs [60] were reported. Hermann et al. (2021) examined the serum
levels of BDNF of healthy young males who received the Trier Social Stress Test (TSST),
as there is a possibility that an effect of acute psychosocial stress is dependent on the
species [61]. The acute stress significantly increased the serum BDNF concentration in
addition to increased cortisol levels compared with the control [61]. It is possible that acute
or moderate stressful conditions are suitable for an increased function of the brain as BDNF
is upregulated, although the potential mechanisms under transition from the upregulation
to the downregulation in BDNF expression levels when receiving stressor stimulation at
several levels should be revealed.

Using a meta-analysis and systematic reviews, we accessed the available literature
in which BDNF and cortisol analyses were performed; the possible involvement of the
Val66Met polymorphism of BDNF in the interplay between BDNF and cortisol contributions
in mediating neuronal survival and synaptic plasticity was also examined [62]. Remarkably,
the integrated results from the literature demonstrate that BDNF and cortisol play distinct
roles, respectively, in the physiology of the brain and that their physiological actions are
integrated using GR dynamics. More importantly, the Val66Met polymorphism of BDNF
seems to affect individual cortisol responsivity to stress [62], which strongly suggest a
critical contribution of the BDNF system and GR signaling in neuronal functions. In the
future, a precise understanding of the intracellular interaction between BDNF and GR
signaling is needed to further clarify biological systems on the neurotrophin-dependent
synaptic plasticity, and more importantly, this will point toward new therapeutic targets
for neurodegenerative and psychiatric diseases.
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5. The Interplay of BDNF and Glucocorticoids in AD
5.1. The Role of BDNF in AD

AD is a multifactorial neurodegenerative disorder characterized by progressive cogni-
tive decline, synaptic dysfunction, and memory impairment. Although the exact cause of
AD is not fully understood, the amyloid hypothesis is widely recognized as a theory that
provides a framework for understanding the pathogenesis of the disease [63]. It proposes
that the accumulation of beta-amyloid (Aβ) plaques in the brain is a central event in the
development of the disease. Amyloid precursor protein (APP) is a transmembrane protein
that is present in many cells, including neurons. In the amyloidogenic pathway, APP is first
cleaved by β-secretase (BACE-1), and then the remaining fragment is cleaved by γ-secretase,
releasing Aβ peptides of various lengths, including the longer Aβ42 form, which is par-
ticularly prone to aggregation. The aggregated Aβ is thought to have neurotoxic effects,
leading to abnormal phosphorylation of the tau protein, the subsequent formation of neu-
rofibrillary tangles, the death of neurons, and the progressive cognitive decline observed in
AD (Figure 2) [63]. While the disease’s hallmark pathological features are the accumulation
of Aβ plaques and neurofibrillary tangles, increasing attention has been directed toward
understanding the role of BDNF dysregulation in AD pathophysiology [9,64].

A growing body of evidence suggests that individuals with AD exhibit significant
alterations in BDNF levels. Notably, numerous studies have reported a reduction in BDNF
expression in the brains of AD patients, particularly in regions susceptible to AD pathology,
such as the hippocampus and cortex [65,66]. These changes are indicative of disrupted
BDNF homeostasis in AD. In addition to the reduced BDNF in the patients’ brains, the
clinical relevance of altered serum BDNF levels in AD becomes apparent when examining
their associations with cognitive decline [67]. Lower serum BDNF levels have been con-
sistently correlated with cognitive impairment and the severity of AD symptoms [68,69].
These suggest that BDNF alterations may be an important factor contributing to the clinical
manifestations of the disease.

Interestingly, the Val66Met polymorphism in the BDNF gene has been reported to be
associated with AD. Recent studies have suggested that individuals carrying the Met allele
may have an increased risk of developing AD and may exhibit more severe cognitive decline
compared to those with the Val/Val genotype [70,71]. This genetic variation can affect the
function and secretion of BDNF [52,72], and it has been associated with alterations in the
brain structure and function, as well as various neurological and psychiatric conditions,
including AD [51,73].

The mechanisms behind BDNF dysregulation in AD are complex and not fully under-
stood. One prominent factor contributing to decreased BDNF levels is the neurotoxicity
associated with Aβ plaques [74]. Aβ oligomers are known to interfere with BDNF signaling
pathways and, thus, compromise BDNF availability in the brain [75]. Moreover, mature
BDNF levels decreased following intracerebroventricular injection of Aβ1–42 in the rodent
hippocampus [76,77]. Additionally, an increase in the proBDNF/mature BDNF ratio was
shown after treatment with Aβ25–35 [78,79]. These findings suggest that the proteolytic
cleavage of BDNF was also affected by Aβ25–35. Interestingly, fibrillary Aβ25–35 has been
shown to selectively elevate the mRNA levels of TrkB-T1, a dominant negative regulator of
the full-length TrkB receptor [80].

Neuroinflammation is another key player in the dysregulation of BDNF. In AD, chronic
neuroinflammatory processes, characterized by the activation of microglia and astrocytes,
lead to the increased production of pro-inflammatory cytokines, such as interleukin-1
(IL-1) [81]. These inflammatory mediators can negatively affect BDNF expression and
signaling [82,83]. For example, a study demonstrated that repeated intracerebroventricular
(i.c.v.) injections of IL-1 caused a decrease in BDNF mRNA expression [84]. IL-1β was
also found to compromise the neurotrophic effects provided by BDNF by suppressing
PI3-K/Akt signaling [85].
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Figure 2. The amyloid hypothesis and the interplay between BDNF and GCs in AD pathogenesis.
APP is cleaved by γ-secretase, releasing Aβ peptides in the brain. The aggregated Aβ is thought
to have neurotoxic effects, leading to the abnormal phosphorylation of tau protein, the subsequent
formation of neurofibrillary tangles, the death of neurons, and the progressive cognitive decline
observed in AD. BDNF and GCs exert a multifaceted interplay in the AD brain. BDNF signaling
is integral to neuronal survival, synaptic plasticity, and cognitive function. GCs, on the other
hand, are central to the body’s response to stress and inflammation. BDNF, through its signaling
pathways, may counteract some of the adverse effects of GCs in the brain. BDNF is known to promote
neuroprotection, potentially mitigating the neuronal damage caused by excessive GC exposure.
Several experimental approaches, such as BDNF mimetics, gene therapy, and lifestyle interventions,
like physical activity, are being explored as potential ways to address BDNF dysregulation and its
consequences. In addition, strategies that aim to modulate GC activity also represent a promising
approach, including GRMs, 11β-HSD1 inhibitors, and physical activity.

The interaction between BDNF and other molecules central to AD pathogenesis, in-
cluding tau protein and apolipoprotein E (ApoE), further complicates BDNF dysregulation
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in the disease. Recently, Barbereau et al. (2020) demonstrated that the expression of the
human Tau-P301L mutation in zebrafish neurons results in a decrease in BDNF expres-
sion, while it does not have an impact on TrkB expression [86]. Moreover, a significant
decrease in the mRNA levels of BDNF in the frontal cortex was observed five days after
the administration of aggregated tau protein into the fourth lateral ventricle of C57Bl/6J
mice [87].

The APOE gene is the most significant genetic risk factor for late-onset AD, which
is the most common form of the disease [88]. Having the ApoE4 allele is associated with
an increased risk of developing AD, while having the ApoE2 allele is associated with a
decreased risk. ApoE3 is considered neutral in terms of AD risk [89]. Interestingly, ApoE4
has been shown to enhance the nuclear translocation of histone deacetylases (HDACs) in
human neurons, leading to a reduction in BDNF gene transcription, while ApoE3 increases
histone 3 acetylation and upregulates the expression of BDNF [90]. Moreover, the presence
of both ApoE4 and BDNF Val66Met polymorphisms is correlated with a more severe
impairment in egocentric navigation and greater atrophy in the medial temporal lobe
regions among individuals with amnestic mild cognitive impairment (aMCI) [91]. Pietzuch
et al. (2021) also suggested that the interactions between APOE and BDNF polymorphisms
may have an impact on the maintenance of functional brain connections in older adults
and could potentially represent a vulnerable phenotype associated with the progression of
AD [92].

Understanding these molecular interactions is crucial for unraveling the complex
relationship between BDNF and AD pathology. It is worth noting that these insights do not
imply a direct causative link but rather a complex interplay between multiple factors.

5.2. The Role of Glucocorticoids in AD

The role of glucocorticoids in the pathophysiology of AD is also a subject of growing
interest and significance. The central concept for understanding the molecular relationship
between glucocorticoids and AD is the presence of GRs in the brain. These receptors,
primarily located in the hippocampus and prefrontal cortex, are known to mediate the
effects of GCs on various physiological processes, including metabolism, immune response,
and neural plasticity [93,94].

Recent research has demonstrated that the expression of GRs in key brain regions
is linked to vulnerability to AD pathology [95]. The interaction between GCs and these
receptors is complex. Under normal physiological conditions, GCs play a crucial role in
synaptic plasticity, cognitive function, and memory consolidation [96]. However, chronic
exposure to elevated GC levels, a common consequence of chronic stress, can lead to GR
dysregulation [97]. This dysregulation may result in a hyperactive stress response and
potentially contribute to AD pathogenesis [97]. Epidemiological and clinical investigations
have supplied evidence that supports the correlation between chronic exposure to GCs
and an elevated risk of developing AD. For example, prolonged exposure to GCs, ob-
served in clinical conditions such as Cushing’s syndrome or extended use of corticosteroid
medications, has been linked to cognitive impairment resembling the characteristics of
AD [98,99]. Moreover, Zheng et al. (2020) recently demonstrated that AD patients exhibited
higher morning cortisol levels compared to controls, and elevated cortisol levels were cor-
related with accelerated cognitive decline in individuals with mild cognitive impairment
(MCI) [100].

Aβ plaques and hyperphosphorylated tau tangles are the hallmarks of AD pathology.
Studies have unveiled intriguing links between GCs and the accumulation of these toxic
proteins [101,102]. Notably, GCs appear to influence the levels of both Aβ and tau through
distinct mechanisms. Research indicates that GCs can promote the production of Aβ

peptides, particularly the more aggregation-prone Aβ42 isoform [103]. This effect may
be mediated through the modulation of enzymes involved in Aβ production, such as
β-secretase [104,105]. Furthermore, GCs have been implicated in impairing the clearance
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of Aβ from the brain, potentially by interfering with several Aβ-degrading proteases, such
as insulin-degrading enzymes and matrix metalloproteinase-9 [106].

In the context of tau pathology, GCs have been associated with the hyperphosphoryla-
tion of tau protein [102]. Chronic GC exposure is known to activate kinases responsible
for tau phosphorylation, including GSK3, CDK5, and ERK1/2, leading to the formation of
neurofibrillary tangles [107–110]. This tau pathology is closely tied to synaptic dysfunction
and neurodegeneration in AD [102].

Neuroinflammation is another crucial element in understanding the role of GCs in
AD. Microglia, the resident immune cells of the CNS, play a pivotal role in maintaining
brain homeostasis and responding to pathological insults. Recent research has revealed a
multifaceted connection between GCs and microglia activation [95,111]. Chronic exposure
to elevated GC levels, as seen in conditions of chronic stress, may result in an overactivation
of microglia [112]. This hyperactivity can lead to a pro-inflammatory state, characterized
by the release of pro-inflammatory cytokines, reactive oxygen species (ROS), and other
neurotoxic molecules [112]. Such neuroinflammatory responses are detrimental to neuronal
health and have been closely associated with the progression of AD [112]. Additionally, GCs
can modulate the microglial phenotype. Under normal conditions, microglia can exhibit
both pro-inflammatory (M1) and anti-inflammatory (M2) phenotypes, depending on the
context [113]. Dysregulated GC signaling has been shown to skew microglia toward the
pro-inflammatory state, exacerbating neuroinflammation in AD [113]. Moreover, microglia-
mediated degradation of Aβ, which is crucial for Aβ clearance, may be impaired under
conditions of GC dysregulation [114].

Oxidative stress is another prominent feature of neuroinflammation and the patho-
physiology of AD. GCs have been implicated in modulating oxidative stress pathways,
further linking them to neuroinflammatory processes [115]. Elevated GC levels can promote
the generation of ROS and reduce the brain’s antioxidant defenses [116]. This imbalance
can lead to oxidative damage to cells, proteins, and lipids [117]. Oxidative stress not
only directly contributes to neurodegeneration but also exacerbates neuroinflammation
by activating microglia and promoting the release of pro-inflammatory mediators [118].
Furthermore, the oxidative damage inflicted by GC-induced oxidative stress may also play
a role in the formation of Aβ plaques and tau tangles [119]. Oxidatively modified proteins
are more prone to aggregation, and they may contribute to the seeding and propagation of
Aβ and tau pathology [119].

Understanding these cellular mechanisms is vital to appreciating the intricate relation-
ship between GC dysregulation and neuroinflammation in AD. Dysregulated GC signaling
can create a microenvironment that favors neuroinflammation and oxidative stress, both
of which are detrimental to neuronal health. However, it is essential to recognize that
while GCs are a piece of this puzzle, they do not act in isolation. Genetic factors, other
environmental stressors, and the interplay between different pathological processes in AD
must also be considered in the complex pathophysiology of this disease.

5.3. BDNF and GCs as Therapeutic Targets in AD

Given the pivotal role of BDNF in neuronal survival, synaptic plasticity, and cognitive
function, BDNF dysregulation presents an attractive target for therapeutic interventions
in AD. Strategies aimed at restoring BDNF levels and function, either by promoting its
production or enhancing its signaling, hold promise for mitigating the cognitive deficits
associated with AD.

Several experimental approaches, such as BDNF mimetics [120–125], gene
therapy [126,127], and lifestyle interventions like physical activity [128–130], are being
explored as potential ways to address BDNF dysregulation and its consequences (Figure 2).
BDNF mimetics are compounds that mimic the actions of BDNF or enhance its receptor
binding, promoting neuroprotection and synaptic plasticity. One of these BDNF-enhancing
compounds is 7,8-dihydroxyflavone (7,8-DHF), a selective TrkB agonist, as demonstrated by
Jang et al. (2010) [131]. Additionally, Yuk-Gunja-Tang (YG), a Korean traditional medicine,
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has the capacity to enhance the endogenous expression of BDNF [123]. Numerous preclini-
cal studies have provided evidence of the effectiveness of these agents in animal models of
AD [120–125].

Importantly, patients with AD are often prescribed antidepressants, including selective
serotonin reuptake inhibitors (SSRIs), to alleviate the depressive symptoms of AD [132].
At the same time, it is well known that SSRIs exert their effects by acting on monoamine
transporters, which subsequently results in the activation of BDNF/TrkB signaling [133].
Interestingly, Casarotto et al. (2021) recently identified that SSRIs also directly bind to
TrkB receptors, inducing an allosteric potentiation of TrkB signaling [134]. These findings
provide support for the notion that BDNF/TrkB signaling serves as the direct target for
antidepressant drugs, playing a role in mediating their therapeutic effects in AD patients.

In addition to the pharmacological approaches, lifestyle interventions such as physical
exercise and cognitive stimulation have been shown to boost BDNF levels in the brain [130].
A meta-analysis of randomized controlled trials, as reported by Jia et al. (2019), indicated
that exercise interventions were linked to significant enhancements in global cognitive
function among patients with mild-to-moderate AD [135]. Likewise, research has shown
that exercise training can enhance BDNF expression and cognitive function and stimulate
neuroplasticity in animal models of AD [128]. Another clinical study also demonstrated
that healthy older adults exposed to 35-minute sessions of physical exercise, cognitive
training, and mindfulness practice increased serum BDNF levels [136]. Moreover, patients
with Parkinson’s disease undergoing cognitive stimulation displayed increased serum
BDNF levels as compared to the placebo group [137]. Additionally, Gomutbutra et al.
(2022) recently showed that even a brief period of mindfulness-based intervention (MBI)
can elevate serum BDNF levels and decrease anxiety in healthy, meditation-naïve females
in a randomized, crossover clinical trial [138].

Recognizing the influence of GC dysregulation in AD pathophysiology opens up
possibilities for novel therapeutic interventions. Strategies that aim to modulate GC activity
represent a promising approach (Figure 2). These include pharmacological interventions to
normalize cortisol levels or reduce the sensitivity of glucocorticoid receptors. 11β-HSD1 is
a pivotal enzyme that is responsible for the intracellular conversion of inactive cortisone
into its active form, cortisol, in humans (or 11-dehydrocortisone into corticosterone in
rodents). Consequently, inhibiting 11β-HSD1 results in a decrease in cortisol levels in
humans (or CORT levels in rodents) [139,140]. Sooy et al. (2010) showed that UE1961,
an inhibitor of 11β-HSD1, demonstrated a significant enhancement in spatial memory
performance in aged mice [141]. Moreover, the researchers showed that the administration
of another inhibitor, UE2316, led to a decrease in Aβ plaques within the cortex of aged
Tg2576 mice [142]. This reduction was concurrent with an elevation in insulin-degrading
enzyme (one of the Aβ-degrading proteases) levels, which, in turn, resulted in memory
improvements [142]. In addition to 11β-HSD1 inhibitors, selective GR modulators (GRMs)
are designed to specifically inhibit GR activity in AD. A study demonstrated that treatment
with CORT108297, one of the GRMs, led to a reduction in the levels of APP C-terminal
fragments in the 3xTg-AD mouse mode; [143]. Another study also showed that mice that
were administered CORT108297 via intraperitoneal injection exhibited a complete reversal
of memory deficits, as evaluated through the T-maze test [144].

Besides pharmacological approaches, non-pharmacological interventions aimed at fos-
tering resilience to stress and improving cognitive function could potentially offer benefits
in the management of AD [145]. Stress management techniques, such as mindfulness-based
interventions and cognitive-behavioral therapy, may be explored as preventive measures
for individuals at risk of AD [140]. These approaches could reduce stress-related GR fluc-
tuations and potentially delay disease onset [146,147]. Lifestyle modifications, including
regular physical exercise, a balanced diet, and adequate sleep, may also have a significant
impact on GC regulation [148]. These factors can help maintain a healthy stress response
system and mitigate the effects of chronic stress on neuroinflammation, oxidative stress,
and Aβ/Tau pathology [147,149].
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BDNF and GCs stand as pivotal factors in the pathophysiology of AD. Their roles in
cognitive function, synaptic plasticity, and Aβ/Tau pathology underscore their significance
in understanding the disease and their potential as therapeutic targets. Investigating the
intricate relationship between BDNF and GCs in AD remains an active area of research,
offering hope for novel interventions aimed at mitigating cognitive decline and improving
the lives of individuals affected by this challenging neurodegenerative disorder.

6. Conclusions

AD, characterized by the progressive loss of cognitive function and memory, remains
a significant global health challenge, affecting millions of individuals worldwide. Despite
decades of research, our understanding of the intricate mechanisms underlying this debili-
tating condition is far from complete. While the exact cause of AD is not fully understood,
there are several known risk factors. Age is the most significant risk factor, and the risk
rises with increasing age. A family history of the disease, genetic factors (such as specific
mutations in the APP, PSEN1, and PSEN2 genes), and certain lifestyle factors (such as
stress) can also influence one’s risk.

Although its etiology remains multifactorial and complex, an emerging body of ev-
idence suggests that neurotrophic factors and their intricate interplay with the stress
hormone cortisol (GC) may play a pivotal role in AD pathogenesis. BDNF, a crucial neu-
rotrophin, plays a central role in maintaining and promoting neuronal health, plasticity,
and survival. Recent studies have demonstrated a significant reduction in BDNF levels in
the brains of AD patients. Moreover, chronic stress and dysregulated GC signaling have
been implicated in the progression of AD. Elevated cortisol levels, commonly associated
with chronic stress, can lead to neuronal toxicity and impair synaptic plasticity.

With regard to therapeutic implications, focusing on BDNF and GC signaling path-
ways holds significant promise as a potential strategy for the management of AD. Phar-
macological interventions designed to either enhance BDNF levels or reduce GC signaling
have demonstrated their potential in both preclinical and clinical studies of AD. Non-
pharmacological strategies, including physical exercise, have also shown beneficial impacts
on BDNF and GC levels and could potentially serve as complementary treatments for the
disease. However, it is worth noting that there are still several challenges and research
gaps that need to be addressed. For instance, it is essential to prudently address safety
concerns and potential side effects linked to BDNF interventions. Given that BDNF has
diverse effects on various cell types within the CNS and peripheral tissues through the
activation of multiple signaling pathways, achieving the desired therapeutic outcomes
without inducing adverse reactions can be difficult. Furthermore, the clinical translation
of BDNF as a therapeutic agent has been constrained by challenges related to its ability to
penetrate the blood–brain barrier (BBB). Neurotrophic factors, including BDNF, are macro-
molecules, which render them unable to cross the BBB when administered peripherally.
Therefore, developing a drug delivery system capable of targeting specific areas within the
brain is essential for the effective administration of neurotrophic factors and addressing
their high molecular weight. Variability in the response to BDNF- or GC-targeting treat-
ment among individuals with AD represents another limitation. Various factors, including
genetic variations, disease stage, and comorbidities, can influence the effectiveness of the
therapies. It is crucial to explore the complex interactions between BDNF, stress, and other
neurobiological pathways associated with the disorder.

In conclusion, this review illuminates the intricate relationship between BDNF and GC
dysregulation in the pathophysiology of AD. As the global burden of AD continues to rise, it
is imperative that we decipher the molecular intricacies driving this condition. By targeting
BDNF and GC dysregulation, we may unlock novel therapies to improve the quality of life
for AD patients and potentially alter the course of this devastating disease. Future research
in this area promises to provide a deeper understanding of these mechanisms and pave the
way for innovative treatment strategies, offering hope to millions affected by AD.
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Signaling and Synaptic Plasticity. Cell. Mol. Neurobiol. 2018, 38, 579–593. [CrossRef]

5. Pisani, A.; Paciello, F.; Del Vecchio, V.; Malesci, R.; De Corso, E.; Cantone, E.; Fetoni, A.R. The Role of BDNF as a Biomarker in
Cognitive and Sensory Neurodegeneration. J. Pers. Med. 2023, 13, 652. [CrossRef]

6. Kumari, S.; Dhapola, R.; Reddy, D.H. Apoptosis in Alzheimer’s disease: Insight into the signaling pathways and therapeutic
avenues. Apoptosis 2023, 28, 943–957. [CrossRef]

7. Autry, A.E. Function of brain-derived neurotrophic factor in the hypothalamus: Implications for depression pathology. Front.
Mol. Neurosci. 2022, 15, 1028223. [CrossRef]

8. Kim, E.J.; Pellman, B.; Kim, J.J. Stress effects on the hippocampus: A critical review. Learn. Mem. 2015, 22, 411–416. [CrossRef]
[PubMed]

9. Numakawa, T.; Kajihara, R. Involvement of brain-derived neurotrophic factor signaling in the pathogenesis of stress-related
brain diseases. Front. Mol. Neurosci. 2023, 16, 1247422. [CrossRef] [PubMed]

10. Bassil, K.; Krontira, A.C.; Leroy, T.; Escoto, A.I.H.; Snijders, C.; Pernia, C.D.; Pasterkamp, R.J.; de Nijs, L.; van den Hove, D.;
Kenis, G.; et al. In vitro modeling of the neurobiological effects of glucocorticoids: A review. Neurobiol. Stress 2023, 23, 100530.
[CrossRef] [PubMed]

11. Numakawa, T.; Suzuki, S.; Kumamaru, E.; Adachi, N.; Richards, M.; Kunugi, H. BDNF function and intracellular signaling in
neurons. Histol. Histopathol. 2010, 25, 237–258. [CrossRef]

12. Numakawa, T.; Odaka, H. Brain-derived neurotrophic factor and neurogenesis. In Factors Affecting Neurodevelopment; Elsevier:
Amsterdam, The Netherlands, 2021; pp. 121–131.

13. Cao, T.; Matyas, J.J.; Renn, C.L.; Faden, A.I.; Dorsey, S.G.; Wu, J. Function and Mechanisms of Truncated BDNF Receptor TrkB.T1
in Neuropathic Pain. Cells 2020, 9, 1194. [CrossRef]

14. Fan, W.L.; Liu, P.; Wang, G.; Pu, J.G.; Xue, X.; Zhao, J.H. Transplantation of hypoxic preconditioned neural stem cells benefits
functional recovery via enhancing neurotrophic secretion after spinal cord injury in rats. J. Cell. Biochem. 2018, 119, 4339–4351.
[CrossRef]

15. Wang, J.; Cai, Y.; Sun, J.; Feng, H.; Zhu, X.; Chen, Q.; Gao, F.; Ni, Q.; Mao, L.; Yang, M.; et al. Administration of intramuscular
AAV-BDNF and intranasal AAV-TrkB promotes neurological recovery via enhancing corticospinal synaptic connections in stroke
rats. Exp. Neurol. 2023, 359, 114236. [CrossRef]

16. Buch, L.; Lipi, B.; Langhnoja, J.; Jaldeep, L.; Pillai, P.P.; Prakash, P. Role of astrocytic MeCP2 in regulation of CNS myelination by
affecting oligodendrocyte and neuronal physiology and axo-glial interactions. Exp. Brain Res. 2018, 236, 3015–3027. [CrossRef]

17. Datta, I.; Ganapathy, K.; Razdan, R.; Bhonde, R. Location and Number of Astrocytes Determine Dopaminergic Neuron Survival
and Function Under 6-OHDA Stress Mediated Through Differential BDNF Release. Mol. Neurobiol. 2018, 55, 5505–5525. [CrossRef]
[PubMed]

https://doi.org/10.4103/1673-5374.156967
https://doi.org/10.1523/JNEUROSCI.5123-04.2005
https://doi.org/10.1016/j.celrep.2014.03.040
https://doi.org/10.1007/s10571-017-0510-4
https://doi.org/10.3390/jpm13040652
https://doi.org/10.1007/s10495-023-01848-y
https://doi.org/10.3389/fnmol.2022.1028223
https://doi.org/10.1101/lm.037291.114
https://www.ncbi.nlm.nih.gov/pubmed/26286651
https://doi.org/10.3389/fnmol.2023.1247422
https://www.ncbi.nlm.nih.gov/pubmed/37781095
https://doi.org/10.1016/j.ynstr.2023.100530
https://www.ncbi.nlm.nih.gov/pubmed/36891528
https://doi.org/10.14670/hh-25.237
https://doi.org/10.3390/cells9051194
https://doi.org/10.1002/jcb.26397
https://doi.org/10.1016/j.expneurol.2022.114236
https://doi.org/10.1007/s00221-018-5415-z
https://doi.org/10.1007/s12035-017-0767-0
https://www.ncbi.nlm.nih.gov/pubmed/28965325


Int. J. Mol. Sci. 2024, 25, 1596 17 of 22

18. Saba, J.; Turati, J.; Ramírez, D.; Carniglia, L.; Durand, D.; Lasaga, M.; Caruso, C. Astrocyte truncated tropomyosin receptor kinase
B mediates brain-derived neurotrophic factor anti-apoptotic effect leading to neuroprotection. J. Neurochem. 2018, 146, 686–702.
[CrossRef]

19. Harley, S.B.R.; Willis, E.F.; Shaikh, S.N.; Blackmore, D.G.; Sah, P.; Ruitenberg, M.J.; Bartlett, P.F.; Vukovic, J. Selective Ablation of
BDNF from Microglia Reveals Novel Roles in Self-Renewal and Hippocampal Neurogenesis. J. Neurosci. 2021, 41, 4172–4186.
[CrossRef] [PubMed]

20. Bayas, A.; Hummel, V.; Kallmann, B.A.; Karch, C.; Toyka, K.V.; Rieckmann, P. Human cerebral endothelial cells are a potential
source for bioactive BDNF. Cytokine 2002, 19, 55–58. [CrossRef] [PubMed]

21. Marie, C.; Pedard, M.; Quirié, A.; Tessier, A.; Garnier, P.; Totoson, P.; Demougeot, C. Brain-derived neurotrophic factor secreted by
the cerebral endothelium: A new actor of brain function? J. Cereb. Blood Flow Metab. 2018, 38, 935–949. [CrossRef]

22. Stanton, L.M.; Price, A.J.; Manning, E.E. Hypothalamic corticotrophin releasing hormone neurons in stress-induced psychopathol-
ogy: Revaluation of synaptic contributions. J. Neuroendocrinol. 2023, 35, e13268. [CrossRef] [PubMed]

23. Wei, Q.; Kumar, V.; Moore, S.; Li, F.; Murphy, G.G.; Watson, S.J.; Akil, H. High emotional reactivity is associated with activation of
a molecularly distinct hippocampal-amygdala circuit modulated by the glucocorticoid receptor. Neurobiol. Stress 2023, 27, 100581.
[CrossRef] [PubMed]

24. Dwyer, M.K.R.; Amelinez-Robles, N.; Polsfuss, I.; Herbert, K.; Kim, C.; Varghese, N.; Parry, T.J.; Buller, B.; Verdoorn, T.A.; Billing,
C.B., Jr.; et al. NTS-105 decreased cell death and preserved long-term potentiation in an in vitro model of moderate traumatic
brain injury. Exp. Neurol. 2023, 371, 114608. [CrossRef] [PubMed]

25. Chiba, S.; Numakawa, T.; Murata, T.; Kawaminami, M.; Himi, T. Enhanced social reward response and anxiety-like behavior
with downregulation of nucleus accumbens glucocorticoid receptor in BALB/c mice. J. Vet. Med. Sci. 2023, 85, 30–39. [CrossRef]
[PubMed]

26. Numakawa, T.; Kumamaru, E.; Adachi, N.; Yagasaki, Y.; Izumi, A.; Kunugi, H. Glucocorticoid receptor interaction with TrkB
promotes BDNF-triggered PLC-gamma signaling for glutamate release via a glutamate transporter. Proc. Natl. Acad. Sci. USA
2009, 106, 647–652. [CrossRef] [PubMed]

27. Numakawa, T.; Odaka, H.; Adachi, N.; Chiba, S.; Ooshima, Y.; Matsuno, H.; Nakajima, S.; Yoshimura, A.; Fumimoto, K.; Hirai,
Y.; et al. Basic fibroblast growth factor increased glucocorticoid receptors in cortical neurons through MAP kinase pathway.
Neurochem. Int. 2018, 118, 217–224. [CrossRef]

28. McCann, K.E.; Lustberg, D.J.; Shaughnessy, E.K.; Carstens, K.E.; Farris, S.; Alexander, G.M.; Radzicki, D.; Zhao, M.; Dudek, S.M.
Novel role for mineralocorticoid receptors in control of a neuronal phenotype. Mol. Psychiatry 2021, 26, 350–364. [CrossRef]

29. Montgomery, K.R.; Bridi, M.S.; Folts, L.M.; Marx-Rattner, R.; Zierden, H.C.; Wulff, A.B.; Kodjo, E.A.; Thompson, S.M.; Bale, T.L.
Chemogenetic activation of CRF neurons as a model of chronic stress produces sex-specific physiological and behavioral effects.
Neuropsychopharmacology 2024, 49, 443–454. [CrossRef]

30. You, I.J.; Bae, Y.; Beck, A.R.; Shin, S. Lateral hypothalamic proenkephalin neurons drive threat-induced overeating associated
with a negative emotional state. Nat. Commun. 2023, 14, 6875. [CrossRef]

31. Dos-Santos, R.C.; Sweeten, B.L.W.; Stelly, C.E.; Tasker, J.G. The Neuroendocrine Impact of Acute Stress on Synaptic Plasticity.
Endocrinology 2023, 164, bqad149. [CrossRef]

32. Ciubuc-Batcu, M.T.; Stapelberg, N.J.C.; Headrick, J.P.; Renshaw, G.M.C. A mitochondrial nexus in major depressive disorder:
Integration with the psycho-immune-neuroendocrine network. Biochim. Biophys. Acta Mol. Basis Dis. 2023, 1870, 166920.
[CrossRef]

33. Khacho, M.; Harris, R.; Slack, R.S. Mitochondria as central regulators of neural stem cell fate and cognitive function. Nat. Rev.
Neurosci. 2019, 20, 34–48. [CrossRef]

34. Daviu, N.; Bruchas, M.R.; Moghaddam, B.; Sandi, C.; Beyeler, A. Neurobiological links between stress and anxiety. Neurobiol.
Stress 2019, 11, 100191. [CrossRef]

35. Gulyaeva, N.V. Glucocorticoids Orchestrate Adult Hippocampal Plasticity: Growth Points and Translational Aspects. Biochemistry
2023, 88, 565–589. [CrossRef]

36. Barfield, E.T.; Gourley, S.L. Prefrontal cortical trkB, glucocorticoids, and their interactions in stress and developmental contexts.
Neurosci. Biobehav. Rev. 2018, 95, 535–558. [CrossRef] [PubMed]

37. Arango-Lievano, M.; Borie, A.M.; Dromard, Y.; Murat, M.; Desarmenien, M.G.; Garabedian, M.J.; Jeanneteau, F. Persistence of
learning-induced synapses depends on neurotrophic priming of glucocorticoid receptors. Proc. Natl. Acad. Sci. USA 2019, 116,
13097–13106. [CrossRef] [PubMed]

38. McCarty, K.J.; Pratt, S.L.; Long, N.M. Effects of Exogenous Glucocorticoid Infusion on Appetitic Center Development in Postnatal
Dairy Bull Calves. Animals 2023, 13, 1980. [CrossRef] [PubMed]

39. Chen, Q.; Wang, F.; Zhang, Y.; Liu, Y.; An, L.; Ma, Z.; Zhang, J.; Yu, S. Neonatal DEX exposure leads to hyperanxious and
depressive-like behaviors as well as a persistent reduction of BDNF expression in developmental stages. Biochem. Biophys. Res.
Commun. 2020, 527, 311–316. [CrossRef] [PubMed]

40. Razzoli, M.; Domenici, E.; Carboni, L.; Rantamaki, T.; Lindholm, J.; Castrén, E.; Arban, R. A role for BDNF/TrkB signaling in
behavioral and physiological consequences of social defeat stress. Genes Brain Behav. 2011, 10, 424–433. [CrossRef] [PubMed]

https://doi.org/10.1111/jnc.14476
https://doi.org/10.1523/JNEUROSCI.2539-20.2021
https://www.ncbi.nlm.nih.gov/pubmed/33785644
https://doi.org/10.1006/cyto.2002.0892
https://www.ncbi.nlm.nih.gov/pubmed/12182839
https://doi.org/10.1177/0271678X18766772
https://doi.org/10.1111/jne.13268
https://www.ncbi.nlm.nih.gov/pubmed/37078436
https://doi.org/10.1016/j.ynstr.2023.100581
https://www.ncbi.nlm.nih.gov/pubmed/37928820
https://doi.org/10.1016/j.expneurol.2023.114608
https://www.ncbi.nlm.nih.gov/pubmed/37949202
https://doi.org/10.1292/jvms.22-0103
https://www.ncbi.nlm.nih.gov/pubmed/36403974
https://doi.org/10.1073/pnas.0800888106
https://www.ncbi.nlm.nih.gov/pubmed/19126684
https://doi.org/10.1016/j.neuint.2018.06.009
https://doi.org/10.1038/s41380-019-0598-7
https://doi.org/10.1038/s41386-023-01739-5
https://doi.org/10.1038/s41467-023-42623-6
https://doi.org/10.1210/endocr/bqad149
https://doi.org/10.1016/j.bbadis.2023.166920
https://doi.org/10.1038/s41583-018-0091-3
https://doi.org/10.1016/j.ynstr.2019.100191
https://doi.org/10.1134/S0006297923050012
https://doi.org/10.1016/j.neubiorev.2018.10.015
https://www.ncbi.nlm.nih.gov/pubmed/30477984
https://doi.org/10.1073/pnas.1903203116
https://www.ncbi.nlm.nih.gov/pubmed/31182610
https://doi.org/10.3390/ani13121980
https://www.ncbi.nlm.nih.gov/pubmed/37370490
https://doi.org/10.1016/j.bbrc.2020.04.084
https://www.ncbi.nlm.nih.gov/pubmed/32446386
https://doi.org/10.1111/j.1601-183X.2011.00681.x
https://www.ncbi.nlm.nih.gov/pubmed/21272243


Int. J. Mol. Sci. 2024, 25, 1596 18 of 22

41. Tsai, S.F.; Huang, T.Y.; Chang, C.Y.; Hsu, Y.C.; Chen, S.J.; Yu, L.; Kuo, Y.M.; Jen, C.J. Social instability stress differentially affects
amygdalar neuron adaptations and memory performance in adolescent and adult rats. Front. Behav. Neurosci. 2014, 8, 27.
[CrossRef] [PubMed]

42. Barfield, E.T.; Gerber, K.J.; Zimmermann, K.S.; Ressler, K.J.; Parsons, R.G.; Gourley, S.L. Regulation of actions and habits by
ventral hippocampal trkB and adolescent corticosteroid exposure. PLoS Biol. 2017, 15, e2003000. [CrossRef]

43. Azogu, I.; Liang, J.; Plamondon, H. Sex-specific differences in corticosterone secretion, behavioral phenotypes and expression of
TrkB.T1 and TrkB.FL receptor isoforms: Impact of systemic TrkB inhibition and combinatory stress exposure in adolescence. Prog.
Neuropsychopharmacol. Biol. Psychiatry 2018, 86, 10–23. [CrossRef]

44. Pagliusi, M., Jr.; Franco, D.; Cole, S.; Morais-Silva, G.; Chandra, R.; Fox, M.E.; Iñiguez, S.D.; Sartori, C.R.; Lobo, M.K. The
BDNF-TrkB Pathway Acts Through Nucleus Accumbens D2 Expressing Neurons to Mediate Stress Susceptible Outcomes. Front.
Psychiatry 2022, 13, 854494. [CrossRef] [PubMed]

45. Tessarollo, L.; Yanpallewar, S. TrkB Truncated Isoform Receptors as Transducers and Determinants of BDNF Functions. Front.
Neurosci. 2022, 16, 847572. [CrossRef]

46. Rostami, S.; Haghparast, A.; Fayazmilani, R. The downstream effects of forced exercise training and voluntary physical activity in
an enriched environment on hippocampal plasticity in preadolescent rats. Brain Res. 2021, 1759, 147373. [CrossRef] [PubMed]

47. Kumamaru, E.; Numakawa, T.; Adachi, N.; Yagasaki, Y.; Izumi, A.; Niyaz, M.; Kudo, M.; Kunugi, H. Glucocorticoid prevents
brain-derived neurotrophic factor-mediated maturation of synaptic function in developing hippocampal neurons through
reduction in the activity of mitogen-activated protein kinase. Mol. Endocrinol. 2008, 22, 546–558. [CrossRef] [PubMed]

48. Ferrero Restelli, F.; Federicci, F.; Ledda, F.; Paratcha, G. Sprouty4 at the crossroads of Trk neurotrophin receptor signaling
suppression by glucocorticoids. Front. Mol. Neurosci. 2023, 16, 1090824. [CrossRef] [PubMed]

49. Ke, Q.; Li, R.; Cai, L.; Wu, S.D.; Li, C.M. Ro41-5253, a selective antagonist of retinoic acid receptor α, ameliorates chronic
unpredictable mild stress-induced depressive-like behaviors in rats: Involvement of regulating HPA axis and improving
hippocampal neuronal deficits. Brain Res. Bull. 2019, 146, 302–309. [CrossRef] [PubMed]

50. Chen, X.N.; Meng, Q.Y.; Bao, A.M.; Swaab, D.F.; Wang, G.H.; Zhou, J.N. The involvement of retinoic acid receptor-alpha in
corticotropin-releasing hormone gene expression and affective disorders. Biol. Psychiatry 2009, 66, 832–839. [CrossRef] [PubMed]

51. Wang, Y.; Li, O.; Li, N.; Sha, Z.; Zhao, Z.; Xu, J. Association between the BDNF Val66Met polymorphism and major depressive
disorder: A systematic review and meta-analysis. Front. Psychiatry 2023, 14, 1143833. [CrossRef]

52. Egan, M.F.; Kojima, M.; Callicott, J.H.; Goldberg, T.E.; Kolachana, B.S.; Bertolino, A.; Zaitsev, E.; Gold, B.; Goldman, D.; Dean, M.;
et al. The BDNF val66met polymorphism affects activity-dependent secretion of BDNF and human memory and hippocampal
function. Cell 2003, 112, 257–269. [CrossRef]

53. Miranda, M.; Morici, J.F.; Zanoni, M.B.; Bekinschtein, P. Brain-Derived Neurotrophic Factor: A Key Molecule for Memory in the
Healthy and the Pathological Brain. Front. Cell. Neurosci. 2019, 13, 363. [CrossRef]

54. Musazzi, L.; Tornese, P.; Sala, N.; Lee, F.S.; Popoli, M.; Ieraci, A. Acute stress induces an aberrant increase of presynaptic release of
glutamate and cellular activation in the hippocampus of BDNF(Val/Met) mice. J. Cell. Physiol. 2022, 237, 3834–3844. [CrossRef]

55. Raju, S.; Notaras, M.; Grech, A.M.; Schroeder, A.; van den Buuse, M.; Hill, R.A. BDNF Val66Met genotype and adolescent
glucocorticoid treatment induce sex-specific disruptions to fear extinction and amygdala GABAergic interneuron expression in
mice. Horm. Behav. 2022, 144, 105231. [CrossRef] [PubMed]

56. Thacker, J.S.; Mielke, J.G. The combined effects of corticosterone and brain-derived neurotrophic factor on plasticity-related
receptor phosphorylation and expression at the synaptic surface in male Sprague-Dawley rats. Horm. Behav. 2022, 145, 105233.
[CrossRef] [PubMed]

57. Gong, Q.; Yan, X.J.; Lei, F.; Wang, M.L.; He, L.L.; Luo, Y.Y.; Gao, H.W.; Feng, Y.L.; Yang, S.L.; Li, J.; et al. Proteomic profiling of
the neurons in mice with depressive-like behavior induced by corticosterone and the regulation of berberine: Pivotal sites of
oxidative phosphorylation. Mol. Brain 2019, 12, 118. [CrossRef] [PubMed]

58. Lu, W.H.; Chao, H.W.; Lin, P.Y.; Lin, S.H.; Liu, T.H.; Chen, H.W.; Huang, Y.S. CPEB3-dowregulated Nr3c1 mRNA translation
confers resilience to developing posttraumatic stress disorder-like behavior in fear-conditioned mice. Neuropsychopharmacology
2021, 46, 1669–1679. [CrossRef] [PubMed]

59. Wahl, P.; Mathes, S.; Köhler, K.; Achtzehn, S.; Bloch, W.; Mester, J. Acute metabolic, hormonal, and psychological responses to
different endurance training protocols. Horm. Metab. Res. 2013, 45, 827–833. [CrossRef] [PubMed]

60. Jeanneteau, F.; Chao, M.V. Are BDNF and glucocorticoid activities calibrated? Neuroscience 2013, 239, 173–195. [CrossRef]
[PubMed]

61. Hermann, R.; Schaller, A.; Lay, D.; Bloch, W.; Albus, C.; Petrowski, K. Effect of acute psychosocial stress on the brain-derived
neurotrophic factor in humans—A randomized cross within trial. Stress 2021, 24, 442–449. [CrossRef] [PubMed]

62. de Assis, G.G.; Gasanov, E.V. BDNF and Cortisol integrative system–Plasticity vs. degeneration: Implications of the Val66Met
polymorphism. Front. Neuroendocrinol. 2019, 55, 100784. [CrossRef]

63. Kepp, K.P.; Robakis, N.K.; Høilund-Carlsen, P.F.; Sensi, S.L.; Vissel, B. The amyloid cascade hypothesis: An updated critical
review. Brain 2023, 146, 3969–3990. [CrossRef]

64. Numakawa, T.; Kajihara, R. Neurotrophins and Other Growth Factors in the Pathogenesis of Alzheimer’s Disease. Life 2023, 13,
647. [CrossRef] [PubMed]

https://doi.org/10.3389/fnbeh.2014.00027
https://www.ncbi.nlm.nih.gov/pubmed/24550802
https://doi.org/10.1371/journal.pbio.2003000
https://doi.org/10.1016/j.pnpbp.2018.05.002
https://doi.org/10.3389/fpsyt.2022.854494
https://www.ncbi.nlm.nih.gov/pubmed/35722560
https://doi.org/10.3389/fnins.2022.847572
https://doi.org/10.1016/j.brainres.2021.147373
https://www.ncbi.nlm.nih.gov/pubmed/33600831
https://doi.org/10.1210/me.2007-0264
https://www.ncbi.nlm.nih.gov/pubmed/18096693
https://doi.org/10.3389/fnmol.2023.1090824
https://www.ncbi.nlm.nih.gov/pubmed/36818650
https://doi.org/10.1016/j.brainresbull.2019.01.022
https://www.ncbi.nlm.nih.gov/pubmed/30711623
https://doi.org/10.1016/j.biopsych.2009.05.031
https://www.ncbi.nlm.nih.gov/pubmed/19596122
https://doi.org/10.3389/fpsyt.2023.1143833
https://doi.org/10.1016/S0092-8674(03)00035-7
https://doi.org/10.3389/fncel.2019.00363
https://doi.org/10.1002/jcp.30833
https://doi.org/10.1016/j.yhbeh.2022.105231
https://www.ncbi.nlm.nih.gov/pubmed/35779519
https://doi.org/10.1016/j.yhbeh.2022.105233
https://www.ncbi.nlm.nih.gov/pubmed/35878471
https://doi.org/10.1186/s13041-019-0518-4
https://www.ncbi.nlm.nih.gov/pubmed/31888678
https://doi.org/10.1038/s41386-021-01017-2
https://www.ncbi.nlm.nih.gov/pubmed/33941859
https://doi.org/10.1055/s-0033-1347242
https://www.ncbi.nlm.nih.gov/pubmed/23794400
https://doi.org/10.1016/j.neuroscience.2012.09.017
https://www.ncbi.nlm.nih.gov/pubmed/23022538
https://doi.org/10.1080/10253890.2020.1854218
https://www.ncbi.nlm.nih.gov/pubmed/33236949
https://doi.org/10.1016/j.yfrne.2019.100784
https://doi.org/10.1093/brain/awad159
https://doi.org/10.3390/life13030647
https://www.ncbi.nlm.nih.gov/pubmed/36983803


Int. J. Mol. Sci. 2024, 25, 1596 19 of 22

65. Du, Y.; Wu, H.T.; Qin, X.Y.; Cao, C.; Liu, Y.; Cao, Z.Z.; Cheng, Y. Postmortem Brain, Cerebrospinal Fluid, and Blood Neurotrophic
Factor Levels in Alzheimer’s Disease: A Systematic Review and Meta-Analysis. J. Mol. Neurosci. 2018, 65, 289–300. [CrossRef]

66. Garzon, D.; Yu, G.; Fahnestock, M. A new brain-derived neurotrophic factor transcript and decrease in brain-derived neurotrophic
factor transcripts 1, 2 and 3 in Alzheimer’s disease parietal cortex. J. Neurochem. 2002, 82, 1058–1064. [CrossRef] [PubMed]

67. Ng, T.K.S.; Ho, C.S.H.; Tam, W.W.S.; Kua, E.H.; Ho, R.C. Decreased Serum Brain-Derived Neurotrophic Factor (BDNF) Levels in
Patients with Alzheimer’s Disease (AD): A Systematic Review and Meta-Analysis. Int. J. Mol. Sci. 2019, 20, 257. [CrossRef]

68. Angelucci, F.; Veverova, K.; Katonová, A.; Vyhnalek, M.; Hort, J. Serum PAI-1/BDNF Ratio Is Increased in Alzheimer’s Disease
and Correlates with Disease Severity. ACS Omega 2023, 8, 36025–36031. [CrossRef]

69. Mori, Y.; Tsuji, M.; Oguchi, T.; Kasuga, K.; Kimura, A.; Futamura, A.; Sugimoto, A.; Kasai, H.; Kuroda, T.; Yano, S.; et al. Serum
BDNF as a Potential Biomarker of Alzheimer’s Disease: Verification through Assessment of Serum, Cerebrospinal Fluid, and
Medial Temporal Lobe Atrophy. Front. Neurol. 2021, 12, 653267. [CrossRef] [PubMed]

70. Lim, Y.Y.; Laws, S.M.; Perin, S.; Pietrzak, R.H.; Fowler, C.; Masters, C.L.; Maruff, P. BDNF VAL66MET polymorphism and memory
decline across the spectrum of Alzheimer’s disease. Genes Brain Behav. 2021, 20, e12724. [CrossRef]

71. Bessi, V.; Mazzeo, S.; Bagnoli, S.; Padiglioni, S.; Carraro, M.; Piaceri, I.; Bracco, L.; Sorbi, S.; Nacmias, B. The implication of BDNF
Val66Met polymorphism in progression from subjective cognitive decline to mild cognitive impairment and Alzheimer’s disease:
A 9-year follow-up study. Eur. Arch. Psychiatry Clin. Neurosci. 2020, 270, 471–482. [CrossRef]

72. del Toro, D.; Canals, J.M.; Ginés, S.; Kojima, M.; Egea, G.; Alberch, J. Mutant huntingtin impairs the post-Golgi trafficking of
brain-derived neurotrophic factor but not its Val66Met polymorphism. J. Neurosci. 2006, 26, 12748–12757. [CrossRef]

73. Brown, D.T.; Vickers, J.C.; Stuart, K.E.; Cechova, K.; Ward, D.D. The BDNF Val66Met Polymorphism Modulates Resilience of
Neurological Functioning to Brain Ageing and Dementia: A Narrative Review. Brain Sci. 2020, 10, 195. [CrossRef]

74. Eggert, S.; Kins, S.; Endres, K.; Brigadski, T. Brothers in arms: ProBDNF/BDNF and sAPPα/Aβ-signaling and their common
interplay with ADAM10, TrkB, p75NTR, sortilin, and sorLA in the progression of Alzheimer’s disease. Biol. Chem. 2022, 403,
43–71. [CrossRef]

75. Zheng, Z.; Sabirzhanov, B.; Keifer, J. Oligomeric amyloid-{beta} inhibits the proteolytic conversion of brain-derived neurotrophic
factor (BDNF), AMPA receptor trafficking, and classical conditioning. J. Biol. Chem. 2010, 285, 34708–34717. [CrossRef]

76. Yan, P.; Xue, Z.; Li, D.; Ni, S.; Wang, C.; Jin, X.; Zhou, D.; Li, X.; Zhao, X.; Chen, X.; et al. Dysregulated CRTC1-BDNF signaling
pathway in the hippocampus contributes to Aβ oligomer-induced long-term synaptic plasticity and memory impairment. Exp.
Neurol. 2021, 345, 113812. [CrossRef]

77. Zhang, L.; Fang, Y.; Lian, Y.; Chen, Y.; Wu, T.; Zheng, Y.; Zong, H.; Sun, L.; Zhang, R.; Wang, Z.; et al. Brain-derived neurotrophic
factor ameliorates learning deficits in a rat model of Alzheimer’s disease induced by aβ1-42. PLoS ONE 2015, 10, e0122415.
[CrossRef]
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