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Abstract

Alzheimer’s disease (AD) is a neurodegenerative disease characterized by neuronal cell death and memory impairment. Corticos-
terone (CORT) is a glucocorticoid hormone produced by the hypothalamic-pituitary-adrenal axis in response to a stressful condi-
tion. Excessive stress and high CORT levels are known to cause neurotoxicity and aggravate various diseases, whereas mild
stress and low CORT levels exert beneficial actions under pathophysiological conditions. However, the effects of mild stress on AD
have not been clearly elucidated yet. In this study, the effects of low (3 and 30 nM) CORT concentration on ABs.ss-induced neuro-
toxicity in SH-SY5Y cells and underlying molecular mechanisms have been investigated. Cytotoxicity caused by ABzs.3s was sig-
nificantly inhibited by the low concentration of CORT treatment in the cells. Furthermore, CORT pretreatment significantly reduced
AP2s.3s-mediated pro-apoptotic signals, such as increased Bim/Bcl-2 ratio and caspase-3 cleavage. Moreover, low concentration
of CORT treatment inhibited the APs.3s-induced cyclooxygenase-2 and pro-inflammatory cytokine expressions, including tumor
necrosis factor-a and interleukin-1p. AB2s.ss resulted in intracellular accumulation of reactive oxygen species and lipid peroxidation,
which were effectively reduced by the low CORT concentration. As a molecular mechanism, low CORT concentration activated
the nuclear factor-erythroid 2-related factor 2, a redox-sensitive transcription factor mediating cellular defense and upregulating
the expression of antioxidant enzymes, such as NAD(P)H:quinone oxidoreductase, glutamylcysteine synthetase, and manganese
superoxide dismutase. These findings suggest that low CORT concentration exerts protective actions against ABzs.ss-induced
neurotoxicity and might be used to treat and/or prevent AD.
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INTRODUCTION stress. Activation of the HPA axis stimulates the secretion and
production of glucocorticoids (GCs), for instance, cortisol in
Stress refers to a state of challenged and disturbed ho- humans and corticosterone (CORT) in other animals including
meostasis. In modern society, people are exposed to various rodents (Herman et al., 2016). GC is a kind of steroid hormone
physical- and mental-stress situations in daily life. Generally, known to have a wide range of effects on almost all physi-
excessive and continuous stress is known to adversely cause ological systems (De Kloet et al., 1998; Abraham et al., 2001).
diverse diseases, such as immune, cardiovascular, diges- Stress is specifically associated with memory functions in the
tive, and metabolic disorders (Yaribeygi et al., 2017). Expo- brain (Sandi, 2004; Bermudez-Rattoni, 2007; Yaribeygi et al.,
sure to high-stress levels in the central nervous system has 2017). Previous studies have reported that chronic stress and
been reported to cause neurological disorders, including de- high CORT levels cause functional and structural changes in
pression, anxiety, post-traumatic syndrome, eating disorder, the hippocampus, an important limbic structure that plays a
and addiction (Newell-Price et al., 2006; Justice, 2018). Such crucial role in the brain (Woolley et al., 1990; McEwen, 1999).
high-stress levels have long been recognized as a negative Moreover, many experiments have also demonstrated that ex-
factor causing and accelerating a wide range of pathological cessive stress negatively affects cognitive and memory func-
conditions. Stress exposure activates the hypothalamic-pitu- tions (Bodnoff et al., 1995; Kim and Diamond, 2002).
itary-adrenal (HPA) axis as a response to regulate and control Dementia is a representative disease associated with dete-
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riorated memory function and does not mean a single disease.
Instead, it is a comprehensive term of conditions in which the
normally mature brain is damaged causing memory and cog-
nitive impairment that hinders a person’s daily life. Alzheimer’s
disease (AD) is a type of dementia, accounting for the largest
proportion of 60%-80% of all types of dementia (Alzheimer’s
Association, 2022). When brain tissues in patients with AD
were examined under a microscope, two characteristic patho-
logical features are identified, i.e., senile plaques and neurofi-
brillary tangles, which are caused by the deposition of a pep-
tide known as beta-amyloid (Ap) and abnormal entanglement
of a protein called tau, respectively (Morishima-Kawashima
and lhara, 2002; Tiwari et al., 2019). Moreover, these two
major pathological features of AD caused overall brain atro-
phy and neuronal loss (Whitwell, 2010). Several studies have
investigated the cause and mechanism of AD, which have
not yet been fully elucidated. AB is produced by the action of
B- and y-secretases, forming oligomers to aggregates, and is
deposited outside the neurons (Sadigh-Eteghad et al., 2015).
AB is known to induce neuron toxicity caused by intracellular
calcium level abnormalities, oxidative stress, and inflamma-
tion (Demuro et al., 2010; Heppner et al., 2015; Minter et al.,
2016; Cheignon et al., 2018).

Many risk factors can cause and accelerate AD, including
aging, genetic variation, inflammation, and stress (Justice,
2018; Armstrong, 2019). Stress has been considered one of
the key risk factors for AD. Studies have reported that chron-
ic stress increased the AB production and tau protein phos-
phorylation in 3xTg-AD mice (Green et al., 2006). However,
recent studies have interestingly shown the beneficial effects
of mild stress on aging and longevity mainly in Drosophila
melanogaster flies and Caenorhabditis elegans (Maglioni et
al., 2014; Le Bourg, 2016). Furthermore, moderate exposure
to GC, a representative stress hormone, had positive effects
on N-methyl-D-aspartate excitotoxicity, focal lesions following
traumatic brain injury, and hypoxic-ischemic brain damage
(Abraham et al., 2001). However, the effects of mild stress on
neuronal cell death in AD and its underlying mechanisms are
not yet fully elucidated. To test this, whether low CORT con-
centration could protect against AB.s.ss-induced cell death was
examined in human neuroblastoma SH-SY5Y cells. Further-
more, the relevant molecular targets were investigated focus-
ing on oxidative stress and neuroinflammation.

MATERIALS AND METHODS

Materials

CORT (purity 298.5%), AB2s.3s, MTT [3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide], anti-actin antibody,
and other chemicals were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Dulbecco’s modified Eagle’s medium
(DMEM), fetal bovine serum (FBS), and penicillin-streptomy-
cin antibiotic were obtained from Gibco BRL (Grand Island,
NY, USA). Dichlorofluorescin diacetate (DCF-DA) was pro-
vided by Invitrogen Co. (Carlsbad, CA, USA). Primary anti-
bodies against Bim, poly (ADP-ribose) polymerase (PARP),
cyclooxygenase-2 (COX-2), interleukin-13 (IL-1B), nuclear
factor erythroid 2-related factor 2 (Nrf2), glutamylcysteine syn-
thetase (GCS), manganese superoxide dismutase (MnSOD),
repressor element 1 silencing transcription factor (REST), and
brain-derived neurotrophic factor (BDNF) were supplied by
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Santa Cruz Biotechnology (Santa Cruz, CA, USA). Primary
antibodies for 4-hydroxynonenal (4-HNE) and phospho-Nrf2
(p-Nrf2) were obtained from Abcam (Cambridge, UK), and an-
titumor necrosis factor-a (TNF-a) and anti-cleaved caspase-3
antibodies were products from Cell Signaling Technology
(Danvers, MA, USA).

Cell culture

Human neuroblastoma SH-SY5Y cell line was obtained
from Korean cell line bank (Seoul, Korea). The cells were cul-
tured in DMEM supplemented with 10% FBS, penicillin (100
U/mL), and streptomycin (100 U/mL). Cells were incubated in
a humidified 5% CO; incubator at 37°C and grown in 6-well
plates for 3 days (72 h) with or without CORT (3 nM and 30
nM). Then, the cells were plated at an appropriate density
based on each experimental scale. For the treatment of AB,s.
35, the cells were switched to the serum-free medium and incu-
bated with or without Ap.s.35 for indicated times.

Cell viability assay

Cell viability was analyzed through MTT reduction assays.
In the previous study, SH-SY5Y cells had been treated with
various concentrations (0-100 uM) to determine the optimal
concentrations of CORT which could induce eustress on the
cells. (Lee et al., 2022). Briefly, it was judged as excessive
stress where the cell viability was decreased by more than
20% as in case of 100 uM CORT. When low concentrations
of CORT (3- and 30 nM) were treated, the decrease in cell
viability was less than 10% from the control group. It was con-
sidered as eustress. The cells were treated with a vehicle or
CORT (3- and 30 nM) for 72 h and seeded at a density of
5x10* cells/300 pL in a 48-well plate. After 24 h, when the
cells were stably attached, the existing medium was moved
to a serum-free medium with or without AB2sss (10 uM). After
incubation for 22 h, MTT solution was added and reacted for
another 2 h. The formazan crystals formed in the living cells
were dissolved with dimethyl sulfoxide (DMSO). The optical
density at 540 nm was measured using a microplate reader
(Molecular device, LLC., San Jose, CA, USA), and the relative
cell viability (%) was calculated as 100% based on the absor-
bance of the vehicle-treated control group.

DCF-DA staining

To monitor the intracellular accumulation of reactive oxygen
species (ROS), the fluorescence-generating probe DCF-DA
was used. The cells (1x10° cells/ml in a 4-well chamber slide)
were rinsed with PBS, and a 10 uM DCF-DA was loaded. After
a 15-min incubation at 37°C, the cells were lysed with DMSO.
The fluorescence intensities were measured using an Infinite
M200 PRO plate reader (Tecan Group Ltd., Mannedorf, Swit-
zerland).

Western blotting

The expression of proteins was measured by western blot
analysis. After treatment with AP35 in the presence or ab-
sence of CORT, total protein samples were isolated using ra-
dioimmunoprecipitation assay buffer (Sigma-Aldrich). Protein
samples were separated in 10% or 12% sodium dodecyl sul-
fate-polyacrylamide gels and transferred to polyvinylidene flu-
oride membranes (Pall Co., MI, USA). The membranes were
blocked with 5% nonfat milk in 0.1% Tween 20 in PBS (PBST)
for 30 min at RT and then incubated with primary antibodies



at 4°C overnight. The dilution factors of primary antibodies
were as follows: Bim, Bcl-2, PARP, and Nrf2, 1:500; cleaved
caspase-3, COX-2, TNF-a, IL-1B, 4-HNE, pNrf2, GCS, NQO-
1, and MnSOD, 1:1,000; Actin, 1:4,000. After washing the
primary antibodies, the blots were reacted with horseradish
peroxidase-conjugated anti-rabbit (1:10,000; Sigma-Aldrich)
or anti-mouse secondary antibody (1:10,000; Santa Cruz Bio-
technology). The specific bands were visualized by enhanced
chemiluminescence western blotting detection reagent (Ther-
mo, Rockford, IL, USA).

Statistical analysis

Statistical analysis was performed using GraphPad Prism
5.0 (GraphPad Software, Boston, MA, USA) and IBM SPSS
for Windows (SPSS Inc., Chicago, IL, USA). The data were
expressed as mean * standard deviation (SD). Multiple group
comparisons were performed by ANOVA followed by the Tur-
key test as a post-hoc analysis.

RESULTS

Effect of CORT on Ap,s 3s-Induced Cytotoxicity in
SH-SY5Y Cells

To investigate the protective effects of low CORT concen-
tration against cytotoxicity induced by ABzs.3s, SH-SY5Y cells
were pretreated with 3- and 30 nM CORT for 72 h, and then,
10-uM AB2s.3s was added to the media for 24 h. The cell sur-
vival was measured using the MTT reduction assay (Fig. 1).
When the cells were treated with AB.sss, cell viability was
significantly lower by 55.27 + 1.80% than the control group,
whereas 3- and 30 nM CORT restored the cell survival to
65.21 + 3.31% and 67.39 + 2.27%, respectively. Notably, at
each concentration, low CORT concentration alone did not
exhibit obvious cytotoxicity.

Effect of CORT on Ap,s 3s-Induced Apoptotic Signals in
SH-SY5Y Cells

To examine the effects of low CORT concentration on APzs.
ss-induced apoptotic signals in SH-SY5Y cells, western blot
analysis was conducted. As shown in Fig. 2, the cells treated
with AB2s.3s (10 uM) and the expression of pro-apoptotic Bim
and cleaved caspase-3 were increased, whereas protein lev-
els of anti-apoptotic Bcl-2 and the total form of PARP were
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lower than that in the control group. However, the Bim ex-
pression and cleaved caspase-3 were reduced by the CORT
pretreatment. Moreover, the subsequent decrease in Bcl-2
and total PARP levels was effectively restored by CORT. In
summary, low CORT concentration significantly attenuated
the AP2s.ss-induced apoptosis by suppressing pro-apoptotic
markers including Bim, and cleavage of caspase-3 and PARP
in SH-SY5Y cells.

Effect of CORT on Af,s 3s-Induced Inflammatory Responses
in SH-SY5Y Cells

The ABzs.ss-induced inflammatory responses including the
expression of pro-inflammatory enzymes like COX-2 and
pro-inflammatory cytokines, such as TNF-a and IL-1B, were
examined in SH-SYSY cells. The ABasss (10 uM) treatment
increased the COX-2 protein levels (Fig. 3A) by 1.57 + 0.11-
fold and subsequent TNF-a and IL-1p expressions by 3.24 +
0.27 and 3.55 + 0.48 folds, respectively, as compared with
the control group. However, pretreatment with 3- and 30-nM
CORT effectively attenuated the APzsss-induced COX-2 (Fig.
3A), TNF-a, and IL-1p protein expressions (Fig. 3B).

Effect of CORT on AP,s.ss-Induced Oxidative Stress in
SH-SY5Y Cells

The SH-SY5Y cells were pretreated with CORT (3- and 30
nM) for 72 h before ABazs.3s (10 uM) incubation for 24 h. The
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Fig. 1. Protective effect of CORT on AB,s ss-induced cytotoxicity in
SH-SYS5Y cells. The cells were incubated with media containing 3-
and 30 nM CORT for 72 h and treated with a 10 uM AB,s.45 for an
additional 24 h. Cell viability was determined using the MTT reduc-
tion assay. Data are presented as mean + SD of three independent
experiments, each performed in triplicate. **p<0.01 and *p<0.01
indicate statistically significant differences from vehicle-treated
control group and AB,s 35 alone group, respectively.
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Fig. 2. Effect of CORT on AB,sss-induced apoptotic signals in SH-SY5Y cells. The cells were pretreated with 3- and 30 nM CORT for 72 h
and then incubated with 10 uM AB,s 55 for 24 h. Expression of Bim, Bcl-2 (A), PARP, and cleaved caspase-3 (B) was determined by western
blotting. Actin levels were measured as loading controls. Quantitative data were shown as fold induction in the right panel. Data are mean +
SD of three independent experiments. *p<0.05 or **p<0.01 vs vehicle-treated control group and *p<0.05 or #p<0.01 vs Ap,s.5 alone group
with statistical significance.
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Fig. 3. Effect of CORT on A, ss-induced expression of COX-2 and cytokines in SH-SY5Y cells. The cells were pretreated with CORT (3-
and 30 nM) for 72 h in the absence or presence of 10 uM A,s.35 for 24 h. (A) The COX-2 protein expression was determined by western blot
analysis. The relative ratio of COX-2 to Actin was represented in the right panel. (B) TNF-a and IL-1B expressions were analyzed by west-
ern blot analysis. Quantitative data for TNF-o/Actin and IL-1p/Actin protein levels were presented in the right panel. Data are presented as
mean + SD from three independent experiments. **p<0.01 vs vehicle-treated control group and #p<0.05 or #p<0.01 vs ABas.35 alone group
with statistical significance.
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Fig. 4. Effect of CORT on AB,sss-induced intracellular accumulation of ROS and lipid peroxidation in SH-SY5Y cells. (A) The intracellular
ROS levels were determined by DCF-DA fluorescence staining. (B) The 4-HNE was measured by western blotting. Actin levels were mea-
sured as loading controls. Quantitative data were shown as fold induction in the right panel. Data are presented as mean + SD of three in-
dependent experiments. **p<0.01 vs vehicle-treated control group and #p<0.01 vs AB,s_; alone group with statistical significance.

intracellular ROS levels were increased by the treatment of CORT-enhanced expression of REST and BDNF in SH-SY5Y

AP2s35 as compared with the control group as determined us- Cells
ing the DCF-DA fluorescence assay. However, pretreatment As another molecular mechanism, REST and BDNF ex-
with CORT alleviated the Apzs.ss-induced ROS accumulation pressions, the representative neurohormetic proteins, were
in the cells (Fig. 4A). Furthermore, we have determined one examined. Neurohormesis is a phenomenon in which low-
of the representative markers for oxidative stress, 4-HNE, de- dose toxins induce adaptive neuronal stress responses that
rived from w-6 polyunsaturated fatty acids (PUFAs), such as help cells withstand stress (Mattson and Cheng, 2006). Di-
linoleic, y-linolenic, or arachidonic acid by lipid peroxidation. verse molecules, such as cell-survival signaling kinases, tran-
The 4-HNE expression was increased by the APs.3s treatment, scription factors, and histone deacetylases, were known to be
which was significantly decreased by the pretreatment of 3- involved in neurohormesis. In this sense, whether low CORT
and 30 nM CORT (Fig. 4B). concentration could affect ABzs.ss-induced REST and BDNF
expressions in SH-SY5Y cells was investigated. As shown
CORT-induced activation of Nrf2 and upregulation of in Fig. 6A, the REST protein level seemed to be slightly de-
antioxidant enzymes in SH-SY5Y Cells creased by AP35 treatment for 24 h as compared with the
The Nrf2 is a redox-sensitive transcription factor that plays control group, which was enhanced by CORT pretreatment
a cytoprotective role in adaptive cellular defense from oxida- (3- and 30 nM) for 72 h. Moreover, CORT restored ABas.a5-
tive stress and inflammatory response by upregulating phase suppressed BDNF expression and even higher levels than

Il detoxifying and antioxidant enzymes (Qu et al., 2020). Treat- that in the control group (Fig. 6B).
ing SH-SY5Y cells with ABzs.35 (10 pM) for 24 h did not cause

any significant alterations in phosphorylation Nrf2 levels (Fig.

5A) and antioxidant enzyme expression, including GCS, DISCUSSION

NQO1, and MnSOD (Fig. 5B). However, CORT pretreatment

induced Nrf2 activation via phosphorylation (Fig. 5A) and sub- The pathogenesis of AD is multifactorial and involves ge-
sequently elevated the GCS, NQO1, and MnSOD protein lev- netic, environmental, and lifestyle factors. Over recent years,
els compared with Ap.s.35s alone-treated group (Fig. 5B). there has been increasing interest in exploring the potential

connection between stress and AD. This relationship is com-
plex and involves intricate molecular, cellular, and behavioral
mechanisms. Animal models provide valuable insights into
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Fig. 5. CORT-induced activation of Nrf2 through phosphorylation and upregulation of antioxidant enzymes. SH-SY5Y cells were pretreated
with 3- and 30 nM CORT for 72 h and were incubated for another 24 h in the absence or presence of 10 uM AB,s.35. (A) Nrf2 phosphoryla-
tion was evaluated by western blot analysis. Quantitative data for the relative ratio of Nrf2 to actin were indicated in the upper right panel. (B)
The protein expression of antioxidant enzymes including GCS, NQO1, and MnSOD was determined by western blot analysis. The relative
ratio of aforementioned proteins to Actin was shown in the lower right panel. Data are presented as mean + SD from three independent ex-
periments. p<0.05 or #p<0.01 vs AB,s.;s alone group with statistical significance.
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Fig. 6. CORT-enhanced REST and BDNF protein levels in SH-
SY5Y cells. The cells were pretreated with CORT (3- and 30 nM)
for 72 h and were then incubated with or without 10 uM A,s.35 for
another 24 h. REST and BDNF expressions were analyzed by
western blot analysis. Quantitative data and the relative ratio be-
tween REST/Actin and BDNF/Actin were represented in the lower
panel. Data are presented as mean + SD from three independent
experiments. #p<0.01 vs AB.s.35 alone group with statistical signifi-
cance.

stress-related behaviors and their impact on the development
and progression of AD. Animal models have been crucial in
elucidating the intricate relationship between stress and AD.
Studies using rodent models have demonstrated that chronic
stressors, such as social isolation, restraint, or unpredict-
able stress, can lead to cognitive impairments, memory defi-
cits, and increased susceptibility to AD-like pathology. These
stressors often induce anxiety- and depressive-like behaviors,
paralleling the mood changes observed in individuals at risk
for AD. Additionally, these models have revealed alterations
in synaptic plasticity and neurogenesis, further contributing to
cognitive decline.

Based on previous studies, stress is a major risk factor
for AD and a negative memory modulator; however, a recent
study has reported that properly controlled exposure to stress
positively affects the human body by enhancing resilience
(Osorio et al., 2017; Faye et al., 2018; Babi¢ et al., 2020).
The relationship between AD and “eustress,” with beneficial
stress and particularly the effects of moderate stress levels on
AD, has not been elucidated. In this study, low CORT concen-
tration, a representative stress hormone, exhibited protective
effects on Ap-induced cell death, inflammation, and oxidative
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damages by fortifying adaptive survival response in SH-SY5Y
human neuroblastoma cells.

Low (3- and 30 nM) CORT concentration demonstrated
a protective effect against AB2s.ss-induced cytotoxicity in SH-
SY5Y cells as measured using MTT reduction assay. Further-
more, APzs.ss increased the protein levels of pro-apoptotic Bim
and cleaved caspase-3 as compared with the control group,
which were significantly reduced by CORT pretreatment in the
cells. Furthermore, ABasss-decreased Bcl-2 and total PARP
expression were also restored by CORT pretreatment. These
findings suggest that a low CORT concentration has a pro-
tective effect against ABzs.ss-induced cell death by regulating
apoptotic signals.

The Ap is known to cause neuronal toxicity through various
mechanisms. Excessive A accumulations can induce neuro-
toxicity by enhancing inflammatory responses. In a previous
study, representative markers of pro-inflammatory reactions
including COX-2, TNF-q, IL-1B3, and TNFR1 were elevated by
AB2s.3s in SH-SY5Y cells (Xu et al., 2018). In the present study,
treatment with AB.s.ss in SHSYSY cells increased the inflam-
matory mediator expression, such as COX-2, TNF-a, and IL-
1B, whereas the expression of aforementioned proteins was
reduced by pretreatment with low CORT concentration. This
finding suggests that low CORT concentration could reduce
AB2s.as-induced neurotoxicity due to its anti-inflammatory ac-
tions.

Other mechanisms underlying the Ap-induced neurotoxic-
ity, oxidative stress and damages were examined. The ABzs.3s
treatment increased the ROS intracellular levels, which was
effectively reduced by the pretreatment with low CORT con-
centration in SH-SY5Y cells. In another experiment, the el-
evated 4-HNE expression by the ABas.ss treatment alone was
decreased when low CORT concentration was pretreated.
This finding indicated that low CORT concentration had a pro-
tective effect in SH-SY5Y cells against oxidative stress de-
rived from AB.s.ss (Markesbery, 1997; Zhang et al., 2010; Ham
et al., 2017).

Furthermore, neurohormetic regulators have been exam-
ined as promising candidates responsible for the protective
effects of low CORT concentration. Nrf-2 is an important regu-
lator of cellular defense against oxidative stress by upregu-
lating antioxidant and detoxifying enzymes, such as heme
oxygenase-1 (HO-1), GCS, SOD, glutathione S-transferase,
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glutathione peroxidase, catalase, sulfiredoxin, and thioredox-
in as downstream target genes (Lee et al., 2022). SH-SY5Y
cells treated with low CORT concentration increased the pro-
tein levels of GCS, NQO-1, and MnSOD by Nrf2 activation
via phosphorylation. The Nrf-2-ARE pathway activation likely
modulates the misfolded protein formation and degradation
aggregates in AD (Zhang et al., 2010).

REST is another neurohormetic protein and a transcrip-
tional repressor, playing a critical role in stem cells and dif-
ferentiating neurons and adult neurons. In aging neurons,
REST suppresses genes involved in neuronal death, resulting
in neuroprotection. Therefore, the loss of REST is implicated
with AD pathogenesis (Lu et al., 2014). Consistent with the
previous findings, pretreatment of low CORT concentration in-
creased the REST and BDNF expressions in SH-SY5Y cells
in the present study.

In the present study, one notable weakness of the study
lies in the partial inconsistency observed between the effects
of 3 nM CORT on cell viability and the associated protein
expression pattern such as COX-2, TNF-a, p-Nrf2, MnSOD,
REST, and BDNF. While the effect of 30 nM CORT exhibited
a satisfactory correlation between cell viability and the protein
expression, the unexpected lack of concordance at the lower
concentration of 3 nM CORT poses challenges to our current
understanding of the cellular response to this hormone. This
unexpected finding underscores the complexity of cellular re-
sponses to CORT and emphasizes the need for further re-
search to unravel the underlying mechanisms that give rise
to such a discrepancy. Addressing these limitations through
comprehensive mechanistic studies, alternative experimental
approaches, and consideration of dose-dependent effects will
enhance the robustness and comprehensiveness of our con-
clusions.

In conclusion, low CORT concentration could protect
against APss.as-induced cell death in SH-SY5Y cells by in-
flammation suppression and oxidative stress. As a protective
molecular mechanism, CORT might fortify the neurohormetic
stress responses by Nrf2 activation and REST upregulation,
which can augment antioxidant enzyme expression and neu-
rotrophic factors like BDNF. These findings suggest that mild
and controllable stress can have positive functions in the brain
and shed light on a promising strategy for the prevention and/
or treatment of AD.

CONFLICT OF INTEREST

The authors have no conflicts of interest.

ACKNOWLEDGMENTS

This research was supported by Kyungpook National
University Research Fund, 2021 (Park, G. H.). This work
was supported by the National Research Foundation of Ko-
rea (NRF) grant funded by the Korean Government (NRF-
2019R1F1A1063005, Jang, J.-H.).

REFERENCES

Abraham, |., Harkany, T., Horvath, K. and Luiten, P. (2001) Action of

https://doi.org/10.4062/biomolther.2023.133

glucocorticoids on survival of nerve cells: promoting neurodegen-
eration or neuroprotection? J. Neuroendocrinol. 13, 749-760.

Armstrong, R. A. (2019) Risk factors for Alzheimer’s disease. Folia
Neuropathol. 57, 87-105.

Alzheimer’s Association (2022) 2022 Alzheimer’s disease facts and
figures. Alzheimers Dement. 18, 18-28.

Babi¢, R., Babi¢, M., Rastovi¢, P., Curlin, M., Simi¢, J., Mandi¢, K.
and Pavlovi¢, K. (2020) Resilience in health and iliness. Psychiatr.
Danub. 32, 226-232.

Bermudez-Rattoni, F. (2007) Neural Plasticity and Memory: from
Genes to Brain Imaging. CRC press.

Bodnoff, S. R., Humphreys, A. G., Lehman, J. C., Diamond, D. M.,
Rose, G. M. and Meaney, M. J. (1995) Enduring effects of chronic
corticosterone treatment on spatial learning, synaptic plasticity, and
hippocampal neuropathology in young and mid-aged rats. J. Neu-
rosci. 15, 61-69.

Cheignon, C., Tomas, M., Bonnefont-Rousselot, D., Faller, P., Hureau,
C. and Collin, F. (2018) Oxidative stress and the amyloid beta pep-
tide in Alzheimer’s disease. Redox Biol. 14, 450-464.

De Kloet, E. R., Vreugdenhil, E., Oitzl, M. S. and Joéls, M. (1998)
Brain corticosteroid receptor balance in health and disease. En-
docr. Rev. 19, 269-301.

Demuro, A., Parker, |. and Stutzmann, G. E. (2010) Calcium signal-
ing and amyloid toxicity in Alzheimer disease. J. Biol. Chem. 285,
12463-12468.

Faye, C., McGowan, J. C., Denny, C. A. and David, D. J. (2018) Neuro-
biological mechanisms of stress resilience and implications for the
aged population. Curr. Neuropharmacol. 16, 234-270.

Green, K. N., Billings, L. M., Roozendaal, B., McGaugh, J. L. and
LaFerla, F. M. (2006) Glucocorticoids increase amyloid-pf and tau
pathology in a mouse model of Alzheimer’s disease. J. Neurosci.
26, 9047-9056.

Ham, S., Lee, Y.-I., Jo, M., Kim, H., Kang, H., Jo, A., Lee, G. H., Mo,
Y. J., Park, S. C. and Lee, Y. S. (2017) Hydrocortisone-induced
parkin prevents dopaminergic cell death via CREB pathway in Par-
kinson’s disease model. Sci. Rep. 7, 525.

Heppner, F. L., Ransohoff, R. M. and Becher, B. (2015) Immune attack:
the role of inflammation in Alzheimer disease. Nat. Rev. Neurosci.
16, 358-372.

Herman, J. P., McKlveen, J. M., Ghosal, S., Kopp, B., Wulsin, A., Ma-
kinson, R., Scheimann, J. and Myers, B. (2016) Regulation of the
hypothalamic-pituitary-adrenocortical ~stress response. Compr.
Physiol. 6, 603-621.

Justice, N. J. (2018) The relationship between stress and Alzheimer’s
disease. Neurobiol. Stress 8, 127-133.

Kim, J. J. and Diamond, D. M. (2002) The stressed hippocampus, syn-
aptic plasticity and lost memories. Nat. Rev. Neurosci. 3, 453-462.

Le Bourg, E. (2016) Life-time protection against severe heat stress
by exposing young Drosophila melanogaster flies to a mild cold
stress. Biogerontology 17, 409-415.

Lee, C., Jang, J.-H. and Park, G. H. (2022) Protective role of corticos-
terone against hydrogen peroxide-induced neuronal cell death in
SH-SY5Y cells. Biomol. Ther. (Seoul) 30, 570-575.

Lu, T., Aron, L., Zullo, J., Pan, Y., Kim, H., Chen, Y., Yang, T.-H., Kim,
H.-M., Drake, D. and Liu, X. S. (2014) REST and stress resistance
in ageing and Alzheimer’s disease. Nature 507, 448-454.

Maglioni, S., Schiavi, A., Runci, A., Shaik, A. and Ventura, N. (2014)
Mitochondrial stress extends lifespan in C. elegans through neuro-
nal hormesis. Exp. Gerontol. 56, 89-98.

Markesbery, W. R. (1997) Oxidative stress hypothesis in Alzheimer’s
disease. Free Radic. Biol. Med. 23, 134-147.

Mattson, M. P. and Cheng, A. (2006) Neurohormetic phytochemicals:
low-dose toxins that induce adaptive neuronal stress respons-
es. Trends Neurosci. 29, 632-639.

McEwen, B. S. (1999) Stress and hippocampal plasticity. Ann. Rev.
Neurosci. 22, 105-122.

Minter, M. R., Taylor, J. M. and Crack, P. J. (2016) The contribution
of neuroinflammation to amyloid toxicity in Alzheimer’s disease. J.
Neurochem. 136, 457-474.

Morishima-Kawashima, M. and Ihara, Y. (2002) Alzheimer’s disease:
B-amyloid protein and tau. J. Neurosci. Res. 70, 392-401.

Newell-Price, J., Bertagna, X., Grossman, A. B. and Nieman, L. K.



(2006) Cushing’s syndrome. Lancet 367, 1605-1617.

Osorio, C., Probert, T., Jones, E., Young, A. H. and Robbins, I. (2017)
Adapting to stress: understanding the neurobiology of resil-
ience. Behav. Med. 43, 307-322.

Qu, Z., Sun, J., Zhang, W,, Yu, J. and Zhuang, C. (2020) Transcrip-
tion factor NRF2 as a promising therapeutic target for Alzheimer’s
disease. Free Radic. Biol. Med. 159, 87-102.

Sadigh-Eteghad, S., Sabermarouf, B., Majdi, A., Talebi, M., Farhoudi,
M. and Mahmoudi, J. (2015) Amyloid-beta: a crucial factor in Al-
zheimer’s disease. Med. Princ. Pract. 24, 1-10.

Sandi, C. (2004) Stress, cognitive impairment and cell adhesion mol-
ecules. Nat. Rev. Neurosci. 5, 917-930.

Tiwari, S., Atluri, V., Kaushik, A., Yndart, A. and Nair, M. (2019) Al-
zheimer’'s disease: pathogenesis, diagnostics, and therapeu-
tics. Int. J. Nanomed. 14, 5541-5554.

Whitwell, J. L. (2010) Progression of atrophy in Alzheimer’s disease

83

Do etal. Protection by Corticosterone against Neurotoxicity

and related disorders. Neurotox. Res. 18, 339-346.

Woolley, C. S., Gould, E. and McEwen, B. S. (1990) Exposure to ex-
cess glucocorticoids alters dendritic morphology of adult hippo-
campal pyramidal neurons. Brain Res. 531, 225-231.

Xu, J., Wu, W., Zhang, H. and Yang, L. (2018) Berberine alleviates
amyloid p25-35-induced inflammatory response in human neuro-
blastoma cells by inhibiting proinflammatory factors. Exp. Ther.
Med. 16, 4865-4872.

Yaribeygi, H., Panahi, Y., Sahraei, H., Johnston, T. P. and Sahebkar,
A. (2017) The impact of stress on body function: a review. EXCL/
J. 16, 1057-1072.

Zhang, L., Yu, H., Zhao, X., Lin, X., Tan, C., Cao, G. and Wang, Z.
(2010) Neuroprotective effects of salidroside against beta-amy-
loid-induced oxidative stress in SH-SY5Y human neuroblastoma
cells. Neurochem. Int. 57, 547-555.

www.biomolther.org





