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Abstract Alzheimer’s disease constitutes a large proportion of

all neurodegenerative diseases and is mainly caused by excess

aggregation of amyloid beta (Aβ), which results in oxidative

stress, inflammation, and apoptosis in the neurons. Populus

tomentiglandulosa belongs to the Salicaceae family and is widely

distributed in Korea; the antioxidant activities of the extract and

fractions from P. tomentiglandulosa have been demonstrated in

previous studies. Specifically, the ethyl acetate (EtOAc) fraction

of P. tomentiglandulosa (EtOAc-PT) shows the most powerful

antioxidative activity. Therefore, the present study investigates the

protective effects of EtOAc-PT against neuronal damage in Aβ25-

35-stimulated SH-SY5Y cells. EtOAc-PT restored cell viability

significantly as well as inhibited the levels of reactive oxygen

species and lactate dehydrogenase release compared to the Aβ25-

35-induced control group. Furthermore, the inflammation- and

apoptosis-related protein expressions were investigated to

demonstrate its neuroprotective mechanism. EtOAc-PT down-

modulated the expressions of inducible nitric oxide synthase,

cyclooxygenase-2, B-cell lymphoma 2 associated X, and B-cell

lymphoma 2. Thus, the findings show that EtOAc-PT has

protective effects against Aβ25-35 by suppressing oxidative stress,

inflammation, and apoptosis.
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Introduction

Alzheimer’s disease (AD) is an age-related neurodegenerative

disorder that accounts for more than 60% of the cases of dementia

[1]. The AD-related association reported in the “2023 Alzheimer’s

disease facts and figures” that AD prevalence in the United States

was 10.8% for ages 65 years and above, escalating rapidly with

age such that the prevalence rate increased to 46.4% over the age

of 75 years [2]. The pathology of AD is diverse and complex, but

the beginning of pathogenesis is known to be excess accumulation

of extracellular amyloid beta (Aβ) plaques [3]. Accumulation of

Aβ damages the neuronal cells, causing symptoms such as

memory loss, language disorders, judgment degradation, and

visual disabilities in AD patients [4]. “Amyloid hypothesis” is a

representative hypothesis related to the manifestation of AD and

indicates that proteolysis of the Aβ precursor protein produces Aβ,

whose accumulation then stimulates oxidative stress in the

neurons [5]. Oxidative stress induced by Aβ causes expression of

inflammation-related proteins, including inducible nitric oxide

synthase (iNOS) and cyclooxygenase-2 (COX-2), which result in

apoptosis. Through this series of processes, Aβ directly contributes

to the pathogenesis of AD.

The SH-SY5Y cells used in the present study are relatively

homogeneous human neuroblast-like cells; owing to these properties,
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SH-SY5Y cells have been used in neuronal research on neuro-

degenerative diseases and neurotoxicity analyses [6]. In particular,

previous studies have demonstrated the pharmacological effects of

herbal medicines using SH-SY5Y cells that were damaged by Aβ

in the nervous system. Thus, in the present study, the SH-SY5Y

cell line was chosen as the AD cell model.

The Populus species contains various phenolic compounds and

flavonoids with biological and pharmaceutical activities, such as

antioxidant, anti-inflammation, hepatoprotection, and vascular

relaxation effects [7,8]. Of these, Populus tomentiglandulosa is

grown naturally in Korea and is an artificial hybrid between P.

davidiana and P. alba [9]. According to previous studies, P.

tomentiglandulosa has several beneficial biological activities, such

as antioxidant and antioxidative enzyme upregulation effects

[10,11]. In addition, it has been reported that P. tomentiglandulosa

has protective effects against hydrogen peroxide (H2O2)-induced

neuronal damage and cerebrovascular disorders [12,13]. However,

the protective effects of P. tomentiglandulosa against Aβ-induced

neuronal damage have not been studied. In a previous study by the

authors, the ethyl acetate fraction (EtOAc) of P. tomentiglandulosa

(EtOAc-PT) showed the strongest in vitro radical scavenging

activity and cellular neuroprotective effects among ethanol

(EtOH) extract and four fractions including n-butanol, EtOAc,

chloroform, and n-hexane. Hence, the present study is focused on

identifying the protective effects and mechanisms of EtOAc-PT

against Aβ25-35-induced neuronal damage using the human

neuron-like SH-SY5Y cells.

Materials and Methods

Reagents

Dulbecco's modified eagle's medium (DMEM), trypsin-EDTA

solution, penicillin-streptomycin solution, and fetal bovine serum

(FBS) were purchased from Welgene Inc. (Daegu, Korea). Aβ

fragment 25-35 (Aβ25-35), dimethyl sulfoxide (DMSO), 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT),

and 2',7'-dichloro-fluorescein diacetate (DCF-DA) were acquired

from Sigma-Aldrich Inc. (St. Louis, MO, USA). The radio-

immunoprecipitation assay (RIPA) buffer was procured from

Elpis Biotech (Daejeon, Korea) and protease inhibitor cocktail

was supplied by Calbiochem (Cambridge, MA, USA). Polyvinylidene

fluoride (PVDF) membranes were obtained from Millipore

(Billerica, MA, USA) and the enhanced chemiluminescence

substrate solution was acquired from Bio-Rad Laboratories

(Hercules, CA, USA). The antibodies were purchased from Cell

Signaling Technology, Inc. (Beverly, MA, USA).

Sample preparation

The dried leaves of P. tomentiglandulosa (1442.6 g) were

extracted using EtOH three times (86 oC, 3 h), and the extracts

were combined and evaporated to obtain a brown residue (278.3

g). Then, the residue was divided using EtOAc (36.0 g), and the

EtOAc fractions were dissolved in DMSO for use in the

experiments.

Cell cultures

SH-SY5Y neuronal cells were purchased from the Korea Cell

Line Bank (Seoul, Korea). These cells were then cultured in

DMEM supplemented with 10% FBS and 1% penicillin-

streptomycin and maintained in an atmosphere of 5% CO2 at 37
oC.

Cell viability measurements

Cell viabilities were measured according to the method of the

MTT assay [14]. The SH-SY5Y cells were seeded in 96-well

plate at a density of 2.5×105 cells/mL and cultured for 24 h; the

cells were pretreated with EtOAc-PT at various concentrations (1,

5, and 10 μg/mL). After incubation for 2 h, the cells were treated

with Aβ25-35 (25 μM) and further incubated for 24 h. Aβ25-35

dissolved in double distilled water was incubated at 37 oC for 72

h, and the concentration of Aβ25-35 was 1 mM. Prior to use, the

Aβ25-35 was diluted with the cell culture medium. Then, 200 μL of

5 mg/mL MTT solution was added to the cells to form formazan

crystals, followed by incubation for 4 h. Next, the medium was

removed and 200 μL of DMSO was added to each well to

dissolve the formazan crystals for 30 min. The plate was finally

read with a microplate reader at an absorbance wavelength of 540

nm.

Reactive oxygen species (ROS) measurement

ROS production was measured by the DCFH-DA assay [15]. The

SH-SY5Y cells were seeded (2.5×105 cells/mL) in 96-well black

plate. After 24 h of incubation, the wells were treated with

EtOAc-PT at various concentrations (1, 5, and 10 μg/mL) for 2 h

followed by Aβ25-35 (25 μM) treatment for 24 h. DCF-DA was

then mixed into the plate and incubated for 30 min. Subsequently,

the plate was evaluated at an excitation wavelength of 480 nm and

emission wavelength of 535 nm using a fluorescence spectro-

photometer (FLUOstar OPTIMA, BMG Labtech, Ortenberg,

Germany).

Lactate dehydrogenase (LDH) release assay

LDH release was performed using a commercial kit (Takara Bio,

Shiga, Japan). The SH-SY5Y cells were seeded in a 96-well plate

(2.5×105 cells/mL) for 24 h, following which the plate was treated

with EtOAc-PT (1, 5, and 10 μg/mL) for 2 h. After that Aβ25-35

(25 μM) was treated for 24 h. Consequently, the supernatant (100

μL) was combined with the reaction mixture (100 μL) at room

temperature for 30 min, and the absorbance was measured using

a microplate reader at 490 nm.

Western blotting analysis

The SH-SY5Y cells were seeded in a dish (90×20 mm) at a
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density of 1×106 cells/mL and incubated for 24 h. The cells were

pretreated with EtOAc-PT (1, 5, and 10 μg/mL) for 2 h, followed

by treatment with Aβ25-35 (25 μM). After 24 h, the cells were

harvested and lysed with the RIPA buffer. The samples were next

electrophoresed by sodium dodecyl sulfate polyacrylamide gels

electrophoresis and transferred to PVDF membranes. The

membranes were then blocked with skim milk in PBS-T and

immersed in the primary antibody, followed by overnight

incubation at 4 oC. The primary antibodies (dilution ratios) used in

this experiment were as follows: β-actin (1:1000), iNOS (1:1000;

Santa Cruz Biotechnology, Dallas, TX, USA), COX-2 (1:500;

Santa Cruz), B-cell lymphoma 2 associated X (Bax, 1:1000;

Santa Cruz), B-cell lymphoma 2 (Bcl-2, 1:500; Santa Cruz). After

the overnight incubation at 4 oC, each membrane was immersed in

an appropriate secondary antibody for 1 h at room temperature

(1:1000; Cell Signaling). Protein expressions were then measured

using the Davinci chemiluminescent imaging system (CoreBio,

Seoul, Korea).

Statistical analysis

SPSS 23.0 (IBM Corporation, Armonk, NY, USA) was used to

analyze the significance of the data among the experiment groups.

The results of the present study are showed as mean ± standard

deviation. Statistical significance was confirmed by one-way

analysis of variance (ANOVA) followed by Dunnett’s multiple-

range test. P values less than 0.05 were considered significant.

Results

EtOAc-PT reverses cell viability in Aβ25–35-induced SH-SY5Y

cells

To investigate the neuroprotective effects of EtOAc-PT, the cell

viability was evaluated using MTT assay in Aβ25–35-treated SH-

SY5Y cells. As seen in Fig. 1, the Aβ25–35-treated Control group

showed decreased cell viability of 62.43% compared with the

untreated Normal group (100%). In contrast, pretreatment with

EtOAc-PT significantly increased the cell viability compared to

the Control cells. These data demonstrate that treatment with

EtOAc-PT may protect against Aβ25–35-induced neuronal damage.

EtOAc-PT inhibits ROS production in Aβ25–35-induced SH-

SY5Y cells

The ROS production inhibitory effects of EtOAc-PT were

detected for Aβ25–35-stimulated SH-SY5Y cells using the DCFH-

DA assay. The Aβ25–35-induced Control group showed higher

levels of ROS release than the untreated Normal group (Fig. 2A).

In addition, as seen in Fig. 2B, the level of ROS production was

significantly elevated in the Control group than the Normal group

at 60 min. These results indicate that Aβ25–35 stimulated ROS

generation in the SH-SY5Y cells. On the other hand, pretreatment

with EtOAc-PT at a concentration of 1 μg/mL significantly

decreased ROS production. These finding suggest that Aβ25-35

treatment increases ROS production, which can be suppressed by

EtOAc-PT.

EtOAc-PT inhibits LDH release in Aβ25–35-induced SH-SY5Y

cells

The LDH release levels were measured in Aβ25–35-induced SH-

SY5Y cells to assess the inhibitory effects of EtOAc-PT to LDH

release. As seen in Fig. 3, the LDH release level increased in the

Aβ25–35-treated cell group compared with the untreated cell group.

Contrarily, treatment with EtOAc-PT significantly reduced the

level of LDH release compared with the Aβ25–35-stimulated

Control group. In particular, at the concentration of 1 μg/mL, the

level of LDH release was 89.72%, which matches with that of the

Normal group. The data thus show that Aβ25–35 induces LDH

release, whose increase is inhibited by EtOAc-PT.

EtOAc-PT inhibits inflammation-related proteins in Aβ25–35-

induced SH-SY5Y cells

Western blotting was conducted on the Aβ25–35-induced SH-SY5Y

cells to investigate the protective effects of EtOAc-PT against

inflammation. The expressions of iNOS and COX-2 proteins were

higher in the Aβ25–35-stimulated group than the untreated Normal

group (Fig. 4). However, EtOAc-PT-pretreated cells relevantly

decreased the expressions of iNOS and COX-2 compared with

those of the untreated Normal cells. These findings indicate that

Aβ25–35 increases inflammation-related protein expression but that

EtOAc-PT effectively decreases such expressions in the SH-

SY5Y cells.

Fig. 1 Effects of the ethyl acetate fraction of P. tomentiglandulosa

(EtOAc-PT) on cell viability in Aβ25-35-treated SH-SY5Y cells. The

results are expressed as mean ± SD. The different letters (a-c) among the

groups indicate significant differences (p <0.05) by Duncan’s multiple-

range test
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EtOAc-PT inhibits apoptosis-related proteins in Aβ25–35-

induced SH-SY5Y cells

The levels of apoptosis-related protein expressions, including Bax

and Bcl-2, were determined to investigate whether EtOAc-PT has

neuroprotective effects against Aβ25–35-stimulated apoptosis. As

seen in Fig. 5, the EtOAc-PT-induced group significantly reduced

the Bax/Bcl-2 expression ratio at 5 and 10 μg/mL concentrations

in comparison with the Aβ25–35-treated Control group. These

results indicate that Aβ25–35 treatment increases the apoptosis-

related protein expressions but that EtOAc-PT suppresses

upregulation of these proteins.

Discussion

Aβ25-35 exhibits the same level of neurotoxicity as the full-length

Aβ peptide in cells [16]. Additionally, it has aggregation features

and shows a more critical toxicity of Aβ, which is strongly related

to AD pathology [17]. Accumulated evidence has been used to

investigate the protective effects of extracts, products, and

bioactive compounds from natural sources using SH-SY5Y cells.

Wang et al. [18] demonstrated the protective effects of paeoniflorin

on Aβ-induced SH-SY5Y cell injury, and Mairuae et al. [19]

revealed that Orocylum indicum extract prevented neurotoxicity

induced by Aβ in SH-SY5Y cells. Therefore, Aβ25-35-induced SH-

SY5Y cells were used as the AD cell model in the present study.

P. tomentiglandulosa has been demonstrated that phenolic

compounds such as catechin, caffeic acid, p-coumaric acid,

chlorogenic acid, and gallic acid are the main components which

exert various pharmacological effects [20]. Lee et al. [21] reported

that EtOH extract of P. tomentiglandulosa prevents the death of

neurons, astrogliosis, and leakage for blood-brain barrier in gerbil

hippocampus against ischemia-reperfusion injury. Lee et al. [22]

demonstrated that EtOH extract of P. tomentiglandulosa represents

hepato- and nephro-protective effects depending on antioxidant

activity. Therefore, interest has been focused on the application as

dietary supplement using P. tomentiglandulos. In addition, our

previous study reported the main component of EtOAc-PT used in

present study is salicin comfirmed by HPLC analysis [23]. Salicin

is a phenolic glycoside derived from plants including Populus

genus, and has been used as medicine for its potential biological

activities such as anti-inflammatory, anticancer, antiaging, and

neuroprotective effects [24-27].

Meanwhile, the authors previously reported that EtOAc-PT

showed the strongest antioxidant activity among EtOH extract and

four fractions, including n-butanol, EtOAc, chloroform, and n-

Fig. 3 Effects of the ethyl acetate fraction of P. tomentiglandulosa

(EtOAc-PT) on LDH release in Aβ25-35-treated SH-SY5Y cells. The

results are expressed as mean ± SD. The different letters (a-d) among the

groups indicate significant differences (p <0.05) by Duncan’s multiple-

range test

Fig. 2 Effects of the ethyl acetate fraction of P. tomentiglandulosa (EtOAc-PT) on ROS production in Aβ25-35-treated SH-SY5Y cells. (A) Time-course

changes of DCFH fluorescence intensities and (B) percentage ROS production at 60 min. The results are expressed as mean ± SD. The different letters

(a-c) among the groups indicate significant differences (p <0.05) by Duncan’s multiple-range test
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hexane [12]. Moreover, EtOAc-PT protected against neuronal

damage in H2O2-treated SH-SY5Y cells by controlling oxidative

stress. Based on these reported results, the present study evaluated

the neuroprotective effects of EtOAc-PT in Aβ25-35-induced SH-

SY5Y cells.

Accumulation of Aβ can induce cytotoxicity, which directly

attacks cells or produces other materials such as ROS and free

radicals to induce cell damage indirectly. Meanwhile, the exact

mechanism by which Aβ causes cytotoxicity remains unknown to

date [28]. One of the hypotheses of Aβ cytotoxicity is that a β-

sheet-rich structure of Aβ interacts with the cell surface receptors,

resulting in abnormal cell signaling. When activation by Aβ is

applied continuously, it causes neuronal apoptosis [29]. Another

hypothesis is that Aβ causes pores in the cell membrane, which

allow influx of calcium, resulting in destruction of calcium homeostasis

[30]. Through these mechanisms, Aβ cytotoxicity inhibits viability

of neuronal cells. Oguchi et al. [31] reported that Aβ stimulation

induced critical damage in the dendrite morphology, thereby

declining cell viability in SH-SY5Y cells in a dose-dependent

manner. In the present study, cell viability was investigated by the

MTT assay, which has been reported in various studies as a very

sensitive indicator of Aβ25-35-induced cytotoxicity. Accordingly,

the data in the present study show that Aβ treatment decreases cell

viability in SH-SY5Y cells. However, pretreatment with EtOAc-

PT efficaciously restored cell viability, indicating that P. tomenti-

glandulosa could attenuate cytotoxicity induced by Aβ. Meanwhile,

we investigated the dose level through the toxicity test of EtOAc-

PT to the SH-SY5Y cells. In the absence of Aβ25-35, there was no

significant toxicity at SH-SY5Y cells by only treatment of

EtOAc-PT.

Aβ causes oxidative stress in neuronal cells, inducing increased

ROS accumulation. Aβ-mediated oxidative stress impairs the

proteins and DNA, thereby activating neuronal apoptotic cell

death and subsequently playing an important role in AD [32].

Therefore, the ROS level in the neurons is considered as a marker

of AD pathogenesis [33]. DCFH-DA is a nonfluorescent substance

that is converted to its fluorescent form dichlorofluorescein (DCF)

upon reaction with ROS [34]. The DCFH-DA assay can be used

to estimate the level of intracellular ROS based on this principle.

Aβ25-35 treatment significantly upregulates the ROS levels in SH-

SY5Y cells [35], suggesting that Aβ induces oxidative stress in

the neuronal cells. The results of the present study show that

pretreatment with EtOAc-PT decreases the ROS level compared

with that of the Control group. In addition, previous studies have

demonstrated that P. tomentiglandulosa extract has antioxidative

effects under both in vitro and in vivo conditions [10,11]. Choi et

al. [10] reported that the P. tomentiglandulosa EtOH extract

significantly increased the levels of antioxidant enzymes and

protected the neurons in vivo against induction of ischemia-

reperfusion injury. Lee et al. [11] also demonstrated that oral

administration of the P. tomentiglandulosa EtOH extract

significantly upregulated antioxidant enzymes in the rat liver and

Fig. 4 Effects of the ethyl acetate fraction of P. tomentiglandulosa (EtOAc-PT) on protein expressions of iNOS (A) and COX-2 (B) in Aβ25-35-treated

SH-SY5Y cells. The results are expressed as mean ± SD. The different letters (a-e) among the groups indicate significant differences (p <0.05) by

Duncan’s multiple-range test
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kidney. In relation with these studies, the present findings

demonstrate that EtOAc-PT shows neuroprotective effects against

ROS production by suppressing Aβ25-35-stimulated oxidative

stress.

LDH is a well-known enzyme present in most tissues and

organs, and the level of LDH can be used as an indicator to

evaluate cellular damage [36]. Previous studies have demonstrated

that Aβ stimulates neuronal cells and leads to cell injuries, thereby

increasing LDH release [37]. Moreover, Mei et al. [38] reported

that Aβ-exposed SH-SY5Y cells showed increased LDH release

compared to Aβ-non-exposed cells, whose results are in agreement

with those of the present study. Here, LDH levels were

significantly reduced in the EtOAc-PT-treated cells, indicating that

EtOAc-PT can regulate LDH exflux by protecting against Aβ25-35-

stimulated cell damage.

Inflammatory responses were initiated by glial cell stimulation,

such as astrocytes and microglia, which are typically present

around the Aβ plaques in an AD patient [39]. It was observed that

activation of the astrocytes and microglia upregulated the

expressions of inflammation-related factors (i.e., iNOS and COX-

2) [40]. The expression of iNOS protein increases NO production,

and NO combines with superoxide radicals to produce peroxynitrite

that plays a role in the pathogenesis of AD [39]. Moreover, NO

produced by iNOS is also a free radical that induces oxidative

stress, thereby contributing to the pathogenesis of AD [41]. COX-

2 is related to the generation of prostaglandin E2 (PGE2) and

thromboxane from arachidonic acid, and PGE2 can stimulate

apoptotic pathways, leading to neuronal cell death [42]. Guan et

al. [43] reported that increased COX-2 and PGE2 expressions

were closely connected with AD pathogenesis. Therefore, Aβ-

induced inflammation is well-known as a stimulator of AD

characteristics [39]. Xu et al. [44] also demonstrated that Aβ25–35

treatment increased the expressions of inflammatory factors,

including tumor necrosis factor-α, COX-2, interleukin-1β, and

PGE2, in SH-SY5Y cells. Similarly, the present data show that

treatment of Aβ25–35 prompted the degree of inflammatory factor

expressions. Contrastively, administration of EtOAc-PT inhibited

the expression levels of iNOS and COX-2, suggesting that

EtOAc-PT can downregulate the inflammatory process induced

by Aβ25–35.

The Bcl‐2 family critically regulates the apoptotic cell signaling

pathway and contains approximately 20 protein members [45].

The Bcl-2 family can be widely categorized into three groups

depending on their roles in apoptosis: (1) anti-apoptotic group,

including Bcl-2, Bcl-xL, and Bcl-w; (2) pro-apoptotic group,

including Bax, Bak, and Bok; (3) only BH3-containing group,

including Noxa, Bfm, and Bik [45]. When apoptotic-related

stimulation was applied, BH3-containing proteins were upregulated,

leading to pro-apoptotic protein activation, such as Bax and Bak.

The pro-apoptotic proteins flow into the mitochondrial membrane

and form pores there, thereby releasing cytochrome c and caspase

into the cytosol, which causes apoptosis in a short timeframe

[46,47]. Bcl-2 binds to the pro-apoptotic proteins, consequently

controlling the release of cytochrome c, thereby protecting from

apoptotic cell death [40]. Therefore, the Bax/Bcl-2 ratio may be

considered as an indicator of apoptosis, and Aβ induces cell

apoptosis by stimulation of Bax/Bcl-2 expression [48]. In a

previous study, the Bax/Bcl-2 expression ratio was significantly

increased in Aβ25–35-induced SH-SY5Y cells [49]. Similarly, the

present results show that exposure to Aβ25–35 induces a higher

ratio of Bax/Bcl-2 protein expression, demonstrating that Aβ25–35

promotes apoptosis. However, EtOAc-PT effectively reduces the

Bax/Bcl-2 ratio; therefore, the present findings confirm that

EtOAc-PT might inhibit Aβ25–35-induced apoptotic cell death.

In conclusion, the present study demonstrated that EtOAc-PT

has neuroprotective effects on Aβ25-35-induced cell damage caused

by oxidative stress, inflammation, and apoptosis. Specifically, the

inflammation-related protein expressions and ratio of apoptosis-

related protein expressions were significantly regulated by

treatment with EtOAc-PT. Therefore, P. tomentiglandulosa could

be considered as a natural agent for the prevention and treatment

of AD.

Fig. 5 Effect of the ethyl acetate fraction of P. tomentiglandulosa

(EtOAc-PT) on protein expression ratio of Bax/Bcl-2 in Aβ25-35-treated

SH-SY5Y cells. The results were expressed as mean ± SD. The different

letters (a-d) among groups indicate significant differences (p <0.05) by

Duncan’s multiple range test
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