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Objective: Mitochondrial dysfunction is evident in the early stage of Alzheimer’s disease (AD). Therefore
development of drugs that protect mitochondrial function is a promising strategy for AD. The present
work was to investigate the effects of 2, 3, 5, 40-Tetrahydroxystilbene-2-O-b-d-glucosides (TSG) on a
mitochondrial dysfunction cell model induced by sodium azide and elucidate the underlying mecha-
nisms.
Methods: Mitochondrial membrane potential (MMP) was detected by a fluorescence method. Cellular
adenosine triphosphate (ATP) level was measured using a firefly luciferase-based kit. Reactive oxygen
species (ROS) was detected using dichlorofluorescin diacetate (DCFH-DA). The expression levels of Bcl-
2 and Bax were measured by Western blotting assay. Flow cytometry was utilized to measure apoptosis.
Results: Pretreatment of TSG (25–200 lmol/L) for 24 h significantly elevated MMP and ATP content,
reduced ROS level and Bax/Bcl-2 ratio, and inhibited apoptosis in SH-SY5Y cells exposed to sodium azide.
Conclusion: These results suggest that TSG protects SH-SY5Y cells against sodium azide-induced mito-
chondrial dysfunction and apoptosis. These findings are helpful to understand the protective effect of
TSG on mitochondria, which are involved in the early stage of AD.

� 2021 Tianjin Press of Chinese Herbal Medicines. Published by ELSEVIER B.V. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Alzheimer’s disease (AD) is recognized by the World Health
Organization as a global public health priority (Lane et al., 2018).
The incidence of AD doubles every five years after the age of
65 years. Moreover, the number of cases is projected to more
than115 million by 2050 (Sun et al., 2018). The primary cause of
AD is presently unknown. Impaired mitochondrial function is fre-
quently observed in cellular and animal models of AD as well as
in tissues of AD patients. The most consistent defect in mitochon-
drial electron transport enzymes in AD is a deficiency in cyto-
chrome c oxidase (COX), which was reported in both AD platelets
and postmortem brain samples (Maurer et al., 2000; Fišar et al.,
2016). COX activity was decreased significantly in hippocampus
of the AD patients (Bosetti et al., 2002). The dysfunction of mito-
chondrial energy metabolism reduces ATP production, followed
by the generation of reactive oxygen species (Bellaver et al.,
2016). In contrast to b-amyloid plaques and tau tangles seen in
the late stage of AD, mitochondrial dysfunction is an early event in
the pathology of AD (Leuner et al., 2007). Drugs for treatment of AD
should be administered in the prodromal stages of AD (Onyango,
2018). Given the importance of mitochondrial dysfunction in the
pathogenesis of AD, new treatment strategies have been proposed
to improve or ameliorate mitochondrial function (Van Giau et al.,
2018). 2,3,5,40-Tetrahydroxystilbene-2-O-b-d-glucoside (TSG) is
the main component extracted from Polygonum multiflorum, a tra-
ditional anti-aging Chinese herb. TSG is an antioxidant and can
scavenge free radicals (Tao et al., 2011; Ryu et al., 2002). Our pre-
vious studies demonstrated that TSG improved learning and mem-
ory abilities in both APP transgenic mice and aged rats (Zhang
et al., 2006; Wang et al., 2007). TSG has been developed as a new
drug (Taisi Capsule) to treat AD. It is now under phase III clinical
trials in China and showed good effect. We wonder whether TSG
can improve mitochondrial function. In the present study, we
investigated the effects of TSG in a mitochondrial dysfunction cell
model induced by sodium azide, for the purpose of expanding the
understanding of the potential therapeutic value of TSG for AD.
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2. Materials and methods

2.1. Reagents

2,3,5,40-Tetrahydroxystilbene glucoside (TSG), purity >98%, was
purchased from National Institute for the Control of Pharmaceuti-
cal and Biological Products (Beijing, China). Sodium azide (NaN3)
was obtained from Ameresco (USA). Antibodies against Bcl-2,
Bax, b-actin and horseradish peroxidase-conjugated goat anti-
rabbit IgG were from Zhongshan Goldenbridge Biotechnology Co.,
Ltd. (Beijing, China). Annexin V/PI detection apoptotic kit, 20,70-di
chlorofluorescein diacetate (DCFH-DA) and 5,50,6,60-tetrachloro-1,
10,3,30-tetraethylbenzimi- dazolylcarbocyanine iodide (JC-1) were
purchased from Beyotime Institute of Biotechnology (Jiangsu,
China).
2.2. Cell culture and treatment

Human neuroblastoma SH-SY5Y cells were gifts from Dr. Bengt
Winblad (The Karolinska Institute, Sweden). SH-SY5Y cells were
cultured in DMEM/F12 (Gibco, USA) supplemented with 10% fetal
bovine serum (Institute of Hematology & Blood Diseases, Chinese
Academy of Medical Sciences (Tianjin, China), 100 U/ml penicillin
and 100 U/ml streptomycin at 37 �C in an atmosphere containing
5% CO2 and 95% air. Serial dilutions of TSG in DMEM/F12 were
added to SH-SY5Y cells, at final concentrations from 25 to
200 lmol/L, and incubated with cells for 24 h. The media were
removed and cells were washed twice with DMEM/F12. The cells
were then cultured in the media containing sodium azide (NaN3)
for 16 h.
2.3. Detection of cellular ATP level

Cellular ATP level was measured using a firefly luciferase-based
ATP assay kit (Beyotime Institute of Biotechnology, China) accord-
ing to the manufacturer’s instruction. Briefly, after NaN3 treatment,
SH-SY5Y cells were schizolysised and centrifuged at 12,000 g for
5 min. In 96-well black plates, 100 lL of each supernatant was
mixed with 100 lL ATP detection working dilution. Luminance
was measured by a microplate reader (Spectra Max M5, Molecular
Devices Corporation, USA). Standard curve was also generated and
the protein concentration of each treatment group was determined
with a bicinchoninic acid assay kit (Applygen Technologies Inc.,
China).
2.4. Measurement of mitochondrial membrane potential

To monitor mitochondrial membrane depolarization in cells fol-
lowing sodium azide treatment, JC-1 (5, 506, 60-tetrachloro-1, 103,
30- tetraethylbenzimi- dazolylcarbocyanine iodide) was used. JC-1
is a cationic dye whose mitochondrial uptake is related directly
to the magnitude of the mitochondrial membrane potential. The
greater the mitochondrial uptake, the greater concentration of JC-
1 aggregate forms that have a red fluorescent emission signal, as
opposed to the JC-1 monomer that fluoresces green. As previously
described (Sun et al., 2014), SH-SY5Y cells were incubated with JC-
1 dye (final concentration 5 lg/mL) for 30 min at 37 �C in the dark.
To quantify the mitochondrial membrane potential (MMP), a fluo-
rescence plate reader was used (Spectra Max M5, Molecular
Devices Corporation, USA). JC-1 fluorescence was measured from
a single excitation wavelength (488 nm) with dual emission (a
shift from green at 530 nm to red at 590 nm). Mitochondrial depo-
larization is indicated by a decrease in the red/green fluorescence
intensity ratio.
256
2.5. Measurement of intracellular reactive oxygen species

Reactive oxygen species (ROS) was measured using a 2,7-
dichlorofluorescin dictate (DCFH-DA) as previously described (Shi
et al., 2016). Briefly, after treatment, cells were incubated in
DMEM/F12 containing 10 lmol/L DCFH-DA for 20 min at 37 �C
in the dark. Then the supernatant was removed and the loaded
SH-SY5Y cells were washed with PBS for three times. The fluores-
cence was read at 485 nm excitation and 530 nm emissions with a
fluorescence plat reader (Infinite, TECAN, Swiss). The increasing
production of ROS was expressed as a percentage of control.

2.6. Western blot analysis

After treatment, protein of cultured cells was extracted and
quantified by a bicinchoninic acid assay kit. The same amount of
protein from each dish was subjected to sodium dodecyl sulfate
(SDS)-polyacrylamide gel electrophoresis. After transferred to a
PVDF membrane (Hybond, USA), blots were probed with antibod-
ies to Bcl-2 (1:500 dilution) and Bax (1:500) respectively. Mem-
branes were then incubated with appropriate secondary
antibodies (1:2000). The immune complex was detected using
ECL Western blotting detection reagents (Millipore Co., USA). b-
Actin was used to normalize against gel loading variability.

2.7. Flow cytometric detection of apoptotic cells

The SH-SY5Y cells were harvested at a concentration of 1 � 107-
cell/mL and resuspended in PBS. After centrifuged at 1000 g for
5 min, 195 lL FITC-conjugated Annexin V binding buffer and
5 lL of Annexin V-FITC were added. Following gentle vortex, the
mixture was incubated for 10 min at (20–25) �C in the dark. After
centrifuged at 1000 g for 5 min, 190 lL FITC-conjugated Annexin V
binding buffer and 10 lL propidium iodide were added. Following
gentle vortex, samples were analysed using a dual-laser FACS Van-
tageSE flow cytometer (Becton Dickinson, Mountain View, CA,
USA). The percentages of apoptotic cells for each sample were
exhibited.

2.8. Statistical analysis

Data are expressed as mean ± standard deviation (SD). Statisti-
cal differences between groups were analysed by one-way analysis
of variance (ANOVA) followed by Tukey’s tests. Difference was con-
sidered statistically significant at P < 0.05.

3. Results

3.1. TSG elevates ATP level in NaN3–treated SH-SY5Y cells

Cellular ATP content is a sensitive indicator of mitochondrial
function, and was measured using a firefly luciferase-based ATP
assay kit in the present experiment. As shown in Fig. 1, cellular
ATP level in model group was decreased to 42.64% of control cells
after NaN3 treatment (P < 0.01). Pretreatment with TSG (50–
200 lmol/L) for 24 h increased cellular ATP level in a dose depen-
dent manner (P < 0.01). F value between groups was 69.844.

3.2. TSG increases mitochondrial membrane potential in NaN3–treated
SH-SY5Y cells

In the present study, NaN3 decreased MMP significantly
(P < 0.05), whereas preincubation with TSG (50–100 lmol/L) for
24 h increased MMP significantly (P < 0.05) (Fig. 2). F value
between groups was 4.003.



Fig. 1. TSG elevates ATP level in NaN3–treated SH-SY5Y cells. The cells were
incubated with TSG for 24 h, and then exposed to 8 mmol/L NaN3 for 16 h. Cellular
ATP content was detected using a firefly luciferase-based ATP assay kit. Data were
expressed as mean ± S.D. ##P < 0.01 vs the control group; **P < 0.01 vs the model
group.

Fig. 2. TSG increases mitochondrial membrane potential in NaN3–treated SH-SY5Y
cells. SH-SY5Y cells were incubated with TSG for 24 h, and then exposed to 8 mmol/
L NaN3 for 16 h. Mitochondrial membrane depolarization was observed by JC-1
staining. To quantify the effect of TSG on MMP, a fluorescence plate reader was
used. JC-1 fluorescence was measured from a single excitation wavelength
(488 nm) with dual emission (a shift from green at 530 nm to red at 590 nm).
Mitochondrial depolarization is indicated by a decrease in the red/green fluores-
cence intensity ratio. Data were presented as mean ± S.D. #P < 0.05 vs control group;
*P < 0.05 vs model group.

Fig. 3. TSG decreases reactive oxygen species in NaN3–treated SH-SY5Y cells. The
cells were incubated with TSG for 24 h, and then exposed to 8 mmol/L NaN3 for
16 h. The level of intracellular ROS was determined using a fluorescent probe DCFH-
DA. Data were expressed as mean ± S.D. ##P < 0.01 vs control; **P < 0.01 vs the model
group.

Fig. 4. TSG decreased Bax/ Bcl-2 ratio in NaN3–treated SH-SY5Y cells. SH-SY5Y cells
were preincubated with TSG for 24 h before 8 mmol/L NaN3 exposure. The levels of
Bax and Bcl-2 in cell lysates were determined by Western blot analysis. (A)
Representative image of immunoblots for Bax and Bcl-2. (B) The Bax/Bcl-2 ratio was
quantified by densitometric analysis. The Bax/Bcl-2 ratio in control cells was set as
100%. Data represent mean ± S.D. ##P < 0.01, vs control group; **P < 0.01, vs the
model group.
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3.3. TSG decreases reactive oxygen species in NaN3–treated SH-SY5Y
cells

Reactive oxygen species (ROS) was measured using a fluores-
cent probe DCFH-DA. The level of ROS increased in SH-SY5Y cells
after 8 mmol/L NaN3 incubation (P < 0.01). Preincubation with
TSG (25–200 lmol/L) for 24 h attenuated this increase in ROS
induced by NaN3 (P < 0.01) (Fig. 3). F value between groups was
4.527.
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3.4. TSG reduces Bax/ Bcl-2 ratio in NaN3–treated SH-SY5Y cells

Western blot analysis showed that the expression of Bcl-2 was
at a relative high level in the control cells and decreased after
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exposure to 8 mmol/L NaN3 for 16 h. On the other hand, the level of
Bax was increased markedly after exposure to NaN3 for 16 h. Prein-
cubation with TSG for 24 h increased the level of Bcl-2 and sup-
pressed Bax expression. Therefore the Bax/Bcl-2 ratio was
elevated in NaN3 model group (P < 0.01), whereas preincubation
with TSG (25–100 lmol/L) decreased the Bax/Bcl-2 ratio (Fig. 4).
F value between groups was 16.734.
3.5. TSG reduces the percentage of apoptotic cells in NaN3–treated SH-
SY5Y cells

A method combining Annexin V-FITC/PI double-labeling with
flowcytometric analysis was used to detect apoptosis. As shown
in Fig. 5, the percentage of apoptotic cells increased from 1.05%
to 16.18% after exposure to NaN3. TSG (25–200 lmol/L) preincuba-
tion decreased the percentage of apoptotic cells to 9.98%, 8.86%,
6.98% and 5.91% respectively. F value between groups was 28.082.
4. Discussion

The pathogenesis of AD is complex. Impaired mitochondrial
metabolism associated with respiratory chain dysfunction and
the consequent oxidative stress is being considered to play a criti-
cal role in AD (Wang et al., 2014). Compounds those are able to
Fig. 5. TSG inhibited apoptosis in NaN3-treated SH-SY5Y cells. Cells were preincubated w
the flow cytometric analysis. Cells that stain positive for annexin V-FITC and negative for
are alive and not undergoing measurable apoptosis. (A) Apoptotic cells (the lower right qu
D. ##P < 0.01 vs control group; *P < 0.05, **P < 0.01 vs model group.
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induce and/or restore their bioenergetic capacity present an attrac-
tive AD therapy (Onyango, 2018).

In the present experiment, we treated cells with sodium azide
(NaN3), an inhibitor of COX (i.e. mitochondrial electron transport
chain complex IV), to mimic the selective decrease in activity of
this enzyme observed in AD. Human neuroblastoma SH-SY5Y cells
have been broadly used in studies of neuronal diseases and phar-
macology (Wang et al., 2011). SH-SY5Y cells were treated with
8 mmol/L NaN3 to obtain decreased mitochondrial function but
no significant decrease in cell viability.

The most important function of mitochondria in all types of
cells is energy metabolism. Mitochondrial dysfunction is character-
ized by impaired biogenesis and inefficient bioenergetics and is
accompanied by the generation and accumulation of reactive oxy-
gen species (ROS) (Chen & Yan, 2010). Cellular ATP content is a sen-
sitive indicator of mitochondrial function, and was measured using
a firefly luciferase-based ATP assay kit in the present study. Pre-
treatment with TSG (50–200 lmol/L) for 24 h increased cellular
ATP level in a dose dependent manner, which may contribute to
maintain the normal function of mitochondria. Previously, we
reported that TSG intragastrical administration increased the
COX activity significantly (Zhang et al., 2018). Since COX pumps
protons from the matrix into the intermembrane space to form
the electrochemical proton gradient, which is used for the synthe-
sis of ATP (Hüttemann et al., 2011), we suppose that TSG elevates
cellular ATP content at least partly through increasing COX activity.
ith TSG for 24 h, and then exposed to NaN3 for 16 h. Apoptotic cells were detected by
PI are undergoing apoptosis. Cells that stain negative for both annexin V-FITC and PI
adrant). (B) The percentage of apoptotic cells in total cells. Data represent mean ± S.
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It is just the difference in electrical potential between the cyto-
plasm and the matrix that forms mitochondrial membrane poten-
tial (MMP). MMP is a highly sensitive indicator of the energetic
state of mitochondria. Sodium azide can inhibit activity of cyto-
chrome c oxidase, disturb proton circuit, and thus cause the loss
of MMP. In the present study, we measured MMP by JC-1, a catio-
nic dye which can produce red fluorescent J-aggregates in mito-
chondria with high potential and green fluorescence with low
potential. We found that pretreatment of cells with TSG (50–
100 lmol/L) for 24 h increased MMP, which may contribute to
maintain the normal function of mitochondria. MMP regulates
reactive oxygen species (ROS) production (Perry et al., 2011). Over
production of ROS may cause oxidative damage to mitochondrial
proteins, lipids, and DNA, thereby further disrupting mitochondrial
function and energy production if the mitochondrial mechanisms
of repair and defence fail (Atamna & Frey, 2007). The interaction
between oxidative stress and mitochondrial dysfunction likely
forms a vicious downward spiral that amplifies the alterations
observed in AD (Mecocci et al., 2018). In the present study, pre-
treatment with TSG for 24 h increased MMP. This may partially
contribute to maintain the normal function of mitochondria. TSG
pretreatment also ameliorated abnormal ROS increase. It is
believed that antioxidant therapy can be operated as a pharmaco-
logical approach to prevent or delay the oxidative stress events
that lead to neurodegeneration (Oliveira et al., 2018). TSG was
reported possesses strong antioxidant and free radical-
scavenging activities (Zhang & Chen, 2018). Our result also demon-
strated that TSG had antioxidant properties, which might be one of
the mechanisms of TSG’s neuroprotective effect.

On the early stage of apoptosis,MMP is decreased, and then a ser-
ies of biochemical changes in cells are induced, such as activation of
Bcl-2 family. Bell reported that destabilization of MMP leads to the
release of apoptotic factors thereby allowing apoptosis to occur
(Bell et al., 2008). The best characterized protein family that plays
an important role in apoptotic cell death regulation is Bcl-2 family
proteins. Our present study focused on Bcl-2 and Bax, the twomajor
members of Bcl-2 family. Bax, a pore-forming cytoplasmic protein
localized on the outer mitochondrial membrane, leads to cell apop-
totic death. The anti-apoptotic Bcl-2 is associated with the outer
mitochondrial membranewhere it stabilizes themembrane perme-
ability, protecting mitochondrial integrity and inhibiting cell death
(Yang et al., 1997). The alteration of the ratio of Bcl-2 to Bax is signif-
icant in determining whether apoptosis occurs (Yang & Korsmeyer,
1996). Our results showed that sodium azide decreased the expres-
sionof Bcl-2 and increased theexpressionof Bax, thus inducedapop-
tosis in SH-SY5Y cells. Pretreatment with TSG reduced the
expression of Bax and increased the expression of Bcl-2, and there-
fore inhibited apoptosis induced by sodium azide.

In the past, our research team observed effects of TSG in vivo
and in vitro. Seven types of dementia animal models were used,
including APP695V717I transgenic mouse model, Abeta brain
injection model, basal forebrain cholinergic damage rat model
induced by ibotanic acid, dementia rat model induced by mito-
chondrial complex IV inhibitor NaN3, naturally aged rat model,
brain aging mouse model induced by D-galactose and
hypercholesterolemia-induced dementia rat model. Results
showed that TSG improved the learning and memory ability
(Wang et al., 2007; Zhang et al., 2006), decreased MDA content
in the cortex (Chu et al., 2003), increased gene expression of energy
metabolizing enzymes, and decreased gene expression of inflam-
matory in the hippocampus of D-galactose model mice (Xie et al.,
2005), inhibited the oxidative stress and apoptosis in the brain
(Chu et al., 2003) and enhanced COX activity and expression of
neurotrophic factors in the brain (Zhang et al., 2018). In conclusion,
TSG is never only an antioxidant. TSG is able to act on multiple tar-
gets in the complicated pathogenesis of AD.
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5. Conclusion

In the present study, our findings demonstrated that TSG pro-
tected SH-SY5Y cells from sodium azide-induced mitochondrial
dysfunction and apoptosis through increasing mitochondrial mem-
brane potential and ATP level, decreasing the production of ROS
and Bax/Bcl-2 ratio. Since mitochondrial dysfunction is an early
event in the pathology of AD, strategies to develop drugs that pro-
tect mitochondria from damage are worth pursuing.
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