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Abstract. Lithocarpus polystachyus Rehd. (sweet tea; ST) 
leaves is a type of Chinese folkloric medicine from southern 
China. The purpose of the present study was to explore the 
neuroprotective effect of ST, and to explore its underlying 
mechanisms in hydrogen peroxide (H2O2)‑induced neuronal 
cell injury in cultured human neuroblastoma. H2O2 was used 
as oxidant inducer and human SH‑SY5Y neuroblastoma cells 
were treated with various concentrations of ST. Cell viability 
and cell death were detected using MTT and LDH assays, 
respectively. Additionally, the production of intracellular and 
mitochondrial reactive oxygen species (ROS) were determined 
by 2',7'‑dichlorodihydrofluorescein diacetate (DCFH‑DA) and 
MitoSOX Red, respectively. The production of malondialde-
hyde (MDA), reduced glutathione (GSH) level, glutathione 
peroxidase (GSH‑Px), superoxide dismutase (SOD) activi-
ties, and NAD+/NADH ratio were confirmed using relevant 
kits. The expression of adenosine monophosphate‑activated 
protein kinase (AMPK), peroxisome proliferator‑activated 
receptor coactivator (PGC)‑1α, Sirt3, isocitrate dehydroge-
nase (IDH)2, forkhead boxO3a (Foxo3a), and SOD2 were 
analyzed by western blot analysis. It was demonstrated that 

pre‑treatment with ST enhanced cell viability and repressed 
cell death, and it also reduced intracellular and mitochondrial 
ROS accumulation. Additionally, ST attenuated MDA produc-
tion and enhanced GSH level, GSH‑Px and SOD activities. 
Furthermore, ST not only increased NAD+/NADH ratio, but 
also inhibited the decrease of AMPK, PGC‑1α, Sirt3, IDH2, 
Foxo3a, and SOD2. The present study revealed that ST exerts 
protective effects against oxidative stress‑induced SH‑SY5Y 
cells injury, and the underlying mechanisms are, at least partly, 
associated with its antioxidant capacity and function through 
mitochondrial Sirt3 signaling pathway.

Introduction

Oxidative stress is one of the main causes of neuronal injury 
in neurodegenerative disorders, involving different signaling 
pathways (1). Evidence declares that reactive oxygen species 
(ROS) or hydrogen peroxide (H2O2), a main precursor of ROS, 
induces neuronal cell death contributing to the pathogenesis 
in neurodegenerative disorders such as Alzheimer's and 
Parkinson's diseases and stroke (2). Neuronal cells respond to 
H2O2 with cytotoxicity and neurodegeneration, whereas anti-
oxidants may abolish these effects (3). Notably, mitochondria 
is the major source of ROS and mitochondrial dysfunction has 
been recognized as a critical contributor to the neurodegenera-
tive disorders (4). Furthermore, the antioxidant defense system 
serves vital role in regulating oxidative stress, and Chinese 
medicinal herbs provide rich resources for developing natural 
antioxidants (5). Therefore, it is important to elucidate antioxi-
dants from natural products and herbal medicine for treating 
neurodegenerative disorders.

Lithocarpus polystachyus Rehd. is distributed as a wild 
plant in the mountain area in Southern China, especially in 
Shiqian and Fenggang cities of the Guizhou Province with 
plentiful natural resources (6). It is also called ‘Sweet Tea’ 
(ST) and its leaves are used as a medicinal tea and a folk herbal 
medicine to prevent or cure multiple diseases for many years 
and exhibited no adverse drug reactions or toxic effects (7). 
Accumulating evidence demonstrates that ST has extensive 
pharmacological activities, including anti‑hypertensive, 
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anti‑hypoglycemic, anti‑diabetic and anti‑obesity pharmaco-
logical effects (7‑9). However, little is known about whether 
ST possesses protective effects on the oxidative stress‑induced 
neuronal cell injury.

AMP‑activated protein kinase (AMPK) is known as 
a vital intracellular serine/threonine protein kinase that 
regulates celluar energy metabolism and responses to meta-
bolic stress (10). Additionally, AMPK‑activated peroxisome 
proliferator‑activated receptor coactivator‑1α (PGC‑1α) exerts 
crucial effect in the regulation of mitochondrial biogenesis and 
oxidative stress (11). Sirtuins belong to class III histone deacet-
ylases family and their enzymatic activities are dependent on 
nicotinamide adenine dinucleotide, and seven mammalian 
homologues of sirtuins (Sirt1‑7) have been identified (12). 
Among those sirtuins, Sirt3 has been demonstrated to control 
mitochondrial oxidative signaling, and serves as the down-
stream target of AMPK‑PGC‑1α signaling pathway (13,14). 
Additionally, a previous study reported that Sirt3 activation 
prevents neuronal mitochondrial oxidative stress and damage 
in neurodegenerative disorders  (15). However, whether ST 
regulates neuronal Sirt3 and its corresponding upstream and 
downstream regulatory signaling pathways remain unclear.

Therefore, the present study was designed to determine the 
protective effect of ST on SH‑SY5Y cell injury induced by 
H2O2, and to further elucidate its underlying mechanisms. 

Materials and methods

Materials. Dulbecco's modified Eagle's medium: Nutrient 
Mixture F‑12 (DMEM/F‑12) (cat.  no.  11320082), fetal 
bovine serum (FBS; cat. no. 1618862) and a penicillin/strep-
tomycin mixture (cat. no. 15070‑063) were obtained from 
Gibco; Thermo Fisher Scientific, Inc. (Waltham, MA, USA). 
3‑(4,5‑dimethyl thiazol‑2‑yl)‑2,5‑diphenyl tetrazolium 
bromide (MTT; cat. no. M2128), 2',7'‑dichlorofluorescin diace-
tate (DCFH‑DA; cat. no. D6883), and rhodamine 123 (R8004) 
were obtained from Sigma‑Aldrich; Merck KGaA (Darmstadt, 
Germany). MitoSOX Red Mitochondrial Superoxide Indicator 
(M36008) and Mito Tracker green probe (M7514) were 
obtained from Invitrogen; Thermo Fisher Scientific, Inc. The 
lactate dehydrogenase (LDH; cat. no. A020‑2), malondialde-
hyde (MDA; cat. no. A003‑1), superoxide dismutase (SOD; 
cat. no. A001‑3), reduced glutathione (GSH; cat. no. A006‑2) 
and glutathione peroxidase (GSH‑Px; cat. no. A005) assay kits 
were purchased by Nanjing Jiancheng Bioengineering Institute 
(Nanjing, China). Anti‑adenosine monophosphate‑activated 
protein kinase (AMP; cat.  no.  ab131512), anti‑p‑AMPK 
(cat.  no.  ab23875), anti‑peroxisome proliferator‑activated 
receptor coactivator‑1α (PGC‑1α; cat.  no.  ab54481), 
anti‑Sirt3 (cat. no. ab217319), anti‑isocitrate dehydrogenase 
(IDH2; cat.  no.  ab84726), anti‑forkhead boxO3a (Foxo3a; 
cat. no. ab12162) and anti‑SOD2 (cat. no. ab13533) antibodies 
were obtained from purchased from Abcam (Cambridge, UK). 
All other chemicals were of analytical grade.

Preparation of ST aqueous extracts. Fresh leaves of ST were 
obtained from Fenggang City in Guizhou Province in summer 
and identified by Professor Jianwen Yang (School of Pharmacy, 
Zunyi Medical University, Zunyi, China). A voucher specimen 
was deposited at the herbarium of School of Pharmacy, Zunyi 

Medical University (voucher number, 20151016ST). From 
1 kg dried ST, 100 g of dried aqueous extract was obtained 
(yield 10%) and filtered. Subsequently, the filter liquor were 
condensed by rotary vacuum evaporation and lyophilized. 
The final powder was dissolved in double‑distilled water, 
sterilized by passing through 0.22 µm filters, and attenuated in 
DMEM/F‑12 culture solution prior to employ at a final concen-
tration of 25, 50 or 75 µg raw herb/ml. ST was standardized by 
the content of phlorizin and trilobatin, which are the active 
components of ST (16). Phlorizin and trilobatin (Chengdu Push 
Bio‑Technology Co., Ltd., Chengdu, China) were determined 
by reverse‑phase high‑performance liquid chromatography 
(HPLC; Agilent 1200 series; Agilent Technologies, Inc., Santa 
Clara, CA, USA) with a UV detector, auto‑sampler, column 
oven, and multi‑channel pump. Subsequently, the separation 
was executed by a Phenomenex Luna end‑capped C18 column 
(5 mm, 4.6x250 mm; Phenomenex, CA, USA) at 25˚C. The 
detector wavelength was set at 285 nm. The separated condi-
tions of phlorizin were as follows: Acetonitrile: Water (30:70, 
v/v) as mobile phase using a linear gradient at a flow rate 
of 1.0 ml/min. The ST contained 1.19% phlorizin (Fig. 1A 
and B). The separated conditions of trilobatin were as follows: 
Acetic acid water: Methanol (40:60, v/v) as mobile phase using 
a linear gradient at a flow rate of 1.0 ml/min. The ST contained 
18.54% trilobatin (Fig. 1C and D).

Cell culture. The human neuroblastoma SH‑SY5Y cells were 
purchased from American Type Culture Collection (Manassas, 
VA, USA) and maintained in DMEM/F‑12 supplemented 
with 10% FBS and 0.1% penicillin/streptomycin at 37˚C in a 
humidified incubator containing 5% CO2 and 95% air. 

MTT assay. Effect of ST on SH‑SY5Y cell viability were 
determined using an MTT assay. In brief, SH‑SY5Y cells were 
cultured in 96‑well plates, at a density of 2x104 cells per well 
for 24 h at 37˚C. Subsequently, the cells were pre‑treated with 
various concentrations (25, 50 and 75 µg/ml) of ST aqueous 
extracts or NAC for 1 h and co‑treatment with 200 µM H2O2 
for the further 24 h at 37˚C. Following the treatment, MTT 
solution was added to each well and the cells were cultured for 
4 h at 37˚C. The dark‑blue formazan crystals were dissolved 
in DMSO, and the absorbance values were detected at 490 nm 
wavelength by microplate reader. In addition, according to 
our primary study, 20 µM NAC was chosen to be a positive 
control for antioxidant capacity that suppresses cell death for 
comparing with the possible protective effect of ST (17).

LDH leakage assay. The SH‑SY5Y cells (2x104 cells per well) 
were pre‑treated with or without ST as described above and the 
supernatant was analyzed by a LDH detection kit, according 
to the manufacturer's protocol. The leakage of LDH was deter-
mined at 490 nm wavelength using a microplate reader. At the 
same time, cellular morphologic changes were observed from 
five random fields using a phase contrast microscope (Olympus 
IX73; Olympus, Tokyo, Japan; magnification, x200). 

Evaluation of MDA and GSH content, GPx and SOD activi‑
ties. In brief, SH‑SY5Y cells were treated as described above. 
MDA and GSH content, SOD and GSH‑Px activities were 
detected by MDA, GSH, GSH‑Px and SOD kits, respectively. 
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Measurement of intracellular and mitochondrial ROS accu‑
mulation. Intracellular ROS production was measured using 
DCFH‑DA dye. Following SH‑SY5Y cells were treated for 
24 h as described above, 20 µM DCFH‑DA dye treated cells 
for 30 min at 37˚C in the dark. Subsequently, cells were washed 
with PBS, and intracellular ROS generation was measured 
using a fluorescence reader at excitation/emission wavelengths 
of 485/530 nm (Varioskan Flash Multimode Reader; Thermo 
Fisher Scientific, Inc.). Additionally, mitochondrial ROS was 

determined using MitoSOX Red, a fluorescent indicator for 
mitochondrial superoxide (18). In brief, SH‑SY5Y cells were 
treated as described above and washed with balanced salt solu-
tion (Gibco). MitoSOX Red dye was used at a concentration of 
5 µM for 20 min in the dark at 37˚C. Subsequently, cells were 
washed using PBS and labeled with Mito Tracker green probe 
(200 nM) and stained for 20 min. Finally, cells were washed 
with PBS and fluorescence was observed over the whole field 
of vision using fluorescence microscopy (Olympus IX73; 

Figure 1. Representative HPLC chromatogram of phlorizin and trilobatin. (A) Phlorizin standard and (B) Phlorizin of ST. Phlorizin was detected at approxi-
mately 10.5 min in this system. ST also produced a phlorizin peak at this time, which corresponded to a phlorizin level of 1.19%. (C) Trilobatin standard and 
(D) Trilobatin of ST. Trilobatin was detected at approximately 30.5 min in this system. ST also produced a trilobatin peak at this time, which corresponded 
to a trilobatin level of 18.54%. ST, sweet tea.
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Olympus Corporation, Tokyo, Japan; magnification, x200) with 
excitation/emission (510/580 nm) filters. The mean fluorescence 
intensity (MFI) of MitoSOX Red from five random fields was 
calculated using ImageJ 1.47i software, and the MFI was applied 
as an index of the levels of mitochondrial ROS. 

Measurement of mitochondrial membrane potential (MMP). 
Measurement of MMP was detected using rhodamine 
123 dye, a reliable indicator of MMP, as reported in previous 
studies  (19,20). Briefly, SH‑SY5Y cells were treated as 
described above. Subsequently, cells were stained using rhoda-
mine with 2 µg/ml 123 dye for 20 min at 37˚C in the dark, 
and cells were washed with PBS. Subsequently, fluorescence 
was observed over the whole field of vision using fluorescence 
microscopy (Olympus IX73; Olympus Corporation; magni-
fication, x200) with excitation/emission (485/595 nm) filters. 

The MFI of Rh123 from five random fields was calculated 
using ImageJ 1.47i software, and the MFI was applied as an 
index of the levels of MMP. 

NAD+/NADH measurement. The SH‑SY5Y cells were treated 
as described above. By the end of treatment, NAD+/NADH 
ratio were measured using a NAD/NADH Quantification kit 
(cat. no. ab65348; Abcam) according to the manufacture's 
protocol, and absorbance was measured at 450 nm using the 
Varioskan Flash Multimode Reader. 

Western blot analysis. Following pre‑treatment with or 
without various concentrations (25, 50 and 75 µg/ml) of ST on 
SH‑SY5Y cells for 1 h at 37˚C prior to co‑culture with 200 µM 
H2O2. Following 24 h incubation, cells were lysed in the lysis 
buffer (cat. no. 9803; Cell Signaling Technology), and protein 

Figure 2. ST inhibits H2O2‑induced injury in SH‑SY5Y cells. (A) Cells were treated with various concentrations of ST and (B) with various concentrations 
of H2O2 for 24 h. (C) Cells were pre‑treated with various concentrations of ST for 1 h followed by treatment with 200 µM H2O2 for 24 h and their viability 
was measured by MTT. (D) LDH release from SH‑SY5Y cells was determined by an LDH release assay. (E) The protective effect of ST on H2O2‑induced 
morphological changes in SH‑SY5Y cells. Data are presented as mean ± deviation of three independent experiments. *P<0.05, **P<0.01 vs. untreated control 
cells; #P<0.05, ##P<0.01 vs. H2O2‑treated cells. NAC, N‑acetylcystein; ST, sweet tea.
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concentrations were quantified using the BCA protein assay kit 
(cat. no. 7780; Cell Signaling Technology, Inc.). Subsequently, 
samples containing 20 µg proteins were subjected to 10% 
SDS‑polyacrylamide gel, and transferred to a PVDF membrane 
(cat. no. 1620177; Bio‑Rad Laboratories). Following blocking 
with 5% non‑fat milk for 1 h at room temperature, the membrane 
was incubated overnight at 4˚C with the appropriate primary 
antibodies: anti‑p‑AMPK (1:1,000), anti‑AMPK (1:1,000), 
anti‑PGC‑1α (1:1,000), anti‑Sirt3 (1:1,000), anti‑IDH2 (1:1,000), 
anti‑Foxo3a (1:1,000), anti‑SOD2 (1:1,000). Subsequently, 
the membranes were washed with TBS with Tween-20, and 
incubated with appropriate HRP‑conjugated goat anti‑rabbit 
antibody (cat. no. A0208, Beyotime) and HRP‑conjugated goat 
anti‑rat antibody (cat. no. ab97057; Abcam) for 1 h at room 
temperature under shaking. The bonds of protein were developed 
with the ECL Western blot reagent (cat. no. P0018, Beyotime), 
and the blots was visualized using Davinch‑Chemi™ imaging 
system and band optical intensity was quantified using Quantity 
One 1‑D analysis software v4.52 (BioRad Laboratories, Inc., 
Hercules, CA, USA).

Statistical analysis. All data were confirmed by at least 
three independent experiments and were expressed as the 
mean ± standard deviation. Statistical analyses were performed 

using SPSS 17.0 software (SPSS, Inc., Chicago, IL, USA), 
and individual differences were determined using one‑way 
analysis of variance, followed by the Fisher's least significant 
difference. P<0.05 was considered to indicate a statistically 
significant difference. 

Results

ST protects SH‑SY5Y cells against H2O2‑induced cell injury. 
SH‑SY5Y cells were treated with various concentrations of 
ST (3.125, 6.25, 12.5, 25, 50, and 75 µg/ml) for 24 h, and 
cell viability was subsequently detected using the MTT 
assay. Treatment with these concentrations of ST alone 
did not affect cell viability and caused no cell toxicity 
[F(7,16)=0.027, P=1.000; Fig. 2A]. Subsequently, the effect 
of H2O2 (50‑800  µM) on SH‑SY5Y cells was evaluated. 
The results indicated that H2O2 reduced cell viability in a 
concentration‑dependent manner, and 200 µM H2O2 incuba-
tion with SH‑SY5Y cells for 24 h was confirmed to be an 
appropriate condition to taken as an oxidative stress‑induced 
injury in SH‑SY5Y cellular model in vitro with approxi-
mately 50% cell viability inhibition rate [F (5,12)=200.045, 
P<0.001; Fig. 2B]. To investigate the protective effect of ST 
against H2O2‑induced SH‑SY5Y cell injury, SH‑SY5Y cells 

Figure 3. Effect of ST on H2O2‑induced antioxidant enzyme activities. The cells were treated with 200 µM H2O2 in the presence or absence of ST for 24 h. 
Levels of (A) MDA; (B) GSH; (C) GSH‑Px; (D) SOD activity were measured. Data are presented as the mean ± standard error of the mean (n=3). *P<0.05, 
**P<0.01 vs. untreated control cells; #P<0.05, ##P<0.01 vs. H2O2‑treated cells. GSH, reduced Glutathione; GSH‑Px, glutathione peroxidase; MDA, malondialde-
hyde; NAC, N‑acetylcystein; SOD, superoxide dismutase; ST, sweet tea.
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were pre‑treated with ST at different concentrations (25, 50, 
and 75 µg/ml) for 1 h, the co‑treatment with 200 µM H2O2 
for another 24 h. The results demonstrated that cell viability 
increased to 59.67, 77.33, 91.01 or 76.93% when cells were 
pre‑treated with ST (25, 50, and 75 µg/ml) or NAC, respec-
tively [F(5,12)=149.1724, P<0.001; Fig.  2C]. In parallel, 
200 µM H2O2 significantly increased LDH release to 37.88%. 
However, pre‑treatment with ST or NAC, reduced the amount 
of LDH release to 27.23, 18.55, 11.29 or 17.53% respectively 
[F(5,12)=75.218, P<0.001; Fig. 2D]. At the meantime, this 
protective effect of ST was also evidenced by morphologic 
observations of SH‑SY5Y cells. In the case of H2O2‑treated 
cells, most cells demonstrated shrinkage and floatation. 
However, the SH‑SY5Y cells were pre‑treated with ST or 
NAC displayed slightly morphological changes (Fig. 2E). 

Figure 4. ST attenuates H2O2‑induced mitochondrial dysfunction by inhibiting intracellular and mitochondrial ROS generation in SH‑SY5Y cells. (A) The 
intracellular ROS level was determined with DCFH‑DA dye and (B) mitochondrial ROS level was determined with MitoSOX Red dye. (C) Quantitative 
analysis of the MFI of MitoSOX Red in (Ba‑f) using ImageJ 1.41i software. (D) Determination of MMP was carried out using rhodamine 123 dye (green). 
(E) Quantitative analysis of the MFI of Rh123 in (Da‑f) using ImageJ 1.41i software. Data are shown as mean ± standard error of the mean (n=3). *P<0.05, 
**P<0.01 vs. untreated control cells; #P<0.05, ##P<0.01 vs. H2O2‑treated cells. NAC, N‑acetylcystein; ROS, reagent active species; ST, sweet tea; MFI, mean 
fluorescence intensity.

Figure 5. ST increases NAD+/NADH ratio. NAD+/NADH ratio was detected 
using a NADH/NAD Quantification kit. Data are shown as mean ± standard 
error of the mean (n=3). *P<0.05, **P<0.01 vs. untreated control cells; #P<0.05, 
##P<0.01 vs. H2O2‑treated cells. NAC, N‑acetylcystein; ST, sweet tea.
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Figure 6. ST stimulates Sirt3 signaling pathway in SH‑SY5Y cells. (A) Western blot analysis of AMPK, p‑AMPK, PGC‑1α, Sirt3, IDH2, Foxo3a, and SOD2 
and quantification of (B) p‑AMPK/AMPK ratio; (C) PGC‑1α; (D) Sirt3; (E) IDH2; (F) Foxo3a and of (G) SOD2 protein expression levels. Data are shown as 
mean ± standard error of the mean (n=3). *P<0.05, **P<0.01 vs. untreated control cells; #P<0.05, ##P<0.01 vs. H2O2‑treated cells. AMPK, adenosine monophos-
phate‑activated protein kinase; Foxo3a, forkhead box O3a; IDH2, isocitrate dehydrogenase; p, phosho; PGC‑1α, peroxisome proliferator‑activated receptor 
coactivator‑1α; ST, sweet tea.
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These findings indicated that the protective effects of ST 
were equal or higher than those exerted by an equivalent 
concentration of positive control agent.

ST attenuated H2O2‑induced accumulation of MDA, enhanced 
GSH content, GSH‑Px, and SOD activities. The results indi-
cated that H2O2 caused a remarkable increase in MDA content 
and decrease in GSH content, SOD and GSH‑Px activities. 
However, pre‑treatment with ST (25, 50, and 75  µg/ml) 
significantly reduced the increase in MDA content induced by 
H2O2 [F(5,12)=77.225, P<0.001; Fig. 3A], while it significantly 
reversed the decrease in GSH content, GSH‑Px and SOD activi-
ties induced by H2O2 treatment in a concentration‑dependent 
manner [F(5,12)=131.886, P<0.001; F(5,12)=57.409, P<0.001; 
F(5,12)=97.466, P<0.001, respectively; Fig. 3B‑D].

ST attenuated H2O2‑induced accumulation of intracellular 
and mitochondrial ROS production, improved MMP. Effects 
of ST on intracellular, mitochondrial ROS production, and 
MMP were evaluated. The results demonstrated that following 
treatment with H2O2, the levels of intracellular ROS increased 
markedly within 24 h. Pre‑treatment with ST (25, 50, and 
75 µg/ml) suppressed H2O2‑induced excessive ROS production 
[F(5,12)=154.603, P<0.001; Fig. 4A]. Furthermore, to determine 
the level of oxidative stress in mitochondria during H2O2 treat-
ment, SH‑SY5Y cells were stained with MitoSOX, a cationic 
probe that distributes to the mitochondrial matrix and specifi-
cally measures superoxide anion, and co‑localizes with Mito 
Tracker Green (21). Compared with the control, H2O2 notably 
accelerated the accumulation of mitochondrial ROS which was 
decreased by ST pre‑treatment [F(5,12)=382.644, P<0.001; 
Fig. 4B and C]. Furthermore, MMP indicates the function of 
mitochondria (22). H2O2 decreased rhodamine 123 fluorescence 
intensity, while this decrease in rhodamine 123 fluorescence was 
abrogated by pre‑treatment with ST or NAC [F(5,12)=156.453, 
P<0.001; Fig. 4D and E]. These results demonstrated that ST 
effectively inhibited ROS levels and attenuated reduction in 
MMP induced by H2O2 in SH‑SY5Y cells.

ST increased NAD+/NADH ratio, AMPK, PGC‑1α, Sirt3, IDH2, 
Foxo3a, SOD2 in SH‑SY5Y cells. The results demonstrated that 
H2O2 decreased the ratio of NAD+/NADH, while pre‑treated 
with ST increased the ratio of NAD+/NADH in SH‑SY5Y cells 
[F(5,12)=91.125, P<0.001; Fig. 5]. AMPK‑PGC‑1α signaling 
serves an important role in regulating mitochondrial function 
and oxidative stress and has been reported to serve as the down-
stream target of AMPK‑PGC‑1α signaling (23). Therefore, the 
effects of ST on the protein expressions of AMPK, PGC‑1α, 
Sirt3, IDH2, Foxo3a, SOD2 in H2O2‑induced SH‑SY5Y cells 
evaluated, using western blot analysis. The results demonstrated 
that 200 µM H2O2 decreased the ratio of p‑AMPK/AMPK and 
the expression of PGC‑1α and Sirt3. However, ST pre‑treat-
ment prominently elevated the p‑AMPK/AMPK ratio and the 
expression of PGC‑1α and Sirt3 [F(5,12)=29.286, P<0.001; 
F(5,12)=9.640, P<0.001; F(5, 12)=14.183, P<0.001; Fig. 6A‑D], 
indicating that the AMPK‑PGC‑1α‑Sirt3 axis was crucial for 
the protective effects of ST on regulation of mitochondrial 
ROS homeostasis in SH‑SY5Y cells. Considering that Sirt3 
is an NAD+‑dependent deacetylase, and IDH2, Foxo3a and 
SOD2 are major substrates of Sirt3. IDH2, Foxo3a and SOD2 

expressions were also investigated. The results showed that 
ST pre‑treatment notably increased IDH2, Foxo3a and SOD2 
expression compared with H2O2 treatment [F(5,12)=11.078, 
P<0.001; F(5,12)=20.023, P<0.001; F(5,12)=15.505, P<0.001; 
Fig. 6A and E‑G], suggesting that ST ameliorated H2O2 induced 
mitochondrial dysfunction and reduced oxidative stress were 
mediated by the activation of AMPK‑PGC‑1α‑Sirt3 signaling. 

Discussion

Excessive oxidative stress has been demonstrated to serve 
a crucial role in neurodegenerative diseases (24). H2O2 not 
only is the most steady ROS but also serves as extracellular 
and intercellular messenger (25,26). Therefore, in the present 
study, H2O2 was used as a toxic agent to simulate oxidative 
stress‑induced neuronal injury in vitro, thereby leading to mito-
chondrial injury as described in our previous study (27). The 
results demonstrated that H2O2‑induced neuronal cell injury 
as evidenced by decreasing cell viability and increasing cell 
death, combined with the repression of MMP and generation 
of excessive ROS in the mitochondria, which were signifi-
cantly reversed by pre‑treatment with ST. The present findings, 
for the first time to the best of our knowledge, clarified that 
ST exerted the protective effects on oxidative stress‑induced 
neuronal cells injury.

Figure 7. Model of a proposed mechanism of the protective effect of on 
ST SH‑SY5Y cells against H2O2‑induced SH‑SY5Y cells injury through 
activation of AMPK‑PGC‑1axα‑Sirt3 axis. H2O2 is considered as the main 
precursor of ROS, and accumulation of intracellular ROS cause mitochon-
drial dysfunction, downregulation of AMPK, PGC‑1α and Sirt3, leading to 
cell death. ST reduces mitochondrial ROS production and cell death induced 
by H2O2 via mitochondrial Sirt3 signaling pathway. AMPK, adenosine 
monophosphate‑activated protein kinase; Foxo3a, forkhead box O3a; IDH2, 
isocitrate dehydrogenase; p, phosho; PGC‑1α, peroxisome proliferator‑acti-
vated receptor coactivator‑1α; ST, sweet tea.
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Furthermore, emerging evidence demonstrates that mito-
chondria are the major resource of ROS, and the mitochondrial 
ROS free radical scavenging systems, including SOD2 and 
the glutathione and thioredoxin systems, serves an key role 
in regulating mitochondrial ROS (28). In the present study, 
H2O2 decreased the enzymatic activities of SOD2, GSH‑Px 
and IDH2, while these effects were reversed by pre‑treatment 
of ST. Furthermore, MitoSOX Red, a cationic probe that 
distributes to the mitochondrial matrix and specifically detects 
superoxide, was used to determine the mitochondrial ROS as 
described in our previous study (27). The results suggested that 
ST scavenged excessive mitochondrial ROS via elevating ROS 
free radical scavenging systems, thereby promoted GSH levels 
and maintained NAD+/NADH ratio, which acts as an important 
role in donating electrons when NADH converts into NAD+, 
and eliminating excessive ROS (29). In addition, sirtuins are 
NAD+‑dependent enzymes, which include seven homologues 
(Sirt1‑7), and they deacetylate multiple substrates to execute 
numerous physiological and pathophysiological functions (30). 
Sirt3 is known as an important member of the sirtuin family, 
and it not only localizes in mitochondria but also suppresses 
the excessive ROS production due to deacetylating many mito-
chondrial proteins such as SOD2, IDH2, which improve the 
glutathione antioxidant defense system (31). Furthermore, the 
present findings indicated that H2O2 decreased Sirt3, Foxo3a 
and SOD2 expressions, which was consistent with the theory 
that oxidative stress downregulates Foxo3a and SOD2, which 
are the two main substrates of Sirt3 (32,33). However, these 
effects were abolished by pre‑treatment with ST, suggesting 
that ST activated Sirt3, thereby regulating Foxo3a directly 
and elevating SOD2 activity, which is mainly regulated by the 
mitochondrial sirtuin to eliminate excessive ROS (34).

Additionally, growing evidence demonstrated that Sirt3 
serves as a downstream target of PGC‑1α, which has been 
demonstrated as the pivotal downstream target of AMPK, 
thereby activating Foxo3a to reduce mitochondrial ROS produc-
tion (35,36). It is also postulated that decreased AMPK‑PGC‑1α 
signaling pathway may lead to downregulation of Sirt3 expres-
sion (37). The results in the current study demonstrated that 
H2O2 decreased p‑AMPK and PGC‑1α expression, which was 
consistent with the theory that oxidative stress inhibits AMPK, 
and downregulates PGC‑1α and Sirt3 expression. However, 
pre‑treatment with ST reversed these effects, suggesting that 
ST preserved mitochondrial function and attenuated excessive 
ROS through activating the phosphorylation of AMPK, thereby 
upregulating PGC‑1α and Sirt3. Therefore, it can be concluded 
that the AMPK‑PGC‑1α‑Sirt3 signaling pathway serves a 
crucial role in regulating mitochondrial ROS homeostasis by ST 
pre‑treatment in oxidative stress‑induced neuronal cell injury.

To conclude, the present findings indicated that ST protects 
against oxidative stress‑induced neuronal cell injury in vitro 
through attenuating mitochondrial ROS, at least partly, through 
activating Sirt3 signaling pathway (Fig.  7). These results 
provide valuable insights for the role of ST, which may lead 
to its development as a natural antioxidant to protect neurode-
generative diseases, but this needs to be further investigated.
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