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A B S T R A C T

Tea polyphenols (TP) are the major ingredients in tea beverages that display health-benefits including anti-
oxidation, anti-inflammation, anti-aging, attenuating blood pressure and deflating. In this study, we investigated
the neuroprotective effects of TP to attenuate staurosporine (STS)-induced cytotoxicity. Rat hippocampal neu-
rons were isolated, cultured and incubated with STS to induce neurite collapse and apoptosis, however, the
medication of TP eliminated these adverse effects and maintained the morphology of neurons. STS decreased the
expression of pro-BDNF, downregulated the TrkB/Akt/Bcl-2 signaling axis and promoted the activation of Erk1/
2 and caspase-3. In contrast, TP rescued the expression of pro-BDNF and antagonistically restored the bio-
chemistry of aforementioned signaling effectors. Consistently, the activity of TP can be attenuated by the in-
hibition of TrkB or Akt by small chemicals K252a and LY294002. Therefore, BDNF-TrkB and Akt signaling axis is
essential for TP-mediated neuroprotective effects. In summary, TP showed beneficial effects to protect neurons
from exogenous insults such as STS-induced neural cytotoxicity and cell death.

Introduction

Tea is the most consumed beverage in the world. People have long
believed the health-benefit effects of tea such as reducing anxiety, al-
leviating blood pressure, defatting, refreshing, and prolonging life
(Khan and Mukhtar, 2007). Growing analysis and research have iden-
tified the main components of tea and well-established their roles in
anti-oxidation, anti-inflammation and anti-aging (Dulloo et al., 1999).
Tea polyphenols (TP) are the major active components including
(-)-epicatechin (EC), (-)-epigallocatechin (ECG), (-)-epicatechin-3-gal-
late (EGC), and (-)-epigallocatechin-3-gallate (EGCG) (Lambert and
Elias, 2010). There is compelling evidence to establish the health-care
functions of TP as well as single compounds. Epidemiological in-
vestigations also suggested that tea-drinking reduces the incidence of
neurodegenerative diseases (Weinreb et al., 2009). Thus, TP are con-
sidered as helpful agents with neuroprotective activity. There are

emerging evidence showing that TP exert as scavengers to remove re-
active oxygen/nitrogen species, and toxic metal irons, respectively,
resulting in the attenuation of miscellaneous pathological events in-
duced by oxidative stress and toxic inflammation during the develop-
ment of neurodegenerative disorders (Weisburger and Chung, 2002). In
neurons, regulation of neurotrophins and protein kinase-mediated sig-
naling pathways are considered to contribute to the neuroprotective
activity of TP (Mandel et al., 2008; Wei et al., 2016). However, the
molecular mechanisms remain to be understood.

Staurosporine (STS), a cell-permeable and prototypical alkaloid of
the indolocarbazole family, is used for the establishment of neurode-
generative disease model on rat primary hippocampal neurons
(Deshmukh and Johnson, 2000; Qin et al., 2012). STS exerts a broad-
spectrum inhibitory activity on protein kinases and serve as an effective
apoptosis inducer in cultured hippocampal neurons. In STS-induced
morphological collapse and cell death, neurotrophins and the signaling
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effectors were significantly changed. In particular, BDNF (brain-derived
neurotrophic factor), its associated receptor TrkB and downstream
signaling regulators PI3K/Akt, MAPK/Erk1/2 are intensively focused
on, due to their functions in regulating neural survival and plasticity
(Martinowich et al., 2007; Yu et al., 2019; Zhong et al., 2019). In ad-
dition, the antagonistically expression of anti-apoptotic protein such as
Bcl-2 and apoptosis promoting enzyme caspase-3 is frequently in-
troduced in regulating cell apoptosis. In this study, we aimed to in-
vestigate the neuroprotective effects of TP in STS-induced cytotoxicity
and to elucidate the potential signaling pathways. Cultured rat hippo-
campal neurons were incubated with STS to establish STS-induced cy-
totoxicity and morphological destructions model. The cell viability,
morphology and protein expression were respectively examined by
MTT, LDH and TUNEL assay, microscopic imaging and western blot-
ting. With the pre-incubation of TP, STS-induced neuronal toxicity was
attenuated. The expression of BDNF and associated signaling axis were
examined to decipher the mechanisms of TP-mediated neuroprotective
functions.

Experimental procedures

Chemicals

TP (#CAS 84650-60-2, purity ≥ 98.0 %) including 50 % EGCG, 22
% ECG, 18 % EGC, and 10 % EC was provided by Shanghai yuanye Bio-
Technology Co., Ltd. K252a (#k1639), staurosporine (#19-123-M),
LY294002 (#L9908), and PD98059 (#P215) were provided by Sigma-
Aldrich Co. LLC. STS is a cell permeable protein kinase C (PKC) in-
hibitor, also inhibits kinases such as PKA, PKG, CaMKII, MLCK, and
induces apoptosis at 0.2−1 μM (Couldwell et al., 1994). K252a is a
staurosporine analog that inhibits protein kinases and TrkB activation
as well as downstream signaling (Koizumi et al., 1988). PD98059 is a
specific inhibitor of mitogen-activated protein kinase kinase (MAPKK,
or Erk1/2) (Crews et al., 1992). LY294002 blocks the activity of
phosphatidylinositol 3 kinase (PI3K) and its-dependent Akt phosphor-
ylation and activation (Vlahos et al., 1994).

Culture of primary hippocampal neurons

Primary hippocampal neurons were prepared as described pre-
viously (Qin et al., 2012). In brief, newborn Sprague-Dawley rat (pro-
vided by the Experimental Animal Center of Peking University Health
Science Center, Beijing) was sterilized in 70 % ethanol, and was rapidly
dissected of the brain in 1x HBSS buffer. Hippocampi were isolated and
dissociated. Then the cells were harvested by centrifugation and re-
suspended in DMEM (#11995040, Gibco) with 10 % FBS, 100 units/mL
penicillin, and 100 μg/mL streptomycin (#15140122, Gibco), seeded
into culture plates or cover slips coated by poly-L-lysine (#P1399,
Sigma-Aldrich) with a density of 0.5∼1 × 106 cells, respectively. Cells
were maintained in 5% CO2 in air at 37 °C with saturated humidity. 10
μM cytarabine (#C3350000, Sigma-Aldrich) was added to the medium
to inhibit the growth of glial cells on the first 3 days of culture. Hip-
pocampal cells were used for the experiment after 7 days of cultivation.
For drug treatments, TP were added to the culture medium and in-
cubated with cells for 24 h, and then STS was added and incubated for
24 h to induce cytotoxicity.

Cell viability, LDH and TUNEL assay

Cell viability was examined by thiazolyl blue tetrazolium bromide
(MTT, #M2128, Sigma-Aldrich). Briefly, neurons were seeded in a 96-
well plate (2 × 103 cells), and treated by STS or along with TP for 24 h.
Then MTT was added and incubated with the cells for 2 h. After gently
discarding the medium, 150 μL DMSO was added to dissolve the for-
mazan that yield by MTT. The absorption was recorded at 490 nm using
a Bio-Rad iMark microplate reader.

Cytotoxicity was measured by LDH release assay using CytoTox 96
Non-Radioactive Cytotoxicity Assay Kit (#G1780, promega) according
to the manufacturer’s instructions. TUNEL assay (TdT-mediated dUTP
nick end labeling) was performed to measure apoptotic neurons ac-
cording to the protocol of the manufacturer (#11767291910, Roche).
Briefly, cells were fixed with 4 % paraformaldehyde, permeabilized
with 0.1 % Triton X-100 containing 0.1 % sodium citrate on ice for 2
min and followed by TUNEL detection.

Immunofluorescence

Hippocampal neurons were seeded onto cover slips in the 24-well
plates for experimental treatments. Then cells were fixed with 4%
paraformaldehyde at room temperature for 15 min, blocked up by PBS
supplemented with 5% FBS and 0.3 % Triton X-100 at room tempera-
ture for 1 h and finally incubated with primary antibody against MAP2
(dilution 1:500, #M9942, Sigma-Aldrich) at 4 °C overnight. After rin-
sing in PBS for 3 times to remove free antibodies, cells were incubated
with donkey anti-mouse IgG (H + L) cross-adsorbed secondary anti-
body, dyLight 680 (dilution 1:2000, #SA5−10170, Invitrogen) at room
temperature for 1.5 h. Images were captured by Leica SP8 confocal
microscope with DAPI (4',6-diamidino-2-phenylindole) for staining of
the nuclei.

Western blotting

5 × 106 cells were harvested after experimental treatments by
centrifugation and lysis in 200 μL RIPA buffer supplemented with 1 %
phenylmethanesulfonyl fluoride (PMSF) and proteinase inhibitors on
ice for 30 min. Cell lysates were collected after centrifugation at 14,800
g for 15 min to discard debris. Protein concentration was measured by
BCA assays and equal amounts of protein were separated by SDS-PAGE,
transferred onto a PVDF membrane. Interested proteins were probed by
primary antibody as described respectively after membrane blocking
for 1 h in Tris-buffered saline containing 5% skim milk. Antibodies
against t-Akt (#9272, dilution 1:1000), p-Akt (Ser473) (#4060, dilu-
tion 1:1000), β-actin (#4970, dilution 1:3000), Bcl-2 (#3498, dilution
1:5000), cleaved-caspase-3 (Csp3) (#9661, dilution 1:1000), t-Erk1/
2(#4695, dilution 1:1000), p-Erk1/2 (Thr202/Tyr204) (#4376, dilu-
tion 1:1000), t-TrkB (#4603), p-TrkB (#4619) were provided by Cell
Signaling Technology, Inc. Antibody recognize the pro-BDNF (28 kDa)
(#AF1423, dilution 1:1000) was provided by Beyotime Biotechnology.
IRDye 800CW-Conjugated secondary antibody (#ab216773, dilution
1:5000) was provided by abcam. The bands of target proteins were
photographed in the Odyssey CLx infrared fluorescence imaging system
(LI-COR Biosciences).

Statistical analysis

Results were presented as mean± s.e.m and plotted in GraphPad
7.0. Statistical significance ∗ (#) p<0.05, ∗∗ (##) p<0.01, and ∗∗∗
(###) p<0.001 represent the significance of variance between groups
examined by one-way analysis of variance (ANOVA) followed by
Turkey’s multiple comparisons tests.

Results

TP attenuate STS-induced cytotoxicity and morphological collapse in
hippocampal neurons

To establish the STS-induced cytotoxicity model, primary rat hip-
pocampal neurons were incubated with a set concentration of STS from
0.1 μM to 0.5 μM. MTT assay was performed to measure the cell via-
bility (Fig. 1A). We found that STS induced a decline of cell viability in
a dose-dependent manner. The cell viability showed a decrease of over
50 % on 0.4 μM STS. As we have previously identified (Qin et al., 2012),
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Fig. 1. Tea polyphenols (TP) effectively attenuate STS-induced cytotoxicity and morphological collapse in hippocampal neurons. (A) STS inhibited cell viability in a
dose-dependent manner. 0.4 μM of STS caused a decline of 40 % in cell viability. The scatter dot plot presented both mean± s.e.m and individual values. ** p<0.01
and *** p< 0.001 was examined in relative to the control group (STS = 0.0 μM). (B) TP rescued the cell viability in concentrations of 0.5–10 μM. # p<0.05, ##
p<0.01, and ### p<0.001 was calculated in relative to the set of STS = 0.4 μM. (C) LDH cytotoxicity assay confirmed the rescue of neurons from STS-induced
toxicity by TP. (D-E) TUNEL assay verified the inhibition of STS-induced (0.4 μM) apoptosis by TP (10 μM), whereas the activity of TP was antagonized through the
inhibition of TrkB activity mediated by K252a (0.2 μM). Scale bar = 50 μm. (***) or (###) p< 0.001 was calculated in relative to the control, STS, or STS + TP
group, respectively; n.s, no significance. (F-H) TP (10 μM) rescued the neurons from STS-induced morphological collapse. Cells were immunofluorescence stained
with β-III tubulin for visualizing the neurite (F), cell morphology (G), and DAPI for nuclei (H), Scale bar = 50 μM. STS treatment heavily destroyed the neurite and
caused morphological collapse in neurons, responding to apoptotic nuclei indicated by DAPI staining. TP attenuated STS-induced toxicity and maintained the cell
morphology.

J.-R. Yang, et al. IBRO Reports 8 (2020) 115–121

117



the concentration introducing a decline of cell viability to 40 %∼50 %
is ideal for neuroprotection studies. Therefore, 0.4 μM of STS was ap-
plied in the following experiments. TP were pre-incubated with the
neurons for 24 h and then followed by STS treatment (Fig. 1B). The
results showed that TP rescued cell viability against STS-induced toxi-
city. The maximal effect was observed in the experimental set treated
with of 10 μM TP (Fig. 1B). Thus, 10 μM TP were used in the followed
experiments. In addition, LDH cell cytotoxicity assay confirmed the
protective effect of TP against STS-induced apoptosis (Fig. 1C). Besides,
TP were free of observable cytotoxicity on hippocampal neurons. Fur-
thermore, TUNEL assay was performed to confirm the effect of TP in
preventing the neurons from STS-induced apoptosis, in which we found
that STS significantly induced neural apoptosis. However, TP treatment
effectively attenuated STS-induced apoptosis and maintained the cells
in normal status in relative to the control or TP groups. Nevertheless,
the apoptosis inhibitory effect of TP in neurons can be attenuated by a
small chemical inhibitor K252a, a STS analogue that suppresses the
activity of TrkB and its downstream signaling axis (Fig. 1D-E).

There is compelling evidence shows that apoptosis is the major
cellular events in STS-treated neurons (Belmokhtar et al., 2001). In
addition to LDH and TUNEL assay, we performed immunofluorescence
staining and microscopic imaging to observe the morphological
changes of experimental cells. We found that STS-treated cells dis-
played morphological collapse with significantly destructive dendrites

(Fig. 1F and G) and fragmented nuclei (Fig. 1H) (STS group). Luckily,
TP medication prevented the occurrence of morphological collapse
upon STS treatments (STS + TP group). From the results aforemen-
tioned, we concluded that TP are effective in preventing STS-induced
cytotoxicity and protects neurons.

TP restore the expression of BDNF and the activity of TrkB/Akt signaling
axis to attenuate STS-induced cytotoxicity

It is well established that BDNF is the critical neurotrophin essential
for neural integrity and plasticity (Martinowich et al., 2007). Expres-
sion of BDNF and the moderate activity of its associated signaling axis,
such as TrkB/Akt and Erk1/2 are required for neuronal survival
(Kowianski et al., 2018; Zhong et al., 2019). Therefore, it is interesting
to propose that TP-mediated neuroprotection is mediated by mod-
ulating TrkB/Akt and their downstream signaling pathways. In view of
this, small chemical inhibitors of signaling effectors were introduced.
The concentrations of the inhibitors administrating to the neurons were
optimized through cell viability assay, in order to effectively inhibit the
signaling pathway without hampering the neural viabilities (Fig. 2A).
Accordingly, we performed immunofluorescence staining of MAP2 in
neurons treated with sets of drugs (Fig. 2B). We found that STS induced
neurite collapse similar to the results revealed by β-III tubulin staining
(Fig. 1F). Interestingly, inhibition of TrkB with K252a (0.2 μM) or

Fig. 2. TP protect hippocampal neurons against STS-induced cytotoxicity and morphological collapse depending on Akt signaling axis. (A) The optimal con-
centrations of K252a, LY294002 and PD98059 on hippocampal neurons. (B) Immunofluroscense staining showed the TP mediated maintenance of neural mor-
phology against STS-induced cytotoxicity. Inhibition of the activity of TrkB or Akt by small chemical inhibitor K252a (0.2 μM) or LY294002 (10 μM), respectively,
significantly antagonized the cytoprotective effects of TP. Scale bar = 100 μm.
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PI3K/Akt with LY294002 (10 μM), respectively, either blocked the
neuroprotective effects of TP (Fig. 2B). These results strongly suggested
that BDNF-TrkB/Akt signaling axis plays an essential role in TP-medi-
ated neuroprotective effects against STS-induced cytotoxicity. There-
fore, we examined the biochemistry of BDNF and its associated sig-
naling pathways. However, it is difficult to detect the mature BDNF.
The mature BDNF is produced by proteolytic removal of the propeptide
from the pro-BDNF. Therefore, we proposed that the expression of
mature BDNF is responding to the cellular pro-BDNF in cultured neu-
rons. In hippocampal neurons, we found that STS induced the down-
regulation of pro-BDNF and phosphorylation of TrkB, suggesting the
inactivation of BDNF-stimulated TrkB activation (Fig. 3A, lane of STS).
However, administration of TP rescued the STS-induced decline of pro-
BDNF and reactivated TrkB (Fig. 3A, lane of STS + TP). A similar si-
tuation was observed for Akt, a TrkB/PI3K downstream signaling ef-
fector. STS induced a decrease in Akt activity but restored by TP
medication (Fig. 3B). In addition, cell stress response factor, Erk1/2 was
activated upon STS treatment, in response to STS-induced cytotoxicity
(Fig. 3B, lane of STS). Similarly, TP treatment eliminated the STS-in-
duced Erk1/2 activation (Fig. 3B, lane of STS + TP). Inhibition of TrkB

or Akt with small chemicals, such as K252a and LY294002 consistently
blocked the TP-mediated rescue of TrkB/Akt signaling axis. Thus,
BDNF-TrkB/Akt signaling axis plays an essential role in TP-mediated
neuroprotective effects against STS-induced cytotoxicity. Furthermore,
we confirmed that the inhibition of TrkB or Akt blocked the TP-medi-
ated rescue of cell viability against STS-induced toxicity (Fig. 3C).

Besides, we investigated the changes of apoptosis-associated pro-
teins in STS or STS + TP treated cells. We found that STS induced the
activation of apoptosis with the yield of cleaved-caspase-3, which is the
active form to promote apoptosis. In contrast, anti-apoptotic protein
such as Bcl-2 was downregulated (Fig. 3D). However, TP antag-
onistically restored the expression of cleaved-caspase-3 and Bcl-2, to
prevent STS-induced apoptosis. In summary, we established the neu-
roprotective effect of TP in hippocampal neurons against STS-induced
cytotoxicity and morphological collapse by restoring the expression of
BDNF-TrkB/Akt signaling and the biochemistry of cleaved-caspase-3
and Bcl-2 (Fig. 4).

Fig. 3. TP ameliorate BDNF-TrkB and Akt/Erk1/2 signaling axis to attenuate STS-induced cytotoxicity. (A) STS decreased the expression of pro-BDNF and down-
regulated the TrkB-mediated signaling axis. However, TP medication rescued the pro-BDNF expression and reactivated the TrkB-mediated signaling axis. (*)
p< 0.05, (**) p<0.01 relative to the control group; (##) p< 0.01, or (n.s) no significant relative to the STS group; n = 3. (B) STS inhibited the activity of Akt
indicating by its decreased phosphorylation, and oppositely activated Erk1/2. TP rescued the activation of Akt and attenuated STS-induced Erk1/2 activation. (C) TP
restored the cell viability against STS-induced toxicity and could be blocked by the inhibition of TrkB or Akt. (***) p<0.001 is corresponding to the control group;
(###) p< 0.001 or (n.s) no significant is corresponding to the STS or STS + TP group. (D) TP antagonistically restored the biochemistry of apoptosis-associated
regulators Bcl-2 and cleaved-caspase 3 (Csp3) to block STS-induced apoptosis. (*) p< 0.05 relative to the control group; (#) p< 0.05 relative to the STS group, n =
3. In this figure, TP = 10.0 μM; STS = 0.4 μM; K252a = 0.2 μM; LY294002 (LY) = 10.0 μM; PD98095 (PD) =20.0 μM.
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Discussion

There is compelling evidence suggests the pharmaceutical effects of
TP in anti-apoptosis and anti-neurotoxic inflammation in neuronal tis-
sues (Li et al., 2004; Mandel et al., 2012). It has been well-established
that TP affords effectively neuroprotective activity in vitro and in vivo
models, including cleaning the ROS, inhibiting microglial activation,
and alleviating inflammation. Neuronal factors such as BDNF and FGF2,
and their associated signaling axis are essential regulators of neuronal
survival and neurite plasticity. Deregulation of BDNF and other factors
along with associated signaling axis is normally occur in various kinds
of neuronal diseases (Binder and Scharfman, 2004). PI3K/Akt cascade
is a pivotal signaling pathway promotes neuronal survival, migration
and plasticity to provide essential protective effects of neuronal activity
(Chong et al., 2012). It has been reported that PI3K/Akt interacts with
autophagy signaling pathway by activating the downstream molecule,
mTOR (mammalian target of rapamycin) to inhibit excessive autophagy
to promote neuron survival in neurodegeneration (Heras-Sandoval
et al., 2014). However, MAPK/Erk1/2 is activated is response to ex-
tracellular stress, such as oxidative stress, apoptosis-inducer. For in-
stance, oxidative stress has been reported to enhance Erk1/2 phos-
phorylation and result in the injury of the primary neurons (Stanciu
et al., 2000). Therefore, effectively modulation of signaling pathways in
response to harmful stimuli is critical for neuronal survival. The in-
volved regulators in the above processes may be promising targets for
chemicals to exert neuroprotective functions.

In contrast to TP, STS is a broad-spectrum tyrosine kinase inhibitor
that was used to induce neuronal apoptosis and death to simulate the
psychological and pathological conditions in neurodegenerative dis-
eases, such as aging, chronic inflammation and ischemia. In this study,
we found that 0.4 μM STS is effective to induced hippocampal neuron
apoptosis and morphological destruction (Fig. 1). Taking STS-induced
cytotoxicity in neurons as models, we demonstrated that TP effectively
protected hippocampal neurons from STS-induced cytotoxicity and
morphological collapse. The expression of pro-BDNF, the activity of
TrkB and associated downstream signaling axis were rescued. The ac-
tivation of Erk1/2 in response to STS-stimuli was attenuated by TP
medication. In these conditions, the apoptosis associated proteins such
as Bcl-2 and cleaved-caspase-3 was antagonistically restored (Fig. 4).
However, it is interesting to elucidate the mechanism that mediates the
interaction of TP with cells. There is compelling evidence confirming
the direct interaction of TP with the membrane phospholipid bilayer
and its cytosolic and nuclear uptake (Lorenz, 2013; Sirk et al., 2009). In
particular, the 67-kDa laminin receptor (67LR) was reported to mediate
the binding of EGCG, the major catechin of TP, to the cell surface
(Tachibana et al., 2004). The biological activities of EGCG, such as anti-
oxidative stress, anti-inflammation, and neuroprotection were mediated
through 67LR, although the detailed downstream signaling pathway
remains to be elucidated (Khan et al., 2006; Kim et al., 2014). From the
aforementioned, TP is effective to perform protective activity by re-
storing the expression of BDNF, and modulating two distinct protein
kinase signaling TrkB/Akt and Erk1/2 against STS-induced cytotoxicity

Fig. 4. A schematic model presents the effect of tea polyphenols (TP) in attenuating STS-induced cytotoxicity in hippocampal neurons. STS treatment induced
cytotoxicity and morphological collapse in neurons, whereas TP medication rescued the neurons from STS-induced toxicity by restoring the expression of BDNF and
associated TrkB-Akt and Bcl-2/caspase-3 signaling pathway to inhibit apoptosis.
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and apoptosis. TP can be promising health-care and therapeutic can-
didates for neurodegenerative diseases.

Conclusions

STS effectively inhibits cell viability and induces cell apoptosis in a
dose-dependent manner. TP attenuate the STS-induced cytotoxicity and
apoptosis and the morphological destructions, by restoring BDNF-TrkB
and Akt/Bcl-2 signaling axis.
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