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Abstract. Although diabetic encephalopathy (DE) is a major 
late complication of diabetes, the pathophysiology of postural 
instability in DE remains poorly understood. Prior studies 
have suggested that neuronal apoptosis is closely associated 
with cognitive function, but the mechanism remains to be 
elucidated. Green tea, which is a non‑fermented tea, contains 
a number of tea polyphenols, alkaloids, amino acids, polysac‑
charides and other components. Some studies have found 
that drinking green tea can reduce the incidence of neurode‑
generative diseases and improve cognitive dysfunction. We 
previously found that myosin light chain kinase (MLCK) regu‑
lates apoptosis in high glucose‑induced hippocampal neurons. 
In neurodegenerative diseases, including Alzheimer's disease 
and Parkinson's disease, activation of the JNK signaling 
pathway promotes neuronal apoptosis. However, the relation‑
ship between JNK and MLCK remains to be elucidated. Green 
tea serum was obtained using seropharmacological methods 
and applied to hippocampal neurons. In addition, a type 1 
diabetes rat model was established and green tea extract was 
administered, and the Morris water maze test, Cell Counting 
Kit‑8 assays, flow cytometry, western blotting and terminal 
deoxynucleotidyl transferase‑mediated dUTP nick end‑label‑
ling assays were used to examine the effects of green tea on 
hippocampal neuronal apoptosis in diabetic rats. The results 

demonstrated that green tea can protect against hippocampal 
neuronal apoptosis by inhibiting the JNK/MLCK pathway and 
ultimately improves cognitive function in diabetic rats. The 
present study provided novel insights into the neuroprotective 
effects of green tea.

Introduction

Diabetic encephalopathy (DE) is a serious chronic complica‑
tion of diabetes (1,2) and its clinical manifestations include 
loss of learning and memory abilities, and cognitive dysfunc‑
tion (3). At present, the pathogenesis of DE is unclear, but 
substantial data have shown that neuronal apoptosis is one 
of the key pathogenic mechanisms of DE  (2,4). Studies 
have found that neurons are regulated by the mitochondrial 
apoptosis pathway, death receptor apoptosis pathway and 
endoplasmic reticulum apoptosis pathway and these pathways 
ultimately affect cognitive function  (4,5). A recent study 
revealed that Ganoderma lucidum triterpenoids improve 
cognitive impairment, alleviate neuronal damage and inhibit 
apoptosis in hippocampal tissues and cells in Alzheimer's 
disease by inhibiting the Rho‑associated protein kinase 1 
signaling pathway (6). Although research has shown that the 
hippocampus is the main lesion site in DE and that hippo‑
campal neuronal apoptosis is closely associated with the 
occurrence of cognitive dysfunction, the mechanism of action 
remains to be elucidated (7).

Myosin light chain kinase (MLCK), a key molecule in the 
calcium signaling pathway (8), is expressed in hippocampal 
neurons, where it can accelerate the mobilization of synaptic 
vesicles, promote the release of various neurotransmit‑
ters and regulate the elongation of growth cones  (9,10). A 
previous study found that the increase in nerve cell apoptosis 
observed in a rat model of ischemia‑reperfusion brain injury 
might be associated with upregulation of MLCK expression 
and that the addition of a specific MLCK inhibitor (ML‑7) 
significantly reduces neuronal apoptosis  (11). In addition, 
increased MLCK expression affects the cytoskeletal structure 
and this effect leads to the occurrence of apoptosis (12). Our 
previous studies found that MLCK serves a role in hippo‑
campal neuronal apoptosis, but the regulatory mechanism 
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needs further examination  (13,14). Previous research has 
shown that hippocampal neuronal apoptosis is regulated 
by multiple pathways, including the MAPK/JNK signaling 
pathway and the Wnt/β‑catenin signaling pathway (15). The 
JNK signaling pathway not only serves an important role in 
regulating apoptosis, but is also associated with neurodegen‑
erative diseases, such as Alzheimer's disease (16). A number of 
factors, including inflammatory cytokines, oxidative damage 
and a high‑glucose (HG) environment, can activate the JNK 
signaling pathway (17) and thereby the mitochondrial apop‑
totic pathway, which affects expression of the apoptosis‑related 
proteins Bcl‑2 and Bax, induces the release of cytochrome 
c from mitochondria and activates the downstream caspase 
signaling pathway (18). However, JNK does not act universally 
as a pro‑apoptotic signaling pathway because JNK activation 
can also exert antiapoptotic activity in certain situations (19). 
As the role of the JNK signaling pathway in DE has not been 
fully elucidated, the present study aimed to clarify the rela‑
tionship between the JNK signaling pathway and MLCK in 
the apoptosis of hippocampal neurons in DE.

Green tea, a non‑fermented tea, contains a number of 
tea polyphenols, alkaloids, amino acids, polysaccharides 
and other components. A typical brewed green tea contains 
30‑45%  green tea catechins, including epicatechin  (EC), 
epicatechin‑3‑gallate (ECG), epigallocatechin and epigallo‑
catechin‑3‑gallate (EGCG) (20). A previous study suggested 
that green tea has anti‑diabetic and anti‑ageing activity and 
lowers the blood cholesterol leve (20), which results in reduced 
incidence of neurodegenerative diseases and protects the 
nervous system (21). Epidemiological research has begun to 
show that green tea suppresses cognitive decline (22).

In diabetes development, whether green tea can protect 
against the cognitive dysfunction caused by diabetes and 
the potential pharmacological mechanism remains to be 
elucidated. Therefore, the purpose of the present study was to 
elucidate the mechanism of action of green tea in hippocampal 
neuronal apoptosis in DE. It is hoped that the present study 
will contribute to a deeper understanding of the pharmaco‑
logical mechanism of green tea.

Materials and methods

Experimental animals. A total of 300 healthy newborn (24‑h 
old) Sprague‑Dawley (SD) rats (6‑12 g) and 66 healthy adult SD 
rats (180‑220 g, male) were purchased from the Experimental 
Animal Center of Guizhou Medical University [animal 
license no. SYXK(Qian)2018‑0001, Guiyang, China]. The 
300 newborn SD rats were used to cultivate primary hippo‑
campal neurons; generally, 10 newborn rats provided 2x105 
hippocampal neurons and primary hippocampal neurons do 
not divide in culture. In addition, 60 adult SD rats were used 
to establish a type 1 diabetes rat model and six adult rats were 
used to obtain serum. Prior to the experiments, the animals 
were maintained under a 12‑h light/dark cycle in an indoor 
environment with a temperature of 22±2˚C and 50±10% 
humidity, and provided with sterile water and food ad libitum. 
The experiments were performed in strict accordance with 
the guidelines established by the National Institutes of Health 
for the Use of Laboratory Animals (National Institutes of 
Health publication no. 85‑23, 1985) and the experiments were 

approved by the Guizhou Medical University Animal Care 
and Use Committee (approval no. 1800954; Guiyang, China).

Preparation of green tea serum and blank serum. Blank serum 
and green tea serum were prepared according to a previous 
study (23). Green tea powder (20.0 g) was weighed and 100 ml 
sterile distilled water was added to the powder. The solution 
was mixed in a water bath shaker at 70˚C for 1 h. The mixture 
was filtered through a sieve and green tea extract was then 
obtained for intragastric use. A total of six healthy SD rats 
were randomly selected and divided into one of two groups: 
The rats in the control group were intragastrically adminis‑
tered normal saline at a dosage of 20 ml/kg/day and those in 
the model group were intragastrically administered green tea 
concentrate at a dosage of 20 ml�������������������������������/������������������������������kg twice per day for 3 consec‑
utive days. After 1.5 h of gavage on the last day of treatment, 
the SD rats were anaesthetized via intraperitoneal injection of 
sodium pentobarbital (30 mg/kg) until they lost consciousness. 
Subsequently, 5 ml of blood was drawn from the femoral artery 
(peripheral blood) and centrifuged at 1,006.2 x g for 10 min 
at 4 ̊ C and the upper layer containing serum was aspirated. 
The rats were sacrificed via cervical dislocation. The green 
tea serum and blank serum were then inactivated at 56˚C for 
30 min and diluted in maintenance medium to obtain low‑dose 
blank serum (25% blank serum), medium‑dose blank serum 
(50%  blank serum), high‑dose blank serum (100% blank 
serum), low‑dose green tea serum (25% green tea serum), 
medium‑dose green tea serum (50% green tea serum) and 
high‑dose green tea serum (100% green tea serum). All sera 
were stored in an ultra‑low temperature refrigerator at ‑80˚C.

High‑performance liquid chromatography (HPLC). The 
components in the blank serum and green tea serum were 
detected by HPLC using an Agilent 1100 system (Agilent 
Technologies, Inc.) according to a previous study  (24). 
First, the serum samples were pretreated and the HPLC test 
conditions confirmed: Diamonsil C18 column (250x4.6 mm, 
5 µm), mobile phase consisting of acetonitrile (A) and 0.03% 
phosphoric acid aqueous solution (B), gradient elution (0 min, 
8%  A; 18  min, 19%  A; 25  min, 23%  A; 45  min, 26%  A; 
70 min, 37% A; 80 min, 63% A; and 95 min, 70% A), volume 
flow rate of 0.9 ml/min, column temperature of 30˚C, detection 
wavelength of 278 nm and injection volume of 10 µl.

Hippocampal neuronal cell culture and identification. The 
primary hippocampal neurons were cultured according to a 
previously published method (14). Newborn SD rat were sacri‑
ficed by cervical dislocation and the mortality of the animals 
confirmed by cessation of heartbeat. Primary hippocampal 
neurons were extracted from newborn rat hippocampal tissue. 
The basal medium glucose concentration was 25  mmol/l 
glucose (Neurobasal‑A medium, without FBS; Gibco; Thermo 
Fisher Scientific, Inc.). After 7 days of culture, the hippocampal 
neurons were incubated with anti‑neuron specific enolase 
(NSE) antibody (1:100; cat. no.  M02930; Wuhan Boster 
Biological Technology, Ltd.) and their purity was determined 
by immunocytochemistry. The extracted cells were plated at 
2x105/ml and rinsed in PBS three times for 2 min each time. 
Then, 4% paraformaldehyde was used to fix the cells at room 
temperature for 30 min, followed by rinsing with PBS three 
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times for 4 min each time, and placed in 0.3% Triton X‑100 
and soaked for 10 min. Slides were washed again with PBS 
three times for 4 min each time, and put into 3% H2O2 for 
15 min to eliminate the influence of endogenous peroxidase. 
Then, 3% goat serum was used for blocking at room tempera‑
ture for 20 min to block the effect of non‑specific binding 
sites. After blocking, the slides were rinsed with PBS three 
times for 2 min each time. Then, the slides were incubated 
with rabbit anti‑rabbit NSE primary antibody (1:100; cat. 
no. ab180943; Abcam) and incubated overnight at 4˚C on a 
shaker. The next day, cells were incubated with goat anti‑rabbit 
IgG H&L (HRP‑conjugated) (1:500; cat. no. ab6721; Abcam) 
and incubated at room temperature for 1.5 h. The sides were 
washed with PBS three times for 5 min each time, and then 
put into the enzyme‑labeled avidin for 20 min. The cells were 
incubated with DAB in the dark for 20 min. After washing, the 
cells were stained with hematoxylin at room temperature for 
10 sec. The slides were observed under an optical microscope, 
the field of view was selected at random and cell morphology 
was observed under the microscope, and the brown‑stained 
cells were considered positive cells. The hippocampal neuron 
growth status was assessed via inverted microscopy (magnifi‑
cation, x200). The purity of the neurons was estimated using 
ImageJ v1.45s (National Institutes of Health).

Cellular activity assay. The hippocampal neurons were 
seeded into a 96‑well plate at a density of 1,000/well, grown 
for 5 days and divided into the following groups: i) Control 
group (25  mmol/l glucose); ii)  HG group (45  mmol/l 
glucose); iii) HG + low‑dose blank serum group (45 mmol/l 
glucose + 10% total volume of low‑dose blank serum); iv) HG 
+ medium‑dose blank serum group (45 mmol/l glucose + 10% 
total volume of medium‑dose blank serum); v) HG + high‑dose 
blank serum group (45 mmol/l glucose + 10% total volume of 
high‑dose blank serum); vi) HG + low‑dose green tea serum 
group (45 mmol/l glucose + 10% total volume of low‑dose 
green tea serum); vii) HG + middle‑dose green tea serum 
group (45 mmol/l glucose + 10% total volume of medium‑dose 
green tea serum); viii) HG + high‑dose green tea serum group 
(45 mmol/l glucose + 10% total volume of high‑dose green tea 
serum); ix) HG + SP group [45 mmol/l glucose + 10 µmol/l 
SP600125 (JNK inhibitor; Sigma‑Aldrich; Merck KGaA)]; and 
x) HG + ML‑7 group [45 mmol/l glucose + 10 µmol/l ML‑7 
(MLCK inhibitor; Sigma‑Aldrich; Merck KGaA)]. Cellular 
activity was assessed using Cell Counting Kit‑8 (CCK‑8) 
assays according to a previous study (25). Briefly, 10 µl CCK‑8 
solution (cat. no. CK04; Dojindo Molecular Technologies, Inc.) 
was added to each well and the cultures were incubated in a 
water bath at 37˚C for 2 h. The optical density at 450 nm was 
then measured using a microplate reader and the activities of 
the cells in the different groups were calculated. All CCK‑8 
assays were performed in triplicate and repeated three times.

Cell apoptosis analysis. The cell culture medium used was the 
same as in Hippocampal neuronal cell culture and identifica‑
tion. Differentially treated hippocampal neuronal cells were 
cultured for 48 h and apoptosis was then assessed via incuba‑
tion in the dark with an Annexin V‑FITC apoptosis detection 
kit (Nanjing KeyGen Biotech Co., Ltd.) according to the 
manufacturer's protocol. The apoptosis rate was determined 

by calculating the percentage of early and late apoptotic cells. 
The cells were analyzed via fluorescence‑activated cell sorting 
using a flow cytometer (Navios; Beckman Coulter, Inc.) and 
the results were analyzed using FlowJo v10 (FlowJo LLC) and 
GraphPad Prism 5 (GraphPad software, Inc.).

Diabetes induction. The present study established the 
type 1 diabetes rat model by the administration of an intra‑
peritoneal injection of streptozotocin (STZ; Sigma‑Aldrich; 
Merck KGaA). A total of 60 male SD rats were randomly 
divided into two groups: The negative control (NC) group and 
the model group. The rats in the NC group (n=12) were fasted for 
12 h, intraperitoneally injected with citric acid‑sodium citrate 
buffer (0.1 mol/l, pH 4.2) and given daily administrations of an 
equal volume of sterile distilled water. The rats in the model 
group (n=48) were fasted for 12 h and administered an STZ 
solution (STZ dissolved in citric acid‑sodium citrate buffer, 
50 mg/kg) via intraperitoneal injection to induce diabetes. 
As in our previous study (13), successful replication of this 
diabetes model was verified if the fasting blood glucose level 
at 72 h after STZ injection was ≥16.7 mmol/l and remained 
>16.7 mmol/l for 3 consecutive weeks. The model group was 
then divided into four groups (n=12): i) The rats in the diabetes 
model (DM) group received an equal volume of distilled water; 
ii) the rats in the low‑dose green tea extract group received 
5 ml/kg/day green tea extract + 15 ml/kg/day sterile distilled 
water; iii) the rats in the medium‑dose green tea extract group 
received 10 ml/kg/day green tea extract + 10 ml/kg/day sterile 
distilled water; and iv)  the rats in the high‑dose green tea 
extract group received 20 ml/kg/day green tea extract. Timed 
gavage was performed every day for 8 weeks to process the 
rats. The fasting blood glucose level and weight of the rats was 
measured every 3 weeks and the effect of green tea on the rat 
blood glucose levels was observed in the different groups.

Morris water maze test. In the 12th week after the diabetes 
model was established, the Morris water maze test was 
performed to assess the learning and memory abilities of the 
rats. According to a previous study (26), the basal swimming 
speed of the rats in each group was first tested. The DM group 
developed cognitive dysfunction at 12 weeks, as shown by the 
Morris water maze test, which included positioning navigation 
experiments and space exploration experiments. The water 
maze circular constant temperature pool had a diameter of 
160 cm and a height of 50 cm, while the circular platform 
had a diameter of 12 cm and its position was adjustable. In 
this experiment, the height was set to 30 cm, and the water 
temperature was kept at 23±1˚C. The circular platform was 
placed in the center of the southeast quadrant of the pool 
~1 cm below the water surface. In the beginning, the rats were 
placed in the water from a position different from the edge of 
the northeast quadrant. The DigBehv animal behavior video 
tracking system (DigBehv‑LM4; Shanghai Jiliang Software 
Technology Co., Ltd.) was used to track and record the time 
that the rats reached the platform, which was measured as the 
escape latency period. The rats that found the platform within 
60 sec were treated as a success. If the rat did not find the 
platform during this time, they were manually guided to the 
platform and kept there for 30 sec, and the escape latency of this 
rat was deemed to be 60 sec. The experiment was performed 
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continuously for 5 days in total, four times a day. The escape 
latency was recorded on the last day of the experiment and the 
mean was calculated. During the space exploration experiment 
on the 6th day of the experiment, most conditions were left 
unchanged, but the platform in the pool was removed and the 
rats were allowed to enter the pool at any one of the marked 
points. The program recorded the rats' swimming trajectory 
within 60 sec and recorded their swimming tracks in 60 sec. 
The number of crossings over the original platform during 
60 sec was considered to evaluate the space exploration ability 
of the rat.

Hematoxylin and eosin (H&E) staining. Morphological 
changes in the hippocampus of the rats in the different groups 
were observed via H&E staining. The hippocampal tissue 
was dissected and paraffin‑embedded sections were prepared 
(slice thickness, 4 µm). The slices were dehydrated by ethanol 
gradient (80, 95 and 100% ethanol), soaked in xylene two times 
for 5 min each time to make the slices transparent, stained 
with hematoxylin for 1 min and stained with eosin solution for 
1 min at 25˚C, and finally mounted with neutral gum. Slices 
were observed with a Nikon Eclipse E100 microscope (Nikon 
Corporation).

Transmission electron microscopy (TEM) of the hippocampal 
tissue ultrastructure. Rats were anaesthetized via intra‑
peritoneal injection of sodium pentobarbital (100 mg/kg) and 
subjected to intracardiac perfusion‑fixation using a solution 
of 0.9% sodium chloride (VWR International, LLC), then 
all rats were sacrificed via cervical dislocation. and 4% para‑
formaldehyde (Sigma‑Aldrich; Merck KGaA) in 0.1 M PBS 
(pH 7.4). The hippocampal tissue was obtained and placed in 
fixative. Shanghai Fucheng Biotechnology Co., Ltd., processed 
the samples and the samples were processed according to the 
following steps. The samples (slice thickness, 70 nm) were 
fixed at room temperature in 2.5% glutaraldehyde (pH 7.4) for 
2 h and embedded in agarose with low melting point. After 
washing three times with 0.1 M PBS (pH 7.2), samples were 
fixed in 1% osmic acid at 4˚C for 2 h. Then, the samples were 
dehydrated in a graded series of ethanol. Subsequently, the 
samples were embedded in Epon‑Araldite resin for penetra‑
tion and placed in a model for polymerization. Ultrathin 
sections were collected for microstructure analysis. Following 
counterstaining with 3% uranyl acetate and 2.7% lead citrate, 
slices were observed with a HT7800 transmission electron 
microscope (Hitachi, Ltd.).

Analysis of apoptosis in hippocampal tissue. The degree of 
apoptosis in the hippocampal tissues from each group was 
detected through terminal deoxynucleotidyl transferase‑medi‑
ated dUTP nick end‑labelling (TUNEL) assays using a 
TUNEL Apoptosis kit (Nanjing KeyGen Biotech Co., Ltd.) 
according to the manufacturer's recommended protocol. The 
positive cells in each group were counted under a microscope 
(a brown color indicated positive apoptotic cells) and the 
degree of apoptosis in the hippocampus was assessed using 
ImageJ software v1.6.0 (National Institutes of Health).

Western blot analysis. Following collection of hippocampal 
tissue and hippocampal neurons, protein was extracted using 

a protein extraction kit (Nanjing KeyGen Biotech Co., Ltd.). 
Protein concentration was determined using a BCA assay 
(Pierce; Thermo Fisher Scientific, Inc.). The protein samples 
(20 µg) were separated via SDS‑polyacrylamide on 10% gels. 
The target protein was then transferred to a 0.45  µm 
Immobilon‑P PVDF membrane (cat. no. IPVH00010; Merck 
KGaA) via the wet transfer method and the membrane was 
blocked with 5% skimmed milk for 2 h at room temperature 
and incubated overnight at 4˚C on a shaker with the following 
antibodies: Rabbit anti‑β‑actin (1:5,000; cat. no.  ab8227; 
Abcam), rabbit anti‑JNK (1:2,000; cat. no.  9252S; Cell 
Signaling Technology, Inc.), rabbit anti‑p‑JNK (1:2,000; cat. 
no. 4668; Cell Signaling Technology, Inc.), rabbit anti‑MLCK 
(1:5,000; cat. no. ab76092; Abcam), rabbit anti‑Bcl‑2 (1:1,000; 
cat. no. ab182858; Abcam) and rabbit anti‑Bax (1:1,000; cat. 
no.  ab32503; Abcam). The membrane was then subjected 
to three 10‑min rinses in TBS with 0.1% Tween‑20 buffer 
(TBST), incubated with HRP‑conjugated sheep anti‑rabbit 
IgG (1:20,000; cat. no. 7074; Cell Signaling Technology, Inc.) 
secondary antibody for 2 h at room temperature and rinsed 
three times for 10 min in TBST buffer. The ECL method 
(Amersham; Cytiva) was used to display the signals from 
the target proteins and a gel imaging system was used for 
image collection. The image grey values were analyzed and 
compared using ImageJ software v1.6.0 (National Institutes 
of Health) to calculate the relative expression levels. Western 
blot analyses were repeated at least three times for each 
protein.

Statistical analysis. All data are expressed as the mean ± stan‑
dard deviation. SPSS v19.0 software (IBM Corp.) was used 
for data analysis. Inter‑group variation was measured using a 
one‑way ANOVA, followed by a Tukey's post hoc test. P<0.05 
was considered to indicate a statistically significant difference.

Results

HG leads to increased apoptosis in hippocampal neurons. 
The present study first prepared primary cultured hippo‑
campal neurons and detected the purity of the cells by staining 
for NSE  (Fig.  1A). Hippocampal neuronal apoptosis was 
detected in the HG group (Fig. 1B). The HG group demon‑
strated a significantly increased apoptosis rate compared with 
the control group. Cellular activity was also detected using a 
CCK‑8 assay and the results demonstrated that the cellular 
activity in the HG group was significantly decreased (Fig. 1C). 
In addition, the expression of the apoptosis‑related proteins 
Bcl‑2 and Bax in the two groups was determined and the HG 
group demonstrated decreased Bcl‑2 levels and increased Bax 
levels compared with the control group (Fig. 1D).

Increased apoptosis of hippocampal neurons in diabetic rats 
with cognitive dysfunction. The present study successfully 
replicated diabetes, as shown by the fact that blood glucose 
levels ≥16.7 mmol/l were maintained for >3 weeks (Fig. 2A) 
and the diabetes model was maintained for 2 months. Prior to 
cognitive function tests, the basal swimming speed of the rats in 
each group was tested and no differences were found between 
groups (Table SI). The Morris water maze test demonstrated 
that the rats in the diabetic group exhibited significant declines 
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in both learning and memory (Fig. 2B and C; Table SII), as 
illustrated by the lines in Fig. S1C, which showed the movement 
of the rats and the decreased cognitive function of the diabetic 
rats. Rat hippocampal tissues were then collected for observa‑
tion and H&E staining (Fig. 2D). Specifically, the morphology 
of the neurons in the CA1 subfield of the hippocampi of rats was 
detected by H&E staining. Analysis of the NC group demon‑
strated that the nerve cells in each structure were complete, but 
staining of the hippocampal tissues of the DM group revealed 
that the neurons adopted a disordered arrangement and that the 
structure of the vertebral body and nucleus of nerve cells was 
destroyed. Furthermore, the number of hippocampal neurons 
was reduced and vacuoles were observed in the cytoplasm. 
The hippocampal neuron ultrastructure in the NC group was 
also observed via TEM (Fig. 2E) and it was noted that the 
morphological structure of the hippocampus was intact, the 
nuclei were large, the cytoplasm was rich in content and intact, 
the mitochondria were numerous and well‑arranged and the 
endoplasmic reticulum was regular. By contrast, analysis of 
the diabetic rats revealed that the neurons were damaged, 
the mitochondria number was reduced and the structure was 
destroyed. TUNEL assays were used to detect apoptosis of 

hippocampal neurons and the CA1 region of the hippocampus 
selected for observation and evaluation of neuronal apoptosis; 
a brown‑black color indicated apoptotic cells. Assessment of 
the NC group revealed intact cells in the hippocampal tissue, 
few apoptotic cells and a regular arrangement of normal cells; 
however, more brown‑black cells, which indicated apoptosis, 
were observed in the DM group (Figs. 2F and S2A; Table SIII). 
To further verify these changes, western blot analysis was 
performed and the results confirmed increased expression of 
the apoptosis‑related protein Bax and reduced expression of 
the apoptosis‑related protein Bcl‑2 in the DM group (Fig. 2G). 
Taken together, these results showed that increased apoptosis 
of hippocampal neurons led to decreased cognitive function in 
diabetic rats.

Identification of six components in green tea serum. To 
further study the components in green tea serum, blank 
serum (Fig. 3A), mixed standards  (Fig. 3B) and green tea 
serum (Fig. 3C) were assessed via HPLC. A total of six compo‑
nents were detected in green tea serum: Gallic acid, catechin, 
caffeine, EGCG, EC and ECG at mass concentrations of 3.6, 
4.2, 54.6, 22.8, 3.8 and 4.8 µg/ml, respectively.

Figure 1. HG leads to increased apoptosis in hippocampal neurons. (A‑a) Hippocampal neuron culture day 1 (magnification, x200). (A‑b) Hippocampal 
neuron culture day 3 (magnification, x200). (A‑c) Hippocampal neuron culture day 5 (magnification, x200). (A‑d) Hippocampal neuronal cells were identified 
following immunocytochemical staining with anti‑neuron‑specific enolase (magnification, x400) black arrow indicates hippocampal neurons. (B) Apoptosis 
of hippocampal neurons in the control and HG groups. (C) Hippocampal neuron activity was evaluated using Cell Counting Kit‑8 assay data. (D) Expression 
of the apoptosis‑associated proteins Bcl‑2 and Bax in hippocampal neurons in the control and HG groups. Each data point represents the mean ± standard 
deviation (n=3). #P<0.05 vs. the control group. OD, optical density; HG, high‑glucose.
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Green tea serum inhibits Bax to protect hippocampal neurons 
from HG‑induced apoptosis. First, data were obtained from an 
in vitro cell culture study in which no difference was found in 
apoptotic rate among the low‑, medium‑ and high‑dose blank 
serum groups and the HG group. In the low‑, medium‑ and 
high‑dose green tea serum groups, the apoptotic rate demon‑
strated a downward trend and the highest dose of green tea 
serum exerted the most significant effect (Fig. 4A). In addition, 
no difference in cellular activity was found among the low‑, 
medium‑ and high‑dose blank serum groups and the HG group 
and the cellular activity was increased in the low‑, medium‑ 
and high‑dose green tea serum groups (Fig. 4B). It was also 
found that the expression of the apoptotic proteins Bcl‑2 and 
Bax was not significantly different between the low‑, medium‑ 
and high‑dose blank serum groups and the HG group, but 
the high‑dose green tea serum group exhibited decreased 
Bax levels and increased Bcl‑2 levels compared with the HG 
group (Fig. 4C). Overall, these results confirmed that green tea 
serum could inhibit Bax to protect hippocampal neurons from 
HG‑induced apoptosis.

Green tea improves cognitive dysfunction in diabetic rats by 
inhibiting hippocampal neuronal apoptosis. To further probe 
the effects of green tea in vivo, green tea extract was admin‑
istered to diabetic rats and found that green tea reduced blood 
glucose levels (Figs. 5A and S1A) and slowed the weight loss 
in these rats (Fig. S1B). The results of the Morris water maze 
test demonstrated that green tea improved the learning and 
memory abilities of the diabetic rats (Fig. 5B and C), as illus‑
trated by the lines in Fig. S1C, which show the movement of 
the rats. H&E staining of hippocampal tissues from the green 
tea‑treated rats demonstrated that the hippocampal neuron 
cell structure was more complete, the nucleolus was clearer 
and the number of cells was higher than observed in the other 
groups  (Fig.  5D). Similar results were obtained by TEM, 
which demonstrated that green tea protected against changes 
to the ultrastructure of hippocampal neurons (Fig. 5E). The 
CA1 region of the hippocampus was subsequently selected 
for observation and evaluation of neuronal apoptosis in the 
various groups. The low‑, medium‑ and high‑dose green tea 
groups exhibited decreased hippocampal neuronal apoptosis 

Figure 2. Increased apoptosis of hippocampal neurons in rat models of diabetic cognitive dysfunction. (A) Blood glucose levels in different groups in the 12th 
week. (B) Escape latency in the Morris water maze test in the 12th week. (C) Number of rat crossings in the Morris water maze test in the 12th week. (D) H&E 
staining showing the morphology of neurons in the CA1 subfield of the hippocampus (magnification, x200), black arrow indicates hippocampal neurons. 
(E) TEM observation of hippocampus ultrastructure (magnification, x10,000), red arrows indicate nuclei; black arrows indicate endoplasmic reticulum; red 
circles indicate mitochondria. (F) TUNEL was used to detect apoptosis in the hippocampus (magnification, x200), red arrow indicates apoptotic hippo‑
campal neurons; black arrow indicates normal hippocampal neurons. (G) Expression of apoptosis‑associated proteins Bcl‑2 and Bax in hippocampal neurons 
examined by western blot analysis. Each data point represents the mean ± standard deviation (n=3). #P<0.05 vs. the NC group. H&E, hematoxylin and eosin; 
TEM, transmission electron microscopy; NC, negative control; DM, diabetes model.
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and the high‑dose green tea group had the lowest apoptosis 
rate and presented regularly arranged cells (Figs. 5F and S2). 
Taken together, these results indicated that green tea can 
reduce blood sugar levels and improve cognitive function in 
diabetic rats.

Green tea protects against hippocampal neuronal apoptosis 
via the JNK/MLCK pathway. The JNK signaling pathway 
serves an important role in apoptosis and our previous study 
found that MLCK serves a role in hippocampal neuronal 
apoptosis in DE  (14). Therefore, the present study further 
examined the relationship between the JNK pathway and 
MLCK. First, it was found that the JNK signaling pathway 
regulates MLCK expression and that activation of the JNK 
pathway with HG promoted MLCK expression in hippocampal 
neurons (Fig. 6A). The mechanism through which green tea 
protects hippocampal neurons from apoptosis was further 
clarified by flow cytometry and the results demonstrated that 
the HG + SP and HG + green tea serum groups exhibited 
significantly reduced apoptotic rates (Fig. 6B). CCK‑8 assays 
demonstrated that cellular activity was increased in the HG 
+ SP and HG + green tea serum groups (Fig. 6C). Western 
blot analysis demonstrated that the green tea serum groups 
exhibited decreased p‑JNK, MLCK and Bax expression and 
increased Bcl‑2 expression (Fig. 6D) and similar results were 
detected in model rats treated with green tea. The most signifi‑
cant decreases in p‑JNK, MLCK and Bax expression and 
the most significant increases in Bcl‑2 expression among the 

green tea‑treated groups were found in the high‑dose green tea 
group (Fig. 6E). Taken together, these results suggested that 
green tea protects against hippocampal neuronal apoptosis by 
inhibiting activation of the JNK/MLCK pathway in DE.

Discussion

The pathogenesis of DE is complicated and it is currently 
difficult to identify effective therapeutic targets for DE (27). 
It is becoming epidemiologically clear that the intake of green 
tea suppresses cognitive decline. A previous study indicated 
that green tea intake might reduce the risk of dementia, 
Alzheimer's disease, mild cognitive impairment and severe 
cognitive impairment  (28), but the exact mechanism of 
action of green tea remains unclear. Previous studies have 
found that the occurrence of diabetic cognitive dysfunction is 
associated with apoptosis, oxidative stress, perturbed calcium 
homeostasis, altered energy metabolism and microvascular 
disease (29‑31). Our previous study found that hippocampal 
neuronal apoptosis is an important mechanism leading to 
DE development (14). Hyperglycemia can lead to the occur‑
rence of downstream apoptosis through activation of the JNK 
signaling pathway and activation of this pathway can induce 
the mitochondrial apoptotic pathway, which is involved in the 
pathogenesis of diabetic cognitive dysfunction. As mentioned 
in a literature review, the JNK signaling pathway serves not 
only an important role in apoptosis, but also a substantial role 
in the pathogenesis of neurological disorders (32). JNK, an 

Figure 3. Green tea components in green tea serum. (A) The 10 tea components in blank serum. (B) The 10 green tea ingredients in the mixed standard. (C) The 
10 green tea ingredients in tea serum. 1, gallic acid; 2, catechin; 3, caffeine; 4, epigallocatechin catechin gallate; 5, epicatechin; 6, gallic acid catechin gallate; 
7, epicatechin gallate; 8, rutin; 9, quercetin; 10, kaempferol.

https://www.spandidos-publications.com/10.3892/mmr.2021.12214
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important member of the MAPK family, has three isoforms, 
JNK1, JNK2 and JNK3 (16). The JNK pathway can activate 
a variety of signaling factors, including TNF‑α, epidermal 
growth factor, G protein‑coupled receptors and stress, which 
results in cytochrome c release and subsequent activation of 
the mitochondrial apoptosis pathway and the occurrence of 
apoptosis (33). Several studies have shown that the JNK signal 
transduction pathway is involved in the neurotoxic damage 
induced by amyloid β and closely associated with the apoptosis 
of hippocampal neurons  (34,35). Dendropanax morbifera 
has been reported to improve diabetic cognitive dysfunc‑
tion by reducing the level of oxidative stress and inhibiting 

the JNK signaling pathway (36). A recent study found that 
Nuanxin Capsules, which are a Traditional Chinese Medicine 
that have a protective effect against heart failure, can reduce 
Bcl‑2 expression and increase Bax expression by inhibiting 
activation of the JNK pathway, ultimately inhibiting apoptosis 
induced via the mitochondrial pathway (37). The present study 
demonstrated that hyperglycemia promoted hippocampal 
neuron apoptosis by activating the JNK signaling pathway, 
which serves a central role in DE onset and development. The 
JNK signaling pathway regulates neuronal apoptosis during 
the development of diabetic encephalopathy, but a previous 
study found that activation of the PI3K/Akt/GSK3β pathway 

Figure 4. Green tea serum inhibits Bax to protect against HG‑induced hippocampal neuronal apoptosis. (A) Flow cytometry assay was performed to detect 
hippocampal neuronal apoptosis. (B) The activity was tested in each group using Cell Counting Kit‑8 assays. (C) Expression of apoptosis‑related proteins were 
detected via western blotting. Each data point represents the mean ± standard deviation. #P<0.05 vs. HG group. HG, high‑glucose.
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can improve tau hyperphosphorylation and axon damage and 
thereby exert cognitive protection (38). In short, cognitive 
dysfunction caused by DE is the result of multiple pathways. 
The present study only studied apoptosis of hippocampal 
neurons and further evidence is needed.

MLCK is an important functional protein that regulates 
smooth muscle contraction. Activated MLCK phosphorylates 
the myosin light chain and phosphorylated myosin light 
chain induces smooth muscle contraction (8). MLCK was the 
first CaM‑dependent kinase to be discovered and free Ca2+ 
obtained after the binding of MLCK to calmodulin activates 
MLCK, which in turn activates contractile proteins  (39). 
MLCK expression is increased in the hippocampi of rats with 
diabetic cognitive dysfunction. Inhibition of MLCK expres‑
sion has also been found to decrease the hippocampal neuronal 
apoptosis rate, but the underlying mechanism remains 
unknown (10). At present, few studies have investigated the 
MLCK and JNK pathways, but a previous study found that 
loss of MLCK leads to disruption of cell‑cell adhesion and 
invasive behavior in breast epithelial cells via increased 
expression of JNK signaling (40). Thus, the present study 
further investigated the relationship between MLCK and the 
JNK pathway. It used specific protein inhibitors (SP600125 

and ML‑7) that act on hippocampal neurons and found that 
activation of the JNK pathway promoted MLCK expression, 
leading to changes in the expression of the apoptosis‑related 
proteins Bax and Bcl‑2 and ultimately affecting the occur‑
rence of apoptosis. Although the results indicated that MLCK 
is regulated by the JNK pathway, which is inconsistent with 
previous studies, the present study might have some limita‑
tions. For example, it did not directly elucidate the relationship 
between JNK and MLCK at the gene level. Despite its best 
attempts, no method to address the low transfection efficiency 
of hippocampal neurons was found, which is an important 
issue to address in future studies and it is intended to further 
verify the regulatory relationship between JNK and MLCK 
through immunoprecipitation experiments. HT‑22 cells were 
selected as a model cell line to optimize the in vitro experi‑
ments to solve the problem of low transfection efficiency. 
The authors are currently establishing hippocampus‑specific 
MLCK‑knockout mice to explore the precise mechanisms 
underlying these effects.

Current pharmacological therapies for diabetes have failed 
to prevent DE development and there is an urgent need for 
alternative treatment strategies. Green tea is one of the most 
frequently and heavily consumed beverages worldwide and 

Figure 5. Green tea improves cognitive dysfunction in diabetic rats by inhibiting hippocampal neuronal apoptosis. (A) Blood glucose level of rats was tested 
in the 12th week. (B) Escape latency in the Morris water maze test in each group in the 12th week. (C) Number of rat crossings in the Morris water maze 
test in the 12th week. Each data point represents the mean ± standard deviation. #P<0.05 vs. the DM group. (D) Histological observation of hippocampal 
tissues following H&E staining (magnification, x200). (E) Effects of green tea on the ultrastructural features of hippocampal neurons visualized with TEM 
(magnification, x10,000), red arrow indicates nuclei; black arrow indicates endoplasmic reticulum; red circle indicates mitochondria. (F) TUNEL was used to 
detect apoptosis in the hippocampus (CA1; magnification, x200). DM, diabetes model; H&E, hematoxylin and eosin; TEM, transmission electron microscopy.

https://www.spandidos-publications.com/10.3892/mmr.2021.12214
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Figure 6. Green tea protects against hippocampal neuronal apoptosis via the JNK/MLCK pathway. (A) Relationship between the JNK pathway and MLCK 
was explored via western blotting. (B) Flow cytometry was used to detect apoptosis in each group. (C) Cell activity in each group was tested using Cell 
Counting Kit‑8 assays. (D) JNK, p‑JNK, MLCK, Bcl‑2 and Bax expression was detected in vitro. Each data point represents the mean ± standard deviation. 
#P<0.05 vs. the HG group. (E) JNK, p‑JNK, MLCK, Bcl‑2 and Bax expression detected in vivo via western blotting. Each data point represents the mean ± stan‑
dard deviation. #P<0.05 vs. the DM group. MLCK, myosin light chain kinase; HG, high‑glucose; p‑, phosphorylated; DM, diabetes model; SP, SP600125; 
OD, optical density; NC, negative control.
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retains more of the natural ingredients in tea than other types 
of tea (20) Compared with other teas, green tea contains more 
tea polyphenols, alkaloids, theanine and other biologically 
active substances, the most abundant of which are EGCG and 
caffeine (41). For the present study, a seropharmacological 
method was selected to study the effects of green tea on 
neurons. Compared with other methods, seropharmacology, 
a novel method for pharmacological study of Traditional 
Chinese Medicine (42), has improved effects on assessing the 
actual effects of a drug on the body and the pharmacological 
effects of the drug itself and its metabolites (43). Therefore, 
green tea serum was obtained from green tea‑gavaged rats via 
seropharmacological methods according to the literature and 
six active components in green tea serum were detected using 
HPLC. Among these components, EGCG and caffeine were 
present at the highest concentrations, which is similar to the 
levels of the components found in green tea.

Dietary factors might serve a role in prevention of cogni‑
tive dysfunction and among these factors, beverages are 
considered useful because their intake does not substantially 
affect other dietary habits and is more acceptable (1). Green 
tea is one of the most common beverages consumed world‑
wide and serves a role in neurodegenerative diseases and 
improving cognitive function  (21). Tea polyphenols, alka‑
loids and theanine, which are the main ingredients of green 
tea, penetrate the blood‑brain barrier and enter the brain 
tissue (44). A previous study found that green tea catechins 
have antioxidant activity, which can improve cognitive func‑
tion in patients with Alzheimer's disease by scavenging free 
radicals (45). Green tea polyphenols reduce the inflammation 
associated with encephalopathy and improve cognitive ability 
by inhibiting NFK‑β activation (46). Treatment with EGCG 
in vitro (10 nmol/l) and in vivo (2.5 mg/kg; equivalent human 
dose of 0.27 mg/kg) significantly improves the survival rate 
of hippocampal neurons and the cognitive function of the 
organism, potentially by influencing the activity of nerve 
cells by activating the PI3K/AKT signaling pathway (47). The 
present study found that intervention with green tea decreased 
blood glucose levels in diabetic rats and improved their 
memory and learning abilities. In addition, the cell experi‑
ments demonstrated that green tea serum protected against 
HG‑induced apoptosis of hippocampal neurons by reducing the 
expression of the pro‑apoptotic gene Bax and increasing cell 
viability. Therefore, HG‑induced hippocampal neurons were 
treated with a JNK inhibitor and green tea serum to explore 
the mechanism through which green tea protects neurons. 
The experimental results of the present study demonstrated 
that green tea serum significantly inhibited p‑JNK expres‑
sion and JNK signaling pathway activation, which resulted 
in protection of cells from apoptosis. Similar results were 
obtained using animal models. In summary, the findings of 
the present study suggested that the beneficial effects through 
which green tea consumption improves cognitive function in 
diabetic rats might be associated with decreased hippocampal 
neuronal apoptosis. Afzal et al (48) reported that EGCG, the 
main component of green tea catechins, exerts neuroprotective 
effects because EGCG inhibits amyloid‑β aggregation. Τhe 
present study provided the first demonstration of the effect of 
green tea in improving cognitive function in diabetes and clari‑
fies the mechanism of action through which green tea protects 

cognitive function through anti‑apoptotic activity. However, the 
present study has a number of limitations. First, it is not known 
whether the improvement in cognitive function occurred due to 
a combination of multiple ingredients in green tea or a single 
ingredient and thus it is planned to study the individual compo‑
nents of green tea to observe their effects on DE and provide 
further evidence to elucidate the mechanism through which 
green tea protects against hippocampal neuron apoptosis.

In conclusion, the present study found that hyperglycemia 
promoted hippocampal neuronal apoptosis by activating the 
JNK/MLCK signaling pathway, reducing Bcl‑2 expression 
and increasing Bax expression in diabetic rats with cognitive 
impairment. Green tea reduced the occurrence of hippocampal 
neuronal apoptosis by inhibiting activation of the JNK/MLCK 
signaling pathway, increasing Bcl‑2 expression and reducing 
Bax expression and these effects ultimately protected against 
diabetic cognitive dysfunction.
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