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Abstract. Lychee seed is a traditional Chinese medicine 
and has many beneficial effects such as modulation of blood 
sugar and lipids, antioxidation, antivirus and antitumor. 
Studies have indicated that type II diabetes mellitus (T2DM) 
and Alzheimer's disease  (AD) share common biological 
mechanisms including insulin resistance, impaired glucose 
metabolism, β‑amyloid  (Aβ) formation, oxidative stress 

and presence of advanced glycation end products  (AGEs). 
The present study investigated the effects of lychee seed 
extract (LSE) on neuroprotection, cognitive function improve-
ment and possible underlying mechanisms in a rat model of 
T2DM with cognitive impairment. We analyzed the chemical 
profile of LSE using a UHPLC‑SPD chromatogram and 
evaluated its effect on the improvement of spatial learning and 
memory of rats by a Morris water maze. The levels of glucose, 
insulin, Aβ, AGEs, Tau protein and acetylcholinesterase in 
the blood and/or hippocampus of rats were determined by 
blood‑glucose meter, radioimmunoassay, chemical chro-
matometry, enzyme‑linked immunosorbent assay (ELISA) and 
immunohistochemical analysis, respectively. Results demon-
strated that LSE consists of eight major and around 20 minor 
ingredients, and it remarkably prevents neuronal injury and 
improves cognitive functions in T2DM rats. The levels of 
glucose, insulin, Aβ, AGEs and Tau protein were significantly 
increased in the blood and/or hippocampus of T2DM rats, 
while LSE remarkably decreased their levels compared to 
vehicle treatment (P<0.01). The possible mechanisms may be 
associated with IR improvement and decreased formations of 
Aβ, AGEs and Tau protein in the hippocampus of T2DM rats. 
LSE may be developed as the agent for the treatment of T2DM 
and/or AD clinically.

Introduction

Lychee (Litchi in Chinese) is an edible fruit of the Sapindaceae 
family in China and Southeast Asia and it is botanically desig-
nated as Litchi chinensis Sonn (1,2). Lychee seed is the dry 
mature seed of a lychee and used as a traditional Chinese medi-
cine named ‘Li‑zhi‑he’ in Chinese and was recorded by the 
Bencao Yanyi (Development of Herbal Medicine) and Bencao 
Gangmu (Compendium of Materia Medica) for regulating Qi, 
dispelling cold, alleviating pain and relieving polydipsia (3). 
Modern pharmacological studies have identified that some 
components of lychee seed have the effects of modulation 
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of blood sugar by improving insulin resistance  (IR)  (4,5), 
lowering blood lipids (6), antioxidation (7), antivirus (8), anti-
tumor (9) and preventing liver injury (10).

Type II diabetes mellitus (T2DM) is one of the most 
common chronic diseases in the world  (11). T2DM is a 
metabolic disorder characterized by hyperglycemia and its 
development is due to pancreatic β cells failing to secrete suffi-
cient amounts of insulin to meet metabolic demand (12,13). 
T2DM causes various serious complications of heart, eyes, 
nerves, liver and kidneys and is associated with decrements 
in cognitive function and changes in brain structure  (14). 
IR in pancreatic β cells contributes to the pathogenesis of 
T2DM (13).

Alzheimer's disease (AD) is the major causative disease 
of dementia and it is characterized pathologically by the 
accumulation of senile plaques  (SPs) and neurofibril-
lary tangles  (NFTs) in the brain  (15). Emerging evidence 
suggests that T2DM can contribute significantly to the onset 
and/or progression of AD either directly or as a cofactor (16). 
Numerous studies have evidenced that T2DM is a major 
risk factor in the pathology of AD, and that the two diseases 
share common biological mechanisms at the molecular level 
including IR, impaired glucose metabolism, β‑amyloid (Aβ) 
formation, oxidative stress and presence of advanced glycation 
end products (AGEs) (16‑19). IR is likely to be the basis for a 
variety of pathological changes in AD, and improvement of IR 
can delay the onset and progression of AD (20,21).

Currently, the drugs for AD treatment can only improve 
patients' cognition, however they do not slow the progression or 
cure the disease (22). Development of drugs for the treatment 
of AD have a very high failure rate due to lack of therapeutic 
efficacy or emergence of serious adverse effects; no new 
drug has been approved for AD treatment since 2003 (23). 
Therefore, discovery and development of novel anti‑AD drugs 
is urgently needed. Previously, active ingredients from natural 
products and medicinal herbs for treatment of AD and/or 
diabetes mellitus have attracted substantial attention. Studies 
have shown that some natural products have neuroprotec-
tive effects (24,25). The aqueous extract from lychee seed 
improved the ability of learning and memory in mice (26). The 
saponins isolated and extracted from lychee seeds exhibited 
an anti‑diabetic effect (27). Our preliminary unreported data 
also showed that saponins from lychee seeds significantly 
relieved cognitive dysfunction by improving IR in rats. In the 
present study, we analyzed the chemical profile of lychee seed 
extract (LSE) by ultrahigh performance liquid chromatog-
raphy (UHPLC)‑SPD. In order to study the effects of LSE on 
neuroprotection and cognitive function improvement, we also 
established a rat model of T2DM with cognitive impairment 
and investigated the ability of spatial learning and memory 
in rats by Morris water maze. In addition, the effects of LSE 
on neuropathology of the neurons were studied by patho-
histological analysis. Furthermore, to explore the possible 
mechanisms associated with the effects of LSE on neuro-
protection and cognitive function improvement, the levels of 
glucose, insulin, Aβ, acetylcholinesterase (AChE), AGEs, and 
Tau protein in blood and/or hippocampus were determined 
by blood‑glucose meter, radioimmunoassay, chemical chro-
matometry, enzyme‑linked immunosorbent assay  (ELISA) 
and immunohistochemical analysis, respectively.

Materials and methods

Reagents. Donepezil hydrochloride tablets (Aricept, 
cat. no. H20070181) were purchased from Eisai China Inc. 
(Chengdu, China), and prepared to a mixed suspension at the 
concentration of 0.1 mg/ml as a positive control. Streptozotocin 
(STZ; cat.  no. S0130) was purchased from Sigma‑Aldrich; 
Merck KGaA (Darmstadt, Germany). Aβ release analysis kit 
(cat. no. 200805) and serum insulin radioimmunoassay kit 
(cat. no. 200808) were purchased from the Chinese PLA General 
Hospital (Beijing, China). Tau protein assay kit (cat. no. BM3928) 
was purchased from Wuhan Boster Biological Technology, Ltd. 
(Hubei, China). AChE assay kit (cat. no. A024) was purchased 
from Nanjing Jiancheng Bioengineering Institute (Jiangsu, 
China). AGEs assay kit (cat. no. CEB353Ge) was purchased 
from Wuhan USCN Business Co., Ltd. (Hubei, China). Morris 
water maze system (MT‑2000) was purchased from Chengdu 
Techman Software Co., Ltd. (Sichuan, China).

Experimental animals. A total of 150 8‑10‑week old (body 
weight, 180‑220 g) specific pathogen free grade male Sprague 
Dawley rats were purchased from the Experimental Animal 
Centre, Sichuan Provincial Academy of Medical Sciences 
(Chengdu, China; SCXK201302). All rats were housed in 
sterile plastic cages (up to 4 rats per cage) with free access to 
water and food ad libitum in a controlled room temperature 
(22±1˚C), humidity (50‑70%) and under a 12‑h light/dark cycle. 
All animal experiments were performed strictly in accor-
dance with institutional guidelines and followed an approved 
protocol (permit no. 250114) by the Committee on Use and 
Care of Animals of Southwest Medical University (Sichuan, 
China). There were 10‑12 rats for each experimental group.

Collection, extraction and isolation of lychee seeds. Lychee 
seeds were purchased from a local market in Luzhou, China, 
and were authenticated by Professor Can Tang of School of 
Pharmacy, Southwest Medical University (Luzhou, China). A 
total mass of 1,000 g of air‑dried lychee seeds were ground 
and soaked with 1,000 ml of 70% ethanol overnight, extracted 
by percolation with 8,000 ml of 70% ethanol at the speed of 
5 ml/min/kg. Following this, the solvents were evaporated 
under vacuum, then the LSE was concentrated to dryness 
using a rotary vacuum evaporator and collected to yield a total 
mass of 185.2 g dried powder.

Analysis of chemical profile of LSE. The chemical profile of 
LSE was performed at 254 nm by an LCMS‑8040 UHPLC 
system (Shimadzu Corp., Kyoto, Japan). Chromatographic 
analyses were performed at 45˚C with an Inert Sustain C18 
column (2.0 µm particle size, 50x2.1 mm; GL Sciences, Tokyo, 
Japan), using water: Formic acid (100:0.1, v/v) and methanol 
as the mobile phase A and B, respectively. The mobile phase 
was delivered at a rate of 0.25 ml/min with injection volume 
of 1  µl. The gradient separation process was as follows: 
15‑15% B at 0‑2.0 min, 15‑80% B at 2.0‑5.0 min, 80‑80% B at 
5.0‑7.0 min, 80‑15% B at 7.0‑7.5 min. The data were analyzed 
by LabSolutions software version 5.75 (Shimadzu Corp.).

Morris water maze test. The spatial learning and memory 
ability was investigated using the Morris water maze test as 
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described previously (28,29). Briefly, the test was conducted 
in a round white pool (94 cm in diameter and 31 cm deep) 
filled with water (30 cm depth) with the temperature ~25˚C. 
The escape platform was a 25 cm2 Plexiglas square, placed in 
the center of one quadrant of the pool, 15 cm from the pool's 
edge and submerged 1 cm beneath the water surface.

Hidden platform test: Each rat was trained in a circular pool, 
which randomly divided into four equal quadrants by a hidden 
platform with four trials for 120 sec per trial daily with 30 min 
intervals between the trials for 5 consecutive days. The time for 
the rat to seek the platform was record by an online image video 
tracking system and within 120 sec as the escape latency.

Spatial probe test: The platform was removed from the 
pool after the hidden platform test, each rat was left to one 
quadrant of the pool which was farthest from the primary 
platform. The number of rats crossing the platform, the time 
spent in the target quadrant and the percentage of time spent in 
the target quadrant were recorded by a tracking system.

Establishment of the rat model of T2DM with cognitive impair-
ment. Rats were selected by Morris water maze test as the 
standard of 40‑120 sec to find the platform, the rat was elimi-
nated if it found the platform in <40 sec or more than 120 sec, as 
described previously (29,30). The selected rats were randomly 
divided into control group (n=12) and study group (n=100). The 
rats in the control group were fed with normal standard diet, 
while the rats in the study group were fed with high fat, high sugar 
and high protein diet (HFSPD, food ratio: carbohydrate 25%, 
protein 15.2%, fat (lard) 58.8%, and sodium cholate 1% (31,32). 
The body weights of rats were weighed every two weeks. Then, 
the rats in the study group were intraperitoneally (IP) injected 
with STZ (27 mg/kg) once and the rats in the control group were 
injected the same volume of citric acid buffer for 8 weeks. The 
blood glucose and serum insulin of the rats were measured 72 h 
following STZ injection and was calculated by Homeostasis 
Model Assessment (HOMA = fasting blood glucose x fasting 
insulin/22.5) for IR index to judge development of T2DM. The 
rats were then continuously fed the HFSP diet and weighed 
weekly for 4 more weeks. Finally, the rats were further exam-
ined by a Morris water maze test for cognitive impairment and 
other experiments.

Drug preparation and administration. The T2DM rats with 
cognitive impairment were randomly divided into five groups 
with 10 rats for each group and treated with normal saline (NS) 
1 ml/kg (negative control), donepezil 0.42 mg/kg (positive 
control), LSE 0.7, 1.4 and 2.8 g/kg by intragastric (IG) admin-
istration once a day (daily) at 8 a.m. for 28 consecutive days. 
In addition, 10 normal rats on a normal diet were given equal 
volume of NS as additional control. The dose of donepezil was 
selected as previous described from literature (33).

Measurement of blood glucose. The blood samples of rats were 
collected from the tail veins, and blood glucose was measured 
by blood‑glucose meter, as described previously (34). HOMA 
was calculated for IR index and the method of calculation is 
described above.

Determination of the levels of glucose, insulin, AChE, Aβ 
and AGEs in the blood and/or hippocampus of rats. A 

total of 10 rats for each group were randomly selected after 
Morris water maze test, then weighed and anesthetized with 
1% pentobarbital sodium (0.4 ml/kg) by IP injection. Bloods 
were taken from the abdominal aorta for detection of the levels 
of insulin, AChE and Aβ. The tissues of brain were collected. 
The freshly dissected hippocampal tissues were isolated to 
prepare hippocampal tissue homogenates for detection of 
the contents of AChE, Aβ and AGEs. Insulin, AChE, Aβ and 
AGEs were measured by serum insulin radioimmunoassay kit, 
AChE assay kit, Aβ release analysis kit and AGEs assay kit, 
respectively.

Determination of the expression of Tau protein in hippo-
campal neurons of rats by immunohistochemical analysis. 
The expression of Tau protein in the hippocampus of rats was 
carried out with immunohistochemical staining and examined 
under microscope, as previous described (33). The positive rate 
of the expression of Tau protein was calculated by GD‑10.0 
image analysis system. A total of 10 rats were used for each 
group.

Histopathological examination of hippocampus neuron CA1 
pyramidal cells of rats with hematoxylin and eosin (H&E) 
staining. The rats were anesthetized by IP injection of 1.0% 
pentobarbital and perfusion with 4% paraformaldehyde to fix 
the brains for 24 h after treatment. Then, the brains of rats 
were removed and the brain tissues were weighed, fixed in 
10% neutral buffered formalin, dehydrated and embedded 
in paraffin for coronal microtome sections (~4‑5 µm) with 
H&E staining for the study, as described previously (35). The 
sections were observed for pathohistological changes under 
light microscope.

Statistical analysis. All the data were presented as 
mean ± standard deviation (SD). Statistical differences of the 
data among the means of two or more groups were analyzed 
by Student's t‑test and/or one‑way univariate analysis of vari-
ance (ANOVA). A value of P<0.05 was considered to indicate 
a statistically significant difference, and a value of P<0.01 was 
considered to indicate a highly statistically significant differ-
ence.

Results

The chemical profile of LSE. To determine the chemical profile 
of LSE isolated and extracted from lychee seed, we studied its 
chemical fingerprint at 254 nm by a UHPLC‑SPD chromato-
gram and the data are presented in Fig. 1. The data display 
the main chemical compositions of LSE and indicate that it 
mainly consists of eight major (Fig. 1) and around 20 minor 
ingredients.

Establishment of a rat model of T2DM with cognitive impair-
ment. To establish the rat model of T2DM with cognitive 
impairment, the rats were initially fed with HFSP diet for 
8 weeks and observed the general condition including food and 
water intakes, hair color, activities and body weight changes 
and compared to those of the rats with normal standard 
diet (control). These was no difference in general condition 
between the two groups, however, the body weights of the 
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rats with HFSP diet were significantly increased (P<0.01) 
compared to those of control rats (Fig. 2A). Then, the rats 
were injected with a single dose of STZ (27 mg/kg, IP x1) after 
8 weeks on the HFSP diet. Interestingly, the food and water 
intakes, as well as urine volumes were gradually increased, 
while the body weights of the rats were decreased (P<0.01) 
following injection with STZ compared to the normal control 
rats (Fig. 2B), indicating the rats displayed the symptoms of 
T2DM.

Next, the blood glucose and insulin levels were measured and 
HMOA was calculated in the T2DM rats and compared to those 
of the normal rats (control); the results are illustrated in Fig. 3. 
The data show that there were no significant differences of 
blood glucose (Fig. 3A), insulin (Fig. 3B) and HMOA (Fig. 3C) 
between the rats on the HFSP diet and the rats on regular 
standard diet (P>0.05) in the 8 weeks before STZ injection as 
6.33±3.01 vs. 6.57±3.21 mmol/l, 8.57±3.18 vs. 9.14±2.66 µIU/l, 
and 2.1±0.43 vs. 2.67±0.38, respectively. However, the blood 
glucose, insulin and HMOA were increased significantly 
(P<0.01) following STZ injection in the rats on the HFSP diet 
compared to those of the rats on regular standard diet without 
STZ treatment, as 3.62‑fold (22.93±3.74 vs. 6.34±2.81 mmol/l), 
4.95‑fold (44.23±5.21  vs.  8.94±2.95  µIU/l), and 17.89‑fold 
(45.08±0.87 vs. 2.52±0.37) increases, respectively. These data 
indicated that the rat model of T2DM was successfully estab-
lished (Fig. 3A‑C).

Finally, we evaluated the cognitive function of T2DM rats 
by a navigation test starting 1 h after STZ treatment during 
the first 5 days to see whether the cognition was impaired 
or not compared to the normal rats (control) and the results 

Figure 1. Analysis of the chemical profile of LSE by a UHPLC‑SPD‑MS‑MS chromatogram. The chemical fingerprint of LSE was analyzed at 254 nm by 
a Shimadzu LCMS‑8040 UHPLC system, which comprised two LC‑30AD pumps, a SIL‑30AC autosampler with a CTO‑30AC column oven, a DGU‑20A5 
degasser and a Shimadzu CBM‑20A system controller. Chromatographic analyses were achieved at 45˚C with an InertSustain C18 column using water‑formic 
acid (100:0.1, v/v) and methanol as the mobile phase A and B, respectively. The delivered rate of mobile phase was 0.25 ml/min with the injection volume of 1 µl. 
For the gradient separation, the process was as follows: 15‑15% B at 0‑2.0 min, 15‑80% B at 2.0‑5.0 min, 80‑80% B at 5.0‑7.0 min, and 80‑15% B at 7.0‑7.5 min. 
The data were analyzed by LabSolutions software (version 5.75). The major ingredients of LSE are indicated as 1‑8. The numbers indicate the following 
substances: 1, adenosine; 2, 5‑hydroxymethyluridine; 3, 4‑p‑coumaroylquinic acid; 4, procyanidin B; 5, procyanidin A; 6, 5'‑β‑D‑glucopyranosyloxy jasmonic 
acid; 7, 4‑O‑(trans‑p‑coumaroyl) quinic acid; and 8, procyanidin tetramer. LSE, lychee seed extract; UHPLC, ultrahigh performance liquid chromatography.

Figure 2. Changes in body weight of the rats on a regular standard diet (●) 
or high fat, high sugar and high protein (HFSP) diet  (◼) (A) before and 
(B) after STZ (27 mg/kg), single dose, by intraperitoneal injection. A total 
of 12 rats were used for regular standard diet (control) group and 120 rats for 
HFSP diet group. The results are expressed as mean ± standard deviation. 
**P<0.01 vs. control rats.
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are presented in Fig. 3D. The escape latency of T2DM rats 
was slightly increased but no statistically significant differ-
ences were observed in the first and the second days after 
SZT treatment. However, the escape latency of T2DM rats 
was significantly higher than that of the normal rats on the 
days 3-5 (P<0.01). In the last navigation test (on day 5), the 
escape latency was 22.35±5.12 sec (Fig. 3A) for normal rats 
and 59.42±5.32 sec  (Fig. 3B) for T2DM rats, respectively. 
Therefore, the number was 62.39% by the calculation formula 
of  (B‑A)/B%, suggesting that T2DM rats have obvious 
cognitive impairment according to the judgment standard of 
dementia criteria of (B‑A)/B% >20% (36).

Effects of LSE on the cognitive function of the T2DM rats with 
cognitive impairment. Following successfully establishing the 
rat model of T2DM with cognitive impairment, the effects of 
LSE on cognitive functions of the T2DM rats were investigated 
using Morris water maze test, a commonly used method for 
assessing cognitive functions, and compared to that of NS (as 
negative control) and donepezil (as positive control) treatments, 
as well as the normal rats treated with NS. The results are illus-
trated in Fig. 4. First, the Hidden platform test was performed 
in the normal rats and T2DM rats on the day 1-5 after STZ 
treatment to investigate the ability of learning and memory. As 
presented in Fig. 4A, the escape latency time of the T2DM rats 
was significantly increased compared to that of the normal rats 
(P<0.01). However, LSE at the doses of 0.7, 1.4 and 2.8 g/kg/day 
and donepezil at 0.42 mg/kg/day by intragastric administration 
for 28 consecutive days significantly shortened the escape latency 
compared to NS treatment (P<0.01) in the T2DM rats (Fig. 4A).

Next, the spatial probe test was performed for the rats. 
Similarly, the residence time  (Fig.  4B), the numbers of 
crossing platform (Fig. 4C), and the percentage of time spent 
in the target quadrant (Fig. 4D) were significantly shortened 
in the T2DM rats (P<0.01) compared to those of the normal 
rats. LSE (0.7, 1.4 and 2.8 g/kg/day x28 days) significantly 
increased the residence time (Fig. 4B), the numbers of those 
crossing the platform (Fig. 4C), and the the percentage of 
time spent in the target quadrant (Fig. 4D) compared to NS 
treatment (P<0.01) in the T2DM rats. In addition, donepezil 
(0.42 mg/kg/day x28 days) has similarly effect on the spatial 
learning and memory of the T2DM rats as LSE at the dose of 
2.8 g/kg/day.

The detailed classical path of the latency to get to the plat-
form for the normal rats treated with NS and the T2DM rats 
treated with NS, donepezil or LSE during the acquisition trials 
are shown in Fig. 5. The data indicate that LSE and donepezil 
can improve the ability of spatial learning and memory of the 
T2DM rats (Figs. 4 and 5).

Effects of LSE on the blood glucose, insulin and HMOA in 
T2DM rats. The development of T2DM is due to pancreatic 
β cells failed to secrete sufficient insulin to meet metabolic 
demand to cause hyperglycemia (12). T2DM and AD share 
common biological mechanisms, including IR and impaired 
glucose metabolism  (16). Therefore, we examined the 
effects of LSE on blood glucose, insulin and HMOA in the 
T2DM rats, and the results are shown in Fig. 6. The blood 
glucose  (Fig. 6A), insulin  (Fig. 6B) and HMOA (Fig. 6C) 
levels of the T2DM rats were significantly higher than those of 

Figure 3. Effects of HFSP diet alone and in combination with STZ on (A) serum glucose (white bars, control rats; black bars, T2DM rats), (B) insulin (white 
bars, control rats; black bars, T2DM rats), (C) HOMA (white bars, control rats; black bars, T2DM rats) and (D) escape latency of the normal (control, ●; and 
T2DM, ◼) rats. The rats were fed with HFSP diet for 8 weeks, then injected a single dose of STZ (27 mg/kg, intraperitoneal injection) and fed the HFSP diet 
for another 4 weeks. There were 10 rats used for each experimental group. The results are presented as mean ± standard deviation. **P<0.01 vs. STZ group; 
#P<0.01 vs. before HFSP diet. HFSP, high fat, high sugar and high protein; STZ, streptozocin; HOMA, homeostasis model assessment.
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the normal rats (P<0.01) as 24.35±3.30 vs. 6.34±2.81 mmol/l, 
42.42±4.88 vs. 8.94±2.95 µIU/l and 45.90±0.72 vs. 2.52±0.37, 
respectively. There are 3.84‑, 4.74‑fold and 18‑, 21‑fold 
increases in blood glucose, insulin and HMOA in the T2DM 
rats compared to normal rats, respectively.

However, LSE at the doses of 0.7, 1.4 and 2.8 g/kg/day signif-
icantly decreased the blood glucose (14.74±1.50, 13.19±2.57 
and 12.33±2.46 mmol/l), insulin (23.09±6.54, 20.04±4.93 and 
16.09±3.00 µIU/l), and HMOA (15.13±0.44, 11.75±0.56 and 
8.82±0.33) in a dose‑dependent manner (Fig. 6) compared to 
NS treatment in the T2DM rats (P<0.01), although the reduc-
tions did not reach the same level in normal rats. Interestingly, 
donepezil (4.2 mg/kg/day) also significantly decreased the blood 
glucose (15.60±1.77 µIU/l), insulin (36.19±3.95 µIU/l) and 
HMOA (25.09±0.31) in the T2DM rats compared to NS treat-
ment (P<0.01), but it was less effective compared to those of LSE 
treatment even at the lowest dose of 0.7 g/kg/day (Fig. 6). These 
data indicate that LSE and donepezil are efficacy to decrease 
elevated blood glucose and insulin to overcome IR in T2DM 
rats, and that LSE is more effective than that of donepezil.

Effects of LSE on AChE and Aβ in the blood and hippo-
campus of T2DM rats. It has been found that AD is associated 
with reduction of cholinergic neurons activity (37). AChE 
inhibitors such as donepezil reduce the rate of acetylcholine 

degradation to increase its concentration in the brain to 
execute their anti‑AD effect. Therefore, we evaluated the 
concentrations of AChE in the blood and in the hippo-
campus of T2DM rats and compared to that of the normal 
rats  (Fig.  7A  and  B). Interestingly, the concentrations of 
AChE were significantly increased (P<0.01) in the blood 
(14.08±1.55 vs. 5.34±0.99 µmol/ml) but markedly decreased 
(P<0.01) in the hippocampus (0.51±0.14 vs. 2.66±0.37 U/mg) 
in the T2DM rats compared to that of normal control rats. 
However, LSE at the doses of 0.7, 1.4 and 2.8  g/kg/day 
significantly decreased (P<0.01) the concentrations of AChE 
in the blood (9.19±0.90, 8.57±1.00 and 7.51±0.75 µmol/ml, 
respectively), while increased (P<0.01) the concentrations 
of AChE in the hippocampus (1.10±0.24, 1.13±0.43 and 
1.22±0.40 U/mg, respectively) compared to NS treatment in 
the T2DM rats (Fig. 7A and B). The AChE inhibitor done-
pezil also significantly decreased (P<0.01) the concentrations 
of AChE in the blood (5.94±1.04 µmol/ml) and increased 
(P <0.01) the concentrations of AChE in the hippocampus 
(1.77±0.47 U/mg).

One of the histopathological hallmarks of AD is deposition 
of Aβ plaques. Therefore, the effect of LSE on Aβ in the blood 
and hippocampus of T2DM rats was studied and compared to 
that of donepezil; the results are illustrated in Fig. 7C and D. 
The concentrations of Aβ are significantly increased (P<0.01) 

Figure 4. Effects of LSE on the ability of spatial learning and memory in T2DM rats with cognitive impairment induced by high fat, high sugar and high protein 
diet and STZ (27 mg/kg, intraperitoneal x1). The normal control rats were treated with NS (1 ml/kg/day), and T2DM rats were treated with NS (1 ml/kg/day), 
Don (0.42 mg/kg/day) or LSE (0.7, 1.4 and 2.8 g/kg/day x28, IG). The cognitive function was assessed by Morris water maze test. (A) The escape latency of rats 
in days 1‑5 after STZ injection. Normal control rats (◼) treated with NS (1 ml/kg/day, IG x28); T2DM rats (●) treated with NS (1 ml/kg/day, IG x28); T2DM 
rats (▲) treated with donepezil (0.42 mg/kg/day, IG x28); T2DM rats (▼) treated with LSE (0.7 g/kg/day, IG x28); T2DM rats (◆) treated with LSE (1.4 g/kg/day, 
IG x28); and T2DM rats (*) treated with LSE (2.8 g/kg/day, IG x28). (B) The time that rat spent in target quadrant; (C) the number of rats crossing the platform; 
and (D) the percentage of time spent in the target quadrant. (B-D) The rats were assessed on day 5 after STZ treatment. There were 10 rats used for each 
experimental group and results are expressed as mean ± standard deviation. *P<0.05 vs. T2DM rats treated with NS; **P<0.01 vs. T2DM rats treated with NS. 
NS, normal saline; IG, intragastric; LSE, lychee seed extract; T2DM, type 2 diabetes mellitus; STZ, streptozotocin; Don, donezapil.
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in the blood and in the hippocampus in T2DM rats compared 
to that of normal control rats (10.36±1.54 vs. 1.66±0.35 pg/ml in 
the blood and 0.65±0.03 vs. 0.12±0.03 mmol/mg in the hippo-
campus, respectively). Similarly, LSE at the doses of 0.7, 1.4 and 
2.8 g/kg/day significantly decreased (P<0.01) the concentrations 
of Aβ in the blood (4.65±0.60, 3.73±0.45 and 2.54±0.59 pg/ml, 
respectively) and in the hippocampus (0.25±0.03, 0.22±0.02 and 
0.19±0.03 mmol/mg, respectively) compared to NS treatment 
in T2DM rats (Fig. 7C and D). Donepezil also significantly 
decreased the concentrations of Aβ in the blood (5.45±0.58 pg/ml, 
P<0.01) and in the hippocampus (0.51±0.04 mmol/mg, P<0.05) 
but is less effective than that of LSE.

The data indicate that LSE and donepezil are efficacy 
to decrease AChE in the blood and increase AChE in the 
hippocampus as well as to reduce elevated Aβ in the blood 
and the hippocampus in T2DM rats. LSE is more effective in 
reduction of Aβ than that of donepezil while donepezil has a 
profound effect on AchE than that of LSE (Fig. 7).

Effects of LSE on reductions of AGEs and Tau protein in the 
hippocampus of T2DM rats. AGEs have been implicated in 
diabetes related complications and serve an important role in 
the pathogenesis of AD. Therefore, we studied the effect of LSE 
on AGEs in the hippocampus of T2DM rats and the results are 
presented in Fig. 8. AGEs in the hippocampus of T2DM rats 
are much higher (P<0.01) compared to that of the normal rats 
(675.48±29.41 vs. 285.90±41.22 pg/ml). However, LSE (0.7, 1.4 
and 2.8 g/kg/day) and donepezil (4.2 mg/kg/day) partially but 
significantly decreased (P<0.01) AGEs in the hippocampus 
of T2DM rats compared to NS treatment, the concentra-
tions of AGEs were reduced to 524.19±20.92, 486.77±32.90, 
456.94±20.06 and 488.29±33.87 pg/ml, respectively.

The intracellular accumulation of aggregated Tau protein 
is another histopathological hallmark of AD. Therefore, we 
investigated the effect of LSE on the expression of Tau protein 
in the hippocampus of T2DM rats with immunohistochemical 
staining under the microscope, and the representative 

Figure 5. Effects of LSE on the ability of spatial learning and memory in type 2 diabetes mellitus rats with cognitive impairment induced by HFSP diet and 
(STZ, 27 mg/kg, intraperitoneal x1). Detail running tracts: (A) Normal rats on regular diet (control) treated with NS (1 ml/kg/day, IG x28); (B) rats on HFSP 
diet and treated with STZ and NS (1 ml/kg/day, IG x28); (C) rats on HFSP diet and treated with STZ and donepezil (0.42 mg/kg/day, IG x28); (D) rats on HFSP 
diet and treated with STZ and LSE (0.7 g/kg/day, IG x28); (E) rats on HFSP diet and treated with STZ and LSE (1.4 g/kg/day, IG x28); and (F) rats on HFSP 
diet and treated with STZ and LSE (2.8 g/kg/day, IG x28). There were 10 rats used for each experimental group. 1, First quadrant; 2, beta quadrant; 3, third 
quadrant; 4, delta quadrant. LSE, lychee seed extract; HFSP, high fat, high sugar and high protein; STZ, streptozotocin; NS, normal saline; IG, intragastric.
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Figure 6. Effects of LSE on the (A) blood glucose, (B) insulin and (C) HOMA in T2DM rats. The normal rats were treated with NS (1 ml/kg/day, IG x28) 
and the T2DM rats induced by high fat, high sugar and high protein diet and STZ (27 mg/kg, intraperitoneal x1) were treated with NS (1 ml/kg/day, IG x28), 
Don (0.42 mg/kg/day, IG x28) or LSE (0.7, 1.4 and 2.8 g/kg/day, IG x28). There were 10 rats used for each experimental group and are expressed as the 
mean ± standard deviation. *P<0.05 vs. T2DM rats treated with NS; **P<0.01 vs. T2DM rats treated with NS; #P<0.01 vs. LSE 0.7 g/kg group. LSE, lychee seed 
extract; T2DM, type 2 diabetes mellitus; HOMA, homeostasis model assessment; NS, normal saline; STZ, streptozotocin; Don, donepezil; IG, intragastric.

Figure 7. Effects of LSE on AChE (A and B) and Aβ (C and D) in the blood and the hippocampus of T2DM rats. The normal rats were treated with NS 
(1 ml/kg/day), and T2DM rats induced by high fat, high sugar and high protein diet and (STZ, 27 mg/kg, intraperitoneal x1) were treated with NS (1 ml/kg/day), 
Don (0.42 mg/kg/day), or LSE (0.7, 1.4 and 2.8 g/kg/day, IG x28 days). There were 10 rats used for each experimental group and are expressed as the 
mean ± standard deviation. *P<0.05 vs. T2DM rats treated with NS; **P<0.01 vs. T2DM rats treated with NS; #P<0.01 vs. LSE 0.7 g/kg group. LSE, lychee seed 
extract; AChE, acetylcholinesterase; NS, normal saline; STZ, streptozotocin; Don, donepezil; NS, normal saline.
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photographs are illustrated in Fig. 9. The image of normal 
control rat treated with NS shows little brown particle deposi-
tion in the cytoplasm of neuronal cells (Fig. 9A); however, the 
image of the T2DM rat treated with NS indicates strong posi-
tive expression with the emergence of a large number of brown 
yellow granules (as denoted by arrows) in the cytoplasm of 
neuronal cells (Fig. 9B). Interestingly, the brown particle depo-
sitions in the cytoplasm of neuronal cells of the rats treated with 
donepezil (Fig. 9C); and LSE (0.7, 1.4 or 2.8 g/kg) (Fig. 9D‑F) 
are significantly decreased compared to that of NS treatment, 
while the most profound reduction of brown particles in the 
cytoplasm of cells is observed with the rat treated with high 
dose of LSE (2.8 g/kg/day).

The summary results of the expression of Tau protein in 
the neuronal cells are presented in Fig. 9G. The data indicate 
that the positive expression of Tau protein in the neuronal cells 
in T2DM rats is significantly increased (P<0.01) compared 
to normal rats (control). Interestingly, the Tau protein in the 
neuronal cells is significantly decreased (P<0.05 or P<0.01) 
when the rats were treated with LSE or donepezil compared to 
that of NS treatment, and the most obvious decrease is observed 
with the group administered with LSE at a concentration of 
2.8 g/kg. The results indicate that LSE and donepezil can 
effectively prevent the depositions of AGEs and Tau protein in 
the neuronal cells of the hippocampus of T2DM rats and high 
dose of LSE is more effective than that of donepezil.

Effect of LSE on neuronal injury protection in the CA1 area 
of hippocampus in T2DM rats by histopathological exanima-
tion. We further investigated the effect of LSE on neuronal 
injury protection and compared to that of donepezil in T2DM 
rats by histopathological examination and the results are illus-
trated in Fig. 10.

The histological changes were observed in the sections of 
the neurons of the rats with H&E stain under a light micro-
scope (magnification, x200). The picture in Fig. 10A presents 
the characteristic of preserved normal histological features of 
the pyramidal cells in the CA1 area of hippocampus of the 

normal rat (control) treated with NS. The cells were closely 
arranged in order, the nucleus was clearly visible in large and 
round, and there was no obvious degeneration of neurons, 
such as nuclear condensation. However, as shows in Fig. 10B, 
the neuronal cells arranged in disorder and are sparse, cell 
morphology is irregular or spindle shaped and a large number 
of cells appeared shrieked volume and different layers of 
nuclear condensation in the T2DM rat treated with NS. 
However, the hippocampal neurons of the T2DM rats treated 
with donepezil are still damaged but much less severe than 
that of the T2DM rat treated with NS (Fig. 10C). Interestingly, 
the morphology of the neuronal cells is nearly (LSE, 0.7 and 
1.4 g/kg) or completely normal (LSE, 2.8 g/kg) after LSE 
treatments, the cells arrange more closely and orderly with 
increased cell numbers and normal shape, a large and round 
nucleus, and a clear nucleolus (Fig. 10D‑F).

The results indicated that LSE effectively protects the 
hippocampal neuronal cells injury in a dose‑dependent manner 
in T2DM rats, and is more effective than donepezil.

Discussion

T2DM and AD are very common diseases. The rapid increases 
of T2DM and AD incidences in the elderly population have 
been observed. Evidence has proven that there is a close link 
between T2DM and AD, and that the two diseases share 
common biological mechanisms at a molecular level. T2DM can 
significantly contribute to the onset and/or progression of AD, 
and T2DM patients are at higher risk of AD (38). The common 
pathology for both T2DM and AD is IR, impaired glucose 
metabolism, Aβ formation, oxidative stress and presence of 
AGEs. IR may be the pathological basis of the link between 
T2DM and AD (39,40). IR promotes AD pathological changes 
of Aβ deposition and Tau protein phosphorylation and induces 
sustained high blood glucose to accelerate the formation of 
AGEs (41‑44). Studies have indicated that abnormal structural 
components such as amyloid precursor (APP), apolipoprotein E 
(ApoE), very low density lipoprotein (VLDL), AD, Aβ and Tau 
protein are all related to the pathological changes of AD in the 
brain tissues (43‑45). Aβ and Tau protein are the molecular basis 
for the formation of SPs and NFTs. IR indirectly enhances the 
activity of glycogen synthase kinase‑3β (GSK‑3β) and promotes 
the AD‑like Tau hyperphosphorylation in the hippocampus of 
the mice and rats in animal models of insulin dysfunction (46). 
In addition, IR can regulate the activity of γ‑secreting enzyme by 
GSK‑3β (47), promote the synthesis of Aβ40 and Aβ42, inhibit 
the activity of insulin degrading enzyme and reduce the degra-
dation of Aβ (48). Furthermore, insulin plays a pivotal role in 
regulation of energy metabolism, growth, survival and differen-
tiation of neuronal cells via insulin signaling in the brain (49,50). 
Therefore, improving IR may be one of the important strategies 
for effective prevention and treatment of AD (51,52). Recent 
studies have demonstrated that improvement of IR may indeed 
delay the onset and/or progression of AD in the animals and 
patients (53,54). In the present studies, the blood glucose, insulin 
and HMOA are significantly increased in T2DM rats and LSE 
significantly decreases the elevated glucose, insulin and HMOA 
in a dose‑dependent manner compared to NS treatment (P<0.01) 
in T2DM rats (Fig. 6). The data indicate that LSE can indeed 
improve IR in T2DM rats.

Figure 8. Effects of LSE on AGEs in the hippocampus of rats. The normal 
rats were treated with NS (1 ml/kg/day) and type 2 diabetes mellitus rats 
induced by high fat, high sugar and high protein diet and STZ (27 mg/kg, 
intraperitoneal x1) were treated with NS (1 ml/kg/day), Don (0.42 mg/kg/day) 
or LSE (0.7, 1.4 and 2.8 g/kg/day) with intragastric administration daily for 
28 days. There were 10 rats used for each experimental group and results are 
expressed as the mean ± standard deviation. **P<0.01 vs. T2DM rats treated 
with NS. LSE, lychee seed extract; AGEs, advanced glycation end products; 
NS, normal saline; STZ, streptozotocin; Don, donepezil.
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Currently, the drugs used for AD management can only 
improve cognition and behavior of AD patients, but cannot 
slow progression or cure the disease (22). In order to discover 
and develop more effective and less toxic novel anti‑AD 
drugs, we established a rat model of T2DM with AD‑like 

neurodegeneration and cognitive impairment by feeding the 
rats with HSFP diet for 8 weeks and then intraperitoneal injec-
tion of STZ (27 mg/kg) and continued HSFP diet for another 
4 weeks. The rat model of T2DM was validated by high levels 
of blood glucose, insulin and HOMA as well as impaired 

Figure 9. Effect of LSE on the expression of Tau protein in the hippocampus of T2DM rats. The control rats were treated with NS (1 ml/kg/day, IG x28), and 
the T2DM rats were treated with NS (0.2 ml/day, IG x28), donepezil (0.42 mg/kg/day, IG x28) or LSE (0.7, 1.4 and 2.8 g/kg/day, IG x28). The brain tissues 
of rats were removed at 24 h after drug treatment (magnification, x400). The representative histologic photographs are shown as: (A) Histological image of 
hippocampal neuronal cells of a control rat treated with NS, only little brown particle deposition in the cytoplasm of neuronal cells. (B) Hippocampal neuronal 
cells of a T2DM rat treated with NS, strong positive expression of Tau protein with the emergence of a large number of brown yellow granules (arrows) in 
the cytoplasm of neuronal cells. (C) Hippocampal neuronal cells of a T2DM rat treated with Don, brown particle depositions (arrows) in the cytoplasm of 
neuronal cells are significantly decreased compared to NS treatment. (D) Hippocampal neuronal cells of a T2DM rat treated with LSE (0.7 g/kg), brown 
particle depositions (arrows) in the cytoplasm of neuronal cells are significantly decreased compared to NS treatment. (E) Histologic picture of hippocampal 
neuronal cells of a T2DM rat treated with LSE (1.4 g/kg), brown particle depositions (arrow) in the cytoplasm of neuronal cells are significantly decreased 
compared with NS treatment. (F) Histologic picture of hippocampal neuronal cells of a T2DM rat treated with LSE (2.8 g/kg), brown particle depositions 
(arrow) in the cytoplasm of neuronal cells are also significantly decreased compared to NS treatment and the decrease is more obvious than those of the rats 
treated with donepezil and lower doses of LSE. (G) Quantitative results of bar graph for each group. Arrows indicate Tau protein as brown particle depositions. 
There were three rats for each group and results are presented as mean ± standard deviation. *P<0.05 vs. T2DM rats treated with NS; **P<0.01 vs. T2DM rats 
treated with NS; #P<0.01 vs. LSE 0.7 g/kg group. LSE, lychee seed extract; T2DM, type 2 diabetes mellitus; Don, donezapil; IOD, integrated option density; 
STZ, streptozotocin; NS, normal saline.
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spatial learning and memory of the rats (Fig. 3). The model 
has the characteristics and pathogenesis of both T2DM and 
AD. It is reliable, reproducible and easy to be produced and 
shows high resemblance as the T2DM and/or AD in the aging 
patients. Therefore, it is an excellent model for study of cogni-
tive impairment and drug screening of T2DM and/or AD.

Natural products and medicinal herbs are important 
sources for drug discovery against various diseases including 
AD and T2DM (55). The use of drug substances derived from 
natural sources has a long tradition in medicine (56). In the 
present study, we evaluated the effect of LSE, which was 
isolated and extracted from lychee seeds on the anti‑diabetic 
and anti‑AD efficacy, and compared to donepezil, the standard 
drug for AD treatment. The main components of LSE were 
determined and it was found that is primarily consists of 
eight major ingredients and around 20 minor ingredients by a 
UHPLC‑SPD chromatogram (Fig. 1). It has been reported that 

the chemical components of lychee seeds comprise volatile 
categories, saponins, flavonoids, organic, fatty, amino acids 
and sugar (7). The preliminary studies revealed that the sapo-
nins isolated and extracted from lychee seeds are the main 
effective ingredients for the anti‑diabetic and anti‑AD effi-
cacy. In addition, it was demonstrated that LSE significantly 
improves cognitive function in T2DM rats with cognitive 
impairment for shortening the escape latency, increasing the 
number across the platform, platform quadrant dwell time and 
the percentage of time spent in the target quadrant compared 
to NS treatment (Figs. 4 and 5). Furthermore, LSE markedly 
alleviates neuronal injury in T2DM rats by morphological 
study (Fig. 10).

It has been reported that AD is associated with reduction 
of cholinergic activity of neurons (37). The dysfunction of 
cholinergic system is closely related to AD (21). Four of five 
FDA approved medications (donepezil, tacrine, rivastagmine 

Figure 10. Protective effect of LSE on the hippocampal neurons injury in T2DM rats. The representative photographs of the hippocampal neurons in the normal 
(control) and T2DM rats: The control rats were treated with NS (1 ml/kg/day) and T2DM rats were treated with NS (1 ml/kg/day), donepezil (0.42 mg/kg/day) 
or LSE (0.7, 1.4 and 2.8 g/kg/day) x28 days with intragastric administration. The brain tissues of rats were removed at 24 h after NS or drug treatment. 
Conventional formalin fixed paraffin‑embedded sections were stained with hematoxylin and eosin and observed under light microscope (magnification, x200). 
The representative histologic photographs are shown as: (A) Histological image of hippocampal neurons of a control rat treated with NS, shows preserved 
normal histological features of neurons. (B) Hippocampal neurons of a T2DM rat treated with NS, shows severe damaged neurons. (C) Hippocampal neurons 
of a T2DM rat treated with donepezil, shows still damaged neurons but less severe than that of the T2DM rat treated with NS. (D) Hippocampal neurons of a 
T2DM rat treated with LSE 0.7 g/kg, shows near normal histological features of neurons. (E) Hippocampal neurons of a T2DM rat treated with LSE 1.4 g/kg, 
shows near normal histological features of neurons. (F) Hippocampal neurons of a T2DM rat treated with LSE 2.8 g/kg, shows normal histological features of 
neurons. Arrows indicate damaged hippocampal neurons with loose arrangement, cytoplasmic and nuclear condensation. There were three rats for each group. 
LSE, lychee seed extract; T2DM, type 2 diabetes mellitus; NS, normal saline.
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and galantamine) for AD management are AChE inhibi-
tors by reducing the rate of acetylcholine degradation, and 
thereby increase its concentration in the brain. AChE in the 
blood and the hippocampus of T2DM rats were investigated 
and the concentrations of AChE were significantly increased 
in the blood but significantly decreased in the hippocampus 
compared to that of normal control rats (Fig. 7A and B). The 
authors are unsure as to how to explain why the concentra-
tion of AChE is different in the blood and hippocampus in 
T2DM rats. Both LSE and donepezil significantly decreased 
the concentrations of AChE in the blood and increased the 
concentrations of AChE in the hippocampus compared to NS 
treatment (P<0.01) in T2DM rats (Fig. 7A and B).

Histopathological hallmarks of AD are deposition of Aβ 
plaques and formation of NFTs, which are primarily made up 
of aggregated Tau protein (57,58). The neurotoxic activities 
of Aβ include generation of reactive oxygen species (ROS), 
lipid peroxidation, calcium overload and eventually leading 
to neuronal death (59). The progressive accumulation of Tau 
protein leads to instability of the microtubular structure and 
results in loss of effective intracellular transport and neuronal 
death (60). AGEs also play an important role in the pathogen-
esis of both T2DM and AD. The present results showed that 
Aβ, Tau protein and AGEs in the hippocampus of T2DM rats 
were significantly increased compared to that of normal control 
rats (P<0.01). LSE can effectively prevent the depositions of 
Aβ, Tau protein and AGEs in the neuronal cells of hippo-
campus in T2DM rats and LSE is more effective than that of 
donepezil for reducing the formation of Aβ, Tau protein, and 
AGEs (Figs. 7D, 8 and 9). Therefore, LSE may be developed 
as the agent for the treatment of T2DM and/or AD. However, 
further studies are needed to find out and purify the active 
ingredient(s) from LSE and investigate the associated mecha-
nistic action and molecular pathways of neuronal protection.

In conclusion, LSE mainly consists of eight major and 
around 20  minor ingredients, and significantly improves 
cognitive function such as the ability of spatial learning and 
memory and obviously protects from neuronal injury in 
T2DM rats with cognitive impairment through reducing blood 
glucose, improving IR and inhibiting the formation of Aβ, Tau 
protein and AGEs in the brain of rats. LSE is similar or even 
more effective for neuroprotection than that of donepezil, a 
classic drug for the treatment of AD. Therefore, LSE may be 
developed as the agent for the treatment of T2DM and/or AD 
clinically. However, further studies are required to find out the 
active contents of LSE and related long‑term toxicity.
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