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Abstract: Previous studies have suggested that diabetes significantly impairs the cognitive function. Tangzhining 
(TZN), as a kind of Traditional Chinese Medicine (TCM), has been widely used to treat diabetes in China. However, 
the effect of TZN on treatment of diabetes-induced learning and memory deficits has not been well documented. 
The present study was to investigate the effect of TZN on diabetes-induced learning and memory deficits and delin-
eate the underlying molecular mechanism. Diabetic rats were randomly grouped and treated with various doses of 
TZN (0.47, 0.94 and 1.4 g/kg) by intraperitoneal injection. Using the Morris water maze, TZN treatment (0.94 g/kg 
and 1.4 g/kg) reduced markedly the escape latency and path length of diabetic rats. The morphological changes of 
pyramidal cells in hippocampus of diabetic rats were apparently reversed and improved by TZN treatment, in com-
parison with that in diabetic rats without TZN treatment. Moreover, the results of Western blot analysis showed that 
TZN treatment significantly increased the protein expression of glutamic acid decarboxylase (GAD) and excitatory 
amino acid carrier 1 (EAAC1) in hippocampus of diabetic rats. Furthermore, TZN treatment increased the protein 
expression of N-methyl-D-aspartic acid (NMDA) receptor subunits including NR1 and NR2B. Taken together, our data 
suggest that TZN sustains the balance between glutamate (Glu) and GABA by regulating GAD and EAAC1, and main-
tains the NMDA receptors activity for learning and memory function through regulating the subunits NR1 and NR2B. 

Keywords: Diabetes, TZN, learning and memory impairment, N-methyl-D-aspartic acid receptors, glutamic acid 
decarboxylase, excitatory amino acid carrier 1

Introduction

Diabetes is a chronic disease caused by the 
body’s inability to produce insulin or by the inef-
fective use of the insulin produced, seriously 
affecting the quality of the patients’ life [1, 2]. 
However, the impairment of diabetes on central 
nervous system has not drawn much attention 
in the past decades. Diabetic encephalopathy 
belongs to “Senile Dementia” category of tradi-
tional Chinese medicine (TCM) and the patients 
present clinically mental deterioration, forget-
fulness, dullness, less words, and fatigue [3]. In 
recent years, dementia caused by diabetes has 
drawn increasing attention [4-6]. Population-
based studies have demonstrated that patients 
with diabetes have higher incidences of demen-
tia [5]. Nowadays, the incidences of diabetes 
and dementia in elderly people are compara-
tively higher and expected to increase in future 

[7, 8]. Therefore, better understanding the 
association between dementia and diabetes is 
of great importance.

Increasing evidences have suggested that dia-
betes impairs neurological functions not only 
on the peripheral nervous system [9-11] but 
also on the central nervous system [2, 12]. It 
has reported that diabetes significantly impairs 
physiology parameter such as inhibition of 
nerve conduction speed [13, 14]. The impact of 
diabetes on cognitive function was firstly report-
ed in the early 20th century [15]. The function 
of learning and memory was impaired by diabe-
tes [16, 17]. A concept of diabetic encephalopa-
thy has been proposed by Dejgaard based on a 
broad spectrum analysis of brain electrical 
activity, physiological metabolism, brain mor-
phological and behavior in diabetic patients 
[18]. Diabetic encephalopathy is characterized 
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by cognitive dysfunctions and neurochemical 
and structural abnormalities [19]. More recent-
ly, a new term of diabetes-associated cognitive 
decline has been proposed which defines the 
cognitive impairments such as reduced mental 
flexibility and slowed psychomotor induced by 
diabetes [20].

The hippocampus of rodent and human are 
involved in the long-term potentiation (LTP) 
which plays an important role in learning and 
memory [21]. The hippocampal networks con-
sist of excitatory neuronsusing glutamate (Glu) 
as a neurotransmitter and inhibitory interneu-
rons using gamma-amino butyric acid (GABA) 
as transmitter molecules [22, 23]. Previous 
studies have reported that dynamic changes 
between Glu and GABA play an important role 
in regulating LTP function [24]. Glu exerts a 
leading role in the formation of long-term regu-
lation of synaptic plasticity and transmission of 
brain excitability [25]. It has been reported that 
Glu regulates learning and memory through 
activation of N-methyl-D-aspartic acid (NMDA) 
receptors [26, 27].

TCM has been used to treat various diseases 
including psychological and physiological dis-
eases in China for thousands of years [28]. 
Tangzhining (TZN), a TCM formula composed of 
Coptidis Rhizoma, Panacis Majoris Rhizoma, 
Puerariae Lobatae Radix, is capable of improv-
ing cognitive function and diabetic animal 
memory functions in our preliminary test. 
Herein, we investigated the effect of TZN  
on cognitive dysfunction in diabetic rats and 
aimed to elucidate the underlying molecular 
mechanism.

Materials and methods

Animals and drugs

Eight-week-old male Sprague-Dawley (SD) rats 
(weighting 220-250 g) were purchased from 
the Experimental Animal Centre of the Fourth 
Military Medical University (Xi’an, China). Five 
rats were kept per cage with water and food ad 
libitum in a room under temperature (22±1°C), 
humidity (60%±10%), and a 12 h light/12 h 
dark cycle. The experimental protocol was 
approved by the Institutional Animal Care and 
Use Committee of the Shaanxi University of 
Chinese Medicine, and was in accordance with 
the guidelines of the National Research Council 

Guide for the care and use of laboratory ani-
mals. TZN capsule was kindly provided by the 
Chemical Laboratory of the Shaanxi University 
of Chinese Medicine.

Experimental design

Diabetic rats were established by injection of 
Streptozotocin (STZ) in rats. STZ was dissolved 
in citrate buffer (6 mg/mL) and injected intra-
peritoneally into rats. The serum was collected 
from caudal vein and fasting blood glucose was 
examined. The rats with fasting blood glucose 
level above 11.1 mmol/L were considered to be 
diabetic and were used in the experiment. The 
SD rats were randomly divided into five groups: 
control, normal rats without treatment; model, 
diabetic rats without TZN treatment; TZN (0.47 
g/kg), diabetic rats treated with TZN (0.47 g/
kg); TZN (0.94 g/kg), diabetic rates treated 
with TZN (0.94 g/kg); TZN (1.40 g/kg), diabetic 
rats treated with TZN (1.40 g/kg). The rats 
were fasted (without water deprivation) for 12 h 
prior to TZN administration.

Morris water maze task

Learning and memory performance was 
assessed by the Morris water maze task test, 
which consisted of 5-day training (visible and 
invisible platform training sessions) and a 
probe trial on day 6. On day 6, the platform was 
removed and the probe trial was started. All 
animals received Morris water maze test after 
the drug intervention. The Morris water maze 
consisted of a circular pool (150 cm diameter, 
wall depth 60 cm) and a platform. Rats were 
trained to escape from water by swimming to 
the hidden platform (1.5 cm beneath water sur-
face) whose location could only be identified 
using distal extra-maze cues attached to the 
room walls. Water temperature was maintained 
at 24±2°C. The pool was divided into four quad-
rants by a computerized tracking/image ana-
lyzer system (video camcorder coupled to the 
computational tracking system). The platform 
was placed in the middle of the quadrant and 
remained unmoved during the training experi-
ment. One hundred and twenty seconds (s) was 
set as the longest escape latency (more than 
120 s was recorded as 120 s). If the rats were 
unable to find the platform within 120 s, they 
would have a rest for 15 s on the platform (each 
test interval was 15 s). After the trainings, all 
the rats were tested in Morris water maze task, 
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and escape latency in finding the platform, 
movement distance and number of crossing 
the platform target were recorded. All rats were 
euthanized after the test, and the brains were 
rapidly dissected, isolated and fixed in 4% para-
formaldehyde for hematoxylin and eosin stain-
ing (HE) staining. The remains hippocampus 
tissues were taken out and stored at -80°C for 
biochemical analysis.

Histopathological analysis

Hippocampus tissues were fixed in 4% of para-
formaldehyde solution for 24 hours, and then 
made into coronal paraffin sections for HE 
staining. The morphology changes of hippo-
campus were observed under a fluorescence 
microscope (Leica, Germany).

Western blot analysis

Brain tissues were homogenated in lysis buffer 
(Beyotime Institute of Biotechnology, Haimen, 
Jiangsu, China). Protein concentration in each 
sample was measured by using a BCA Protein 
Assay Kit (Pierce, Rockford, IL, USA). Equal 
amounts of proteins (30 μg) were separated by 
15% sodium dodecyl sulfate polyacrylamide gel 
electrophoresis (SDS-PAGE) followed by trans-
ferred to nitrocellulose membranes (Pall 
Corporation, Port Washington, NY, USA). The 
membranes were then blocked with 5% nonfat 

milk in Tris-buffered saline (TBS) buffer con-
taining 0.05% Tween-20 (TBST) for 2 h at 37°C. 
Primary antibody was then added and incubat-
ed overnight at 4°C. Subsequently, the mem-
branes were washed three times with TBST 
(each for 5 min) before incubation with anti-
rabbit secondary antibodies (1:6,000) for 70 
min at room temperature. Additional washes 
were carried out as described above, and 
immune-reactive proteins on the membrane 
were detected using Immobilon Western HRP 
Substrate (Millipore, Boston, MA, USA). The sig-
nal intensity of the respective bands was quan-
tified and normalized to β-actin expression. The 
experiment was repeated independently three 
times. Primary antibodies used in the experi-
ment were as follows: rabbit anti-EAAC1 and 
NR2A antibodies (EPITOMICS, Burlingame, CA, 
USA); rabbit anti-GAD, NR1, and β-actin anti-
bodies (Bioworld, St. Louis Park, MN, USA); rab-
bit anti-NR2B antibodies (Abcam, Cambridge, 
UK). Secondary antibody was purchased from 
Thermo Corporation (Waltham, MA, USA).

Statistical analysis

Data were expressed as mean ± SD. Statistical 
analysis was performed using SPSS version 
11.5 (SPSS Inc., Chicago, IL, USA). Statistical 
difference was analyzed by one-way analysis of 
variance followed by Bonferroni post hoc. A P 

Table 1. Effect of TZN on latency time in the Morris water maze test in rats (n=10)

Day Control Model
TZN

0.47 g/kg 0.94 g/kg 1.40 g/kg
1d 60.84±3.39 116.56±11.27** 104.50±10.61 95.02±7.80# 86.15±8.98##

2d 56.39±5.76 114.55±11.80** 106.95±13.37 84.33±9.48## 78.79±7.06##

3d 45.87±5.42 101.37±10.33** 102.86±12.47 81.89±7.98# 65.41±9.47##

4d 31.89±8.65 90.39±8.95** 85.30±8.59 75.56±7.04# 46.41±5.86##

Σx 48.75±5.81 105.72±10.5** 99.90±11.26 84.20±8.07# 69.19±8.62##

**P<0.01 vs. Control; #P<0.05 and ##P<0.01 vs. Model.

Table 2. Effect of TZN on path length in the Morris water maze test in rats (n=10)

Day Control Model
TZN

0.47 g/kg 0.94 g/kg 1.40 g/kg
1d 967.29±28.32 1779.48±89.88** 1636.26±65.63 1354.77±122.29## 1119.35±100.59##

2d 842.49±59.39 1686.26±119.28** 1596.61±19.58 1172.36±98.38## 960.90±52.59##

3d 606.62±16.29 1332.69±230.34** 1401.9±118.95 1036.38±76.69# 842.66±87.75##

4d 425.71±34.57 1141.64±125.82** 1173.0±121.57 765.71±115.29## 622.99±77.12##

Σx 710.53±34.64 1485.02±141.33** 1451.94±81.43 1082.31±103.16## 1016.14±91.69##

**P<0.01 vs. Control; #P<0.05 and ##P<0.01 vs. Model.
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value less than 0.05 was considered statisti-
cally significant.

Results

Effects of TZN on diabetes-induced learning 
and memory impairment

In the present study, we first assessed the 
effect of TZN on cognitive function in diabetic 
rats by Morris water maze. The data showed 
that the escape latency (Table 1) and path 
length (Table 2) in diabetic rats was significant-
ly longer than normal controls during the four 
days of learning. Interestingly, TZN treatment 
(0.94 g/kg and 1.4 g/kg) markedly reduced the 
escape latency and path length of diabetic rats 
following the four days of training. However, 
TZN treatment (0.47 g/kg) had no apparent 
effect on escape latency and path length of dia-
betic rats.

Effects of TZN on pathological changes of hip-
pocampus in diabetic rats

To validate whether TZN had an effect on path-
ological changes of hippocampus, we further 
analyzed the pathomorphology of hippocam-
pus in diabetic rats treated with TZN. The 
results exhibited that pyramidal cells were 
structurally integrated and arranged in neat 
rows in the CA1 region of control rats (Figure 
1A). In contrast, pyramidal cells were degranu-
lated, and arranged irregularly in diabetic rats 

(Figure 1B). Furthermore, pyramidal cells were 
in triangular or irregular shape; blurred nucleo-
lus and nuclear membrane, and condensed 
and aggregated chromatin could be also 
observed in the hippocampus of diabetic rats 
(Figure 1B). As expected, TZN treatments (1.40 
g/kg, Figure 1C; 0.94 g/kg, Figure 1C and 0.49 
g/kg, Figure 1C) apparently reversed these 
morphological changes of pyramidal cells in 
hippocampus of diabetic rats.

Likewise, similar results were observed in CA3 
region of hippocampus. In the CA3 region of 
control group, pyramidal cells were loosely 
arranged in multi-levels (Figure 2A), whereas 
pyramidal cells were arranged irregularly and 
the cell shapes were in triangular or irregular 
shapes in diabetic rats (Figure 2B). Furthermore, 
nucleolus and nuclear membrane were blurred; 
chromatin were condensed and aggregated in 
CA3 region in diabetic rats (Figure 2B). With 
TZN (1.40 g/kg, Figure 2C; 0.94 g/kg, Figure 
2D and 0.49 g/kg, Figure 2E) treatments, 
these morphological changes of pyramidal cells 
were reversed. Taken together, these results 
suggested that TZN treatments improved the 
hippocampus pathological changes in diabetic 
rats.

Effects of TZN on GAD and EAAC1 protein ex-
pression

Glutamic acid decarboxylase (GAD) has been 
suggested to promote Glu to form inhibitory 

Figure 1. Effect of TZN on the patho-
logic morphology of hippocampus 
(CA1) in diabetic rats. A. Control 
group. B. Diabetic group without TZN 
treatment. C. Diabetic rats treated 
with 1.40 g/kg TZN. D. Diabetic 
rats treated with 0.94 g/kg TZN. E. 
Diabetic rats treated with 0.47 g/kg 
TZN. Conventional formalin-paraffin 
sections of hippocampus (CA1) were 
stained with HE and observed at 
×200 magnification. 
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neurotransmitter GABA which improves cogni-
tive function [29, 30]. Excitatory amino acid 
carrier 1 (EAAC1) transporter plays an impor-
tant role in preventing Glu-induced toxicity [31]. 
Considering the critical roles of GAD and EAAC1 
in regulation of neuronal cellular function, we 

further investigated the effect of TZN on the 
protein expression of GAD and EAAC1 in hippo-
campus by Western blot analysis. The results 
showed that both of GAD and EAAC1 protein 
expression levels were significantly reduced in 
diabetic rats as compared with control rats, 

Figure 2. Effect of TZN on pathologic 
morphology of hippocampus (CA3) in 
diabetic rats. A. Control group. B. Dia-
betic group without TZN treatment. 
C. Diabetic rats treated with 1.40 g/
kg TZN. D. Diabetic rats treated with 
0.94 g/kg TZN. E. Diabetic rats treat-
ed with 0.47 g/kg TZN. Conventional 
formalin-paraffin sections of hippo-
campus (CA3) were stained with HE 
and observed at ×200 magnification. 

Figure 3. The effect of TZN on GAD and EAAC1 expression in hippocampus of rats. A. Western blot analysis of GAD 
and EACC1 protein expression in hippocampus of rats from different groups with antibodies indicated. β-actin was 
used as the internal control. B. Relative protein expression was quantified using Image-Pro Plus 6.0 software and 
normalized to β-actin. **P<0.01 vs. control group; #P<0.05 and ##P<0.01 vs. model group.
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whereas diabetic rats treated with TZN (0.94 g/
kg and 1.4 g/kg) showed a significant increase 
in the protein expression of GAD and EAAC1 in 
comparison with model group (Figure 3A and 
3B). However, TZN (0.47 g/kg) had no appar-
ently effect on the protein expression of GAD 
and EAAC1. The results suggested that TZN 
(0.94 g/kg and 1.4 g/kg) increased GAD and 
EAAC1 expression in hippocampus of diabetic 
rats.

Effects of TZN on NMDA receptor subunit pro-
tein expression

NMDA receptor has been reported to play a 
critical role in regulation of learning and memo-
ry [32]. We next detected the effect of TZN on 
the subunits of NMDA receptor. The results of 
Western blot analysis showed that the protein 
expression of NR1 and NR2B in the hippocam-
pus of diabetic rats was significantly decreased 
as compared with control rats. Additionally, no 
significant difference of NR2A expression was 
observed among control, model and TAN treat-
ment groups. TZN treatment (0.94 g/kg and 
1.40 g/kg) significantly increased NR1 and 

NR2B protein expression in the hippocampus 
of diabetic rats (Figure 4A, 4B). However, low 
dose TZN treatment (0.47 g/kg) had no signifi-
cant effect on the protein expression of NR1 
and NR2B as compared with model group. 
Taken together, our data implied that TZN main-
ly regulated the expression of NMDA receptor 
subunits NR1 and NR2B in hippocampus of dia-
betic rats.

Discussion

TZN has been widely used to treat diseases in 
China due to its ability of deceasing blood glu-
cose and lipid, and improving intelligence and 
body’s functions. However, the role of TZN in 
treatment of the cognitive dysfunction in diabe-
tes is unknown. Here, our study for the first time 
provided evidences that TZN improved cogni-
tive dysfunction in diabetic rats and delineated 
the potential molecular basis of TZN in treat-
ment of cognitive function.

In the present study, we found that high dose of 
TZN (0.94 g/kg and 1.4 g/kg) effectively 
increased the learning and memory function 
which was impaired in diabetic rats. Pyramidal 

Figure 4. The effect of TZN on NMDA receptor expression. A. Western bolt analysis was performed to detect the 
protein expression of NR1, NR2A and NR2B in hippocampus of rats from different groups with antibodies indicated. 
β-actin was used as internal control. B. Relative protein expression was quantified using Image-Pro Plus 6.0 software 
and normalized to β-actin. *P<0.05 and **P<0.01 vs. control group; ##P<0.01 vs. model group.
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cells has been suggested to regulate excitabili-
ty and play an important role in control of cogni-
tive function [33]. Here, our data demonstrated 
the morphology of pyramidal cells in hippocam-
pus were apparently impaired in diabetic rats. 
Intriguingly, TZN treatments significantly im- 
proved these abnormal pathological changes in 
hippocampus of diabetic rats. Glu has been 
reported to be overproduced under pathologic 
conditions leading excessive excitability and 
neuronal death [25]. Therefore, removal and 
inactivation of excessive Glu is beneficial to 
decreased neurotoxicity. The inhibitory trans-
mitter molecule GABA plays a negative feed-
back role in regulation of learning and memory 
[34]. Studies have demonstrated that GABA is 
significantly decreased in hippocampus of aged 
rats, and forced expression of GABA improves 
learning and memory functions [29]. It has 
been reported that GAD catalyzes Glu to syn-
thesize GABA by its decarboxylase ability, and 
thereby protects hippocampal neuron against 
neurotoxicity [35]. In the present study, we 
demonstrated that high dose of TZN significant-
ly increased GAD protein expression in hippo-
campus of diabetic rats. Herein, we also 
revealed that TZN markedly increased EAAC1 
in hippocampus of diabetic rats. EAAC1 as a 
glutamate transporter has also been reported 
to play a critical role in Glu reuptake and neuro-
toxicity elimination [31]. Taken together, our 
data suggested that TZN maintained homeo-
stasis between Glu and GABA through regula-
tion of GAD and EACC1, which might be contrib-
uted to increasing cognitive function in diabetic 
rats.

NMDA receptor-dependent LTP has been pro-
posed to be critically associated with learning 
and memory [21, 36, 37]. NMDA receptors con-
sists of two essential NR1 subunits and two or 
three NR2 subunits [38-40]. NR2 subunits 
including NR2A and NR2B are the regulatory 
subunit of NMDA receptors and different sub-
units of NR2 imparts different characteristics 
on NMDA receptors function [41]. It has been 
found that NR2A-containing NMDA receptors 
play a more important role in rapid kinetics 
[42]. In regulation of  NMDA receptor-depen-
dent synaptic function, NR2A-containing NMDA 
receptors were suggested to be preferentially 
targeted to synaptic sites and NR2B-containing 
NMDA receptors tended to be targeted to extra-
synaptic sites [43, 44]. Therefore, the altera-
tions between NR2A and NR2B ratio may sig-

nificantly impair NMDA receptors-mediated 
synaptic responses and cortical development 
[45, 46]. It has demonstrated that aberrant 
expression of NR1 resulted in a loss of NMDA 
receptor activities [32] and knockdown of NR1 
exhibits significant impairment on learning and 
memory of mouse [47]. Overexpression of 
NR2B resulted in an enhancement of LTP in 
hippocampus and the mice exhibited better 
performance in behavioral experiment [48]. 
Knockdown of NR2B led to a decrease in the 
memory of mice, while re-expression of NR2B 
resulted in a significant increase in the memory 
of mice [41]. Increasing studies have suggest-
ed that NR2B plays important roles in the 
development of neuronal plasticity and the for-
mation of learning and memory formation [49]. 
In consistent with these findings, we demon-
strated that the subunits of NMDA receptor 
including NR1 and NR2B were significantly 
decreased in diabetic rats. However, the sub-
unit NR2A was not apparently impaired in dia-
betic rats. Notably, high dose of TZN was found 
to be capable of increasing the protein expres-
sion of NR1 and NR2B in hippocampus of dia-
betic rats. These data implied that TZN might 
improve the learning and memory functions of 
diabetic rats through regulation of the NMDA 
receptor subunits NR1 and NR2B.

In summary, our data demonstrated that TZN 
treatment could improve and increase the 
learning and memory functions of diabetic rats. 
The possible molecular mechanism may be 
that TZN maintains the balance between Glu 
and GABA through regulating GAD and EAAC1, 
and sustains the NMDA receptors activity for 
learning and memory function through regulat-
ing the NMDA receptor subunits NR1 and 
NR2B. Therefore, TZN possesses the functions 
of improving cognitive dysfunction in diabetes. 
However, further studies are warranted to vali-
date the effects and delineate the precise 
molecular mechanism of TZN in treatment of 
cognitive dysfunction in diabetes.
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