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Electroacupuncture at the Zusanli and Baihui acupoints ameliorates type-2 
diabetes-induced reductions in proliferating cells and differentiated neuroblasts in the 
hippocampal dentate gyrus with increasing brain-derived neurotrophic factor levels
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ABSTRACT. In the current study, we investigated whether electroacupuncture (EA) can inhibit pathological reductions in neurogenesis. 
Zucker diabetic fatty (ZDF) rats at 7 weeks of age were anesthetized with zoletil, and sham-acupuncture or EA at the Zusanli (ST36) 
and Baihui (GV20) acupoints was administered once a day for 5 weeks. In the ZDF group that received sham-EA (ZDF-Sham group), 
the blood glucose level was significantly increased together with age as compared to the control littermates [Zucker lean control (ZLC) 
rat]. In contrast, proliferating cells and differentiated neuroblasts were significantly decreased in the ZDF-Sham group compared to the 
ZLC group. Although EA treatment decreased blood glucose levels, this was not statistically significant when compared to blood glucose 
levels changes in the ZDF-Sham group. However, proliferating cells and differentiated neuroblasts were significantly increased with EA in 
ZDF rats as compared to those in the ZDF-Sham group. Brain-derived neurotrophic factor (BDNF) levels were significantly decreased in 
hippocampal homogenates of ZDF-Sham group compared to those in the ZLC group. The EA treatment significantly increased the BDNF 
levels compared to those in the ZDF-Sham group, and BDNF levels in this group were similar to those in the ZLC group. These results 
suggest that EA at ST36 and GV20 can ameliorate the reductions in proliferating cells and differentiated neuroblasts in the dentate gyrus 
induced by type-2 diabetes without significantly reducing blood glucose levels with increasing BDNF levels.
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The brain has high levels of insulin receptors as well as 
insulin-sensitive glucose transporters. Chronic and untreated 
diabetes can cause cholinergic dysfunction as well as Al-
zheimer’s disease [4, 10]. Diabetes significantly decreases 
the learning and memory functions [18, 34] and promotes 
cognitive impairment and vascular dementia in humans 
[3]. Previous studies have shown that diabetes decreases 
neurogenesis in the dentate gyrus [2, 14, 16, 19]. Several 
drugs intended for treatment of type-2 diabetes have been 
developed and are shown to reduce blood glucose and leptin 
levels efficiently. However, some of these have significant 
side effects, such as weight gain and increased risk of myo-
cardial infarction [11, 32, 40].

Acupuncture is thought to be an effective alternative and 
complementary therapy without side effects. It involves the 
insertion of fine needles into specific points (acupoints), 
thereby regulating the energy in the body [23]. Electroacu-
puncture (EA) is a specific type of acupuncture in which 
needles are attached to a stimulator that produces continuous 
electric pulses. Recently, much attention has been devoted 
to EA as an effective alternative therapy which can improve 
both type-1 and type-2 diabetes. Among various acupoints, 
the Zusanli (ST36) acupoint is considered as a primary target 
to control blood glucose [24]. In addition, acupuncture at 
both the ST36 and the Baihui (GV20) acupoints has been 
shown to ameliorate the cognitive impairments found in 
multi-infarct and vascular dementia [38, 39]. In our previ-
ous studies, we noted that acupuncture or EA at the ST36 
and GV20 acupoints significantly increased proliferating 
cells and differentiated neuroblasts in the dentate gyrus by 
increasing brain-derived neurotrophic factor (BDNF) and 
phospho-cAMP response element-binding protein (pCREB) 
[12, 13].

EA significantly reduces serum glucose levels by enhanc-
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ing insulin secretion [6, 15]. In addition, EA significantly 
increases hippocampal neurogenesis as well as the levels of 
neurotrophic factors [7, 9, 12, 13, 17, 21, 37]. There are few 
reports to date describing the effects of EA in animal models 
of type-1 and type-2 diabetes particularly in relation to hip-
pocampal neurogenesis. In the current study, we investigate 
whether EA at the ST36 and GV20 acupoints prevents and 
improves type-2 diabetes by examining changes in prolifer-
ating cells and differentiated neuroblasts in the hippocampal 
dentate gyrus by using Ki67, an endogenous marker of 
proliferating cells expressed during all active cell cycles, ex-
cept G0 and early G1 phases [8], and by using doublecortin 
(DCX), a marker of differentiated neuroblasts expressed in 
immature neurons from 1 to 28 days of cell age [5].

MATERIALS AND METHODS

Experimental animals: Male and female heterozygous-
type (Leprfa/+) Zucker diabetic fatty (ZDF) rats were pur-
chased from Genetic Models (Indianapolis, ME, U.S.A.) and 
bred in-house prior to experimental use. They were housed 
in animal facilities maintained at 23°C with 60% humidity 
and a 12-hr light/dark cycle, with free access to food and 
tap water. Purina 5008 rodent diets (7.5% fat) were provided 
as recommended by Genetic Models Co. (Purina, St. Louis, 
MO, U.S.A.). Animal handling and care conformed to guide-
lines established by current international laws and policies 
(NIH Guide for the Care and Use of Laboratory Animals, 
NIH Publication No. 85–23, 1985, revised 1996) and were 
approved by the Institutional Animal Care and Use Commit-
tee of Seoul National University. All experiments and pro-
cedures were designed to minimize the number of animals 
used and the suffering caused.

Genotyping for the fa gene and experimental design: 
Genotyping for the fa gene was performed as described 
previously [14]. To measure the effects of EA on diabetic 
onset, proliferating cells and differentiated neuroblasts in the 
hippocampus, ZDF rats were randomly assigned into sham-
acupuncture (ZDF-Sham) and EA (ZDF-EA) groups (n=9 
in each group). ZDF rats show insulin insufficiency starting 
at 7- or 8-week of age, as well as impairments in glucose 
disposal and hepatic glucose suppression [35]. Zucker lean 
control (ZLC) rats (n=9) were used in the control group. At 
7 weeks of age, animals were anesthetized with 30 mg/kg 
Zoletil 50® (Virbac, Carros, France), and sham-acupuncture 
or EA was administered once a day for 5 weeks in ZDF 
rats. ZDF-sham group was made by acupuncture at nearby 
nonacupoints in the hamstring muscles and temporal muscle. 
For ZDF-EA group, acupoints used were the ST36 of both 
legs (5 mm below the head of the fibula under the knee joint 
and 2 mm lateral to the anterior tubercle of the tibia) and the 
GV20 (located at the midmost point between the bilateral 
parietal bones, forward insertion). Stainless steel needles, 
measuring 0.25 × 20 mm, with a guide-tube (Wujiang Shenli 
Medical & Health Material Co., Ltd., Wujiang, China) were 
inserted into the skin at a depth of 5 mm. Electric stimulation 
was administered by an EA apparatus (Model G-6805) for 
20 min. Stimulation parameters consisted of disperse-dense 

waves of 5/20 Hz (28.5 msec/15 msec pulse duration) in 
frequency and a current density of 2–4 mA.

Measurement of blood glucose levels and tissue process-
ing for histology: To measure blood glucose concentra-
tions, a small amount of blood was sampled each morning 
(09:00A.M.) by pricking the tail using a 27 G needle and was 
analyzed using a blood glucose monitor (Ascensia Elite XL 
Blood Glucose Meter, Bayer, Toronto, Canada).

For immunohistochemical analysis, animals in each 
group (n=5) were anesthetized with 30 mg/kg Zoletil 50® 
at 12 weeks of age and transcardially perfused with 0.1 M 
phosphate-buffered saline (PBS, pH 7.4) followed by 4% 
paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). The 
brains were removed and post-fixed in the same fixative for 
12 hr. The brains were then cryoprotected by overnight in-
cubation in 30% sucrose and sectioned coronally in 30-µm-
thick slices using a cryostat (Leica, Wetzlar, Germany). The 
slices were collected into six-well plates containing PBS for 
further processing.

Immunohistochemistry for Ki67 and DCX: To optimize 
consistency of our immunohistochemistry data for Ki67 and 
DCX staining, sections were carefully processed simultane-
ously and under identical conditions. Tissue sections used 
were collected from the region between 3.00 and 4.08 mm 
caudal to the bregma as localized with the help of the rat 
brain atlas [29]. Ten sections, 90-µm apart, were sequentially 
treated with 0.3% hydrogen peroxide in PBS for 30 min and 
10% normal horse serum in 0.05 M PBS. They were next 
incubated with rabbit anti-Ki67 antibody (1:1,000; Abcam, 
Cambridge, U.K.) or goat anti-DCX antibody (1:50; Santa 
Cruz Biotechnology, Santa Cruz, CA, U.S.A.) overnight and 
were subsequently exposed to biotinylated rabbit anti-goat 
IgG (diluted 1:200, Vector, Burlingame, CA, U.S.A.) and 
streptavidin peroxidase complex (diluted 1:200, Vector). 
Visualization was performed by incubation with 3, 3′-diami-
nobenzidine tetrahydrochloride and hydrogen peroxide.

The number of Ki67- and DCX-immunoreactive cells in 
each section of the dentate gyrus group was counted using an 
image analysis system (Optimas 6.5, CyberMetrics, Scott-
sdale, AZ, U.S.A.) equipped with a computer-based CCD 
camera. The cell counts from all sections of all rats were 
averaged.

Measurement of BDNF levels in the hippocampus: For 
measuring BDNF levels in the hippocampus, animals in 
each group (n=4) were anesthetized with 30 mg/kg Zoletil 
50® at 12 weeks of age, and the bilateral hippocampi were 
quickly removed from the brain and put into labeled cryo-
tubes. After a quick-freeze in liquid nitrogen for 15 min, the 
bilateral hippocampi were stored in a freezer at −80°C for 
further analyses.

Bilateral hippocampi were homogenized in a cell lysis 
buffer solution according to the manufacturer’s instruc-
tions from the ELISA kit. Moreover, the determination of 
total protein was performed using a BCA Protein Assay Kit 
(Thermo Scientific, Rockford, IL, U.S.A.). The data were 
corrected with total protein concentrations to calculate the 
content of BDNF protein. Furthermore, the relative concen-
tration was expressed as ng/g wet weight in the tissue.
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Statistical analysis: All data shown are expressed as mean 
± standard error of the mean (SEM). Differences among the 
means were statistically analyzed using a one-way analysis 
of variance followed by Bonferroni’s multiple comparison 
test to compare individual groups. Statistical significance 
was set to P<0.05.

RESULTS

Effects of EA on blood glucose at the onset of type-2 dia-
betes: The mean blood glucose level in the ZLC group was 
6.42 ± 0.52 mM at 6 weeks of age and remained at similar 
levels up to 12 weeks of age. In the ZDF-Sham and ZDF-
EA groups, blood glucose levels were significantly higher 
(9.04 ± 0.61 and 9.00 ± 0.63 mM, respectively) than those 
in the ZLC group at 6 weeks of age. There were no signifi-
cant differences between ZDF-Sham and ZDF-EA groups. 
The blood glucose levels in both of these groups increased 
with age. The blood glucose level was lower in the ZDF-EA 
group (17.23 ± 1.14 mM) as compared to that in the ZDF-
Sham group (20.50 ± 1.08 mM) at 12 weeks of age (Fig. 1).

Effects of EA on proliferating cells at the onset of type-2 
diabetes: In all groups, Ki67-positive nuclei were mainly 
detected in the subgranular zone of dentate gyrus. However, 
the number of Ki67-positive nuclei was significantly differ-
ent among groups. In the ZDF-Sham group, fewer Ki67-
positive nuclei were detected in the subgranular zone of the 
dentate gyrus than in the ZLC group (Fig. 2A, 2B and 2D). 
In the ZDF-EA group, the number of Ki67-positive nuclei 
was significantly increased as compared to that in the ZDF-
Sham group and higher as compared to the ZLC group (Fig. 
2C and 2D).

Effects of EA on neuroblast differentiation at the onset of 
type-2 diabetes: In the ZLC group, DCX-immunoreactive 
neuroblasts were observed in the dentate gyrus. They had 
well-developed dendrites which extended into the molecular 
layer across the granule cell layer of the dentate gyrus (Fig. 
3A and 3B). In the ZDF-Sham group, the number of DCX-
immunoreactive neuroblast was significantly decreased as 
compared to that in the ZLC group (Fig. 3G). In addition, the 
dendrites of DCX-immunoreactive neuroblasts were poorly 
developed as compared to those in the ZLC group (Fig. 
3C and 3D). In the ZDF-EA group, DCX-immunoreactive 
neuroblasts had well-developed dendrites, and the number 
of DCX-immunoreactive neuroblasts was significantly in-
creased as compared to that in the ZDF-Sham group (Fig. 
3E, 3F and 3G).

Effects of EA on BDNF levels at the onset of type-2 
diabetes: In the ZLC group, BDNF levels were 17.08 ± 
1.99 ng/g wet weight in the hippocampal homogenates. In 
the ZDF-Sham group, BDNF levels were significantly de-
creased to 67.1% of ZLC group. EA treatment to ZDF group 
significantly increased the BDNF levels, which were similar 
to those in the ZLC group (Fig. 4).

DISCUSSION

Diabetes mellitus is one of most prevalent diseases in 

the world population and can cause severe damage to many 
structures in the body. It has been previously reported that 
EA exhibits potent hypoglycemic effects in type-2 diabetes 
by inducing insulin secretion [6]. In the current study, we 
also investigated whether EA can be validated as a thera-
peutic approach for diabetes. Although EA decreased the 
fed blood glucose levels, we did not observe statistical sig-
nificance. This result is consistent with a previous study in 
which EA decreased glycated hemoglobin in the absence of 
statistical significance [22]. EA administered at 15 Hz on the 
ST36 acupoint has been shown to enhance insulin sensitivity 
in steroid-induced insulin resistant male rats [24]. In type-2 
diabetic db/db mice, EA at the ST36 and CV4 (Guanyuan) 
acupoints further significantly reduces the fasting blood 
glucose levels as compared to untreated littermates after 6–8 
weeks of treatment [22]. It is likely that the feeding state of 
the animal and diet composition may have influenced the re-
sults of the above studies as this has been previously shown 
to affect proliferating cells and differentiated neuroblasts [1, 
28, 30].

We observed effects of EA on proliferating cells and 
differentiated neuroblasts in the dentate gyrus of type-2 
diabetic rats. Type-2 diabetes significantly decreases pro-
liferating cells and differentiated neuroblasts as shown by 
previous studies in which type-2 diabetes has been shown to 
reduce hippocampal neurogenesis in various animal models 
of type-2 diabetes [2, 14, 19]. In Goto-Kakizaki rats, the 
onset of type-2 diabetes significantly reduced the survived 
cells in the dentate gyrus and subventricular zone of lateral 
ventricle compared to that in the control (Wistar-Kyoto) rats 
[19]. Mice showed significant reduction in the rate of neuro-
genesis in a spontaneous model of type-1 diabetes compared 

Fig. 1. Age-related changes in blood glucose levels in ZLC, ZDF-
Sham and ZDF-EA rats. Blood glucose concentration levels are 
unchanged in the ZLC group. However, both the ZDF-Sham and 
ZDF-EA groups show significantly increasing blood glucose 
levels correlating with age. At 12 weeks of age, the blood glu-
cose levels are low in the ZDF-EA group as compared to the 
ZDF-Sham group (n=9 per group; *P<0.05, significantly differ-
ent from the ZLC group). There are no significant differences in 
blood glucose levels between ZDF-Sham and ZDF-EA groups at 
experimental ages. Bars indicate means ± SEM.
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to control strains [2]. Our finding that EA significantly res-
cues the reduction of proliferating cells and differentiated 
neuroblasts in the dentate gyrus of type-2 diabetic rats is also 
consistent with previous studies.

In the present study, we also investigated the BDNF levels 
in the hippocampal homogenates, because BDNF plays im-
portant roles in the neurogenesis in the hippocampal region 
[27, 31]. BDNF mRNA is overlapped with BDNF receptor 
(tyrosine receptor kinase B) in the neurons of the hippo-
campus. The synthesis and putative release of BDNF from 
neurons and/or dendritic sites within the hippocampus pro-
vide evidence of a potential autocrine or paracrine role for 
BDNF [36]. In the present study, EA treatment to ZDF group 
significantly increased the BDNF levels in the hippocampal 
homogenates. This result was strongly supported by a previ-
ous study that EA has been shown to efficiently increase pro-
liferating cells and differentiated neuroblasts by increasing 
BDNF as well as pCREB in naive rats [12, 13]. Surprisingly, 
proliferating cells and differentiated neuroblasts were more 
abundant in the EA-ZDF group as compared to those in the 
control (ZLC) group. It has been reported that rats fed high-
fat, high-glucose diet exhibit impaired spatial learning abili-
ty, reduced hippocampal dendritic spine density and reduced 

long-term potentiation at Schaffer collateral-CA1 synapses 
with reductions in levels of BDNF in the hippocampus [33].

Acupuncture or EA reverses the reduced performance 
in memory tasks and decreased hippocampal acetylcholine 
levels in the animal models of stress [20, 26]. In addition, 
EA ameliorates symptoms of neurological diseases, such as 
Alzheimer’s disease, and stroke by increasing neurogenesis 
[17, 21]. The effect of EA on central cholinergic deficits or 
hippocampal neurogenesis has been found to be correlated to 
changes in nerve growth factor [25] and BDNF [12].

In conclusion, we have shown that EA administered 
to type-2 diabetic rats decreases blood glucose levels and 
increases proliferating cells and differentiated neuroblasts. 
This result suggests that EA can be clinically relevant for 
diabetic patients to improve hippocampal functions.
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Fig. 2. Immunohistochemistry for Ki67 in the dentate gyrus in ZLC (A), ZDF-Sham (B) and ZDF-EA (C) rats. In the 
ZLC group, Ki67-positive nuclei (arrows) are detected in the dentate gyrus. In the ZDF-Sham group, fewer Ki67-
positive nuclei are observed in the dentate gyrus as compared to those in the ZLC group. In the ZDF-EA group, 
abundant Ki67-positive nuclei are detected in the dentate gyrus. GCL, granule cell layer; ML, molecular layer; PoL, 
polymorphic layer. Scale bar=100 µm. D: Quantitative analysis of Ki67-positive nuclei per section in the ZLC, ZDF-
Sham and ZDF-EA rats using image analyzer (n=5 per group; *P<0.05, significantly different from the ZLC group, 
#P<0.05, significantly different from the ZDF-Sham group). Bars indicate means ± SEM.
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Fig. 3. Immunohistochemistry for DCX in the dentate 
gyrus in ZLC (A and B), ZDF-Sham (C and D) and 
ZDF-EA (E and F) rats. In the ZLC group, the somas 
of DCX-immunoreactive neuroblasts are detected in the 
subgranular zone of the dentate gyrus. Dendrites (arrows) 
are well developed and extended into the molecular layer 
(ML). In the ZDF-Sham group, DCX-immunoreactive 
neuroblasts are significantly decreased as compared 
to the ZLC group. In some neuroblasts (arrowheads), 
DCX-immunoreactive dendrites are particularly poorly 
developed. In the ZDF-EA group, DCX-immunoreactive 
neuroblasts with well-developed dendrites are abundant 
in the dentate gyrus. GCL, granule cell layer; PoL, poly-
morphic layer. Scale bar=100 µm (A, C and E) and 25 µm 
(B, D and F). G: Analysis of DCX-immunoreactive neu-
roblasts per section in the ZLC, ZDF-Sham and ZDF-EA 
rats (n=5 per group; *P<0.05, significantly different from 
the ZLC group, #P<0.05, significantly different from the 
ZDF-Sham group). Bars indicate means ± SEM.
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