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  In the present study, the anti-depressant like effect of methyl gallate (MG) isolated from the stem 
bark of Acer barbinerve was examined in ICR mice. Body weight (BDW) and blood glucose (BDG) levels 
significantly decreased in the repeated restraint stress (RRS) group (2 h/day for 14 days) compared 
to the no stress (NS) group. To examine the effect of MG on RS-induced BDW loss and hypoglycemia, 
MG (10 mg/kg) and the anti-depressant fluoxetine (10 mg/kg) were administered daily for 14 days. 
Orally administered MG and fluoxetine significantly attenuated the RS-induced BDW loss and 
hypoglycemia. Interestingly, MG administered mice showed increased BDG levels in the normal and 
glucose feeding condition. Chronic RS-subjected mice showed immobilized and depressed behaviors. 
The effect of MG on the depressed behaviors was evaluated using the tail-suspension test (TST) and 
the forced swimming test (FST). In both tests, RS-induced immobilized behaviors were significantly 
reversed in MG and fluoxetine administered groups. Taken together, MG significantly attenuated the 
RS-induced BDW loss, hypoglycemia, and depressed behaviors. Considering that decreased BDG levels 
(hypoglycemia) can cause depression, MG may exert its anti-depressant like effect by preventing 
hypoglycemia. Our results suggest that MG isolated from A. barbinerve can exert anti-depressant like 
effect, and could be used as a new and natural anti-depressant therapy.
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INTRODUCTION

  Physical and psychological stresses are closely related to 
the onset of many diseases including metabolic syndrome, 
cardiovascular disease, and psychiatric disorders. One of 
the most prominent environmental risk factors is chronic 
exposure to stressful situations. Stress alters homeostasis 
in many body regions, including nervous, endocrine, im-
mune, and digestive systems [1-3]. Chronic stress is a risk 
factor for psychiatric illnesses including anxiety and de-
pression disorders. Depression is characterized by symp-
toms such as altered mood, cognitive impairment, and re-
current thoughts of death or suicide [4]. About two-third 
of depressed patients respond to the currently available 
treatments but the magnitude of improvement is still disap-
pointing. Although there are many effective antidepres-
sants available today, the current therapy is often in-
adequate with unsatisfactory results in about one-third of 

all patients treated. Thus, this necessitates the develop-
ment of new and more effective antidepressants from tradi-
tional medicinal plants whose psychotherapeutic potential 
has been assessed in a variety of animal models. Chronic 
restraint stress (CRS) induce the depressive symptoms, 
such as decreased social interaction, decreased sucrose in-
take, increased immobility response in helpless conditions 
including tail-suspension and forced swimming [5-9]. Thus, 
in this study, we used a repeated RS (RRS; 2 hr/day for 
14 days) mice model, which causes an increased immobility.
  Methyl gallate (MG; Fig. 1A) is a derivative of gallic acid. 
Several lines of evidence indicate that MG possesses a sev-
eral biological properties, such as anti-oxidant [10,11], an-
ti-inflammatory [12], and anti-microbial properties [13,14]. 
MG also has a significant anti-tumor effect by inhibiting 
tumor infiltration of CD4＋CD25＋ regulatory T cells [15], 
and by inhibiting focal adhesion formation and Akt phos-
phorylation in glioma cells [16]. However, its biological ac-
tivity has not been extensively examined in neurological 
disorders, especially depression. In the present study, we 
examined the possible anti-depressant like effect of MG iso-
lated from the stem bark of Acer barbinerve in a repeated 
restraint stress (RRS) model. Here we demonstrate that 
MG has a significant inhibitory effect on RRS-induced BDW 
loss and hypoglycemia. Furthermore, MG significantly atte-
nuated RRS-induced immobility or depressed behavior in 
tail-suspension test (TST) and the forced swimming test 
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Fig. 1. Structure of methyl gallate and experimental design. (A) 
Structure of methyl gallate (MG). (B) Experimental design. Mice 
were subjected to RS (2 h/day for 14 days). Mice were orally fed 
with MG (10 mg/kg) and fluoxetine (10 mg/kg) daily up to 14 days. 
Body weight (BDW) and blood glucose (BDG) levels were measured 
on day before RS exposure at every day or every 3 days.

(FST). These results indicate that MG has an anti-depres-
sant like effect in an animal model of depression.

METHODS

Experimental animals

  The experiments were approved by the Dankook Univer-
sity Animal Care and Use Committee. The animals used 
in the present study were 20∼24 g male ICR mice, supplied 
by MJ Co. (Seoul, Korea). Animals were provided a com-
mercial diet and water ad libitum under controlled temper-
ature (22±2oC), humidity (55±5%), and lighting conditions 
(12-h light/12-h dark cycle). The number of animals used 
and their suffering was minimized in all cases. Experi-
ments were performed during the light phase of the cycle 
(10:00∼17:00).

Isolation of MG

  MG (Fig. 1A) was isolated from the stem bark of A. 
barbinerve. MG used in the present study was a kind gift 
from J.K. Kim (Gyeonggi Institute of Science & Technology 
Promotion, Suwon, Korea). A detailed isolation procedure 
has been described previously [16]. Briefly, the air-dried 

stem bark of A. barbinerve (3.5 kg) was extracted with 70% 
aqueous acetone by maceration. The extract was suspended 
in water and then successively partitioned with n-hexane, 
CH2Cl2, ethyl acetate (EtOAc), and water. The EtOAc ex-
tract (48 g) was subjected to column chromatography over 
a Sephadex LH-20 column eluted with methanol (MeOH)- 
H2O (3：1, v/v) to give 4 fractions (designated fractions 1∼4). 
Fraction 2 was subjected to column chromatography on 
RP-18 silica gel with MeOH-H2O (1：1, 1：3, v/v), and then 
purified on Sephadex LH-20 with MeOH-H2O (1：2, 1：5, 
1：7, v/v) and (EtOH)-hexane (3：1, 3：2, 5：4, v/v) to yield 
MG (13.7 g). MG was identified by a combination of spectro-
scopic methods including mass spectrometry (MS), 1H, and, 
13C nuclear magnetic resonance (NMR).

Restraint stress (RS) and experimental design

  RS treatment procedure has been described previously 
[8,17]. ICR mice were individually placed head-first into a 
well-ventilated 50 ml conical tube and plugged with a 3 
cm long middle tube and finally the cap of the 50 ml tube. 
Mice were not able to move forward or backward in this 
device during 2 h. This RS was delivered to animals at set 
times daily from 10 AM. Control (no stress; NS) mice re-
mained in their original cages and were left undisturbed 
in this home environment. After RS treatment, animals 
were returned to their normal home environments by hous-
ing them in pairs. This procedure was repeated for 14 days 
(2 h/day) unless otherwise indicated (Fig. 1B). Mice were 
fed with a diet supplemented for 14 days and during the 
behavioral test period with fluoxetine (10 mg/kg/day) and 
MG (10 mg/kg/day).

Measurement of the blood glucose (BDG) level

  The BDG level was measured every 3 days after MG and 
fluoxetine administration during RS stimulation. A brief 
procedure has been described previously [18], the blood was 
collected shortly as much as possible with a minimum vol-
ume (1 microL) from the tail-vein. The glucose level was 
measured using Accu-Chek Performa blood glucose moni-
toring system (glucometer) (Mannheim, Baden-Württemberg, 
Germany).

Oral glucose tolerance test (OGTT)

  After 16 h fasting, OGTT was performed. D-glucose sol-
ution (2 g/kg BDW) was administered orally, and the BDG 
level was measured from tail vein at 0, 30, 60, and 120 
min after the initial glucose feeding. BDG level was de-
termined using a glucometer.

Tail suspension test (TST)

  Mice were suspended individually by their tail from a 
metal rod. The rod was fixed 50 cm above the surface of 
a table covered with soft cloth in a sound-isolated room. 
The tip of the tail was fixed using adhesive Scotch tape; 
the duration of the test was 6 min. The immobility time 
was determined by an observer, using a stopwatch, who 
was unaware of the strain [8,17].

Forced swim test (FST)

  Mice were placed in a Plexiglas cylinder (height: 27 cm, 
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Fig. 3. Effect of MG on RS-induced hypoglycemia. (A) BDG level 
was measured every 3 days in NS and RS (2 h/day for 14 days) 
groups. (B) Mice were orally fed with MG (10 mg/kg) and fluoxetine 
(10 mg/kg) daily up to 14 days. BDG level was measured on day 
14 before RS exposure. (C) Mice were orally fed with MG (10 mg/kg) 
daily up to 21 days. BDG level was measured on day before RS 
exposure every 3 days. Values are mean±SEM (A: ***p＜0.001; 
compared to each NS group, n=14, B: *p＜0.05, **p＜0.01; 
compared to NS group, ＋p＜0.05; RS-VHC vs RS-fluoxetine, 
RS-VHC vs RS-MG, n=7, C: **p＜0.01; compared to each NS group, 
＋p＜0.05; RS＋VHC vs RS＋MG, n=6).

Fig. 2. Effect of MG on RS-induced BDW loss. (A) BDW was 
measured every 3 days in NS and RS (2 h/day for 14 days) groups. 
(B) Mice were orally fed with MG (10 mg/kg) and fluoxetine (10 
mg/kg) daily up to 14 days. BDW was measured on day 14 before 
RS exposure. Values are mean±SEM (A: ***p＜0.001; compared to 
each NS group, n=12, B: **p＜0.01; compared to NS group, ＋p＜0.05; 
RS＋VHC vs RS＋fluoxetine, RS＋VHC vs RS＋MG, n=8).

diameter: 15 cm) containing water at 24oC and a depth of 
14 cm so that they could neither escape nor touch the 
bottom. Mice were subjected to a pre-swim (15 min). After 
pre-testing, the animals were dried quickly with a towel 
and returned to home cages. One day later, mice were 
forced to swim for 6 min. The animals were habituated for 
the first 1 min and behavior was noted over the next 5 min. 
Immobility time was defined as the total time during which 
animals remained floating with all limbs motionless. This 
scoring method has been described previously [8,17].

Statistical analysis

  All values shown in the figures are expressed as the 
mean±SEM obtained from at least three independent expe-
riments. Statistical analysis was carried out by Student t 
test (Fig. 2A, 3A, 3C, 4) and one-way analysis of variance 
(ANOVA) with Tukey’s post-hoc test (Fig. 2B, 3B, 5B, 5C) 
using GraphPad Prism (GraphPad Software, San Diego, 
CA, USA). Statistically significant differences between 
groups were assumed when p＜0.05.

RESULTS

Effect of MG on RS-induced BDW loss

  As shown in Fig. 1B, ICR mice were acclimated to the 
animal behavior test room during 1 wk, and then were sub-
jected to RS (2 h/day for 2 wks) in the same room. BDW 
was measured daily for all mice before RS treatment. We 

observed that BDW decreased significantly in the RS-sub-
jected group compared to NS group (Fig. 2A). To examine 
the effect of MG on RS-induced BDW loss, MG (10 mg/kg) 
and the anti-depressant fluoxetine (10 mg/kg) were ad-
ministered daily for 14 days. ICR mice orally administered 
MG as well as fluoxetine showed a significant reverse in 
BDW on day 14 (Fig. 2B).

Effect of MG on RS-induced hypoglycemia

  In addition to BDW, BDG levels were measured daily for 
all mice before RS treatment. We observed that hypoglycemia 
occurred frequently in the chronic RS group (Fig. 3A). To ex-
amine the effect of MG on RS-induced hypoglycemia, MG 
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Fig. 5. Effect of MG on RS-induced depressive behaviors. (A) 
Experimental design for behavioral analyses. Mice were subjected 
to RS (2 h/day for 14 days). Mice were orally treated with MG (10 
mg/kg) and fluoxetine (10 mg/kg) daily for up to 14 days. Total 
immobilized time was measured on day 14 after final RS exposure 
using tail-suspension test (TST) (B) and forced swimming test 
(FST) (C). Values are mean±SEM (B and C: *p＜0.05, ***p＜0.001; 
compared to NS group, ＋p＜0.05, ＋＋p＜0.01, ＋＋＋p＜0.001; 
RS-VHC vs RS-fluoxetine, RS-VHC vs RS-MG, n=10).

Fig. 4. Effect of MG on BDG level in OGTT. Mice were administered 
orally with D-glucose (2 g/kg) at 30 min after orally pretreatment 
with MG (10 and 20 mg/kg). The BDG level was measured at 30, 
60, and 120 min after D-glucose feeding. Values are mean±SEM
(*p＜0.05; compared to VHC＋D-Glu group, n=5).

(10 mg/kg) and fluoxetine (10 mg/kg) were administered 
daily for 14 days. And then we measured BDG levels on day 
14. Oral administration of MG and fluoxetine significantly 
reversed the RS-induced hypoglycemia (Fig. 3B). To confirm 
the recovering effect of MG on hypoglycemia, MG (10 
mg/kg) was administered daily for up to 21 days in both 
NS and RS groups. BDG levels were measured every 3 days 
before the RS condition began. The MG-induced reversal 
of hypoglycemia was evident within 3 days and was main-
tained over the duration of MG treatment (21 days) (Fig. 
3C).

Effect of MG on glucose tolerance in RS-induced mice

  Interestingly, mice treated with MG alone showed sig-
nificantly elevated BDG levels compared to the NS group 
(Fig. 3B). To further examine the hyperglycemic effect of 
MG, we performed OGTT after orally pre-treatment with 
MG (10 and 20 mg/kg). The BDG levels were measured 30, 
60, and 120 min after D-glucose feeding. As shown in Fig. 
4, orally pre-treatment with MG (10 and 20 mg/kg) itself 
did not affect BDG levels as compared to the vehicle treated 
group. However, MG (20 mg/kg) further increased the ele-
vated BDG level 30 min after glucose feeding. This result 
indicates that MG attenuated the glucose elimination rate.

Effect of MG on RS-induced depressive behaviors

  The chronic RS model demonstrates depressive behaviors 
and is an appropriate animal model of depression. As 
shown in Fig. 5A, ICR mice were subjected to RS (2 h/day 
for 2 wks) in the animal behavior test room. Mice were ad-
ministered daily MG (10 mg/kg) and fluoxetine (10 mg/kg) 
during the 14 days. Behavioral tests were performed on day 
14, and were examined first for the TST and then for the 
FST. In the TST, the immobility time was increased in the 
chronic RS group compared to the NS group. Both MG and 
fluoxetine attenuated the total immobilized time to the nor-
mal levels (Fig. 5B). In addition, chronic RS significantly 
induced immobilized behavior responses in the FST. As 
with the TST, both MG and fluoxetine decreased the total 
immobilized time to normal levels (Fig. 5C).

DISCUSSION

  The present study investigated the anti-depressant like 
effects of MG isolated from A. barbinerve in a RRS mice 
model. MG significantly attenuated BDW loss, hypoglyce-
mia, immobility induced by RRS in mice. These findings 
indicate a remarkable anti-depressant like effect for MG. 
Mice or rats exposed to stressful situations over long peri-
ods show behavioral changes that mimic depression, such 
as decreased social interaction, decreased sucrose intake, 
and increased immobility and responses in helpless con-
ditions including TST and FST [5-9]. Thus, in the present 
study, we used a RRS (2 h/day for 14 days) mice model, 
which causes an increased immobility (or depressed behav-
ior).
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  In general, chronic stress induces a BDW loss, which 
serves as a physiologic marker of stress. RRS mice showed 
a decreased BDW compared to NS mice. Reduced BDW was 
significantly reversed by oral MG and fluoxetine admini-
stration. Since daily food and water intake by RS group was 
similar to that of NS group (data not shown), the reduced 
BDW did not result from a difference in food or water intake. 
In line with our previous results, mice exposed to daily re-
straint weighed less than the NS group over time [7]. This 
result indicates that the lowered BDW induced by RRS may 
result from an altered energy metabolism, such as glucose 
metabolism.
  A large body of evidence shows that different types of 
stress, including oxidative, ER, and restraint stress, influ-
ence glucose metabolism [19-24]. Thus, the present study 
employed a 2-h RS for 14 days to measure its effects on 
BDG level. Our findings showed that RS led to hypo-
glycemia in mice (Fig. 3), which was reflected by abnormal 
glucose metabolism. MG as well as fluoxetine administra-
tion attenuated the RS-induced hypoglycemia. Interestin-
gly, MG increased BDG level in the NS group and also 
slightly inhibited glucose elimination rate in OGTT (Fig. 4). 
Thus, the recovery effect of MG on BDG level may result 
from MG activating BDG level and glucose tolerance. In 
contrast, previous results showed that RS induced hyper-
glycemia [22,25-27]. Different measurement times for BDG 
level may result in different findings, such as hyper-
glycemia and hypoglycemia. Most of studies measured BDG 
level during the RS-exposed time, whereas this study meas-
ured BDG level 24 h after RS termination. Chronic stress 
induced expression of genes related to glucose metabolism 
including G6PC, GK, GLUT2, and GLUT8 [23,28,29]. In ad-
dition, contents of muscle and hepatic glycogen were re-
duced in RS mice [23]. Taken together, chronic stress even-
tually influenced glucose metabolic enzyme activities in 
mice, which in turn altered BDG level, such as hypo-
glycemia or hyperglycemia.
  Hypoglycemia causes depressive symptoms in mice [24]. 
In addition, recent reports showed that there is a connection 
between depression and hypoglycemia in humans [30,31]. 
Our results also showed that RRS causes hypoglycemia and 
depressive behavior (immobility). MG and fluoxetine attenu-
ated repeated RS-induced immobility (Fig. 5). These find-
ings indicate that MG exerts an anti-depressant like effect 
in RRS mice. In this study, fluoxetine, an anti-depressant 
of the selective serotonin reuptake inhibitor (SSRI) serves 
as a positive control to evaluate the anti-depressant like 
effect of MG in every experiment. Fluoxetine also attenu-
ated the RS-induced BDW loss, hypoglycemia, and de-
pressed behaviors. In line with our results, fluoxetine pre-
vented hypoglycemia-induced immobility in the FST [24]. 
In this sense, MG may inhibit serotonin reuptake as an 
SSRI. Taken together, MG attenuates hypoglycemia, which 
in turn attenuates BDW loss and depressed behaviors un-
der RRS. However, further studies are necessary to confirm 
and extend these findings in RRS model.
  In conclusion, MG significantly attenuated the RS-in-
duced BDW loss, hypoglycemia, and depressed behaviors 
in the present study. Our results suggest that MG isolated 
from A. barbinerve exerts an anti-depressant like effect and 
possible attenuated hypoglycemia. MG may be developed 
as a new and natural anti-depressant therapy.
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