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Neuroprotective properties of aucubin in diabetic rats

and diabetic encephalopathy rats

Hong Yu Xue - Ya Nan Lu - Xue Mei Fang -
Yong Ping Xu - Gui Zhen Gao - Li Ji Jin

Received: 27 January 2012/ Accepted: 6 June 2012 /Published online: 19 July 2012

© Springer Science+Business Media B.V. 2012

Abstract In this study, we determined the neuroprotec-
tive effect of aucubin on diabetes and diabetic encepha-
lopathy. With the exception of the control group, all rats
received intraperitoneal injections of streptozotocin (STZ;
60 mg/kg) to induce type 1 diabetes mellitus (DM).
Aucubin (1, 5, 10 mg/kg ip) was used after induction of
DM (immediately) and diabetic encephalopathy (65 days
after the induction of diabetes). The diabetic encephalop-
athy treatment groups were divided into short-term and
long-term treatment groups. Treatment responses to all
parameters were examined (body weight, plasma glucose,
Y-maze error rates and proportion of apoptotic cells). In
diabetic rats, aucubin controlled blood glucose levels
effectively, prevented complications, and improved the
quality of life of diabetic rats. In diabetic encephalopathy,
aucubin significantly rescued neurons in the hippocampal
CALl subfield and reduced working errors during behavioral
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testing. The significant neuroprotective effect of aucubin
could be seen not only in the short term (15 days) but also
in the long term (45 days), which was a highly encouraging
finding. These data suggest that aucubin may be a potential
neuroprotective agent.
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Introduction

Diabetes mellitus (DM) is a metabolic disease caused by
either insufficient production of insulin or the inability of
the body to respond to insulin produced within the system.
The disease can be classified into three separate categories:
type 1, type 2 and gestational diabetes [1]. Type 1 diabetes
is caused by the loss of beta cells in the pancreas. Type 2
diabetes is generally characterized by the body’s resistance
to insulin. Gestational diabetes can have damaging effects
on both the mother and the fetus. DM is a complex disease
that can produce a wide array of diabetic complications
[2-5]. Most of the diabetic complications are known to be
serious and are often fatal if left untreated [6]. For this
reason, it is extremely important for diabetic patients to
seek immediate medical treatment as soon as the disease is
diagnosed [7]. There is substantial experimental and clin-
ical evidence that diabetes may lead to impairments in
learning, memory, problem solving, and mental and motor
speed [8]. The type of central nervous damage caused by
DM is also known as diabetic encephalopathy [9, 10].
Diabetic encephalopathy encompasses characteristic bio-
chemical, electrophysiological, and morphological changes
that may lead to cognitive deficits in diabetic patients
[11, 12] and diminish quality of life.

@ Springer



9312

Mol Biol Rep (2012) 39:9311-9318

Diabetic encephalopathy is associated with various
structural brain abnormalities, such as synaptic and neu-
ronal degeneration, neuron loss, dilated and fragmented
endoplasmic reticulum, increased microtubuli, and irregu-
lar nuclei [13—15]. The hematoxylin-eosin (HE) or TUNEL
staining of serial coronal hippocampi sections from dia-
betic animals was examined, with a focus on the CAl
pyramidal cell layer of the hippocampus [16—19]. Diabetic
encephalopathy is characterized by damaged cognitive
function and neurobehavioral deficits [20, 21]. The
impairment affects the process of learning, memory,
problem solving, retrieval of learned information, and
mental and motor speed. Impaired performances on the
Morris water maze and Y-maze are characteristic of
streptozotocin (STZ)-induced diabetic rats [22].

The iridoid monoterpene aucubin is found in traditional
Chinese medicinal herbs, such as Plantago asiatica [23],
Eucommia ulmoides [24], and Plantago lanceolata L. [25].
Aucubin has many pharmacological effects, including anti-
inflammatory, blood pressure reduction, liver protection,
anti-microbial, and analgesic and antitumor properties [26].
It has also been reported that aucubin is a potent free
radical scavenger. Studies in vitro and in vivo have shown
that aucubin is a powerful scavenger of superoxide anions,
hydroxyl radicals, and nitrogen dioxide [18, 27-29] and
that it also prevents lipid peroxidative damage [18, 28]. In
diabetes, aucubin can suppress blood glucose levels and
increase the antioxidant status of pancreatic f-cells [17,
28]. Based on this background information, the aim of this
study was to determine whether aucubin prevents diabetic
encephalopathy and treats diabetic encephalopathy in rats.

Materials and methods
Chemical and chemical doses

Analytical grade aucubin (product >99 % purity) was pur-
chased from Genay Extrasynthése (France) and dissolved in
physiological saline (Heilongjiang Kelun Pharmaceutical
Co. Ltd., China) for administration to rats. Aucubin was
administered to normal Wistar rats (eight in each group) at
1, 5, 10, 20, 50, and 100 mg/kg doses by a single intra-
peritoneal injection, and the effects of the drug on the rats’
behavior were observed. At the 100 mg/kg dose, the mor-
tality rate was 0 %, although the rats that survived suffered
paralysis. At the 50 mg/kg dose, the mortality rate was 0 %,
and behavior was normal. At the 1, 5, 10 and 20 mg/kg
doses, the rats did not show any abnormalities. The molec-
ular structure of aucubin is very similar to that of catalpol,
which has been reported as having neuroprotective effects
[30]. On the basis of these findings, doses of aucubin below
10 mg/kg were also chosen for this study.
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Animals

Male Wistar rats (12 weeks of age; 230-250 g) were
acquired from the Dalian Medical University Experimental
Animal Center, Dalian, China. The rats were maintained
(4 rats/cage) in an air-conditioned room (24 4+ 1 °C) with a
12-h light/12-h dark cycle and ad libitum access to food
and water and were allowed to adapt to laboratory facilities
for 1 week before the experiment began. All experimental
procedures were conducted in accordance with institutional
guidelines for the care and use of laboratory animals in
Dalian Medical University, Dalian, China, and interna-
tional guidelines on the ethical use of animals (NIH pub-
lications No 80-23, revised 1996). Throughout the study,
rats were assessed daily for distress, and body weight and
blood glucose levels were monitored.

Induction of diabetes and diabetic encephalopathy

Type 1 DM rats were induced by intraperitoneal injections
of streptozotocin (STZ; 60 mg/kg body weight). STZ was
dissolved in a freshly prepared 0.01 M citrate buffer (pH
4.5). Blood was drawn 72 h later from the tail plexus of
conscious rats using a heparinized inoculator. Blood glu-
cose concentrations were tested using the Span Diagnostic
kit with Jinque test strips. Rats with blood glucose
>11.1 mmol/L were considered diabetic [31].

Diabetic encephalopathy was induced in the rats.
Briefly, the initial cognitive capacity of the rats was
assessed using a standardized Y-maze protocol as descri-
bed in 2.5. To prevent the potentially significant differ-
ences in cognition between the rats from affecting the
results, the rats were excluded from the experiment
according to the results of pre-diabetic training. At day 65
after STZ administration, a subset of encephalopathy-
positive DM rats was stratified by cognitive capability as
measured in a Y-maze.

Aucubin treatment protocols

Experiment 1: The effectiveness study of aucubin treatment
in diabetic rats

This experiment was undertaken to investigate the efficacy
of three different doses of aucubin in protecting against the
loss of CAl neurons and cognitive impairment in diabetic
rats. Five experimental groups were designated: a normal
group (controls), a diabetic group treated with saline, and
three groups of diabetic rats treated with aucubin, respec-
tively, at doses of 1, 5 and 10 mg/kg. Aucubin and saline
were administered via intraperitoneal injections twice daily
for 65 days. All control rats were injected with saline
alone. Blood glucose concentrations were measured using
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the Span Diagnostic kit with Jinque test strips along with
body weight at day 0, 7, 20, 30, 40, 50, and 65. Each group
contained ten rats. All rats were tested in the Y-maze on
day 66.

Experiment 2: The short-term efficacy of aucubin treatment
in diabetic encephalopathy rats

The experimental groups were designed to include a nor-
mal group (controls), a diabetic encephalopathy group
treated with saline and a diabetic encephalopathy group
treated with intraperitoneal injections of aucubin at doses
of 5 mg/kg. Injections were administered twice daily for
10 days and then once daily for another 5 days. Each group
contained ten rats. All experimental rats were assessed with
a Y-maze test on day 16 and then euthanized.

Experiment 3: The long-term efficacy of aucubin treatment
in diabetic encephalopathy rats

To examine the long-term or short-term protective effect of
aucubin, this experiment was performed on the diabetic
encephalopathy rats treated with intraperitoneal injections
of aucubin (5 mg/kg). The long-term group was adminis-
tered intraperitoneal injections twice daily for 35 days and
then once daily for another 10 days. The group contained
ten rats. The experimental rats were assessed with a
Y-maze test on day 46 and then euthanized.

Behavioral testing

Behavioral testing was performed in Y-maze by two
investigators who were blind to the animals of experiment
1, experiment 2 and experiment 3, as described previously
[32]. The Y-maze was placed in a darkened room, and the
rats were trained to choose between entering the randomly
bright branch or the darkened branch. The bright branch
was correct and the darkened branch was incorrect. Twenty
consecutive training trials were performed for each rat once
every 24 h, and the training procedure was performed on 7
consecutive days. An 80 % success rate (8 correct choices
in 10 consecutive training trials) served as the learning
criterion. The number of correct choices was recorded.

Histological evaluation

At the end of the study, each rat was anaesthetized deeply
with ethyl ether and decapitated. Each brain was fixed with
4 % (vlv) paraformaldehyde in PBS, pH 7.2, for histolog-
ical examinations. Serial coronal sections (5 pum thick)
were prepared from the hippocampi of each rat in each
group and stained with HE. The CAl field of each brain
slice was identified according to Paxinos and Watson [33],

and images were captured and analyzed using a morpho-
metric analysis system equipped with an Olympus IX71
microscope (Japan) and SPSS 13.0 Production Mode
Facility. The number of intact pyramidal cells was quan-
tified at 400x magnification by a blinded investigator
according to a previously described method [34]. The
neuronal density was expressed as the number of cells per
1 mm of the CAl field of the hippocampus.

Statistical analysis

All results are expressed as the mean £+ S.D. Comparisons
were made using the unpaired ¢ test. P values less than 0.05
were considered statistically significant.

Results

Effect of aucubin on body weight and blood glucose
level in diabetic rats

The STZ-induced rats exhibited significant increases in
blood glucose levels and decreases in body weight com-
pared with the control rats. With long-term intraperitoneal
injections of aucubin (at doses of 1, 5 or 10 mg/kg) in
diabetic rats, the blood glucose levels were significantly
lower and the body weight was significantly higher in
comparison with the diabetic rats. On day 65, aucubin used
at 10 mg/kg doses did not show a significant influence on
blood glucose levels compared with the control group
(P > 0.05). On days 7, 20, and 30, body weight was not
significantly higher in the aucubin-treated rats than in the
control rats. Body weight values were similar between 5
and 10 mg/kg dose groups. Blood glucose levels and body
weight are presented in Tables 1 and 2.

Effects of aucubin on neuroprotection in diabetic rats

Cognitive function was assessed using the Y-maze. The
results showed that the cognitive function of STZ-induced
diabetic rats was markedly impaired. How ever, with long-
term intraperitoneal injections of aucubin in diabetic rats at
doses of 1, 5 or 10 mg/kg, the error rates were similar to
the control rats. The cognitive ability of the long-term
group did not show a significant reduction (Fig. 2a).
Light microscopic examination of the hippocampal
logical structures revealed damage in the CA1 region of the
hippocampus in the brains of DM rats. Pyramidal neurons
were densely stained and appeared shrunken with minimal
or no cytoplasm. By contrast, the majority of CAl neurons
appeared healthy in the aucubin-treated DM rats (Fig. 1).
Surviving neuronal cells in the CAl region numbered
192 £ 10 cells/mm in the control rats and only 65 £ 9
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Table 1 The effect of aucubin on the level of blood glucose in diabetic rats (mmol/L) Data are expressed as mean + SD

Normal (n = 10)

Diabetes (n = 10)

Aucubin

1 mg/kg (n = 10)

5 mg/kg (n = 10)

10 mg/kg (n = 10)

0d 5.22 4+ 0.15 24.6 + 0.43° 252 + 0.67* 234 + 0.51° 26.1 £ 0.11*
7d 542 +0.23 25.2 + 0.34° 19.2 + 3.12°¢ 16.4 + 1.89>¢ 16.1 + 3.56"¢
20d 543 +0.33 24.3 + 0.25° 18.5 + 2.38>¢ 14.2 + 2.22%4 11.4 + 2.87%#
30d 4.82 +0.45 26.1 + 0.98° 17.9 + 1.88>¢ 14.1 + 2.68%¢ 10.2 + 3.24%#
40 d 5.12 + 0.43 28.2 + 0.23° 17.5 + 3.01°¢ 12.0 + 1.45%# 10.1 + 1.89%#
50 d 572 + 0.54 26.0 + 0.76* 16.8 + 2.16"¢ 11.7 £ 2,120 9.5 + 3.01°%"
65d 5.87 + 0.26 26.1 + 0.37° 153 + 1.89%¢ 8.8 £ 1.51°%" 7.8 +3.125%"

P <0.001,9P<0.01,°P <005 P> 0.05 versus normal group; ¢ P < 0.001, ® P < 0.01 versus Diabetes group; ~ P < 0.01, ¥ P < 0.05

versus 1 mg/kg aucubin-treated group

Table 2 The effect of aucubin on the level of body weight in diabetic rats (g)

Normal (n = 10)

Diabetes (n = 10) Aucubin

1 mg/kg (n = 10)

5 mg/kg (n = 10) 10 mg/kg (n = 10)

0d 229 + 10 233 4+ 10 2314 + 6.3 2325 4+ 10.5 233.6 £ 9.2

7d 230 + 12 232 4+ 11¢ 232.5 4+ 7.3¢ 2333 + 11.5¢ 2343 + 10.2¢
20d 244 + 13 221 + 10° 230.6 &+ 10° 232.7 + 8.6¢ 2304 + 7.7¢
30d 256 + 8 215 + 14° 2263 + 8.1° 2345 + 6.2%¢ 233.7 + 7.8%¢
40 d 276 + 11 207 + 13° 210.9 + 8.8° 236.4 + 10.1°¢" 243.9 4 98>
50 d 298 + 12 198 + 12* 215.3 + 13.0°¢ 240.2 + 4.9>&" 250.2 4+ 5.3%e*&
65d 34249 160 + 9* 216.2 £ 9.9%8 248.1 £ 7.6%&# 258.4 + 5.7%8H&

Data are expressed as mean + SD

1 p<0.001,°P<0.01,°P<0.05 ¢P>0.05 vs normal group; © P < 0.05, f P <0.01, 8 P<0.001 versus diabetes group; * P < 0.05,

# P < 0.01 versus 1 mg/kg aucubin-treated group
& P < 0.05 versus 5 mg/kg aucubin-treated group

cellsYymm in the DM group (Control group > DM,;
P <0.001) and 172 £ 8, 181 + 4, 185 £ 9 cells/mm in
the variable dose aucubin-treated diabetic group (1, 5 or
10 mg/kg), respectively (P < 0.001). Treatment means did
not differ (P > 0.05) between the aucubin-treated groups
(1, 5 or 10 mg/kg) and the DM group (Fig. 2b).

The short-term efficacy of aucubin in diabetic
encephalopathy rats

In the diabetic encephalopathy rats treated with aucubinat 1, 5
or 10 mg/kg for 15 days, the CAl neuronal cells numbered
1412 + 199, 2172 4+ 102 and 2639 + 210 cells/mm?,
respectively. The data have been published by Xue et al. [18].
In this article, neuronal density was expressed as the number
of cells per 1 mm. The surviving neurons in the CA1 region
were 190 £+ 11, 51 & 6, and 142 £+ 13 cells/mm in the con-
trol group, the DE group, and the 5 mg/kg aucubin-treated
group, respectively. The data are shown in Figs. 3 and 4b.
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In the diabetic encephalopathy rats treated with aucubin at
5 mg/kg for 15 days, the cognition of all rats was tested in the
Y-maze, and the results are shown in Fig. 4a.

The long-term efficacy of aucubin in diabetic
encephalopathy rats

To determine the long-term efficacy of aucubin, all long-
term aucubin-treated rats were tested in the Y-maze. The
number of errors was 4 & 2, and the number of healthy
cells in the CAl area was 195 = 17 cells/mm for the
control group. The survival neuronal density and cognitive
function were all markedly decreased in the diabetic
encephalopathy rats. Only 45 & 8 cells/mm were pre-
served, while the number of errors reached as high as
34 + 13. Treatment with aucubin for 45 days significantly
increased the number of healthy cells to 160 + 15 cells/
mm and decreased the number of errors to 5 £ 3. All
results are shown in Figs. 3 and 4.
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Fig. 1 Morphological staining of paraffin sections with HE after
treatment with aucubin (400x). The pyramidal neurons of DM rats
showed a densely stained shrunken appearance with minimal or no
cytoplasm. The control pyramidal neurons presented clear and evident

The Working Errors

ab aib ab
DM-1 DM-5 DM-10
Aucubin (mg/kg ip)

Fig. 2 Effect of aucubin on the behavior and survival of neurons in
the CA1 subfield of the hippocampus in untreated rats (controls), in
rats treated with streptozotocin (STZ) to induce diabetes mellitus and
given no further treatment (DM), and in STZ-induced diabetic rats

Discussion

All types of diabetes are treatable, but type 1 and type 2
diabetes last a lifetime as there is no known cure. If diabetes is
not adequately controlled, patients have a significantly higher
risk of developing complications, such as hypoglycemia,
ketoacidosis, and nonketotic hyperosmolar coma [35, 36].
Longer term complications may involve cardiovascular dis-
ease, retinal damage, chronic kidney failure, nerve damage,
poor wound healing, foot gangrene (which may lead to
amputation), and erectile dysfunction [37-39]. Hyperglyce-
mia and weight loss are the most important characteristics of
diabetes mellitus, and therefore, elevated blood glucose levels

nuclei and nucleoli. Apoptotic cells are indicated by the arrow.
Control rats (non-DM), DM (STZ-induced diabetic) rats receiving
saline and STZ-induced DM rats receiving aucubin concentrations of
1, 5 or 10 mg/kg (DM-1, DM-5 and DM-10). Scale bars = 25 um

—
E »orp
3 200 L a 2 ab ab
g 150 |
Z 100}
: il
w
,g 0 i i i i
DM Normal DM-1 DM-5 DM-10
Aucubin (mg/kg ip)

subsequently administered aucubin concentrations of 1, 5 or 10 mg/
kg (DM-1, DM-5 and DM-10). Values shown are the mean =+ S.D.
(n = 10). Significance levels are represented by *P < 0.001 versus
DM; ®p > (.05 versus control

and body weight are important in determining whether dia-
betes is controlled at any given time. Our previous studies
showed that aucubin could decrease the blood glucose con-
centration in diabetic encephalopathy rats [17, 28]. In this
study, the results are similar to previous findings; aucubin also
decreased blood glucose concentrations and increased body
weight in diabetic rats. This type of STZ-induced diabetic
animal model has been used extensively in studies on the
pathophysiology of diabetes and its complications.

Diabetic encephalopathy has a major impact on the
quality of life of diabetic patients. The impaired was per-
formed in Morris” water maze in STZ-treated diabetic rats
after 10 weeks of disease induction. The cognitive function

@ Springer



9316

Mol Biol Rep (2012) 39:9311-9318

Control

Short-term
(15 d)

Long-term
45 d)

Fig. 3 Histological examination of hippocampal CAl regions in
control rats treated with saline (control), diabetic encephalopathy rats
given saline (DE), diabetic encephalopathy rats treated with intra-
peritoneal injections of aucubin at a dose of 5 mg/kg for 15 days

& Control b
ODE {
g Aucubin
s b
B =
[+
ﬁ bxg
15 45
The observational period (days)

Fig. 4 Short-term or long-term effect of aucubin on the behavior and
survival neurons in CAl subfield of control rats treated with saline
(control), diabetic encephalopathy rats given saline (DE), and
aucubin-treated DE groups (aucubin). The data presented are the
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DE Aucin

(short-term), and diabetic encephalopathy rats treated with intraperi-
toneal injections of aucubin at a dose of 5 mg/kg for 45 days (long-
term). Arrows indicate positive pyramidal neurons. Scale bars = 25 pm

%01 B @ Control
g 200 ¢ ® Aucubin
[T
A b
§ 150 o
z
fg 100}
% b B
g sof 1
0 i
15 45

The observational peniod (days)

mean + S.D. (n = 10). Significance levels are represented by
P <0.01, ® P <0.001 versus control; **P < 0.001, *P < 0.001
versus DE; #P < 0.05 versus aucubin treated group for 15 days
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of STZ-induced diabetic rats was shown to be impaired
[21]. Our previous studies also found that 65 days after the
disease was induced with STZ, the diabetic rats showed
cognitive deficits [17]. In this study, aucubin was intra-
peritoneally injected immediately after diabetes for
65 days. Blood glucose levels were controlled at a specific
time, and the diabetic rats did not show cognitive deficits.
Cognitive ability is associated with neuronal death in the
CA1 region of the hippocampus [16]. Our results from HE
staining showed that neuronal apoptosis did not occur in
the CA1 region of aucubin-treated rats with STZ-induced
diabetes mellitus. The experimental data are likely to show
that aucubin may be helpful for preventing diabetic
encephalopathy.

In our previous results, short-term (15 days) intraperi-
toneal injections of aucubin ameliorated cognitive deficits,
reduced oxidative stress, modulated the expressions of Bcl-
2 and Bax genes and reduced working errors in diabetic
encephalopathy rats. In this study, we also discussed the
long-term (45 days) efficacy of aucubin in diabetic
encephalopathy rats. The results indicated that aucubin had
long-term effectiveness. Long-term intraperitoneal aucubin
treatment significantly decreased blood glucose levels,
increased body weight, ameliorated cognitive deficit,
attenuated neuronal damage and rescued neuronal cells.
These data imply that the hypoglycemic activity and neu-
roprotective effect of aucubin are dose and time dependent.
The study further showed that long-term intraperitoneal
aucubin treatment is more effective in attenuating neuronal
damage and reducing working errors than short-term
intraperitoneal aucubin treatment. Aucubin is a small
compound that is derived from traditional Chinese medi-
cine. Its herbal toxicity and adverse reactions are minimal,
it is relatively inexpensive, it can pass through the blood-
brain barrier, and it has vast potential for development.
Thus, due to its low side-effect profile and long history of
safe use, aucubin may find clinical applications in treating
neuronal disturbances in diabetic patients.

In conclusion, aucubin decreased blood glucose levels
and maintained body weight in diabetic rats and diabetic
encephalopathy rats. The aucubin-treated diabetic rats did
not develop diabetic encephalopathy. Long-term treatment
with aucubin may ameliorate neuronal injury and cognitive
deficiency in diabetic encephalopathy rats, with better
long-term than short-term efficacy. Our results suggest that
aucubin may have therapeutic value for the treatment or
prevention of neuronal disturbances in diabetic patients.
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