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Abstract

Rationale Evidences indicate that methylglyoxal, a highly
reactive metabolite of hyperglycemia, can enhance protein
glycation, oxidative stress, or inflammation. Mangiferin, a
polyphenol compound of C-glucoside, has many beneficial
biological activities, including anti-inflammation, anti-
oxidation, neuroprotection, cognitive enhancement, etc.
Whether mangiferin alleviates diabetes-associated cognitive
impairment is still unclear.

Objectives The present study was designed to investigate the
effects of mangiferin on the behavioral deficits of diabetic rats
induced by streptozotocin; the mechanisms associated with
methylglyoxal toxicity are especially investigated.

Methods Diabetic rats were treated with mangiferin (15, 30,
and 60 mg/kg, p.o.) for 9 weeks. Cognitive performances
were evaluated with the Morris water maze. Hippocampus
and blood were obtained for evaluation of the effects of
mangiferin on protein glycation, oxidative stress, and in-
flammation in diabetic state.

Results Mangiferin significantly improved the behavioral
performances of diabetic rats, evidenced by a decrease in
escape latency as well as increases in numbers of crossing
the platform and percentage of time spent in the target
quadrant, which were accompanied by decreases in the
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levels of advanced glycation end-products and their receptor
(RAGE), interleukin-13, TNF-x, and malondialdehyde and
increases in the activity and expression of glyoxalase 1 as
well as glutathione level in the hippocampus of diabetic rats.
Furthermore, mangiferin produced a significant decrease in
malondialdehyde level and increased glutathione level and
superoxide dismutase activity in the serum of diabetic rats.
Conclusions This study demonstrates that mangiferin can
markedly ameliorate diabetes-associated cognitive decline in
rats, which is done likely through suppressing methylglyoxal
hyperactivity (promoting protein glycation, oxidative stress,
and inflammation) mediated noxious effects.

Keywords Cognition - Diabetic encephalopathy -
Glyoxalase 1 - Inflammation - Mangiferin - Methylglyoxal -
Oxidative stress - Protein glycation

Introduction

Diabetic encephalopathy is an emerging diabetic complica-
tion (Sima 2010), and diabetes-associated cognitive decline
(DACD) is the core component (Biessels et al. 2008;
Wrighten et al. 2009). Chronic hyperglycemia is thought
to be a primary cause of diabetic complications, and the
downstream consequences of hyperglycemia include multi-
ple pathophysiological processes including oxidative stress,
protein glycation, and inflammation (Calcutt et al. 2009).
The pathogenic role of protein glycation or advanced
glycation end-product (AGE) formation in diabetic vascular
complications is widely recognized, and protein glycation
may be a key bond linking oxidative stress and inflammation
in the development and progression of diabetic complications.

Methylglyoxal (MG), an alpha-carbonyl aldehyde, is one
of the most powerful glycating agents of proteins and other
important cellular components, with modification directed
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mainly to the guanidino group of arginine residues (Thornalley
2007). In the diabetic context, an increase in the concentration
of MG has been observed in human body fluids and tissues that
seem to be responsible for diabetic complications (Fosmark et
al. 2009; Lu et al. 2011; van Deutekom et al. 2008). Without
clearance, MG can accumulate in the body and accelerates the
formation of AGEs. Cognitive problems, common to aged or
diabetic patients, may be related to the accumulation of toxic
alpha-oxoaldehydes such as MG. For example, a recent report
showed that the serum concentration of MG was associated
with increased cognitive decline in elderly individuals (Beeri et
al. 2011). Reports suggest that diabetes-causing impairment of
cognitive processes may be involved in AGE formation (van
Deutekom et al. 2008; Wang et al. 2009). Thus, it is possible
that MG or MG-mediated glycation could be, at least in part,
responsible for the diabetes-associated cognitive impairment.
Furthermore, MG also has the ability to increase both oxidative
stress and inflammation (Di Loreto et al. 2004, 2008; Rabbani
and Thornalley 2008; Sena et al. 2012; Yamawaki et al. 2008),
and both are often implicated in the pathogenesis of diabetic
complications as well as DACD (Kuhad and Chopra 2007,
Kuhad et al. 2009; Liu et al. 2012b). Together, as one of
important metabolic intermediates of hyperglycemia, MG
may be a central player in the pathogenesis of diabetes-
associated cognitive deficiency. Hippocampus is known to
exert a vital role in learning and memorizing, and hippocampal
neurons were highly susceptible to MG (Di Loreto et al. 2004,
2008), where AGE levels were also increased, accompanied by
hippocampal dysfunction and diabetes-associated depression
(Wang et al. 2009).

The glyoxalase system is the major detoxication system for
dicarbonyl compounds in the human body, and glyoxalase 1
(Glo-1) is the rate-limiting enzyme of alpha-carbonyl aldehyde
metabolism. With reduced glutathione (GSH) as a cofactor,
Glo-1 can catalyze the conversion of reactive acyclic alpha-
carbonyl aldehydes into the corresponding alpha-hydroxyacids
(Thomalley 2007). Glo-1 can promptly clear alpha-carbonyl
aldehydes, such as MG, and then inhibits the formation of
AGEs; additionally, Glo-1 also exerted a direct inhibition on
AGE formation (Shinohara et al. 1998). Hyperglycemia-
induced reactive oxygen species (ROS) increased the expres-
sion of AGEs and the receptor for AGEs (RAGE), which was
mediated by MG, while the overexpression of Glo-1 normal-
ized this, suggesting that Glo-1 knockdown mimicked the
effect of high glucose (Yao and Brownlee 2010). The
overexpression of Glo-1 in Caenorhabditis elegans decreased
dicarbonyl glycation of mitochondrial proteins, the formation
of ROS, proteome markers of dicarbonyl glycation and markers
of oxidative and nitrosative damage with concomitant life
extension (Rabbani and Thornalley 2008). Most importantly,
the overexpression of Glo-1 reduces hyperglycemia-induced
levels of AGEs and oxidative stress in diabetic rats (Brouwers
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et al. 2011). Thus, Glo-1-mediated MG removal has a leading
role in the pathogenesis of diabetic complications, includ-
ing DACD, and Glo-1 may be a preventative and therapeu-
tic target.

Mangiferin (MF), also called chinonin, is a major glucoside
of xanthone in Rhizome Anemarrhena, a well-known Chinese
Materia Medica in China. Mangiferin has many beneficial
biological activities, including anti-inflammatory (Marquez
et al. 2012), anti-oxidative (Marquez et al. 2012; Martinez
Sanchez et al. 2001; Prabhu et al. 2006), and antidiabetic
(Miura et al. 2001; Muruganandan et al. 2005) effects.
Moreover, mangiferin has neuroprotective effects. For exam-
ple, mangiferin is neuroprotective in both in vitro and in vivo
models of forebrain ischemia in rats (Gottlieb et al. 2006).
Mangiferin reduced ischemia-induced neuronal loss and oxi-
dative damage in the gerbil brain (Martinez Sanchez et al.
2001). Importantly, mangiferin significantly ameliorated
scopolamine-induced learning deficits in mice (Jung et al.
2009) and long-term object recognition memory in rats
(Pardo Andreu et al. 2010). Mangiferin also improved diabetic
complications in the heart and kidney (Li et al. 2010;
Muruganandan et al. 2002). Furthermore, evidences indicate
that mangiferin can traverse the blood-retina barrier and
blood-brain barrier and reach therapeutic concentrations
(Hou et al. 2010; Martinez Sanchez et al. 2001). Our latest
report indicated that the alcohol extract of Rhizoma
Anemarrhenae ameliorated DACD in rats due to decreases
of amyloid-beta peptide and TNF-« in the brain (Liu et al.
2012a). However, there is no report on whether mangiferin
can affect the cognitive impairment caused by diabetes.
Therefore, the aims of the current study were to investigate
the effects of mangiferin on DACD in rats as well as the
noxious effects of methylglyoxal (promotions in protein
glycation, oxidative stress, and inflammation) in the hippo-
campus in diabetic condition.

Materials and methods
Animals

Male Sprague—Dawley rats (10 weeks of age) were bred in
the Center of Experimental Animal, Xuzhou Medical
College. All rats were housed under a humidity- (50+
10 %) and temperature-controlled (24+1 °C) room. They
were maintained under controlled light (12-h day/night cy-
cle) with free access to water and rodent chow. All animal
experiments were granted approval by the Animal Ethics
Committee of Xuzhou Medical College. All experiments
conformed to the Guidelines for Ethical Conduct in the
Care and Use of Animals. Every effort was made to mini-
mize stress to the animals.
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Experimental design

The rats fasted for 12 h were subjected to a single intraper-
itoneal injection of streptozotocin (STZ), 55 mg/kg, freshly
dissolved in 0.1 mol/L sodium citrate buffer at pH 4.5. Age-
matched normal rats received sodium citrate buffer only.
The development of diabetes was confirmed by fasting
blood glucose (FBG) level using a reagent kit (Jiancheng
Bioengineering Institute, Nanjing, China). Rats with FBG
levels higher than 11.1 mmol/L were considered to be
diabetic after 72 h of STZ injection (Liu et al. 2007).
Then, the diabetic rats were randomly divided into four
groups with ten animals each group viz. diabetic rats, diabetic
rats treated with three doses of mangiferin, i.e., 15, 30, and
60 mg/kg (p.o.). Mangiferin (purity>97 %, Fengshanjian
Medicinal Research Co. Ltd., Kunming, China) was suspended
in distilled water. Diabetic rats and age-matched normal rats
(n=10) both received distilled water. Blood glucose and body
weight of the rats were examined monthly and weekly, respec-
tively. Blood glucose was measured for the rats fasted for 7 h.

After treatment for 8 weeks, animals were tested for learn-
ing and memory tasks in the Morris water maze for five
consecutive days, still being administrated intragastrically
with mangiferin as before. The animals were killed under
ethyl ether anesthesia, blood was collected by femoral vein
bleeding, and the serum separated. The brain was rapidly
removed and both sides of the hippocampus were isolated.
The samples were stored at —80 °C until processed for bio-
chemical assays.

Morris water maze test

The Morris water maze test was employed for testing learn-
ing and memory according to our previous reports (Liu et al.
2012a, b). A place navigation test was performed wherein
the extent of learning was assessed. The rats received four
consecutive daily training trials, with each trial having a
ceiling time of 90 s and a trial interval of approximately
30 s. On the day before the start of the training days, all the
rats were put into the water for 90 s to adapt to the environ-
ment. For each trial, each rat was put into the water at one of
four start locations, the sequence of which being selected
randomly. During the test trials, rats were placed into the
tank at the same start location, with their heads facing the
tank wall. The rat had to swim until it climbed onto the
platform submerged underneath the water. After climbing
onto the platform, the animal remained there for 20 s before
the commencement of the next trial. The escape platform
was kept in the same position relative to the distal cues. If
the rat failed to reach the escape platform within the maxi-
mally allowed time of 90 s, it was promptly conducted to
climb onto the platform and allowed to remain there for the

same amount of time. The time to reach the platform (latency
in seconds) was measured.

A spatial probe test was performed wherein the extent of
memory was assessed. On day 5, the rats were then given a
memory test. The time spent in the target quadrant indicates
the degree of memory that has taken place after learning
training. In the probe trial, the hidden platform was removed
from the pool and the rat was placed into the pool from the
start location at the quadrant opposite to the former platform
quadrant. The number of times of crossing the former plat-
form and the percentage of time spent in the former platform
quadrant were recorded for 90 s.

Determination of AGE levels in the hippocampus
by fluorometry

After weighing, the preserved rat hippocampus was homoge-
nized in 10 volumes (w/v) of 100 mmol/L PBS extraction
buffer (pH 7.4) with a motor-operated homogenizer (FLUKO
Equipment Shanghai Co. Ltd., China) in an ice bath. The
homogenate was centrifuged at 4 °C, 10,000xg for 15 min,
and the supernatant was collected for Glo-1 activity and other
biochemical assays. The residual pellets were washed three
times with distilled water and then added with 1.0 ml of
CHCIL3-MeOH (1:1) and shaken overnight at room tempera-
ture. After that, 0.5 mL of MeOH-H,O (4:1) was added and
centrifuged at 4 °C, 4,000xg for 5 min. The residual pellets
were washed twice with MeOH and distilled water in turn,
respectively; then, the pellets were washed twice with
0.02 mol/L HEPES buffer (pH 7.5) containing 0.1 mol/L
CaCl,. The pellets were suspended in 1.0 mL] of HEPES
buffer overnight at 4 °C. After removing the buffer by centri-
fugation, the pellets were suspended in 1.0 mL of HEPES
buffer containing 290 U of type I collagenase (Sigma-Aldrich
Co. LLC.), and 2.0 pL of the antiseptics methylbenzene and
chloroform each were added. The mixture system was shaken
for 24 h at 37 °C and centrifuged. Then, the supernatant was
collected for the determination of fluorescence intensity using
a fluorescent instrument (9203-941, Promega Biosystems,
Inc., Sunnyvale, CA) at an excitation wavelength 370 nm
and emission wavelength of 440 nm, with the HEPES buffer
only containing type I collagenase as the standard. AGE levels
in the hippocampus were expressed as the enzyme activity of
type I collagenase (in units) per milligram of protein.

Glo-1 activity assay in hippocampus by ultraviolet
spectrophotometry

The Glo-1 assay was performed using a spectrophotometric
method monitoring the increase in absorbance at 240 nm due
to the formation of S-D-lactoylglutathione for 2 min at 25 °C
(Maher et al. 2011). The standard assay mixture contained
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8 mmol/L MG, 2 mmol/L GSH, 10 mmol/L. magnesium
sulfate, and 50 mmol/L phosphate potassium (pH 6.6).
Before initiating the reaction by adding the supernatant of
the brain homogenate (10-30 pg protein) to the assay mixture,
the mixture was allowed to stand for at least 2 min to ensure
the equilibration of hemithioacetal formation. Glo-1 activity
was expressed as the percentage of the production of S-p-
lactoylglutathione per minute per milligram protein in the
normal rats (100 %). Protein concentration was determined
by the bicinchoninic acid (BCA) assay.

Western blot analysis for Glo-1 and RAGE expressions

After weighing, the preserved hippocampus was homog-
enized using a sonicator with 10 volumes (w/v) of
50 mmol/L (pH 7.4) Tris-buffered saline containing O.
6 mmol/L phenylmethylsulphonyl fluoride, 1 mmol/L
Na3;VO,, and 50 mmol/L NaF in an ice bath. After being
placed at 4 °C for at least 60 min, the homogenates were
centrifuged at 4 °C, 10,000xg for 15 min, and the supernatant
was collected for Western blot studies. The protein concentra-
tion in the supernatant was determined using the BCA protein
assay kit (Beyotime Institute of Biotechnology, Nanjing,
China).

The protein samples (80 pg) were separated using sodium
dodecyl sulfate polyacrylamide gel electrophoresis and trans-
ferred to Biotrace'™ nitrocellulose membranes. The mem-
brane was blocked with 5 % blocking buffer for 120 min
and incubated overnight at 4 °C with primary antibodies
including goat anti-Glo-1 (R&D System) and rabbit anti-
RAGE (Santa Cruz Biotechnology). The proteins were
detected using alkaline phosphatase-conjugated affinipure
donkey anti-goat or goat anti-rabbit secondary antibodies.
The membranes were exposed to BCIP/NBT alkaline phos-
phatase color developing reagent (Beyotime Institute of
Biotechnology) for 15 min. Densities of signals on the blots
were measured with ImageJ software and normalized using
rabbit anti-GAPDH (Bioworld Technology Inc., USA) as an
internal control (optical densitygeiected protein/optical
density;yemal control).

Determination of interleukin-13 and TNF-« levels
in the hippocampus by ELISA

The levels of interleukin-1 (IL-1f) and TNF-« in the
hippocampus, reflections of inflammation in the brain, were
determined using rat IL-13 and TNF-o« ELISA kit, respec-
tively (ExCell Biology, Inc., Shanghai, China) according to
the manufacturer’s instructions. Tissue protein was estimat-
ed using the BCA method. The level of brain IL-13 or
TNF-a was expressed as picograms of IL-13 or TNF-«
per milligram of protein.
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Determination of GSH and malondialdehyde levels in serum
and hippocampus

GSH and malondialdehyde (MDA) levels, evaluations of
the oxidative stress, were determined according to our pre-
vious report (Liu et al. 2012b). Briefly, the compound 3-
carboxy-4-nitrophenyl disulfide can react with sulthydryl
compounds (such as GSH), which forms a yellow compound
with stronger absorption at 420 nm. MDA can be condensed
with thiobarbituric acid, which forms a pink product with
maximal absorption at 532 nm. The determination of GSH
or MDA level was performed with a corresponding commer-
cial kit (Jiancheng Bioengineering Institute). Serum GSH or
DMA was expressed as micromoles of GSH or MDA per liter
and the brain GSH or MDA content as nanomoles of GSH or
MDA per milligram of protein.

Superoxide dismutase activity assay in serum

Superoxide dismutase (SOD) activity, an important anti-
oxidative enzyme, was determined according to the method
of Sun et al. (1988). The principle of the method is based on
the inhibition of nitroblue tetrazolium reduction by the
xanthine—xanthine oxidase system as a superoxide genera-
tor. SOD activity assay was assessed using a commercial kit
(Jiancheng Bioengineering Institute). One unit of SOD was
defined as the amount of enzyme causing 50 % inhibition in
the rate of nitroblue tetrazolium reduction.

Statistical analysis

Results were expressed as the mean+=SEM. The intergroup
variation was measured by one-way analysis of variance
followed by Tukey’s test. Statistical significance was con-
sidered at P<0.05. Statistical analysis was done using the
SPSS Statistical software, version 13.0.

Results

Effects of mangiferin on fasting blood glucose and body
weight of diabetic rats

Serum glucose levels of the experimental rats were mea-
sured at weeks 0, 4, and 9 after treatment with mangiferin.
Compared with age-matched normal rats, diabetic rats had
higher FBG levels throughout the treatment [F(4,49)=52.
208, P<0.01]. However, the FBG levels were still high in
diabetic rats treated with mangiferin both at weeks 4 and 9,
and no significant differences were found between the treated
and untreated groups (Table 1). Body weights of the experi-
mental rats were also measured from week 1 to week 9
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Table 1 Effects of mangiferin on fasting blood glucose in STZ- a :g::t
. . . 60_0 o
induced diabetic rats after treatment . & DM+ME-L
® DM+MF-M
: 500
Group Fasting blood glucose (mmol/L) * & DM+MF-H
Week 0 Week 4 Week 9 :"E 09
£ 300} ]
Control 5.4+0.2 4.4+0.2 4.6+0.2 = 5
DM 20.6+0.7* 19.541.2% 23.9+24% 3 20
DM+MF-L 20.6+0.5 16.1£1.1 24.6+14
DM-+MF-M 20.7+0.5 22.542.1 26.8+1.5 sl
DM+MF-H 20.6+0.4 23.422.1 26.6+13 00

Mean+SEM, n=8-10
*P<0.01 (compared with control)

following treatment with mangiferin. Compared with those of
the age-matched normal rats, the body weights of diabetic rats
always declined after STZ induction [F(4,49)=88.037,
P<0.01]. A low-dose mangiferin treatment had no obvious
effects on the body weights of diabetic rats. Mid-dose
mangiferin treatment had a significant increment on the body
weights of diabetic rats only at weeks 5 and 9; for the high
dose, at weeks 6 and 9 (Table 2).

Effects of mangiferin on the learning and memory abilities
of diabetic rats in the Morris water maze

The cognitive function was assessed in the Morris water
maze test (Fig. 1). In the place navigation test (on days
1-4), the mean escape latency in diabetic rats was always
significantly longer than that of normal rats during 4 days
of learning. Chronic mangiferin treatment decreased the
mean escape latency of diabetic animals [F(4,44)=5.256,
P<0.01] (Fig. 1a). The low-dose group showed a signifi-
cant decrease on the second, third, and fourth days of
training, the middle-dose group on the first and second
days, and the high-dose group on the first, third, and fourth
days (Fig. la).
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Fig. 1 Effects of mangiferin on diabetes-associated cognitive decline
in rats in the Morris water maze test. Escape latency (a), the percentage
of time spent in the target quadrant (b), and numbers of crossing the
platform (¢) in groups of the normal (Cont.), STZ-induced diabetic
(DM), and diabetic rats treated with low-dose (DM+MF-L), middle-
dose (DM+MF-M), and high-dose (DM+ MF-H) mangiferin. Mean+SEM,
n=8-10. *P<0.05, **P<0.01 (vs. Cont. group); "P<0.05, *P<0.01
(vs. DM group)

Table 2 Effects of mangiferin on body weight in STZ-induced diabetic rats after treatment

Group Body weight (g)

Week 0 Week 1 Week 2 Week 3 Week 4 Week 5 Week 6 Week 7 Week 8 Week 9
Control 226+3 28143 311+4 33145 365+6 367+6 402+7 409+9 40149 386+9
DM 22142 25542%%  22843%*  D3[45%%  DD54R¥*  DD34R¥*  2D54[0%F  240+£10%*  256+8%*  230+6%*
DM+MF-L 224+2 252+4 233+4 214+3 212+4 239+6 244+5 243+4 241+4 22145
DM+ME-M 22542 24445 231+4 217+5 227+8 249+8" 244+9 25249 253+8 256+9"
DM+MF-H 21942 22543 219+3 208+4 21546 227+8 249+3% 252+4 25246 247+6"

Mean+SEM, n=10
# P<0.05 (compared with DM); **P<0.01 (compared with control)

@ Springer



590

Psychopharmacology (2013) 228:585-594

In the probe trial (on day 5) of the Morris water maze
study, which assesses how well the animals have learned
and consolidated the platform location during the 4 days of
training, the animals showed a significant difference. The
percentage of time spent in the target quadrant [F(4,43)=4.
652, P<0.01] (Fig. 1b) and the numbers of crossing the
platform [F(4,43)=2.434, P<0.05] (Fig. 1c) were signifi-
cantly lower in diabetic animals as compared to those of the
normal group. However, mangiferin may dose-dependently
increase the percentage of time spent in the target quadrant
in diabetic animals (Fig. 1b). Nevertheless, only the high-
dose group performed a significant improvement for the
numbers of crossing the platform compared to the untreated

group (Fig. 1c).
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Fig. 2 Effects of mangiferin on the level of advanced glycation end-
products (a) and the protein expression of the receptor for AGEs
(RAGE) (b) in the hippocampus in groups of the normal (Cont),
STZ-induced diabetic (DM), and diabetic rats treated with low-dose
(DM+MF-L), middle-dose (DM+MF-M), and high dose (DM+ MF-H)
mangiferin. Mean+SEM, n=6 (AGEs), n=3-4 (RAGE). **P<0.01
(vs. Cont group); #P<0.01 (vs. DM group)
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Effects of mangiferin on AGE levels and RAGE expression
in the hippocampus of diabetic rats

To investigate whether the decrease of MG hyperactivity by
mangiferin could result in the inhibition of the AGE-RAGE
axis, we examined the AGE levels as well as the protein
expression of their receptor (RAGE) in the hippocampus. A
significant increment of AGE levels and RAGE expression
occurred in the hippocampus of diabetic rats (Fig. 2).
Mangiferin significantly decreased the AGE levels [F(4,30)=
11.275, P<0.01] (Fig. 2a) and RAGE [F(4,17)=34.559,
P<0.01] (Fig. 2b) in diabetic rats.

Effects of mangiferin on the activity and expression
of Glo-1 in the hippocampus of diabetic rats

To investigate whether cognition-enhancing effects of
mangiferin were related to the decrease in MG level,
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Fig. 3 Effects of mangiferin on glyoxalase 1 (Glo-1) activity (a) and
protein expression (b) in the hippocampus in groups of the normal
(Cont), STZ-induced diabetic (DM), and diabetic rats treated with low-
dose (DM+MF-L), middle-dose (DM+MF-M), and high-dose
(DM+ MF-H) mangiferin. Mean+SEM, n=6-7 (activity), n=3-4
(expression). *P<0.05, **P<0.01 (vs. Cont group); “P<0.05,
#p<0.01 (vs. DM group)
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we examined the enzymatic activity and protein ex-
pression of Glo-1, the rate-limiting enzyme of MG
clearance. It was found that the activity [F(4,32)=10.
809, P<0.01] (Fig. 3a) and protein expression [F(4,18)=
15.529, P<0.01] (Fig. 3b) of Glo-1 were both significantly
reduced in the hippocampus of diabetic rats. Mangiferin sig-
nificantly enhanced Glo-1 activity and protein expression

(Fig. 3).

Effects of mangiferin on oxidative stress and inflammation
caused by diabetes

To investigate whether the decrease of MG hyperactivity by
mangiferin had inhibitory effects on oxidative stress and in-
flammation in the brain, we examined the levels of MDA and
GSH as well as IL-13 and TNF-« in the hippocampus.
Diabetes remarkably caused oxidative stress damage evidenced
by the increased MDA level [F(4,33)=22.273, P<0.01]
(Fig. 4a) and the declined GSH level [F(4,34)=5.877,
P<0.01] (Fig. 4b) in the hippocampus. Besides oxida-
tive stress, neuroinflammation also occurred in the brain
of diabetic rats, reflected by the decreases in IL-1f3 [F
(4,32)=17.415, P<0.01] (Fig. 5a) and TNF-« levels [F
(4,32)=10.864, P<0.01] (Fig. 5b) in the hippocampus.
Nevertheless, chronic treatment with mangiferin signifi-
cantly reversed the above alterations (Figs. 4 and 5).
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the normal (Conf), STZ-induced diabetic (DM), and diabetic rats
treated with low-dose (DM+MF-L), middle-dose (DM+MF-M), and
high-dose (DM+MF-H) mangiferin. Mean+SEM, n=6-7. **P<0.01
(vs. Cont group); #P<0.01 (vs. DM group)

To further demonstrate the inhibitory effects of mangiferin
on oxidative stress, we also examined SOD activity as well as
MDA and GSH levels in serum. Diabetes significantly de-
creased SOD activity [F(4,32)=3.440, P<0.05] (Fig. 6a) and
GSH level [F(4,42)=3.015, P<0.05] (Fig. 6¢) and increased
the MDA level [F(4,42)=3.094, P<0.05] (Fig. 6b) in the
serum of rats, but chronic treatment with mangiferin markedly
improved the above changes (Fig. 6).

Discussion

In human diabetes, chronic hyperglycemia is associated with a
high incidence of progressive cognitive deficits (Ryan et al.
2003). The potential mechanisms for this include not only the
direct effect of hyperglycemia but also the indirect effects of
hyperglycemia and its intermediate metabolic products caus-
ing damages in cerebral constitution and vessels. MG is a
major metabolic intermediate of hyperglycemia, with highly
reactive properties. This study analyzed the effects of
mangiferin on the behavioral deficits of diabetic rats; the
mechanisms associated with MG toxicity were widely inves-
tigated. STZ-induced diabetes produced a marked impairment
to the cognitive function of rats, which was coupled with
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Fig. 6 Effects of mangiferin on superoxide dismutase (SOD) activity
(a), levels of malondialdehyde (MDA) (b), and reduced glutathione
(GSH) (c) in serum in groups of the normal (Conf), STZ-induced
diabetic (DM), and diabetic rats treated with low-dose (DM+MF-L),
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significant increases in protein glycation, oxidative stress, and
inflammation in brain, with MG hyperactivity as the core
factor. Mangiferin significantly ameliorated the cognitive im-
pairment and MG hyperactivity-mediated damages in the
hippocampus of diabetic rats.

MG is mainly from triosephosphates (including
glyceraldehyde-3-phosphate and dihydroxyacetonephosphate)
produced in the process of glycolysis. MG has much higher
intrinsic reactivity toward glycation than glucose, 10,000- to
50,000-fold higher (Thornalley 2005). Under diabetic or hy-
perglycemic condition, much more production of MG occurred
in body fluids and tissues (Fosmark et al. 2009; Lu et al. 2011;
van Deutekom et al. 2008). The hippocampus is known to play
a crucial role in learning and memory, and hippocampal
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neurons had a high susceptibility to MG through an
oxidation-dependent mechanism (Di Loreto et al. 2004).
Moreover, MG is a key precursor of AGE formation, which
may be involved in the cognitive impairment caused by diabe-
tes (van Deutekom et al. 2008; Wang et al. 2009). Therefore, it
is possible that MG could be, at least in part, responsible for
diabetes-associated cognitive impairment. In the present study,
significant functional impairments in cognition occurred in
diabetic rats, evidenced by an increase in escape latency as
well as decreases in the numbers of crossing the platform and
percentage of time spent in the target quadrant in the Morris
water maze test, coupled with the elevated levels of AGEs and
their receptor RAGE in the hippocampus. Thus, MG-mediated
glycation and AGE formation may be one of the reasons for the
pathogenesis of diabetes-associated cognitive impairment.
Nonetheless, chronic treatment with mangiferin markedly im-
proved the cognitive decline of diabetic rats, accompanied by
remarkable decreases in AGE levels and RAGE expression in
the hippocampus. Additionally, an in vitro study showed that
mangiferin had an inhibitory effect on AGE formation (Guo et
al. 2009). Thus, the inhibition of AGEs/RAGE interaction
could be one of the reasons for the amelioration of DACD by
mangiferin.

As the major detoxifying enzyme of MG, Glo-1 was signif-
icantly downregulated in both activity and protein expression
in the cerebral cortex of Akita mice (a kind of spontaneously
type 1 diabetic mice), coupled with an increase in protein
glycation by MG (Maher et al. 2011). MG caused a dramatic
depletion of GSH and a significant inhibition of both Glo-1 and
glutathione peroxidase activities in hippocampal neurons (Di
Loreto et al. 2008). In the present study, the activity and protein
expression of Glo-1 were both markedly declined in the hip-
pocampus of STZ-induced diabetic rats, accompanied by a
remarkable decrease of GSH, an essential cofactor for Glo-1.
These suggested that the accumulation of MG damaged Glo-1
in diabetic conditions, possibly by GSH deficiency and protein
glycation. Our study demonstrated that mangiferin treatment
could significantly increase the activity and expression of Glo-
1 as well as GSH level in the hippocampus of diabetic rats.
Additionally, a report showed that mangiferin increased the
GSH level in neuroblastoma cells (Das et al. 2011). To our
knowledge, it is the first report of mangiferin being able to
enhance the function of Glo-1, indicating that Glo-1 may be an
action target for mangiferin.

Oxidative stress has been implicated in the pathogenesis
of diabetes and its complications (Brownlee 2005), includ-
ing diabetic encephalopathy (Kuhad and Chopra 2007; Liu
et al. 2012b; Saxena et al. 2007). AGEs synergize and
potentiate oxidative stress and contribute to the develop-
ment of diabetic complications (Ceriello 1999). Also, MG
has the ability to increase oxidative stress (Di Loreto et al.
2008; Rabbani and Thornalley 2008; Sena et al. 2012).
Moreover, the overexpression of Glo-1 has been shown to
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reduce hyperglycemia-induced levels of AGEs and oxida-
tive stress in diabetic rats (Brouwers et al. 2011). These
suggest that oxidative stress and protein glycation mediated
by MG could play central roles in the pathogenesis of
diabetes-associated cognitive impairment, and Glo-1 be-
comes a preventative and therapeutic target. In this study,
diabetic rats showed a marked impairment in learning and
memory abilities, coupled with significant increases in ox-
idative stress damages evidenced by an increase of MDA
level, an important marker for lipid peroxidation, and a
reduction of the GSH level, a potent endogenous antioxidant
that is the first line of defense against free radicals, as well as
a decrease of SOD activity, a potent endogenous radical
scavenger. As expected, mangiferin treatment significantly
ameliorated the above alterations in diabetic state. The lit-
erature indicated that mangiferin improved oxidative dam-
age in rat brain after stress (Marquez et al. 2011), ischemia-
induced neuronal loss and oxidative damage in the gerbil
brain (Martinez Sanchez et al. 2001), and antioxidant status
in isoproterenol-induced myocardial infarction in rats
(Prabhu et al. 2006). Furthermore, mangiferin-pretreated
neuroblastoma cells showed a significant increase in the
GSH and glutathione-S-transferase levels followed by a
significant decrease in MDA formation (Das et al. 2011).
These results demonstrate that the inhibitory effect of
mangiferin on oxidative stress damage is a very important
reason for mangiferin improving DACD.

Inflammation is frequently implicated with oxidative stress
in diabetic complications, including diabetic encephalopathy.
For example, cognitive decline in diabetic animals was usu-
ally associated with the presence of inflammation, besides
oxidative stress (Kuhad and Chopra 2007; Kuhad et al.
2009; Liu et al. 2012b). Moreover, diabetes led to the produc-
tion of pro-inflammatory cytokines such as TNF-x and IL-103,
which was medicated by the activation of NF-kB signaling,
coupled with diabetes-associated cognitive deficits (Kuhad et
al. 2009; Liu et al. 2012b). Reports showed that MG had the
ability to increase inflammation (Sena et al. 2012; Yamawaki
et al. 2008), also causing a significant increase in both tran-
script and protein expression of IL-1f3 in hippocampal neu-
rons (Di Loreto et al. 2004). Together with the above
discussion that MG has the ability to increase oxidative stress,
these indicated that the accumulation of MG was an important
source not only for oxidative stress damage but also inflam-
matory responses in diabetic brain. Plenty of evidences proved
mangiferin a potent anti-inflammatory agent (Garrido et al.
2004; Leiro et al. 2004; Marquez et al. 2012). In the current
study, the levels of IL-13 and TNF-« were dramatically
elevated in the hippocampus of diabetic rats, while mangiferin
treatment significantly prevented the elevation of IL-1(3 and
TNF-« levels. Thus, the anti-inflammatory efficacy of
mangiferin may at least be an important contribution to the
improvement of cognitive impairment.

Conclusion

The present study demonstrates that under diabetic condi-
tion, MG hyperactivity promotes protein glycation, oxida-
tive stress, and inflammation, which contributes to diabetes-
associated cognitive decline, with protein glycation as the
core of the three factors. Mangiferin can markedly amelio-
rate diabetes-associated cognitive impairment in rats, which
is done likely through enhancing the function of Glo-1, a
main detoxifying enzyme of MG, and Glo-1 may be an
action target of mangiferin.
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