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Troxerutin attenuates cognitive decline in the hippocampus
of male diabetic rats by inhibiting NADPH oxidase
and activating the Nrf2/ARE signaling pathway
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Abstract. Diabetes-associated cognitive decline is a recently
identified a potential complication of diabetes. The present
study was designed to examine the effects of troxerutin, a
potent antioxidant, on cognitive function in rats with strepto-
zotocin-induced diabetes and to further explore the potential
underlying mechanisms. Cognitive functions were investigated
by the Morris water maze test. The malondialdehyde (MDA)
level and superoxide dismutase (SOD) activity in the hippo-
campus were assessed as the parameters of oxidative stress.
Subunits of the NADPH oxidase (NOX) expression and nuclear
factor erythroid 2-related factor 2/antioxidant responsive element
(Nrf2/ARE) signaling pathway were detected to explore the
potential underlying mechanisms. The water maze test revealed
that troxerutin significantly improved cognitive impairment in
diabetic rats. Troxerutin treatment attenuated oxidative stress in
the hippocampus of diabetic rats, as evidenced by the decreased
MDA level and the increased SOD activity. Moreover, trox-
erutin activated the Nrf2/ARE signaling pathway via Nrf2
nuclear translocation in the cells in the hippocampus of diabetic
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rats. Troxerutin elevated the expression levels of the antioxidant
enzymes, heme oxygenase-1 (HO-1) and NAD(P)H:quinone
oxidoreductase (NQOI), and decreased the expression levels
of the NOX subunits, gp91phox, p47phox and p22phox. On
the whole, these findings demonstrate that troxerutin exerts
neuroprotective effects against diabetes-associated cognitive
decline by suppressing oxidative stress in the hippocampus of
rats with streptozotocin-induced diabetes. Troxerutin may thus
prove to be a potential therapeutic medicine for the treatment of
diabetes-associated cognitive decline.

Introduction

Diabetes mellitus is a common chronic endocrine disorder
characterized by hyperglycemia, resulting from insulin resis-
tance or insufficiency. Currently, it is estimated that there
are 382 million individuals with diabetes worldwide, which
is predicted to increase by 55% by 2035 (1). Recently, cogni-
tive impairment was identified as a potential complication of
diabetes and a major pathway developing into dementia (2).
Mijnhout et al proposed a specific term diabetes encepha-
lopathy to clarify the characteristics of this disorder (3).

The exact pathophysiology of diabetic encephalopathy is not
yet completely understood. However, it is likely that vascular
disease, hypoglycemia, insulin resistance and hyperglycemia
play significant roles in the development of diabetic encepha-
lopathy (4). Previous studies by the authors have demonstrated
that the hippocampus in a diabetes model manifests dysfunction
in modulating inflammation, oxidative response and synaptic
plasticity (5-7). The direct glucose toxicity caused by hyper-
glycemia in neurons is mainly due to increased intracellular
glucose oxidation, which leads to the excessive production
of free radicals (8,9). Oxidative stress has been implicated in
the development of diabetic complications, including diabetic
retinopathy, nephropathy, peripheral neuropathy, and cardiovas-
cular disease (10-13). Due to the high requirement of oxygen and
the existence of abundant unsaturated lipids, the brain is vulner-
able to free radical attacks, which leads to neuronal cell death,
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autophagy and inflammation (14,15). A substantial amount of
evidence has revealed that enhanced oxidative stress in types 1
and 2 diabetes mediates diabetic neuropathy and cognitive
deficits (16-19). Nicotinamide adenine dinucleotidephosphate
(NADPH) oxidase is a major source of superoxide, which is
a precursor of reactive oxygen species (ROS) (20). Increased
NADPH oxidase (NOX) activity underlines the free radical
overproduction in oxidative stress (21). The major mechanism
of cells combating oxidative injury is the management of the
nuclear factor erythroid 2-related factor 2/antioxidant respon-
sive element (Nrf2/ARE) signaling pathway, which regulates
the transcription and expression of multiple phase II antioxidant
enzymes, including heme oxygenase-1 (HO-1) and NAD(P)H:
Quinone oxidoreductase-1 (NQOL1) (22).

Troxerutin, a trihydroxyethylated derivative of the natural
bioflavonoid, rutin, is extracted from Sophora japonica. It
has previously been demonstrated that troxerutin possesses
a variety of beneficial activities, including antioxidant,
anti-inflammatory and anti-thrombotic abilities (23). Moreover,
troxerutin has been shown to exert a protective effect against
D-gal-induced inflammation in diabetic cardiomyopathy (24).
Studies on the protective effects of troxerutin against oxidative
stress-induced diabetes-associated cognitive decline are rare.
The present study aimed to i) explore the protective effects
of troxerutin on cognitive decline in rats with streptozotocin
(STZ)-induced diabetes; ii) investigate the link between
troxerutin treatment and oxidative stress in the hippocampus;
and iii) determine the role of NOX activity and the Nrf2/ARE
signaling pathway in balancing cell homeostasis.

Materials and methods

Animals. A total of 50 male specific-pathogen free (SPF)
Sprague-Dawley rats (weighing, 150-170 g) at the age of
10 weeks, were purchased from Beijing Vital River Laboratory
Animal Technology. The justification of male rats was based
on the relatively longer distance between the urethral orifice
and genitals compared with female rats. The animals were
housed in individual cages under a controlled environment
(12:12 h day/night cycle; temperature, 22+1°C) with free access
to food and water. All experimental procedures followed
the Guide for the Care and Use of Laboratory Animals. All
protocols for animal treatment were approved by the Animal
Ethics Committee of Hebei Medical University. The animals
were allowed to acclimatize to the laboratory conditions for
2 weeks prior to the experiment.

Drugs. Troxerutin was purchased from Shanghai Jingchun
Biotechnology Co., Ltd. a-lipoic acid (LA) was purchased
from Stada Arzneimittel AG.

Experimental design. The rat model of diabetes was established
by a single intraperitoneal injection of STZ (Sigma-Aldrich;
Merck) at doses of 60 mg/kg for 12-h fasted rats at the age of
12 weeks. STZ is a glucosamine-nitrosourea compound and
alkylating agent that is particularly toxic to islet f-cells. STZ
is widely used to induce type 1 diabetes in mice or rats by
using a large dose on an empty stomach. A single intravenous
injection of STZ into fasted rats at dose of 50-75 mg/kg body
weight will cause the necrosis of 3-cells followed by B-cell
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loss and the atrophy of islets (25). It will then lead to a decrease
in insulin levels, hyperglycemia and an increase in serum
free-fatty acids. STZ was dissolved in 0.1 mmol/l sodium
citrate buffer (pH 4.4). The rats in the normal control group
received an intraperitoneal injection of sodium citrate buffer.
The blood glucose levels of the caudal vein were measured
after 72 h using a portable glucose meter (ACCU-CHEK
Performa, Roche Diagnostics). The rat model of diabetes
was successfully established once the blood glucose levels
exceeded 16.7 mmol/l for 2 consecutive days. Body weight and
fasting blood glucose (FBG) levels of the rats were recorded
once each week. At 4 weeks after the STZ injection, 40 rats
with diabetic cognitive dysfunction and 10 normal control rats
were well prepared and evaluated.

The diabetic rats were randomly divided into 4 groups
(n=10 in each group) as follows: i) The diabetes control group
(DC group), in which diabetic rats were left without any treat-
ment; ii) diabetes and saline-treated group (DN group), in
which diabetic rats were intraperitoneally injected with saline;
iii) diabetes with LA treatment group (DL group), in which
diabetic rats were injected intraperitoneally with LA at doses
of 60 mg/kg/day; iv) diabetes with troxerutin treatment group
(DT group), in which diabetic rats were injected intraperito-
neally with troxerutin at doses of 150 mg/kg/day. Moreover,
the normal control rats were injected intraperitoneally with
physical saline at the same volume as the NC group (n=10).
The treatment was administered once a day for 6 weeks.

Morris water maze test. Spatial learning and memory in each
group were analyzed using the Morris water maze for 5 consec-
utive days following the 6-week intervention. The Morris water
maze test is a convenient and classical method with which
to assess cognitive function in rodents. The apparatus was
composed of a circular water pool (150 cm in diameter and
60 cm high), containing various prominent visual cues, with
opaque water kept at 24-26°C. A transparent platform was
hidden 1 cm below the water surface in one quadrant. For each
trial, the latency to escape from water of each rat was calculated.
A probe test, in which the hidden platform was removed, was
conducted after the last trial on training day 5. The probe test
was performed and the rats were allowed to swim freely for
60 sec with the platform absent. The time spent in the target
quadrant and the times of platform crossing were measured. All
data were recorded using a visual tracking system (SuperMaze
software, Shanghai Xinruan Information Technology, Co., Ltd.).

Biochemical analysis. Rats were sacrificed following anesthesia
with 10% chloral hydrate (300 mg/kg, intraperitoneal injection).
The rats were anaesthetized within 5 min after the chloral
hydrate intraperitoneal injection. The anesthetized states of the
rats were evaluated by the reaction of rats to external stimuli,
such as clamping the root of the rat's tail. There were no signs
of peritonitis, pain or discomfort following the intraperitoneal
injection. The rats were then sacrificed by intracardiac puncture.
The death of rats was confirmed by cardiac arrest. The brains
of the rats were carefully and rapidly removed and washed
with cold physiological saline. The hippocampus was immedi-
ately separated from the cerebrum on an iced plate and then
stored at -80°C for use in subsequent experiments. The hippo-
campal tissue was made into a tissue homogenate in ice-cold
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Table I. Primers used for RT-qPCR.
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Gene name Forward (5') primer Reverse (3') primer

gp91phox 5'-CCTAAGATAGCGGTTGATGG-3' 5'-GACTTGAGAATGGATGCGAA-3'
p47phox 5'-GTCAGATGAAAGCAAAGCGA-3 5'-CATAGTTGGGCTCAGGGTCT-3'
p22phox 5'-TCTGGGAGCAACACCTTGGAAAC-3' 5'-AGAAGCCAAGTGAGGCCGAAGAG-3'
Nrf2 5'-GCGGCAACTTTATTCTTCCCTCT-3' 5-AGTCCCATTCACAAAAGACAAACA-3
HO1 5'-GAAACAAGCAGAACCCAGTCTATG-3' 5'-CAGCAGCTCAGGATGAGTACCTC-3'
NQO1 5'-CTGTGACAGCAAAATGAACGAGG-3' 5'-ATAGCAACAAGTGGGTGGAGGAT-3'
[(-actin 5'-GGCATGGACTGTGGTCATGA-3' 5'-TTCACCACCATGGAGAAGGC-3'

Nrf2, the nuclear factor-E2-related factor-2; HO1, heme oxygenase-1; NQO1, NAD(P)H:quinone oxidoreductase.

physiological saline solution, and centrifuged (1,000 x g, 4°C,
10 min) to remove particulates. The obtained supernatant was
assayed. Superoxide dismutase (SOD) activity, and the malondi-
aldehyde (MDA) and glutathione (GSH) levels were measured
using a SOD Activity Assay kit, MDA assay kit and GSH assay
kit supplied by Nanjing Jiancheng Bio-engineering according to
the manufacturer's instructions.

Reverse transcription-quantitative PCR. Total RNA was
isolated from the hippocampal tissues using TRIzol reagent
(Invitrogen; Thermo Fisher Scientific, Inc.) and reverse
transcribed into cDNA using the Takara RNA PCR kit
(AMYV) (Takara Biotechnology Co., Ltd.). Specific primers
for the target transcripts listed in Table I were synthesized
(Invitrogen; Thermo Fisher Scientific, Inc.). mRNA expres-
sion was quantified using the SYBR-Green PCR kit (SYBR®
Premix Ex Taq™ II; Takara Biotechnology Co., Ltd.). The
real-time detection was performed using the ABI prism 7900
RT-PCR System (Applied Biosystems). The results were
normalized to the [3-actin expression levels and the quantities
of gene expression were calculated by the 2224 method (26).
All experiments were performed in triplicate. The primers of
the target genes are listed in Table I.

Western blot analysis. Hippocampal samples (100 mg) were
homogenized and lysed on ice with cell lysis buffer (Ding
Changsheng Biotechnology). The homogenates were centri-
fuged at 2,000 x g or 5 min at 4°C. The supernatants were then
collected. Nuclear extraction reagent (Pierce; Thermo Fisher
Scientific, Inc.) was used for the separation of the cytosolic
extract (cytosol) and nuclear extract (nucleus). The protein
concentration was determined using the Bradford assay (Pierce;
Thermo Fisher Scientific, Inc.). Equal amounts of protein (20 ug)
were separated by 12% SDS-polyacrylamide gel electrophoresis,
and transferred onto PVDF membranes. The membranes were
blocked with 5% non-fat milk for 2 h and incubated overnight
at 4°C with primary antibodies (rabbit anti-HO-1, Epitomics, cat.
no. 2322-1, 1:800; anti-gp91phox, Santa Cruz Biotechnology,
Inc., cat. no. sc-130543, 1:500; anti-p47phox, EMD Millipore,
cat. no. 07-502, 1:500; anti-p22phox, Santa Cruz Biotechnology,
Inc., cat. no. sc-130550, 1:200; anti-NQOI, Epitomics, cat.
no. 2558-1, 1:1,000; anti-Nrf2, Epitomics, cat. no. 2178-1, 1:500;
anti-p-actin, Santa Cruz Biotechnology, Inc., cat. no. sc-69879,
1:2,000; anti-histone H3, Santa Cruz Biotechnology, Inc., cat.

Table II. Effects of troxerutin on body weights and blood
glucose levels in diabetic rats.

Fasting blood
Group Body weight (g) glucose levels (mmol/l)
NC 383.56+12.14 7.63£0.24
DC 268.67+8.41* 28.29+0.88"
DN 244.10+4.38* 29.25+1.01*
DL 263.72+6.74* 30.54+0.84*
DT 252.21+10.14 27.77+1.05*

NC, normal control; DC, diabetic control; DN, diabetic + normal
saline-treated; DL, diabetic + LA-treated; DT, diabetic + trox-
erutin-treated. *P<0.05 vs. NC group (n=10, mean + SD).

no. sc-517576, 1:1,000). The membranes were then incubated
with goat anti-rabbit secondary antibody conjugated with
horseradish peroxidase (cat. no. 7074, 1:15,000; Cell Signaling
Technology, Inc.) for 1 h at room temperature. Immunoreactive
proteins were detected using enhanced chemiluminescence
(Applygen Technologies Inc.). The quantification of the detected
bands was performed using ImageJ software 3.0 (NIH). The
data were standardized using 3-actin (internal control of cyto-
solic protein) or histone H3 (internal control of nuclear protein).

Statistical analysis. All data are expressed as the means + SD.
The data of the Morris water maze were analyzed by repeated
measures ANOVA and Tukey's test as the post hoc test. The
other data were analyzed by one-way ANOVA followed by
the Tukey's test. All statistical analyses were performed using
SPSS 23 software (SPSS, Inc.). A P-value <0.05 was consid-
ered to indicate a statistically significant difference.

Results

Effects of troxerutin on body weight and blood glucose
level. Movement, drinking, eating, urine volume and the fur
color of the NC rats were normal. By contrast, the diabetic
rats exhibited polyuria, polydipsia, weight loss and a dull
fur color. As shown in Table II, hyperglycemia persisted in
the diabetic rats after the STZ injection. The rats in the DC
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Figure 1. Effects of troxerutin treatment on (A) escape latency and (B) swimming speed in the water maze test, and (C) times of crossing the platform area, as
well as (D) the percentage of time spent in target quadrant during the probe trial of rats with STZ-induced diabetes. (E) Morris water maze path of each group.
Data are presented as the means + SD, n=10. P<0.01 compared to NC group; "P<0.05 compared to NC; *P<0.05 compared to DC group. STZ, streptozotocin;
NC group, normal blood glucose control rats; DC group, diabetic rats without any treatment; DN group, diabetes with saline treated group; DL group, diabetes

with LA treated groups; DT group, diabetes with troxerutin treated group.

group was characterized by significantly increased FBG
levels and a reduced body weight compared with those in
the NC group (F, 45=130.22, P<0.05; F, 45=33.59, P<0.05).
The other diabetic groups exhibited no statistically signifi-
cant differences in FBG and body weight compared with
the DC group (P>0.05). Thus, troxerutin and LA treatment
had no marked effect on the FBG level and body weight of
the diabetic rats.

Effects of troxerutin on diabetes-induced cognitive deficits.
Repeated measures ANOVA was used to compare the data
between each group (Fig. 1A). The escape latency of DC
and DN group increased significantly compared with the NC
group (P<0.01). The escape latency of the DT and DL group
decreased significantly compared with the DC group (P<0.05).
No significant differences were observed in escape latency
between the rats treated with troxerutin and LA (P>0.05).
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Figure 2. Effects of troxerutin treatment on (A) MDA levels, (B) SOD activities and (C) GSH concentration in the hippocampus of rats with STZ-induced
diabetes. Data are presented as the means = SD, n=3. “P<0.01 compared to NC group; #P<0.01 compared to DC group. STZ, streptozotocin; NC group, normal
blood glucose control rats; DC group, diabetic rats without any treatment; DN group, diabetes with saline treated group; DL group, diabetes with LA treated
groups; DT group, diabetes with troxerutin treated group; MDA, malondialdehyde; SOD, superoxide dismutase; GSH, glutathione.

In a probe trial of the water maze test, the times of crossing
the platform area (Fig. 1C) and percentage of time spent in
the target quadrant (Fig. 1D) were significantly decreased in
the DC rats compared with the NC rats. These performances
were significantly improved by troxerutin or LA treatment
(Fy45=21.74, P<0.05; F445=129.46, P<0.05 respectively), with
no significant differences observed between the DT and DL
groups (P>0.05). No significant differences were also observed
in the swimming speed among the 5 groups (P>0.05, Fig. 1B),
indicating that the motor deficits of rats did no contribute to
the differences in escape latency, times of crossing and time
spent in the target quadrant.

Effects of troxerutin on oxidative stress markers in the hippo-
campus of diabetic rats. As shown in Fig. 2, an increased
SOD activity (F,,5=427.22, P<0.01) and GSH concentration
(Fy25=74.25, P<0.01), alongside reduced MDA (F, ,5,=189.12,
P<0.01) levels were observed in the DL and DT groups,
compared with the DC and DN groups.

Effects of troxerutin on the expression of NOX subunits in
the hippocampus of diabetic rats. RT-qPCR and western blot
analysis were performed to measure the expression of NOX
subunits in the hippocampus, including gp91phox, p47phox and
p22phox. As illustrated in Fig. 3E-G, STZ-induced diabetes
increased the mRNA expression of gp91phox, p47phox and
p22phox in the DC and DN groups, while troxerutin treat-
ment attenuated the augmentation of gp91phox, p47phox and
p22phox expression in the diabetic rats (F, ,5=12.18, P<0.01;

F.5=7.44, P<0.05; F ,5=137.25, P=0.01, respectively). In
addition, the cytosolic protein fractions of gp91phox, p47phox
and p22phox were significantly increased in the diabetic
groups. Following troxerutin treatment, all these levels were
decreased compared with the samples from the DC group
(Fu.25=55.50, P<0.01; F,,5=6.59, P<0.05; F,,5=60.58,
P<0.01) (Fig. 3A-D).

Effects of troxerutin on the Nrf2/ARE signaling pathway
in the hippocampus of diabetic rats. To determine the
effects of troxerutin on the activation of the Nrf2/ARE
signaling pathway in the model of diabetes-induced cogni-
tive deficits, the hippocampal expression levels of Nrf2 and
two well-known downstream phase II antioxidant enzymes,
HO-1 and NQOI, were measured by western blot analsyis
and RT-qPCR. As illustrated in Fig. 4H and I, STZ-induced
diabetes significantly decreased the NQO1 and HO-1 mRNA
expression levels. Troxerutin treatment resulted in a noticeably
increased mRNA expression of NQOI1 and HO-1 compared
with the DC group (F,,5=72.53, P<0.01; F ,5=6.95, P<0.05,
respectively).

As regards the cytosolic protein fractions, the NQOI
and HO-1 levels were markedly decreased in the DC group
compared with those in the NC group. Troxerutin resulted in
noticeably increased cytosolic protein fractions of NQOI and
HO-1 compared with those in the DC group (F,,5=86.86,
P<0.01; F, ,5,=96, P<0.01) (Fig. 4A, E and F).

In addition, STZ-induced diabetes significantly inhibited
the nuclear translocation of Nrf2. This inhibitory effect of
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Figure 3. Effects of troxerutin treatment on the expression levels of NOX subunits in rats with STZ-induced diabetes. (A) Representative western blot for
gp91phox, p47phox and p22ohox in the cytosolic protein fraction of hippocampal tissue. $-actin was used as a loading control. (B-D) The relative protein
expression levels of NOX subunits are expressed as the ratio to B-actin. (E-G) Relative mRNA levels of NOX subunits. Experiments were performed on
3 independent hippocampal preparations (n=3). "P<0.05 compared to NC; #P<0.01 compared to NC; *P<0.05 compared to DC; #P<0.01 compared to DC group.
STZ, streptozotocin; NC group, normal blood glucose control rats; DC group, diabetic rats without any treatment; DN group, diabetes with saline treated
group; DL group, diabetes with LA treated groups; DT group, diabetes with troxerutin treated group; MDA, malondialdehyde; SOD, superoxide dismutase;

GSH, glutathione.

Nrf2 was reversed by troxerutin. Consistent with the changes
observed in Nrf2 cytosolic and nuclear protein expression
(Fy15=52.35, P<0.01; F, ,5=159.36, P<0.01) (Fig. 4A-D), the
mRNA level of Nrf2 was markedly increased in the DT group
compared with the DC group (F, ,5,=69.62, P<0.01) (Fig. 4G).
These results collectively demonstrate that troxerutin plays a
protective role in the suppression of oxidative stress via the
regulation of Nrf2/ARE signaling pathway. In Fig. 5, the sche-
matic diagram demonstrates the mechanism of troxerutin in
relieving the oxidative stress in hippocampus of diabetic rats.

Discussion

Diabetes mellitus is associated with an increased risk of
dementia (2). The diabetes- associated cognitive decline is
an increasing complication of diabetes (27). Accumulating
studies have indicated that oxidative stress and inflammation
response induced by chronic hyperglycemia can trigger the
degenerative pathways leading to diabetes-associated cognitive
decline (11,19,28,29). In the present study, it was demonstrated
that troxerutin exerted protective effects against cognitive

impairment in rats with STZ-induced diabetes. The rats with
STZ-induced diabetes exhibited typically increased blood
glucose levels and a decreased body weight, as well as cognitive
decline at the age of 22 weeks. Troxerutin treatment alleviated
diabetes-induced oxidative damage, learning and memory loss
in the hippocampus. At the molecular level, the administration
of troxerutin reduced the activity of NOX, which is a major
source of ROS. Moreover, it also demonstrated that troxerutin
enhanced the Nrf2/ARE signaling pathway in hippocampus of
STZ-induced diabetic rats, regulating the expression of HO-1
and NQOI.

LA(1,2-dithiolane-3-pentanoic) is a natural dithiol
compound synthesized from octanoic acid, which has been
reported to have antioxidant activities. It is also a potent
antioxidant inhibiting ROS-induced damaging effects. The
present study selected LA as a positive control for its ability to
scavenge ROS (30). The selection of troxerutin was based on
its outstanding pharmacological potentials in cardiovascular
disease and cognitive deficits (24,31-33). Its role in protecting
against diabetes-associated cognitive decline, however, remains
unclear. It is well known that the Morris water maze is a gold



INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 46: 1239-1248, 2020

. o
A Cytosol fraction D §
5 2.0
Nrfo | — — — —— — g€15
.a E .
o c
HO-1 !ﬁ" g510
89
NQOT| W e (| oy e g 00
= o
B-actin — e s —

NC DC DN DL DT 3
I 15
Es
. cT
Nuclear fraction 23210
B §c
o)
Nro | — — . —— g' ‘é’ 0.5
P o
His | # I oy s ey e 5 0.0
: o
NC DCc DN DL DT
5
[%]

C 2520 Fz 15
59 S5
§c1s §210
(7] ac
g 210 oz
5o 2205
3905 33
ez 2
£ 00 g 00
T NC DC DN DL DT [

o @

NC DC DN DL DT

NC DC DN DL DT

NC DC DN DL DT

1245

G

N
o th o

RNA (fold)

E05

o
=]

Relative expression of Nrf2

NC DC DN DL DT

Relative expression of HO-1
mRNA (fold)

0
NC DC DN DL DT

-
w

-
[=]

mRNA (fold)
o
(4]

o
o

NC DC DN DL DT

Relative expression of NQO1
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“P<0.05 compared to NC; “P<0.01 compared to NC; “P<0.05 compared to DC; #P<0.01 compared to DC group. NC group, normal blood glucose control rats;
DC group, diabetic rats without any treatment; DN group, diabetes with saline treated group; DL group, diabetes with LA treated groups; DT group, diabetes
with troxerutin treated group; MDA, malondialdehyde; SOD, superoxide dismutase; GSH, glutathione.

criterion for spatial learning and memory in rodents (34). In
the present study, an increased escape latency, decreased times
of crossing the platform area and the percentage of time spent
in the target quadrant suggested that diabetes significantly
impaired learning and memory performance, which is consis-
tent with the findings of previous studies (23,35). It was found
that troxerutin treatment significantly improved the cognitive
function of diabetic rats.

The elevation of the MDA level was assessed as an index
for lipid peroxidation-induced oxidative damage. In addition,
the activity of the antioxidant enzyme, SOD, was measured to
evaluate the antioxidant response in hippocampus of diabetic rats.
GSH is a major component of redox regulation. It has been shown
in a previous study that the GSH concentration in the hippo-
campus of STZ-treated rats is reduced at hyperglycemia, but is
normalized upon acute glycemic restoration to control levels (36).

In the present study, the increase in the MDA levels
together with a decrease in SOD and GSH levels suggest that
chronic hyperglycemia induced cognitive impairment through
oxidative stress occurring in the hippocampus. Troxerutin
decreased the MDA level, and increased SOD activity and the
GSH level in the hippocampus of diabetic rats. Consequently,
it ameliorated the diabetes-associated cognitive decline by
reducing oxidative stress and enhancing antioxidant defenses
in the hippocampus. Notably, LA exerted more potent

suppressive effects on the MDA level, which is consistent with
the findings of previous studies on the effects of LA on lipid
peroxidation (30,37).

NOX is a prooxidant enzyme that catalyzes the oxidation
of NADPH, playing an important role in generating super-
oxide, particularly in neuronal pathologies. Indeed, previous
studies have demonstrated that superoxide production by NOX
underlies cognitive impairment following cerebral ischemia
and traumatic brain injury (38,39). NOX consists of membrane
subunit proteins (p22phox and gp91phox) and cytosolic subunit
proteins (p47phox, p67phox, p40phox). The cytosolic subunit
proteins were significantly elevated with the progression of
Alzheimer's disease (40). The increased expression of NOX
membrane subunit p22phox underlies long-term memory loss
induced by ROS overproduction in anesthetic exposure (41).
Moreover, the knockdown of NOX subunit p47phox has been
shown to increase spatial learning and memory in mice (42).
The findings of the present study are in agreement with those
of previous studies, demonstrating that troxerutin exerts anti-
oxidant effects by reducing gp91phox, p47phox and p22phox
expression levels in the hippocampus of diabetic rats. These
data indicated that the upregulation of NOX in the hippo-
campus and the increase in NOX-associated redox pathways
may participate in the early pathogenesis and contribute to the
progression of diabetes-associated cognitive decline.
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Figure 5. Schematic diagram illustrating the protective effects of troxerutin against diabetes-induced cognitive impairment and oxidative stress in the rat
hippocampus. NADPH, nicotinamide adenine dinucleotide phosphate; ROS, reactive oxygen species; Nrf2, the nuclear factor-E2-related factor-2; HO1, heme
oxygenase-1; NQO1, NAD(P)H:quinone oxidoreductase; ARE, antioxidant response element; Keapl, kelch-like ECH associating protein 1.

The Nrf2/ARE signaling pathway plays a key role in
regulating transcription of the genes encoding endogenous
antioxidant enzymes, such as NO-1, NQOI and SOD (43).
The present study demonstrated that the intracellular Nrf2
mRNA and protein levels in hippocampus increased with
troxerutin followed STZ-induced hyperglycemia. When cells
are exposed to free radicals, Nrf2 disassociates from its cyto-
solic inhibitor, Keap-1 and translocates to the nucleus, where it
combines with the ARE (the promoter region of many phase II
enzymes) (44-46). The results indicated that increased nuclear
Nrf2 protein along with elevated HO-1 and NQOI1 expression
may be the underlying mechanism of troxerutin mitigating
diabetes-associated cognitive decline.

Additionally, it was found LA treatment exerted more
porent effects on promoting Nrf2 transcription and nuclear
translocation. Although the diabetic rats benefited more
from LA treatment, no statistically significant differences
were observed in spatial learning and memory performances
between the LA- and troxerutin-treated diabetic rats. This
may due to other biological activities of troxerutin, such
as anti-inflammatory, anti-thrombotic and anti-fibrinolytic
effects.

In conclusion, the present study demonstrates that trox-
erutin prevents diabetes-associated cognitive decline in rats
with STZ-induced diabetes by suppressing oxidative stress
through the inhibition of NOX and the Nrf2/ARE signaling
pathway. However, the present study only performed experi-
ments on an animal model. The precise conclusions drawn

warrant further verification in in vitro cell experiments. These
findings however suggest that troxerutin may have therapeutic
potential for use in protecting against cognitive dysfunction
resulting from diabetes. Further studies are required to explore
the interaction between NOX and the Nrf2/ARE signaling
pathway.
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