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Esculin ameliorates cognitive impairment in experimental
diabetic nephropathy and induces anti-oxidative stress
and anti-inflammatory effects via the MAPK pathway
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Abstract. Esculin is a derivative of coumarin, which is
also an active ingredient of ash bark, and has antibacterial,
anti-inflammatory, anti-allergy and skin protective effects.
The underlying mechanism and protective effects of esculin
on cognitive impairment in experimental diabetic nephropathy
(DN) was investigated in the present study. Male C57BL/6J
6-week-old mice were injected intravenously with a single
dose of streptozotocin (STZ; 30 mg/kg). At 2 weeks after
the STZ injection, mice received intravenous injection with
5, 10 or 20 mg/kg esculin for 2 weeks. In the present study,
the results of the Morris water maze test demonstrated that
esculin significantly improved behavior and recognition
memory in STZ-induced diabetic rats. Furthermore, treatment
of STZ-induced diabetic rats with esculin significantly inhib-
ited tumor necrosis factor-a, interleukin-6, malondialdehyde,
monocyte chemoattractant protein-1 and intracellular adhe-
sion molecule-1 activity levels, and increased the activity of
superoxide dismutase, in the kidney, which was determined by
ELISA. In addition, esculin treatment significantly suppressed
the renal protein expression of activator protein 1, phosphory-
lated (p)-p38 mitogen activated protein kinase (MAPK) and
p-c-Jun N-terminal kinase, and increased p-extracellular
signal regulated kinase 1/2 protein expression, in STZ-induced
diabetic rats, as determined by western blotting. These results
indicate that esculin may ameliorate cognitive impairment
in experimental DN, and exert anti-oxidative stress and
anti-inflammatory effects, via the MAPK signaling pathway.
Thus, it may serve as a potential target for cognitive impair-
ment of DN in the future.
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Introduction

With the rapid development of the global economy and altera-
tions to lifestyles and diet, the prevalence of diabetes in the
population is rapidly growing. In 2008, the prevalence of
diabetes in China was 9.7%; in 2010, it was reported that the
diabetic rate had increased to 11.7% following the introduc-
tion of the glycated hemoglobin diagnostic criteria by the
Chinese Center For Disease Control And Prevention, based
on the original diagnosis of diabetes, with a total number of
~113 million cases (1). It is estimated that the total number
of patients with diabetes in China may be the highest glob-
ally. Diabetic nephropathy (DN) is a microvascular disease
caused by diabetes, which is difficult to cure and may have
a serious impact on the lives of patients (2). Research has
demonstrated that DN eventually develops into end-stage renal
disease (3).

Cognitive ability refers to the ability of an organism to
perceive the surrounding environment, which is also the basis
for addressing and resolving issues, and typically includes
memory, attention, learning ability, abstract and compre-
hensive analysis capabilities, information processing speed,
problem-solving ability and psychomotor speed (4). Impaired
cognition is considered to be the result of =1 of these aspects
being impaired, and ranges from mild cognitive impairment
to severe dementia (5). Cognitive impairment is a transitional
stage between normal aging and dementia, which is a clinical
syndrome (6). In 2010, a study demonstrated that the cogni-
tive impairment prevalence was 20.8% in the community
population of individuals >65 years old, with the total number
of affected individuals being ~23.86 million in China (7).

Oxidative stress is an important factor that leads to nerve
cell damage. Abnormally deposited Af} may induce oxidative
stress, and lead to the loss of synaptic function and hindered
neuronal metabolism, which serves a key role in the patho-
genesis of cognitive impairment (8). Following injection of
amyloid-p (AP) into the temporal lobe cortex of rats, it was
reported that the oxidative stress level was increased in brain
tissue, neurons were injured and the number of activated astro-
cytes was significantly increased (9). Additional experimental
results revealed that there is a positive association between
cognitive impairment and oxidative stress, for example, A
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deposition in the brain may lead to the generation of oxidative
stress, and oxidative stress also promotes AP deposition in the
brain, reducing its clearance rate and thereby speeding up the
progression of cognitive impairment (10).

Previous studies concerning the pathogenesis of DN
have demonstrated that multiple factors, including abnormal
gene regulation, inflammation, oxidative stress, an abnormal
endoplasmic reticulum system, accumulation of advanced
glycation end-products, polyol and activation of protease C,
are involved in the occurrence and development of diabetic
nephropathy (11,12). These processes are all inextricably asso-
ciated with the local microinflammation of the kidney (12).

Mitogen-activated protein kinases (MAPKSs) are wide-
spread in vertebrates. The MAPK signaling pathway is an
important eukaryotic signal transduction network and serves a
key role in the gene expression regulation process (13). MAPK
contains three classic subfamilies, including extracellular
regulated kinase (ERK) 1/2, p38 MAPK and c-Jun N-terminal
kinase (JNK) (13). Certain studies have revealed that the
activities of p38 MAPK and JNK are significantly increased
in kidney tissues with DN, indicating that the MAPK signaling
pathway is closely associated with DN (14,15).

Esculin is a derivative of coumarin, which is also an active
ingredient of ash bark, and has antibacterial, anti-inflammatory,
anti-allergy and skin protective effects (16,17). In addition,
esculin was reported to treat increased capillary fragility and
prevent peripheral vascular diseases (18). Esculin exhibits
various activities, including anti-inflammatory, antibacterial,
anticoagulation and analgesic effects, and has a significant
diuretic effect in mice (18). In addition, esculin inhibits aldose
reductase in the rat eye lens, serves as a growth inhibitor of
Bacillus subtilis (19). The present study aimed to determine
whether esculin may ameliorate cognitive impairment in
experimental DN and to determine the potential underlying
mechanisms.

Materials and methods

Animals, DN model and study design. Experiments were
performed in accordance with the Guide for the Care and
Use of Laboratory Animals of the First Affiliated Hospital
of Harbin Medical University (Harbin, China), and were
approved by the ethics committee of the First Affiliated
Hospital of Harbin Medical University. Male C57BL/6J
6-week-old mice (20-22 g, n=38) were obtained from the
Animal Laboratory of Harbin Medical University and housed
in cages under controlled environmental conditions (23-24°C,
55-60% humidity, 0.038% CO, and a 12 h light/dark cycle)
and allowed freely access to food and water. Following accli-
matization for one week, the mice were randomly divided into
five groups: Control (n=6), DN model (n=8), 5 mg/kg esculin
(n=8), 10 mg/kg esculin (n=8) and 20 mg/kg esculin (n=8).
Mice from the DN model group, and 5, 10 and 20 mg/kg
esculin groups, were injected intravenously with a single low
dose of streptozotocin (30 mg/kg; STZ; Sigma-Aldrich, Merck
KGaA, Darmstadt, Germany). In control group, mice were
injected intravenously with normal saline. At 2 weeks after
STZ injection, mice from the DN model group, and 5, 10
and 20 mg/kg esculin groups, were injected intravenously
with normal saline, or 5, 10 or 20 mg/kg esculin for two days
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for 2 weeks. Following this, mice were subjected to func-
tional analysis tests, such as the Morris water maze test and
assessment of biochemical and urine parameters.

Morris water maze (MWM) test. Briefly, the MWM test for mice
consisted of a stainless-steel circular tank (diameter, 90 cm;
height, 50 cm). It was painted white on the inside and a circular
platform of 9 cm in diameter was submerged 0.5-1 cm below
the surface of water (28-32°C). The tank was divided into four
quadrants and the end of each line marked four cardinal points:
North, south, east and west. The maze was placed in water at
37°C,and mice placed in it were observed. The experiment began
by lowering the animals into the pool and releasing them into
the water at water-level (not dropped) so that they were facing
and close to the side wall for 60 sec. The latency and swimming
distance were recorded. Subsequently, mice were placed on the
platform for 20 sec, and next training was performed following
60 sec of rest. This experiment was repeated six times and each
day was recorded. On day 5 of the training, the platform was
removed, and the number of crossings of the platform location
within 120 sec (crossing number) was recorded.

Assessment of biochemical parameters and urine parameters.
Serum samples were collected after centrifugation at 1,000 x g
for 10 min at 4°C to determine glucose levels (cat. no. FO06)
using ELISA KITS according to the manufacturer's protocol of
each kit (Nanjing Jiancheng Bioengineering Institute, Nanjing,
China). Urine was collected to measure urinary albumin
excretion (cat. no. C035-2) and serum creatinine (C012-1)
using ELISA KITS according to the manufacturer's protocol
of each kit (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China).

Determination of tumor necrosis factor (TNF)-a., interleukin
(IL)-6, superoxide dismutase (SOD), malondialdehyde (MDA),
monocyte chemoattractant protein (MCP)-1 and intracellular
adhesion molecule (ICAM)-1 levels. A total of 50 mg right
kidney tissue of mice was precisely weighed and normal saline
(1:9 w/v) was added to kidney tissue samples. The kidney was
homogenized and centrifuged at 6,000 x g for 10 min at 4°C.
The levels of TNF-a (cat. no. H052), IL-6 (cat. no. HO07),
SOD (cat. no. A001-1-1), MDA (cat. no. A003-1), MCP-1
(cat. no. H115) and ICAM-1 (cat. no. HO65) were measured
with ELISA kits (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China), according to the manufacturer's protocol.

Western blot analysis. A total of 50 mg right kidney tissue
of mice was precisely weighed and homogenized using
PRO-PREP Protein Extraction solution (Intron Biotechnology,
Inc., Seongnam, Korea) at 4°C for 30 min. Protein concentra-
tions were measured with BCA assay kit (Bio-Rad Laboratories
Inc., Hercules, CA, USA). Each protein sample (60-80 pg) was
loaded onto a 8-10% SDS-PAGE gel and transferred onto a poly-
vinylidene difluoride membrane (Immobilon; EMD Millipore,
Billerica, MA, USA). The membranes were blocked with 5%
skimmed milk in PBS containing 0.1% Tween-20 solution for 1 h
at room temperature. The membrane was probed with antibodies
against activator protein (AP)-1 (9165, 1:2,000; Cell Signaling
Technology, Inc., Danvers, MA, USA), phosphorylated (p)-p38
MAPK (4511, 1:1,000; Cell Signaling Technology, Inc.), p-JNK
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(9255, 1:2,000; Cell Signaling Technology, Inc.), p-ERK1/2
(4370, 1:2,000; Cell Signaling Technology Inc.) and anti-GAPDH
(5174, 1:5,000; Cell Signaling Technology Inc.) overnight at 4°C.
The membrane was subsequently incubated with goat anti-rabbit
IgG-HRP (cat. no. sc-2030, 1:5,000; Santa Cruz Biotechnology
Inc., Dallas, TX, USA) s for 1 h at room temperature, followed
by exposure to Enhanced Chemiluminescence substrate
solution kit (Santa Cruz Biotechnology Inc.) and quantified
using ImageJ-ProPlus 6.0 software (Media Cybernetics, Inc.,
Rockville, MD, USA).

Statistical analysis. All results are presented as the
mean =+ standard error of the mean using SPSS 19.0 (SPSS,
Inc., Chicago, IL, USA). Data were analyzed using one-way
or repeated measure analysis of variance followed by Tukey's
post hoc test. P<0.05 was considered to indicate a statistically
significant difference.

Results

Esculin ameliorates cognitive impairment in experimental
DN mice. A DN mouse model was generated by treatment
with STZ, and the effect of esculin on cognitive impairment
was investigated. The chemical structure of esculin is depicted
in Fig. 1. As demonstrated in Fig. 2A and B, the time of
escape latency and mean path length in DN model mice were
enhanced compared with the control group. Esculin treatment
at 10 and 20 mg/kg significantly inhibited these indices in DN
mice, compared with the DN model group (Fig. 2A and B).
Furthermore, the percentage of time spent in the target quad-
rant and the number of times crossing the platform in the DN
model group were reduced compared with the control group
(Fig. 2C and D). Esculin (10 and 20 mg/kg) significantly
increased the percentage of time spent in the target quadrant
and the number of times crossing the platform in DN mice,
compared with the DM model group (Fig. 2C and D).

Esculin ameliorates renal function in experimental diabetic
nephropathy mice. The effect of esculin on the renal function
of DN mice following treatment with STZ was determined.
In the DM model group, serum glucose, serum creatinine,
normalized kidney weight and urinary albumin excretion were
enhanced, compared with control animals (Fig. 3). Treatment
with esculin at 10 and 20 mg/kg significantly inhibited serum
glucose, serum creatinine, normalized kidney weight and
urinary albumin excretion in DN mice, compared with the DN
model group (Fig. 3).

Esculin ameliorates inflammatory reaction in experimental
DN mice. The anti-inflammatory effect of esculin in experi-
mental DN mice was investigated, and TNF-a and IL-6 levels
were measured using ELISA kits. As demonstrated in Fig. 4,
TNF-a and IL-6 levels in the DN model group were enhanced
compared with control mice. However, the levels of TNF-a
and IL-6 in DN mice were significantly attenuated following
treatment with esculin at 10 and 20 mg/kg, compared with the
DN model group (Fig. 4).

Esculin ameliorates oxidative stress in experimental DN
mice. To confirm the effect of esculin, oxidative stress in

MOLECULAR MEDICINE REPORTS 17: 7395-7402, 2018

7397

HO o xH,0
o o)
OH X
OH
HO o o
OH

Figure 1. The chemical structure of esculin.

experimental DN mice was determined. In the kidney samples,
SOD activity was significantly decreased and MDA levels
were significantly increased in the DM model compared with
control animals (Fig. 5). The inhibition of SOD activity and
increased MDA levels in DN mice were significantly reversed
by treatment with esculin at 10 and 20 mg/kg, compared with
the DN model group (Fig. 5).

Esculin ameliorates MCP-1 activity in experimental DN
mice. MCP-1 activity was measured using an ELISA kit. As
demonstrated in Fig. 6, there was a significant increase in
MCP-1 activity in the DN model group compared with control
animals. The activation of MCP-1 activity in DM mice was
significantly inhibited by treatment with esculin at 10 and
20 mg/kg, compared with the DN model group (Fig. 6).

Esculin ameliorates ICAM-1 levels in experimental DN mice.
ICAM-1 levels in experimental DN mice was determined.
There was a significant increase in ICAM-1 levels in the
DN model group compared with the control group (Fig. 7).
Treatment with esculin at 10 and 20 mg/kg significantly inhib-
ited ICAM-1 levels in DN mice, compared with the DN model

group (Fig. 7).

Esculin ameliorates AP-1, p-p38 MAPK and p-JNK protein
expression in experimental DN mice. To investigate the
effect of esculin on AP-1, p-p38 MAPK and p-JNK protein
expression in experimental DN mice, AP-1 protein expression
was detected using western blot analysis. As demonstrated
in Fig. 8, increased AP-1, p-p38 MAPK and p-JNKprotein
expression in the DN model group was observed compared
with the control group. Treatment with esculin at 10 and
20 mg/kg significantly suppressed AP-1, p-p38 MAPK and
p-JNK protein expression in DN mice, compared with the DN
model group (Fig. 8).

Esculin induces p-ERK 1/2 protein expression in experi-
mental DN mice. To further investigate the effect of esculin,
p-ERK 1/2 protein expression was measured by western blot
analysis. p-ERK 1/2 protein expression in the DN model group
was significantly suppressed compared with control group
(Fig. 9). Esculin at 10 and 20 mg/kg significantly enhanced
p-ERK 1/2 protein expression in DN mice, compared with the
DM model group (Fig. 9).

Discussion

With the acceleration of social aging, the incidence of DN
and cognitive impairment is increasing (20). The type 2
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Figure 2. Esculin ameliorates cognitive impairment in experimental DN mice. The effects of esculin on (A) escape latency, (B) mean path length, (C) percentage
of time spent in target quadrant and (D) number of times crossing platform within 60 sec in experimental DN mice. “P<0.01 vs. control group; #P<0.01 vs. DN
model group. Control, control group; DN model, DN model group; 5 Esc, 5 mg/kg esculin group; 10 Esc, 10 mg/kg esculin group; 20 Esc,20 mg/kg esculin group.
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Figure 3. Esculin ameliorates renal function in experimental DN mice. Esculin ameliorates (A) serum glucose, (B) serum creatinine, (C) kidney weight and
(D) urinary albumin excretion rate in experimental DM mice. ““P<0.01 vs. control group; “P<0.01 vs. DN model group. Control, control group; DN model,
DN model group; 5 Esc, 5 mg/kg esculin group; 10 Esc, 10 mg/kg esculin group; 20 Esc, 20 mg/kg esculin group.
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Figure 4. Esculin ameliorates inflammatory reaction in experimental DN mice. Esculin ameliorates (A) TNF-a and (B) IL-6 levels in experimental DN, as
measured by ELISA in the kidney. “P<0.01 vs. control group; “P<0.01 vs. DN model group. Control, control group; DN model, DN model group; 5 Esc,
5 mg/kg esculin group; 10 Esc, 10 mg/kg esculin group; 20 Esc, 20 mg/kg esculin group.

diabetes prevalence rate among the elderly population is
>10%, which is increasing annually in China. Diabetes and

dementia are two major diseases that affect the health of
the elderly (20). Therefore, methods for the early prevention
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Figure 6. Esculin ameliorates MCP-1 levels in experimental DN mice.
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of dementia are urgently required (21). Diabetes may cause
cognitive impairment and, with worsening progression of
the disease, it may develop into dementia. Early clinical
cognitive impairment is frequently neglected, and when it is
identified, it is usually in the acute phase of cognitive impair-
ment or dementia (22). The current treatments available are
not satisfactory, and this ultimately has a large impact on
the patients themselves, family and society (23). Therefore,
cognitive function estimation in elderly diabetes patients has
attracted increased attention from clinicians (4). In the present
study, it was demonstrated, perhaps for the first time, that
esculin ameliorated cognitive impairment and improved renal
function in experimental DN mice.

In animals, reactive oxygen species (ROS) induced oxida-
tive stress to leading to loss of cytotoxicity in different tissues,
including the brain, and may have certain benefits for cell
homeostasis (24). However, as a primary factor for the occur-
rence and deterioration of numerous diseases, including aging
and degenerative diseases of the nervous system, oxidative
stress injury is aggravated due to excessive and/or continu-
ously increased levels of ROS (25). When ROS levels become
excessive, mitochondria are also damaged. If mitochondrial
function becomes abnormal, increased ROS may be generated
and cannot be quickly cleared, which leads to the accumula-
tion of ROS in the body, thus resulting in lipid peroxidation,
protein and DNA oxidative damage, destruction of the function
and structure of biological membranes, protein denaturation,
abnormally altered function and structure of biofilm, and
DNA strand breaks and base modifications to cause mutations
or cell death (26,27). Additionally, Zheng er al (16) reported
that esculin exhibited a protective effect in adjuvant-induced
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Figure 7. Esculin ameliorates ICAM-1 levels in experimental DN mice.
“P<0.01 vs. control group; “P<0.01 vs. DN model group. Control, control
group; DN model, DN model group; 5 Esc, 5 mg/kg esculin group; 10 Esc,
10 mg/kg esculin group; 20 Esc, 20 mg/kg esculin group.

arthritic rats via attenuation of proinflammatory cytokines and
oxidative stress.

Oxidative stress may increase the generation of cytokines
by various mechanisms. Oxygenated derivatives, as secondary
messengers, activate the transcription factors nuclear
factor-kB (NF-xB) and AP-1, thus leading to the transcrip-
tion of cytokines, growth factors and protein-coding genes
in the extracellular matrix (25). NF-kB serves an important
role in the activation of glomerular mesangial cells and renal
dysfunction (28). AP-1 mediates high glucose to induce the
generation of transforming growth factor (TGF)-§ in mesan-
gial cells. When AP-1 has genetic mutations in the TGF-f§
binding sites, the high glucose-mediated TGF-f3 level will not
be increased (28). Peroxynitrite may enhance diabetic inflam-
mation as it may reduce the bioavailability of nitric oxide and
accelerate the migration of macrophages, causing the release
of inflammatory and profibrotic cytokines, further stimulating
the generation of ROS (28). Therefore, the generation of cyto-
kines induced by oxidative stress is likely to further increase
the level of oxidative stress, thus forming a vicious cycle.
Interactions between oxidative stress and different inflamma-
tory cytokines have been identified (25). The present study
demonstrated that esculin ameliorates AP-1 protein expression
in experimental DN mice.

Various types of inflammatory cells, including leucocytes,
granulocytes, monocytes and macrophages, are involved in
the progression of DN (11). Research concerning the reduction
of renal macrophage accumulation using an immunosup-
pression strategy demonstrated that inflammation enhances
the development of DN (29). In the present study, esculin
ameliorated the inflammatory reaction in experimental DN
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mice. Niu ef al (17) indicated that esculin exhibited potent
anti-inflammatory activities in lipopolysaccharide-stimulated
mice via regulation of TNF-a and IL-6 production, and the
MAPK signaling pathway.

The association between oxidative stress and MCP-1 is not
clear, and further research is required (30). It has been reported
that, in animal experimental studies, increased levels of oxida-
tive stress may lead to increased macrophage accumulation,
and improve the expression levels of [CAM-1 and MCP-1 in
type 1 diabetic kidneys (31). The oxidative stress levels in rat
mesangial cells and the levels of MCP-1 were increased (30).
MCP-1 levels in the plasma of patients with type 1 diabetes
was associated with oxidative stress in the plasma but treat-
ment with vitamin E reduced these level (30). In conclusion,
these studies indicated that oxidative stress may increase the
levels of MCP-1 expression (32). In the present study, Esculin
ameliorated MCP-1 and ICAM-1 levels in experimental
DN mice. Wang et al (19) revealed that esculin improved
dyslipidemia, inflammation responses and renal damage in
STZ-induced diabetic rats via [CAM-1.

Certain studies have demonstrated that the activation of
the MAPK signaling pathway may serve a role in the accel-
eration of the extracellular maxtrix deposition process (33). A
previous study demonstrated that the activity of MAPK was
significantly increased in DN in in vitro cultured mesangial
cells and also in renal tubular epithelial cells, which indi-
cated that the MAPK pathway may serve an important role
in the development of DN (34). Smad is the classic pathway
involved in renal fibrosis; however, it has been demonstrated
that collagen generated in human mesangial cells may
activate the MAPK/Smad pathway (35). Previous results
demonstrated that the generation of TGF-f3 was decreased
following specific blocking of the MAPK pathway, which
indicated that the generation of fibrotic cytokines and collagen
may occur via the MAPK pathway (35,36). The present
study demonstrated that esculin significantly suppressed
p-p38 MAPK and p-JNK protein expression, and increased
p-ERK1/2 protein expression, in STZ-induced diabetic
rats. Therefore, MAPK signaling may be involved in the
effect of esculin on diabetes. Additionally, Niu er al (17)
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indicated that esculin exhibited potent anti-inflammatory
effects in LPS-stimulated mice through regulation of TNF-a
and IL-6 production, and the MAPK pathway.

In conclusion, the present study demonstrated that esculin

ameliorated cognitive impairment in experimental DN, and
exhibited anti-oxidative stress and anti-inflammatory effects,
potentially via the MAPK signaling pathway. These results
may provide initial experimental evidence to support the treat-
ment of cognitive impairment in DN mice with esculin.
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