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Chicoric acid, a nutritional component found in the Mediterranean vegetable chicory, possesses multiple

biological properties including antioxidant activities, anti-obesity effects, anti-HIV, and others. However,

there have been very few studies of its effects to counter oxidative stress-induced cognitive loss. To

address this, the goal of this study was to investigate the effects of chicoric acid on oxidative stress

induced both in the brain of C57BL/6J mice and in SH-SY5Y cells. The C57BL/6J mice induced by D-

galactose (D-gal; 300 mg kg�1 d�1 body weight, intraperitoneal injection for 2 months) and SH-SY5Y

cells induced by H2O2 were used to evaluate protective effects of chicoric acid (100 mg kg�1 d�1 body

weight in drinking water for 8 weeks). The learning and memory abilities were assessed using the Y-

maze and Morris maze tests. Chicoric acid attenuated neuron damage in D-gal-treated mice as revealed

through histological examination in the hippocampus region of the mouse brain. The levels of

inflammatory mediators, such as TNF-a and IL-1b, as well as malondialdehyde levels, were markedly

reduced after chicoric acid treatment. In contrast, the activity of CAT and the level of GSH were

significantly elevated in serum by chicoric acid. The results also revealed that chicoric acid treatment

noticeably activated the Nrf2 antioxidative defense system by up-regulation of downstream antioxidant

enzyme expression both in the animal and the cell models. The chicoric acid regulation mechanism may

be associated with balancing cellular redox status, reversing mitochondrial dysfunction, decreasing

inflammation, and neuron apoptosis caused by oxidative stress. These results suggested that chicoric

acid supplementation ameliorated cognitive impairment induced by D-gal and SH-SY5Y cell apoptosis

induced by H2O2 via promotion of the Keap1/Nrf2 signal pathway and its downstream antioxidant

enzymes, indicating that chicoric acid has great potential for use as part of a nutritional preventive

strategy to counter oxidative stress-related cognitive impairment.
1. Introduction

Over the past two decades, oxidative stress has been identied
as a pivotal mediator in neurodegenerative disease and in the
normal aging process.1–3 Studies have described the reactive
oxygen species (ROS)-induced oxidative modication of
biomolecules, such as cellular lipids, proteins, or DNA damage,
which impairs normal cellular activity. These modications
deregulate the homeostatic system of neurons, ultimately
leading to neuronal cell death in several neurodegenerative
disorders,4,5 including Alzheimer's disease (AD), Parkinson's
disease (PD) and amyotrophic lateral sclerosis (Lou Gehrig's
disease). Thus, the pathogenesis of many neurodegenerative
diseases is thought to be associated with oxidative stress owing
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hemistry 2017
to the accumulation of ROS. These ROS effects on neuronal
deregulation factors also contribute to the pathology of stroke,6

characterized by hippocampal neurogenesis impairments,
decits in cognitive function, and difficulties remembering
newly acquired information.7,8

A major mechanism in the cellular defense against oxidative
stress is activation of the Nrf2-antioxidant response element
signaling pathway, which controls the expression of genes
whose protein products are involved in the detoxication and
elimination of reactive oxidants by enhancing cellular antioxi-
dant capacity.9 The redox-sensitive transcription factor nuclear
factor erythroid 2 p45 (NF-E2)-related factor (Nrf2) upregulates
peroxiredoxins and phase II detoxication enzymes,10 including
hemeoxygenase-1 (HO-1), NAD(P)H:quinone oxidoreductase-1
(NQO1), and thioredoxins (Trxs), as well as antioxidant
enzymes, including superoxide dismutase (SOD), glutathione
peroxidase (GPx), and catalase (CAT). Thus Nrf2 exerts a variety
of cytoprotection effects, including anti-inammatory response
and anti-carcinogenicity.11
RSC Adv., 2017, 7, 36149–36162 | 36149
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Preclinical and clinical studies using in vitro and in vivo
models suggest that dietary supplementation with natural
antioxidants, such as polyphenols, exerts potent neuro-
protective effects, relieving brain aging and neurodegenerative
diseases.12–15 Polyphenols contain one or more phenol groups.
For instance, phenolic acids hold one carboxylic acid function
and two different carbon frameworks, giving rise to the
hydroxycinnamic (e.g., p-coumaric, caffeic, ferulic, and sinapic
acids) and hydroxybenzoic structures.16 Their structure greatly
enhances the antioxidant activity. Flavonoids are, therefore,
particularly potent antioxidants.17 Chlorogenic acid and caffeic
acid have been reported to scavenge superoxide anion free
radicals in vitro.18 Caffeic acid signicantly reduced glutathione
depletion and inhibited lipid peroxidation during tert-butyl
hydroperoxide treatment in U937 human monocytic cells.19

Studies have also found that rutin increased the GSH/GSSG
ratio and SOD activity and reduced GSSG and MDA levels in
AD transgenic mice.20 Chicoric acid is a natural dicaffeyltartaric
acid and is found in a large number of edible plants and vege-
tables, including the Mediterranean vegetable chicory, Cicho-
rium intybus L., dandelion, basil, iceberg lettuce, Echinacea
purpurea, and Orthosiphon stamineus Benth.21–26 Chicoric acid
has strong free radical scavenging and antioxidant activities.27–29

Our previous study reported that chicoric acid and, to a lesser
extent, its metabolites, caffeic acid and caaric acid, inhibited
DPPHc, cOH, and ABTSc+ free radicals.30 A recent study found
that chicoric acid could signicantly inhibit obesity induced by
a high fat diet in C57BL/6J mice by enhancing the body's anti-
oxidant defense system.31 Liu et al. illustrated that chicoric acid
attenuated inammatory responses via redox-sensitive
signaling, including Nrf2 pathways in LPS-stimulated neuro-
inammation in BV2 microglial cells.32 They also illustrated
that chicoric acid could alleviate systemic inammation-
induced amyloidogenesis and cognitive decits by preventing
neuron damage, suppressing glia activation, and down-
regulating inammatory responses in CNS.33 In addition,
chicoric acid was shown to distribute rapidly in various tissues
aer gavage administration and was able to cross the blood–
brain barrier.34 Based on these signicant conclusions, we
hypothesized that chicoric acid has great potential as part of
a nutritional preventive strategy to inhibit oxidative stress-
induced aging-/AD-related cognitive impairment in the brain.

Therefore, the aim of this study was to evaluate the effects of
chicoric acid on oxidative stress in vivo and in vitro by: (a)
investigating the effects of chicoric acid on cognitive decits
and neuron damage; (b) determining effects of chicoric acid on
D-gal-elicited redox status imbalance including inammatory
cytokine generation and on effects on the levels of antioxidant
enzymes in mice brain; and (c) examining effects of chicoric
acid on H2O2-induced SH-SY5Y cell viability and mitochondria
function through regulation of the Keap1/Nrf2 antioxidative
defense signaling pathway. This study should improve our
understanding of the inhibitory effects of chicoric acid on
cognitive impairment induced by D-galactose, clarify its anti-
oxidant mechanisms, and provide the scientic basis for the
design and development of promising functional foods and
formulations based on chicoric acid to prevent oxidative stress-
36150 | RSC Adv., 2017, 7, 36149–36162
induced memory impairment. Fig. 8 illustrates the effects of
chicoric acid on neuroprotection against D-gal-induced memory
impairment via inammation and oxidative stress.
2. Materials and methods
2.1. Animals and treatments

Two-month-old male C57BL/6J mice were purchased from Bei-
jing Vital River Laboratory Animal Technology Company (Beijing,
China) and maintained in the animal facility under standard
conditions (temperature 22 � 2 �C, 12/12 h light–dark cycle, and
humidity 50 � 15%) with food provided ad libitum. Aer one
week of adaptation, mice were randomly divided into three
groups (n ¼ 10/group): (1) control group (vehicle control): phys-
iological saline (intraperitoneally injected, i.p.) + puried water
without chicoric acid; (2) D-gal group: D-gal (i.p.) + puried water
without chicoric acid; or (3) D-gal + chicoric acid group: D-gal (i.p.)
+ chicoric acid (100 mg per kg per day in drinking water). The
concentration of chicoric acid (purity $ 98%) (Fig. 1A),
purchased from Weikeqi Biological Technology Co., Ltd
(Sichuan, China), was 100 mg kg�1 for the in vivo experiments
based on previous studies.35 Mice in the D-gal group and the D-gal
+ chicoric acid group were intraperitoneally injected (i.p.) with D-
gal (in physiological saline, 150 mg mL�1) at a volume of 2 mL
kg�1 body weight for a daily dose of 300 mg kg�1 body weight;
mice in the control group were treated with the same volume of
physiological saline (2 mL kg�1 body weight) daily. Aer injec-
tion, mice in the chicoric acid treatment group drank freely and
received chicoric acid AT 100 mg kg�1 body weight once daily via
oral administration. At the end of the treatment, the mice were
sacriced aer being anaesthetised with 10% chloralichydras (in
physiological saline, 4 mL kg�1 body weight). The brains of the
mice were carefully and quickly removed and put into cold
physiological saline. The hippocampi were immediately sepa-
rated from the cerebra on a cold plate and stored in 4%
phosphate-buffered paraformaldehyde (in 0.1 M phosphate
buffer, pH 7.4). The rest of the brain was stored at �80 �C for
subsequent experiments (Fig. 1B). Blood samples were clotted for
1 hour and obtained by removal of the mouse eyeball, then
subjected to centrifugation at 3000 rpm for 10 min at 4 �C. The
animal experiments were performed in accordance with the
National Institutes of Health Guide for the Care and Use of
Laboratory Animals: Eighth Edition, ISBN 310: 0330931539634,
and approved by the Northwest A&F University Animal Care and
Use Committee (Yangling, Shaanxi, China). Every effort was
made to minimize animal suffering.
2.2. Open-eld test

An open eld (36 cm � 36 cm) was constructed by enclosure of
an area of tiled oor with 40 cm high plywood planks, with the
oor divided into 16 equal squares by red lines. The animals
were carefully placed in the center of the open eld and their
behavior was recorded for 5 min. To investigate the effects of
any treatment on spontaneous locomotor activity, the distances
of horizontal (crossings) performed by each mouse during the
observation period were counted using a video tracking system
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Timeline illustrating chicoric acid (CA) treatment and assessments of cognitive functions of mice. (A) The chemical structure of chicoric
acid (CA). (B) Experimental scheme for effect of chicoric acid against D-gal-inducedmemory impairment. Male C57BL/6J mice were treated with
CA (100 mg per kg per day) in drinking water for 8 weeks. D-Gal (300 mg kg�1) was administered intraperitoneally once daily for 2 months. The
animals performed assessments of cognitive functions. (C) Effect of CA on the locomotor activity of mice. Effect of CA on the (D) number of total
arm entries and (E) spontaneous alternation in the Y-maze task of mice. Data presented as mean � SEM, n ¼ 10. *p < 0.05, **p < 0.01, versus
control group, #p < 0.05, ##p < 0.01 versus D-gal group.
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(Super Maze soware; Shanghai Xinruan Information Tech-
nology, Shanghai, China).
2.3. Y-maze task

Each arm of the maze was 35 cm long, 15 cm high, and 5 cm
wide at the bottom and 10 cm wide at the top. Each mouse was
placed at the center of the apparatus and allowed to move freely
through the maze for 8 min. The series of arm entries was
visually observed. Spontaneous alteration was dened as the
successive entry of themouse into the three arms of overlapping
This journal is © The Royal Society of Chemistry 2017
triplet sets. The percentage spontaneous alteration (%) was
calculated as [successive triplet sets (entries into three different
arms consecutively)/total number of arm entries � 2] � 100%.
All data were recorded using video tracking soware (XR-
XM101, Shanghai Xinruan Information Technology Co. Ltd,
Shanghai, China).
2.4. Morris water maze (MWM) test

The MWM test was used to evaluate memory functions and was
performed as described previously with some modications.34
RSC Adv., 2017, 7, 36149–36162 | 36151
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The experimental apparatus consisted of a circular water tank
(150 cm in diameter, 35 cm in height), containing water (23 � 1
�C) to a depth of 15.5 cm, which was rendered opaque by
addition of white, non-toxic, food-grade titanium dioxide. The
pool was divided into four quadrants of equal area. A trans-
parent escape platform (4.5 cm in diameter, 14.5 cm in height)
was hidden 1 cm under the water surface and placed at the
midpoint of one quadrant. Four prominent visual cues were
located on each side of four quadrants of the pool. The swim-
ming route of the mice, from the start position to the platform,
was monitored and analyzed by a video tracking system (Super
Maze soware, Shanghai Information Technology, Co. Ltd,
China). Each mouse received training per day for six consecu-
tive days using a single hidden platform in one quadrant with
three quadrants of rotational starting. The ability to escape
from the water maze (nding the submerged escape platform)
was calculated for each trial. If animals did not locate the
platform within 60 s, the experimenter guided the mouse by
hand to the platform, then the mouse was kept on the escape
platform for 30 s and an escape latency of 60 s was recorded. On
the seventh day, a probe test was performed to evaluate memory
consolidation. In the probe test, the platform was removed and
each mouse was allowed to swim freely for 60 s. The amount of
time spent in the target quadrant (where the platform was
located during hidden platform training) was measured. All
data were recorded using video tracking soware (XR-XM101,
Shanghai Xinruan Information Technology Co. Ltd, Shanghai,
China).
2.5. Hematoxylin-eosin and immunohistochemical staining

The brain tissue samples were xed in 4% (v/v)
paraformaldehyde/PBS, embedded in paraffin, cut into 5 mm
sections using a microtome, and dried overnight. The brain
sections were dehydrated in decreasing concentrations of
ethanol (100, 90, 80, and 70% ethanol) for 5 min in each grade,
followed by three washes in PBS (pH 7.4) for each 5 min. For
hematoxylin-eosin (HE) staining, the brain slides were stained
with HE. For immunohistochemistry (IHC) staining, the Tris–
EDTA Buffer Epitope Retrieval Method was used to retrieve the
antigen.36 The slice was then treated with 3%H2O2 for 10 min to
eliminate endogenous peroxidase. Sections were then rinsed
with PBS. The brain sections were blocked for 20 min in normal
goat serum blocking solution to block the non-specic binding
of immunoglobulin. Sections were incubated overnight at 4 �C
with appropriate primary antibodies: BDNF (SC-2546, Thermo
Fisher Scientic, Waltham, MA, USA) or b-amyloid (1-42
specic) (Ab1-42) (1:1600; Cell Signaling Technology, Danvers,
Table 1 Primer sequences used for semi-quantitative RT-PCR analysis

Forward primer

Nqo1 GGATTGGACCGAGCTGGAA
Ho-1 ATGTGGCCCTGGAGGAGGAGA
Gapdh TGGAGAAACCTGCCAAGTATGA

36152 | RSC Adv., 2017, 7, 36149–36162
MA, USA) and for 30 min at room temperature with secondary
antibodies. Samples were then rinsed in PBS for 3 � 5 min.
Brain sections were washed and visualized by chromogen DAB
reaction (DAB kit, Zhongshan Golden Bridge biotechnology Co.
Ltd, Beijing, China) for up to 10 min. Finally, these sections
were counterstained with hematoxylin. Brain sections were
dehydrated in ethanol, cleared in xylene, mounted with Per-
mount, and evaluated by light microscopy (Olympus IX71,
Tokyo, Japan; � 200).

2.6. Measurement of activities of antioxidant enzymes and
proinammatory cytokines

The levels of GSH and MDA and the enzyme activities of CAT in
mice serum were assayed using kits purchased from Nanjing
Jiancheng Bioengineering Institute (Nanjing, China). MPO,
TNF-a, and lL-1b levels were measured using ELISA kits (Mouse
MPO kit, Mouse TNF-a kit, Mouse IL-1b kit; Xinle Biology
Technology).

2.7. RNA preparation and RT-qPCR

Total RNA was extracted from brain tissue using the RNA
Extraction Kit (TaKaRa MiniBEST Universal RNA Extraction Kit,
Dalian, China) as previously described.37 For quality control, the
RNA purity and integrity were evaluated using a Quawell 5000
UV-vis Spectrophotometer (Quawell Technology, San Jose, CA,
USA). RNA was stored at �80 �C prior to further analysis by
microarray and real-time quantitative PCR (RT-qPCR).

Total RNA was reverse transcribed into cDNA using the
PrimeScript™ RT Master Mix reverse transcription kit (TaKaRa
PrimeScript RT Master Mix, Dalian, China), and the mRNA
expression was quantied by RT-qPCR using the SYBR green
PCR kit (TaKaRa SYBR® Premix Ex Taq™ II, Dalian, China) and
the CFX96™ real time system (Bio-Rad, Hercules, CA). Gene-
specic mouse primers were used as listed in Table 1. Ct
values were normalized to GAPDH, and the relative gene
expression was calculated with the 2�DDCt method.

2.8. Cell culture

The human neuroblastoma SH-SY5Y cell line was provided by
the cell bank of the Chinese Academy of Science (http://
www.cellbank.org.cn) and cultured in High-DMEM (Hyclone
Co., USA) with 10% fetal bovine serum (FBS), 100 IU mL�1

penicillin, and 100 mg mL�1 streptomycin at 37 �C in a humid-
ied atmosphere with 5% CO2. The cultured cells were treated
with 100 mmol L�1 H2O2 and various concentrations of chicoric
acid (0, 10, 25, and 50 mM) for 24 h. The cells were then collected
for further analysis.
Reverse primer

AATTGCAGTGAAGATGAAGGCAAC
CGCTGCATGGCTGGTGTGTAG
TGGAAGAATGGGAGTTGCTGT

This journal is © The Royal Society of Chemistry 2017
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2.9. Measurement of cell viability

Cell viability was determined by the MTT assay. Cells were
seeded at a density of 1� 106 cells per mL in 96-well polystyrene
culture plates at 37 �C with 5% (v/v) CO2. Aer various treat-
ments, the medium was removed and the cells were incubated
with 0.5% (w/v) MTT for 4 h at 37 �C. The formazan crystals
formed by live cells were solubilized by addition of 100 mL of
dimethyl sulfoxide and the absorbance at 490 nmwasmeasured
with a microplate reader (Bio-Rad Laboratories, China). Cell
viability was expressed as a percentage of the control group
(untreated cells).
2.10. Detection of intracellular redox status

The redox status of the SH-SY5Y cells was detected by uores-
cence dye H2DCFDA.35 Cells were incubated with 100 mM H2O2

for 24 h, followed by treatment with chicoric acid for 24 h, then
10 mM H2DCFDA dye, diluted into serum free medium, was
added. Aer incubation for 30 min at 37 �C, cells were washed
with PBS three times, and an inverted uorescence microscope
was used to observe the cellular oxidation status (Olympus IX71,
Tokyo, Japan; � 200). ROS levels were measured according to
the method of Xiao et al.38 Fluorescence levels were observed by
using an inverted uorescence microscope and quantied
using a multimode microplate reader at 485 nm excitation and
538 nm emission wavelengths.
2.11. Analysis of mitochondrial membrane potential (Dc)

Mitochondrial membrane potential (Dj) was determined using
the mitochondrion-specic lipophilic cationic uorescence dye
JC-1. Aer the specic treatment described above, cells were
treated with 5 mg mL�1 JC-1 at 37 �C for 30min and were washed
twice with PBS and observed by uorescence microscope
(Olympus IX71, Tokyo, Japan). Fluorescence intensity was
separately measured using a multimode microplate reader
(Molecular Devices Co., Sunnyvale, CA, USA) at 485 nm excita-
tion and 585 or 538 nm emission wavelengths. The values are
expressed as the OD585/OD538 ratio.
2.12. SDS-PAGE and western blot analysis

The brains of the mice were homogenized with ice-cold normal
sodium to form the brain homogenate. The homogenate was
then centrifuged at 4000� g for 10 min and the supernatant was
used for subsequent tests. The treated SH-SY5Y cells were har-
vested and lysed with cell lysis buffer (Beyotime Institute of
Biotechnology, Jiangsu, China) and nuclear extraction reagent
(Beyotime Institute of Biotechnology, Jiangsu, China) to yield
a cytosolic extract (cytosol) and nuclear extract (nucleus). Brain
tissue homogenates or cell lysates were solubilized in SDS sample
buffer and then heated at 95 �C for 10 min. The protein
concentration in the samples was measured using a commer-
cially available BCA protein assay kit. Samples were separated by
SDS-PAGE and transferred onto PVDF membranes. Using
appropriate antibodies, the immune reactive bands were visual-
ized with an enhanced chemiluminescence reagent. Antibodies
against lamin B (SC-6217), HO-1 (SC-1796), NQO-1 (SC-16464),
This journal is © The Royal Society of Chemistry 2017
Nrf2 (SC-722), and GAPDH (SC-225778) were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA, USA).

2.13. Statistical analysis

All experiments were performed at least three times and the
data are presented as the means � SEM. Signicant differences
between mean values were determined by one-way ANOVA fol-
lowed by student t-test by GraphPad Prism 16.0 soware. All p-
values less than 0.05 were considered statistically signicant.

3. Results
3.1. The locomotor activity and Y-maze test

The chemical structure of chicoric acid is shown in Fig. 1A. The
behavior tests were performed as scheduled (Fig. 1B). As shown
in Fig. 1, the locomotor activity (Fig. 1C) and the behavioral
performance of mice in the Y-maze task did not signicantly
differ among the groups for the number of total arm entries
(Fig. 1D), suggesting that treatment with D-gal or chicoric acid did
not affect mice motor activities. However, the behavioral perfor-
mance ofmice in the Y-maze task differed. The D-gal-treatedmice
exhibited decreased spontaneous alternation compared with the
control group, showing less working memory. Chicoric acid
treatment signicantly increased the spontaneous alternation in
the D-gal-treated mouse group compared to the mice that did not
receive chicoric acid treatment (D-gal + chicoric acid group vs. the
D-gal-treated group, Fig. 1E).

3.2. The Morris water maze test

The effects of chicoric acid on spatial learning andmemory in D-
gal mice were analyzed using the Morris water maze test
(MWM). Fig. 2A shows the observed decreased swimming speed
in D-gal-treated mice compared with that of the saline-treated
group on day 5. Interestingly, chicoric acid signicantly
increased swim speeds in the D-gal + chicoric acid group aer
day 3, restoring the swimming speed to that of the control
group. Similarly, there was a signicant difference in the escape
distance for the different groups (Fig. 2B). Mice that received
100 mg kg�1 of chicoric acid used a shorter route to nd the
platform on testing day 5 than mice in the D-gal group, similar
to the ability of mice in the control group for escape distance. As
shown in Fig. 2C, compared to the control group, mice in the D-
gal group took a longer time to nd the platform on testing days
3–5. Meanwhile, supplementation with chicoric acid signi-
cantly decreased the escape latency time in D-gal-treated mice.

A probe trial was performed 24 h aer the MWM test for all
experimental groups. The hidden platform was removed during
this trial, and the average time spent in the target quadrant was
measured. As shown in Fig. 2D, the escape route of the control
mice was short and direct; however, in D-gal-treated mice, the
swimming pattern was conned more to side walls rather than
to the center of the pool favored by the control group mice. The
swim pattern of chicoric acid-treated mice was better than that
in the D-gal-treated group, indicating better learning and
memory. These results indicate that D-gal-induced learning and
memory decits were improved in mice that were treated with
RSC Adv., 2017, 7, 36149–36162 | 36153
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Fig. 2 Chicoric acid (CA) ameliorated D-gal-induced learning and spatial memory loss in the Morris water maze test. TheMorris water maze tests
were performed as described in the methods section. (A) Changes in the swimming speed during place navigation test. (B) Total distance as well
as (C) escape latency time to reach the hidden platformwere recorded during the 5 test days. (D) Representative swimming paths of threemice of
each treatment group at days 3–5 of the spatial probe trial test. (E) The time spent in target quadrant, (F) the number of platform crossings, and (G)
the proportion of distance in the target quadrant during the spatial probe trial. Data presented as mean � SEM, n ¼ 10. *p < 0.05, **p < 0.01,
versus control group, #p < 0.05, ##p < 0.01 versus D-gal group.
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chicoric acid. As shown in Fig. 2E–G, D-gal-injected mice swam
across the entire pool and spent less time in the target quadrant
with fewer platform crossings than mice in the control group.
Mice that received the chicoric acid plus D-gal treatment
Fig. 3 Chicoric acid (CA) prevented D-gal-induced neuron damage and a
and CA1 region (A). Accumulation of Ab was detected by Ab1-42 immun
images of immunohistochemical images for neurotrophic factors BDNF

This journal is © The Royal Society of Chemistry 2017
reversed the D-gal-induced memory impairment because these
mice exhibited a signicant increase in the average time spent
in the target quadrant with more platform crossings.
myloidogenesis. HE staining of mice hippocampus, including DG, CA3
ostaining in hippocampus (marker of Ab) (B), as well as representative
(marker of BDNF) (C).
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3.3. Effects of chicoric acid on preventing neuron damage

To determine whether chicoric acid supplementation protected
neurons from D-gal-induced damage, HE staining was used to
examine any histopathological changes in the hippocampus.
Histological features of the mouse hippocampus are depicted in
Fig. 3A. In the D-gal treated group, there were damaged neurons
in mice DG and hippocampal CA1 and CA3 regions. The hippo-
campus neurons showed pronounced shrinkage of the neuronal
bodies and the loss of the nuclei regular outlines compared with
the control group. Chicoric acid supplementation signicantly
reduced the number of degenerated neurons in the mice
hippocampus.
Fig. 4 Effects of chicoric acid (CA) on the expression of antioxidant enzy
of (A) CAT and relative levels of (B) GSH and (F) MDA in mice serum deter
(C) MPO in serum of mice weremeasured by ELISA. Data presented as the
< 0.05 and ##p < 0.01, versus D-gal group.

36156 | RSC Adv., 2017, 7, 36149–36162
3.4. Effect of chicoric acid on the expressions of b-amyloid
(1-42 specic) (Ab1-42) and brain-derived neurotrophic factor
(BDNF) in the hippocampus

Ab accumulation is known to be a contributor to AD. Therefore,
we next examined whether chicoric acid reduced D-gal-induced
Ab accumulation and thus recovered memory function. To do
this, Ab1-42 IHC staining was used to detect Ab accumulation. As
shown in Fig. 3B, the higher accumulation of Ab was detected in
the brains of D-gal treatment group mice, and lower accumu-
lation of Ab was observed in the chicoric acid treatment group.
As expected, the immunohistochemistry results for Ab1-42
mes and the release of inflammatory mediators in mice serum. Activity
mined using assay kits. Levels of (D) TNF-a and (E) IL-1b, and activity of
mean� SEM, n$ 5. *p < 0.05 and **p < 0.01, versus control group; #p

This journal is © The Royal Society of Chemistry 2017
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demonstrated that chicoric acid inhibited D-gal-induced Ab1-42
accumulation in hippocampus of mice brain.

BDNF plays a key role in regulating the cognition, formation,
and storage of memories.39,40 The expression of BDNF in the
hippocampus was also measured by an IHC method. The
changes of BDNF expression were obvious in the hippocampus
and the results are shown in Fig. 3C. In the control group,
signicant positive staining was dispersed in the hippocampus,
indicating that BDNF was expressed to high levels in the
hippocampus of the control group. However, positive staining
in the hippocampus of the D-gal group was obviously decreased
compared to the control group, which suggested that the
expression of BDNF was decreased in the hippocampus of aging
mice. Interestingly, the hippocampi of the chicoric acid treat-
ment group mice were similar to those observed in the D-gal
group and lower than those of the control group, suggesting
chicoric acid treatment did not restore the expression of BDNF
in the hippocampus of aging mice.
3.5. Effects of chicoric acid on D-gal-induced oxidative stress
in mice serum

Many studies have shown that oxidative stress affects the biolog-
ical aging process. To determine the effects of chicoric acid on
preventing D-gal-induced oxidative stress, several key antioxidants
including CAT, GSH, and MPO were detected in mice serum. As
shown in Fig. 4A–C, chicoric acid signicantly enhanced the
activities of CAT (Fig. 4A) (p < 0.01) and serum level of GSH
Fig. 5 Effects of chicoric acid (CA) on the antioxidative signaling path
western blots of cytoprotective Keap1/Nrf2 signaling pathway in the mice
of (B) mRNA levels of (C) HO-1 and (D) NQO1 in mice brains was carried o
0.01, versus control group, #p < 0.05, ##p < 0.01 versus the D-gal group

This journal is © The Royal Society of Chemistry 2017
(Fig. 4B) (p < 0.01), and suppressed the level of MPO (Fig. 4C) (p <
0.05), compared with the D-gal group. Moreover, as shown in
Fig. 4D–F, D-gal treatment obviously increased the serum levels of
TNF-a (Fig. 4D) and IL-1b (Fig. 4E) compared with the control
group. Additionally, the D-gal group mice showed increased MDA
levels compared to the control group, consistent with D-gal-
induced production of lipid peroxidation products (Fig. 4F) (p <
0.05). The expression levels of these inammatory mediators were
signicantly attenuated by administration of chicoric acid (p <
0.05). The results suggested that chicoric acid treatment signi-
cantly improved CAT activity and GSH content and decreased the
levels of MPO, TNF-a, IL-1b, and MDA in D-gal-treated mice.
3.6. Effects of chicoric acid on the Keap1/Nrf2 antioxidative
signaling pathway in mice brains

To determine whether chicoric acid supplementation activated
the Keap1/Nrf2 signaling pathway in chicoric acid-treated mice
brains, expression of antioxidant defense enzymes in down-
stream pathways, including HO-1 and NQO1, was detected
using western blot and RT-qPCR. The results (Fig. 5A & B)
showed that chicoric acid resulted in noticeably increased
expression levels of HO-1, NQO-1 (p < 0.05), and Keap1 (p < 0.01)
compared with the D-gal-treated group. Chicoric acid enhanced
Nrf2 expression in the nucleus (p < 0.05) compared to the D-gal
group. Consistently, the mRNA expression levels of NQO1 and
HO-1 in the chicoric acid supplementation group were also up-
regulated compared with those in D-gal-treated mice (p < 0.05).
way Keap1/Nrf2 in the D-gal-treated mice brains. (A) Representative
brains, and GAPDHwas used as loading control. Densitometry analysis
ut by RT-qPCR. Data presented as mean� SEM, n$ 5. *p < 0.05, **p <
.
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3.7. Effects of chicoric acid on cell viability and
mitochondria function in H2O2-induced SH-SY5Y cells

As demonstrated in Fig. 6A, SH-SY5Y cells were exposed to
different concentrations of H2O2 (0–1000 mM) for 0–48 h, causing
a dose- and time-dependent decrease in cell viability. There was
no notable change in the viability of SH-SY5Y cells treated with
10–50 mM of H2O2 for 0–12 h, but high concentrations of H2O2

(100 mM to 1000 mM) for 24–48 h signicantly decreased cell
viability. More signicantly, there was 62.5% viability of SH-SY5Y
cells treated with 100 mM at 24 h. Based on the above results, we
used a concentration of H2O2 of 100 mM for 24 h for the following
experiments. To evaluate the protective efficacy of chicoric acid
against H2O2-induced apoptotic cell death of SH-SY5Y, cells were
treated with 100 mM H2O2 for 24 h, followed by various doses of
chicoric acid (0, 10, 25, or 50 mM) for 12 h and 24 h. The viabilities
of SH-SY5Y cells treated with 10, 25, and 50 mM of chicoric acid
for 24 h were 66.28%, 90.12%, and 91.53%, respectively,
compared to the 37.51% of the H2O2 treatment group as shown
in Fig. 6B. The results showed that chicoric acid signicantly
inhibited the H2O2-induced cell viability decrease, and this
suppression was correlated with chicoric acid concentration.

Mitochondria serve as cellular “energy factories” and also
play a central role in regulating cellular redox status by releasing
free radicals, a second messenger that mediates different cell
signaling pathways.32 As illustrated in Fig. 6C & D, JC-1 staining
results also suggested that chicoric acid improved H2O2 (100
Fig. 6 Effects of chicoric acid (CA) on cell viability and mitochondria fun
SY5Y cell viability. SH-SY5Y cells were treated with H2O2 (0–1000 mM) fo
SY5Y cells were treated with H2O2 (100 mM) for 24 h with or without treat
assay. Mitochondrial dysfunction was detected by dyeing with 10 mM JC
using an inverted fluorescence microscope (C) and quantified using a m
538 nm (green) emission for JC-1 staining (D). Data presented as mean�
0.01 versus H2O2-treated group.

36158 | RSC Adv., 2017, 7, 36149–36162
mM)-elicited mitochondrial membrane potential loss, which is
a hallmark of mitochondrial function and reects the normal
cellular redox status.
3.8. Regulation effects of chicoric acid on cellular redox
status and Keap1/Nrf2 antioxidant defense pathway in H2O2-
treated neuroblastoma SH-SY5Y cells

ROS play a key role in cell life processes as signaling molecules.
However, excessive ROS can induce cell apoptosis and auto-
phagy. As shown in Fig. 7A, H2DCFDA staining results indicated
that chicoric acid signicantly decreased intracellular ROS
levels and alleviated H2O2 (100 mM)-induced cellular oxidation
status. According to the results in Fig. 7B, H2O2 stimulated the
generation of ROS by 39.22% compared with the control group,
but chicoric acid signicantly quenched intracellular ROS to the
normal level (p < 0.01).

Previous studies have demonstrated that Nrf2 regulates
expression ofmany antioxidant enzymes, such as HO-1 andNQO-
1, which contributes to maintenance of redox homeostasis in the
mouse brain. Similar results were also found for in vitro studies.
The results showed that chicoric acid treatment signicantly
promoted the translocation of nuclear Nrf2 in H2O2-induced SH-
SY5Y cells, enhanced Nrf2 expression in the nucleus and
decreased its expression in the cytosol, and at the same time
increased expression of antioxidant enzymes NQO1 and HO-1 in
SH-SY5Y cells in a dose-dependent manner (Fig. 7C & D).
ction in H2O2-induced SH-SY5Y cells. (A) Effect of H2O2-induced SH-
r 0–48 h. (B) Effect of CA on H2O2-induced SH-SY5Y cell viability. SH-
ment of CA (10, 25, 50 mM) for 24 h. Cell viability was measured by MTT
-1 for 30 min at 37 �C in the dark. The fluorescence was observed by
ultimode microplate reader at 485 nm excitation, 585 nm (red) and

SEM, n$ 5. *p < 0.05, **p < 0.01, versus control group, #p < 0.05, ##p <

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 Regulation effects of chicoric acid (CA) on cellular redox status and Keap1/Nrf2 antioxidant defense pathway in H2O2-treated neuro-
blastoma SH-SY5Y cells. Intracellular redox status was detected by dyeing with 10 mM H2DCFDA for 30 min at 37 �C in the dark. (A) The fluo-
rescence was observed by using an inverted fluorescence microscope and (B) quantified using a multimode microplate reader at 485 nm
excitation and 538 nm emission for H2DCFDA dyeing. The expression of (C) Nrf2 in the cytosol and nucleus, keap1, HO-1 and NQO1 were
measured by western blotting, and GAPDH and lamin B were used as loading controls in the cytosol and nucleus, respectively, and densitometry
analysis is presented in (D). Data presented as mean� SEM, n$ 5. *p < 0.05, **p < 0.01, versus control group, #p < 0.05, ##p < 0.01 versusH2O2-
treated group.

Fig. 8 Graphic for table of contents. Illustration of effects of chicoric acid on neuroprotection against D-gal-induced memory impairment via
inflammation and oxidative stress.
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4. Discussion

In this study, the regulation effects of chicoric acid on oxidative
stress and underlying molecular mechanisms were investi-
gated. The results demonstrated that chicoric acid attenuated D-
This journal is © The Royal Society of Chemistry 2017
gal-induced learning and memory loss and SH-SY5Y cell
apoptosis induced by H2O2 via promotion of the Keap1/Nrf2
signal pathway. Signicantly, chicoric acid alleviated D-gal-
stimulated memory decits, restrained neuronal damage, sup-
pressed the excessive release of inammatory mediators, and
RSC Adv., 2017, 7, 36149–36162 | 36159
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enhanced antioxidant enzyme activities, all activities that may
be related to cognitive function enhancement. Furthermore, the
results demonstrated that chicoric acid signicantly reversed
H2O2-elicited SH-SY5Y cell viability decrease and mitochondrial
dysfunction, serving to balance the cellular redox status.

The activities of chicoric acid, a major antioxidant of caffeic
acid derived from chicory, have been well documented. Chicoric
acid has been used as a nutraceutical food ingredient due to its
excellent antioxidant bioactivities. Our previous study demon-
strated that chicoric acid was partly metabolized to caffeic acid
and caaric acid on cytochrome P450s in rat liver microsomes,
and the antioxidant activities of chicoric acid were signicantly
higher than those of its metabolites.30 Metabolic and distribu-
tion studies showed that chicoric acid could penetrate the
blood–brain barrier34 and showed strong capacities for scav-
enging free radicals, indicating that chicoric acid is a potential
phytochemical to increase antioxidant activity in the brain.

Various models of aging and neurodegenerative disease are
associated with oxidative stress. The brain is themost susceptible
organ to oxidative damage.41 Neurodegenerative diseases and
aging-related dementia are characterized by cognitive dysfunc-
tion, including memory impairment and difficulties learning
new information. Many studies have indicated that D-gal
administration over long periods of time can lead to an enzy-
matic overload, which impairs the body's natural ability to cata-
lyze galactose into glucose, causing an increase of galactitol and
an activation of aldose reductase. D-Gal creates biochemical
abnormalities in experimental animals, including the accumu-
lation of reactive oxygen species, reduction of antioxidant
enzymes, increased mitochondrial decits, and neuro-
inammation. The intraperitoneal or subcutaneous injections of
D-gal led to spatial learning impairments, a gradual loss of
cognitive performance, memory, and spatial ability.42 These
changes in rodents are similar to those that occur in the aging
human brain.43–45 Thus, D-gal treated animals are widely studied
as an ideal animal model of memory impairment to mimic many
characteristics of the natural aging process, such as cognitive
decits and neurologic impairments,42,46,47 allowing the testing of
new therapeutics.48 The present study focused on the role of
chicoric acid in minimizing D-gal-induced accelerated aging in
the mouse model with impaired memory. In this study, chronic
injection of D-gal impaired working memory and reference
memory in the Y-maze and Morris water maze tests, respectively,
without changing locomotive activity, with prolonged crossing
times and escape latency, and shortened target quadrant occu-
pancy in mouse behavioral studies. However, chicoric acid
reversed the D-gal-elicited deterioration of spatial learning abili-
ties at a daily dose of 100 mg kg�1 body weight for 8 weeks.

Many factors contribute to the development of cognitive
impairment. Tissue-accumulated D-gal can react with the amino
group of peptides and proteins to form advanced glycation end-
products (AGEs). AGEs bound to their receptors (RAGE) play
roles in aging, neuroinammation, and neurodegeneration, such
as in AD.49–51RAGE acts as the receptor for Ab transport across the
blood–brain barrier, which results in cerebral Ab accumulation
and plaque formation.52 Various studies have demonstrated that
D-gal-induced increased expression of RAGE in the brain is
36160 | RSC Adv., 2017, 7, 36149–36162
accompanied by astrocytes and microglial cells activation, which
induces neuroinammation and neurodegeneration.53,54 Signi-
cantly, Liu et al.33 found that chicoric acid treatment markedly
decreased the expression of APP and BACE1 in the whole brain,
which partly explains the inhibition by chicoric acid of Ab1-42
accumulation in the cortex and hippocampus. Our study found
that chicoric acid treatment inhibited the increased expression of
Ab proteins in the hippocampus of the D-gal-treated mice by
minimizing oxidative stress, suggesting that chicoric acid treat-
ment effectively ameliorates oxidative damage and improves
indexes related to aging and AD in D-gal-treated mice. Recent
studies showed that neurotrophic factors such as BDNF and NGF
may reduce amyloidogenesis in AD.51 Unexpectedly, we found
that chicoric acid treatment was unable to restore levels of BDNF
as evidenced by the expression of neurotrophic factors in the
hippocampus of oxidative stress mice as measured by an IHC
method. These results were also seen in our previous studies, in
which there were no changes in BDNF, NGF, NT3, and NT4
mRNA expression of neurotrophic factors aer chicoric acid
treatment. Additionally, several studies reported that cytokines
including TNF-a and IL-1b exert their effects directly on synaptic
plasticity and neurogenesis, aspects of cognitive processes.55,56

Chicoric acid signicantly inhibited D-gal induced excretion of
inammation signallers, including IL-1b as well as TNF-a, and
mediated lipid peroxidation products, such as MDA and the level
of MPO, but increased CAT activity and GSH content in mouse
serum, suggesting another underlying mechanism for chicoric
acid to promote learning and spatial cognitive abilities.

Nrf2 plays a crucial role in the modulation of redox homeo-
stasis and regulation of inammatory conditions through the
induction of many stress-responsive and cytoprotective enzymes
and related proteins, including HO-1 and NQO-1. Nrf2 regulation
maintains redox homeostasis in healthy cells. However, this
regulation is perturbed during pathological conditions in which
inammation and oxidative stress are main partners, such as age-
related diseases, cancer, diabetes, and neurodegenerative disor-
ders.57 Recent studies showed that caffeic acid, the metabolite of
chicoric acid, prevented acetaminophen-induced liver injury by
activating the Nrf2 antioxidative defense system. It was suggested
that caffeic acid may decrease the expression of Keap1 and may
interact with the Nrf2 binding site in the Keap1 protein. Li et al.58

demonstrated that D-gal-induced oxidative stress decreased Nrf2
translocation and the expression of its targeted antioxidants. One
possible explanation is the different responses of Nrf2 to acute or
chronic oxidative stress. In the present study, the efficacy of the
up-regulated expression of antioxidant defense enzymes with
chicoric acid was investigated. We found that chicoric acid could
improve expression of phase II antioxidant enzymes includingHO-
1 and NQO-1 in D-gal-induced mice brain both in terms of protein
levels and mRNA levels. Additionally, various studies have
demonstrated that H2O2 induces apoptosis in a variety of cells and
acts as a precursor of ROS to induce neurotoxicity.59 Moreover, our
study found that chicoric acid signicantly enhanced CAT activity
and GSH content in mouse serum but inhibited the excretion of
inammation signallers, such as IL-1b and TNF-a. A large number
of studies have indicated that the balance between the ROS system
and the autoxidation system determines the degree of oxidative
This journal is © The Royal Society of Chemistry 2017
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stress.60 These antioxidant enzymes catalyse the decomposition of
H2O2 into H2O and O2,61 which is regarded as the rst line of
defense against the ROS generated during oxidative stress.60 To
make the results more convincing, H2O2 was used to stimulate D-
gal-induced oxidative damage. The results demonstrated that
chicoric acid signicantly reversed H2O2-elicited SH-SY5Y cell
viability decrease and mitochondrial dysfunction, and eventually
disrupted cellular function.62–66 Haskew-Layton et al.67 reported
that subtoxic doses of H2O2 fail to activate nuclear factor erythroid
2-related factor (Nrf2) in astrocytes and trigger Nrf2-independent
responses that protect cocultured neurons. Meanwhile, many
studies also showed that mild oxidative insults, including subtoxic
H2O2, activate Nrf2/antioxidant response element (ARE)-
dependent gene expression, which contributes to neuro-
protection.68 Similarly, the in vitro study indicated that the mild
concentration of H2O2 (100 mM) failed to markedly invoke nuclear
translocation of Nrf2 in SH-SY5Y cells. However, it slightly acti-
vated the Nrf2 antioxidative defense system and released Nrf2
from Keap1, upregulating the expressions of HO-1 and NQO1 via
stimulating the cellular self-protection system to resist the external
stimulation. More signicantly, based on the self-protection
mechanism of the biological system, our studies also indicated
that chicoric acid strongly promoted nuclear translocation of Nrf2
from the cytoplasm to the nucleus in SH-SY5Y cells and enhanced
the expression of antioxidant enzymes, including HO-1 and NQO-
1, activating the Nrf2 pathway via balancing cellular redox status in
H2O2-induced SH-SY5Y cells.

5. Conclusion

In summary, chicoric acid prevented D-gal-induced neural loss
and decits in cognitive function, regulating the oxidative
stress-signaling pathway by promotion of Keap1/Nrf2 activation
and up-regulated expression of antioxidant defense enzymes,
both in vivo and in vitro. Chicoric acid shows promise for future
application in preventive and therapeutic strategies aimed to
slow the growth and progression of oxidative stress. Further
research is needed to evaluate the mechanism of chicoric acid
action in various neurodegenerative disorders.
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