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Effects of caffeic acid on learning deficits
in a model of Alzheimer's disease
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Abstract. Caffeic acid is a type of phenolic acid and organic
acid. It is found in food (such as tomatoes, carrots, strawberries,
blueberries and wheat), beverages (such as wine, tea, coffee and
apple juice) as well as Chinese herbal medicines. In the present
study, we examined the effects of caffeic acid on learning defi-
cits in a rat model of Alzheimer's disease (AD). The rats were
randomly divided into three groups: i) control group, ii) AD
model group and iii) caffeic acid group. Caffeic acid signifi-
cantly rescued learning deficits and increased cognitive function
in the rats with AD as demonstrated by the Morris water maze
task. Furthermore, caffeic acid administration resulted in a
significant decrease in acetylcholinesterase activity and nitrite
generation in the rats with AD compared with the AD model
group. Furthermore, caffeic acid suppressed oxidative stress,
inflammation, nuclear factor-kB-p65 protein expression and
caspase-3 activity as well as regulating the protein expression
of p53 and phosphorylated (p-)p38 MAPK expression in the rats
with AD. These experimental results indicate that the beneficial
effects of caffeic acid on learning deficits in a model of AD
were due to the suppression of oxidative stress and inflamma-
tion through the p38 MAPK signaling pathway.

Introduction

With an aging global population, the morbidity of Alzheimer's
disease (AD),an age-related illness, is increasing signifi-
cantly (1). In 2008, the cost of treatment in Europe reached
177 billion euros, far more than cost of treating tumors and
heart disease which are considered as diseases with the
highest morbidity and death rate (2). Furthermore, the avail-
able treatment options for AD are restricted and therefore
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optimal outcomes are not achieved (3). Thus, novel therapies
producing reliable effects and offering ease of administration
and minimal adverse effects, which can be used in clinical
practices, would benefit patients with AD worldwide.

AD is a progressive, neurodegenerative disease charac-
terized by worsening of cognition and memory, progressive
interference with daily living activities accompanied by
neuropsychiatric symptoms and behavioral disorders (4).
The pathogenesis of AD is characterized by abnormalities
in amyloid precursor proteins which result in the leakage of
proteins from the cytomembrane, thereby causing neurofibril-
lary tangles and cell death, i.e., selective neuronal loss. Drugs
used to treat AD principally improve the neurotransmission
of choline, cerebral circulation and the metabolism of brain
cells (5). Furthermore, drugs including calcium antagonists,
hormone therapy, nonsteroidal anti-inflammatory drugs, free
radical scavengers, antioxidants and muscarinic receptor
agonists, are also used in the treatment of AD. without achieving
optimal therapeutic outcomes (6). Thus, the development of
effective treatments for AD is proving to be challenging.

Caffeic acid possesses a number of pharmacologic func-
tions including anti-inflammatory, antibacterial and antiviral
effects (7-9). Furthermore, it may also increase the levels of
white blood cells and blood platelets (10). Thus, caffeic acid
has the potential to be used to minimize oxidative stress
and inflammatory responses in cardiovascular diseases and
brain damage as well as to prevent and treat viral diseases
such as HIV, in addition to treating leukopenia and throm-
bocytopenia (11). By exerting antioxidant, anti-inflammatory,
immunoregulatory and antibacterial effects, caffeic acid may
potentially be of value in the treatment of diseases associated
with oxidative stress and inflammatory responses (7,11,12). To
the best of our knowledge, this is the first study to directly
examine the effects of caffeic acid in AD by evaluating
cognitive function and to explore the possible mechanisms
responsible for these effects.

Materials and methods
Animals. Healthy male Sprague-Dawley (SD) rats (7-8 weeks

of age) were purchased from the Experimental Center of Henan
University School of Medicine and were housed in a room
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maintained at 23°C under a 12-h light/dark cycle, with ad libitum
access to food and water. The present study was approved by
the Animal Care and Use Committee of Zhengzhou University
(Zhengzhou, China), and all experiments were performed in
accordance with the National Institutes of Health Guidelines for
the Care and Use of Laboratory Animals. Firstly, the amyloid
B-peptide AP1-40 (Sigma-Aldrich Chemie GmbH, Steinheim,
Germany) was dissolved in deionized water stored at -80°C until
use. The rats were subjected to an intraperitoneal injection of
350 mg/kg chloral hydrate. The hippocampus was localized at
3.8 mm posterior, 2.9 mm below the top of the skull and 2.4 mm
lateral to the Bregma. Each rat received 5 ul AB1-40 in the left
side over 10 min in order to establish a model of AD.

Grouping. The rats were randomly divided into 3 groups
(n=12/group): i) control group, ii) AD model group, and iii) caffeic
acid group. The rats in the caffeic acid group were injected with
100 mg/kg caffeic acid (Sigma-Aldrich Chemie GmbH) for
2 weeks; the rats in the control and AD model groups were were
injected with normal saline for 2 weeks.

Morris water maze task. A circular water pool (150x60 cm;
containing water at 24+2°C) was divided into 4 equally spaced
quadrants containing various prominent visual cues. An
invisible excape platform (10x10 cm, 1 cm below the water
surface) was hidden in the center of quadrant II during the
training period and removed at the time of the probe task. Five
days after the AB1-40 injection, memory training was initi-
ated. The training was recorded twice a day for 5 days. Each
rat was allowed to swim onto the platform or until a 120 sec
time period had elapsed. A video tracking system (SMART;
Panlab SL, Barcelona, Spain) was used to record the escape
latency, average swim speed, mean path lenth, time spent
in the target quadrant, and the number of times the animal
crossed the previous location of the platform.

Hematoxylin and eosin (H&E) staining. We examined synap-
tophysin expression in our model of AD to analyze the effects
of caffeic acid on cerebral damage by H&E staining. After
the rats were sacrificed by decollation under anestheisia, the
hippocampal tissues were quickly removed, washed with saline
and embedded in paraffin. The hippocampal tissues were then
serially sectioned into 30-mm-thick slices. The slices were
stained with H&E and observed under a Mirax Scan digital
microscope slide scanner (Mirax 3D Histech; Carl Zeiss,
Oberkochen, Germany).

Determination of acetylcholinesterase (AChE) activity in the
brain. The hippocampal tissues were quickly removed, washed
with saline and embedded in paraffin. AChE activity was
collected from brain homogenate using the method developed
by Ellman et al (13). A spectrophotometer (Infinite H200 PRO;
Tecan, Miannedorf, Switzerland) was used to measure absor-
bance at 412 nm and the results are expressed as yuM of
acetylthiocholine iodide hydrolysed/min/mg of protein.

Measurement of nitrite generation in the brain. A total of
100 gl homogenate was incubated with an equal volume of
Griess reagent at room temperature for 10 min. A spectro-
photometer (Infinite H200 PRO; Tecan) was used to measure
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Figure 1. Chemical structure of caffeic acid.

nitrite generation in the brain at 550 nm and the results were
calculated from a sodium nitrite standard curve.

Measurement of catalase (CAT), glutathione (GSH), inter-
leukin-6 (IL-6) and tumor necrosis factor-o. (TNF-a) activities.
CAT, GSH, IL-6 and TNF-a ELISA kits (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China) were used to analyse
the supernatant (200 ul, which was removed using a pipette).
A spectrophotometer (Infinite H200 PRO; Tecan) was used
measure the activities of CAT, GSH, IL-6 and TNF-a..

Western blot analysis. The hippocampal tissues were
quickly removed and pre-cooled radio-immunoprecipitation
assay (RIPA) buffer was used to extract the proteins.
Miscible liquids were centrifuged at 12,000 x g for 15 min
at 4°C and used to determine the protein content using the
bicinchoninic acid method (Joincare Pharmaceutical Group
Industry Co., Ltd., Zhuhai, China). Equal amounts of protein
from each group were subjected to 12% SDS-PAGE and
transferred to polyvinylidene fluoride (PVDF) membranes
(Bio-Rad, Berkeley, CA, USA). The PVDF membranes were
blocked with 5% fat milk in Tris-buffered saline for 1 h and
incubated anti-nuclear factor (NF)-xB-p65 (1:2,000), anti-p53
(1:4,000) and anti-phosphorylated (p)-p38 MAPK (1:4,000) (all
from Santa Cruz Biotechnology, Santa Cruz, CA, USA); and
anti-pB-actin (1:500; Wuhan Boster Biological Technology Ltd.,
Wuhan, China) at 4°C overnight. The membranes were washed
three times with 0.1% Tween-20 TBS and incubated with
horseradish peroxidase-conjugated anti-sheep secondary
antibodies (Wuhan Boster Biological Technology Ltd.). The
proteins were detected with an enhanced chemiluminescence
kit (Millipore Corp., Billerica, MA, USA).

Analysis of caspase-3 activity. The hippocampal tissues
were quickly removed and a pre-cooled RIPA buffer was
used to extract proteins. Miscible liquids were centrifuged
at 12,000 x g for 15 min at 4°C and the protein content was
determined using the bicinchoninic acid method (Joincare
Pharmaceutical Group Industry Co., Ltd.). Equal amounts of
protein from each group were incubated with the colorimetric
substrate for caspase-3, Ac-DEVD-pNA, at 37°C for 2 h in the
dark, and detected using a spectrophotometer (Infinite H200
PRO, Tecan) at a wavelength of 405 nm.

Statistical analysis. All data are expressed as the means + stan-
dard error of the mean. Statistical analysis was performed
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Figure 2. Effect of caffeic acid on cognitive functions in a model of Alzheimer's disease (AD). Effect of caffeic acid on (A) escape latency, (B) mean path
length, (C) target quadrant and (D) number of times the animals crossed the former platform location. “p<0.01 compared with the control group, #p<0.01

compared with the AD model group.

Figure 3. Effect of caffeic acid on synaptophysin in a model of Alzheimer's disease (AD). Scale bar, 200 ym.

using one- or two-way ANOVA followed by Dunnett's post hoc
test. A p-value <0.05 was considered to indicate a statistically
significant difference.

Results

Effect of caffeic acid on cognitive function in a model of AD.
The chemical structure of caffeic acid is presented in Fig. 1.
The results of the Morris water maze task are shown Fig. 2.
Escape latency in the AD model group significantly increased
compared with that in the control group at different time
points (Fig. 2A). However, there was a significant decrease in
escape latency in the caffeic acid-treated group compared with
that in the AD model group (Fig. 2A). The mean path length
taken by the rats in the AD group was significantly longer
than that taken by the rats in the control group (Fig. 2B). As
shown in Fig. 2B, treatment with caffeic acid significantly
decreased the mean path length taken by the rats. Moreover,
the rats in the AD model group spent significantly less time
in the target quadrant and also, crossed the former platform
location within 60 sec fewer times, compared with the rats
in the control group (Fig. 2C and D). Following caffeic acid

treatment, the time spent in the target quadrant and the number
of times the animals crossed the former platform location
were significantly increased compared with the AD model
group (Fig. 2C and D).

Effect of caffeic acid on cerebral damage in model of AD. To
examine the effect of caffeic acid on cerebral damage in a model
of AD, the hippocampal tissues from each group were stained
with H&E to determine synaptophysin expressoin. As shown in
Fig. 3, synaptophysin expression was observably weakened and
severe cerebral damage had occurred in the AD model group
compared with the control group. Treatment with caffeic acid
markedly increased synaptophysin expression and weakened
the AD-induced cerebral damage in the rats compared with the
AD model group (Fig. 3).

Effect of caffeic acid on AChE activity in a model of AD. To
examine the effect of caffeic acid on AChE activity in a model
of AD, we measured AChE activity in the rat brain tissue.
As shown in Fig. 4, enhanced AChE activity was observed
in the hippocampal tissues from rats in the AD model group
compared with the tissues from the control group. Furthermore,
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Figure 4. Effect of caffeic acid on acetylcholinesterase (AChE) activity in
a model of Alzheimer's disease (AD). “p<0.01 compared with the control
group, #p<0.01 compared with the AD model group.
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Figure 5. Effect of caffeic acid on nitrite generation in a model of Alzheimer's
disease (AD). “p<0.01 compared with the control group, “p<0.01 compared
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Figure 6. Effect of caffeic acid on oxidative stress in a model of Alzheimer's disease (AD). Effect of caffeic acid on (A) catalase (CAT) and (B) gluta-
thione (GSH) activity in a model of AD. “p<0.01 compared with the control group, *p<0.01 compared with the AD model group.
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Figure 7. Effect of caffeic acid on inflammation in a model of Alzheimer's disease (AD). Effect of caffeic acid on (A) interleukin (IL)-6 and (B) tumor necrosis

factor-o (TNF-a) activity in a model of AD. p<0.01 compared with the control group,

the enhanced ChE activity was significantly suppressed by
treatment with caffeic acid compared with that in the AD
model group (Fig. 4).

Effect of caffeic acid on nitrite generation in a model of
AD. We next examined the effect of caffeic acid on nitrite
generation in a model of AD. There was a significant increase
in nitrite generation in the hippocampal tissues of the AD
model group compared with that in the control group (Fig. 5).
Compared with the AD model group, caffeic acid significantly
reduced the elevated generation of nitrite (Fig. 5).

Effect of caffeic acid on oxidative stress in a model of AD. The
activities of CAT and GSH were significantly reduced in the
hippocampal tissues in the AD model group compared with the
control group (Fig. 6). Treatment with caffeic acid significantly

(22

p<0.01 compared with the AD model group.

elevated the inhibition of CAT and GSH activities in the hippo-
campal tissues compared with the AD model group (Fig. 6).

Effect of caffeic acid on inflammation in a model of AD.
Brain IL-6 and TNF-a activities in the AD model group
were increased compared with the control group (Fig. 7). The
elevated IL-6 and TNF-a activities were significantly reduced
by caffeic acid treatment (Fig. 7).

Effect of caffeic acid on NF-xB-p65 expression in a model of
AD. The brain tissues from rats in the AD model group were
observed to have significantly increased NF-kB-p65 protein
expression as compared with the control animals (Fig. 8).
Caffeic acid treatment suppressed NF-xB-p65 protein
expression significantly compared with the AD model
group (Fig. 8).
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Figure 8. Effect of caffeic acid on nuclear factor (NF)-kB-p65 expression in a model of Alzheimer's disease (AD). Effect of caffeic acid on NF-kB-p65 protein
expression was evaluated by (A) western blot analysis and (B) statistical analysis of NF-kB-p65 protein expression in a model of AD. “p<0.01 compared with

the control group, #p<0.01 compared with the AD model group.
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Figure 9. Effect of caffeic acid on caspase-3 activity in a model of Alzheimer's
disease (AD). “p<0.01 compared with the control group, #p<0.01 compared
with the AD model group.
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Figure 10. Effect of caffeic acid on p53 expression in a model of Alzheimer's
disease (AD). Effect of caffeic acid on p53 protein expression was evaluated
by (A) western blot analysis and (B) statistical analysis of pS3 protein expres-
sion in a model of AD. “p<0.01 compared with the control group, #p<0.01
compared with the AD model group.

Effect of caffeic acid on caspase-3 activity in a model of AD.
The rats in the AD model group showed a significant increase in
caspase-3 activity compared with the control animals (Fig. 9).
However, treatment with caffeic acid significantly weakened

the AD-induced caspase-3 activity compared with that in the
AD model group (Fig. 9).

Effect of caffeic acid on p53 expression in a model of AD.
As shown in Fig. 10, a significant increase in p53 protein
expression was observed in the hippocampus of the rats in
the AD model group compared with that in the control group.
Moreover, a significant decrease in p53 protein expression was
found in the caffeic acid-treated group compared with that in
the AD model group (Fig. 10).

Effect of caffeic acid on p-p38 MAPK expression in a model of
AD. There was a significant increase in the protein expression
of p-p38 MAPK in the AD model group, compared with that in
the control animals (Fig. 11). By contrast, caffeic acid signifi-
cantly suppressed the protein expression of p-p38 MAPK
compared with that in the AD model group (Fig. 11).

Discussion

AD is a neurodegenerative disease of the central nervous
system characterized by cognitive decline and the impairment
of memory (14). With an aging population, the incidence of
AD increases which places a heavy burden on society and
families (15). Therefore, medical researchers and scholars are
presented with a great challenge; to discover a therapeutic drug
with high treatment efficacy and low toxicity. The present study
revealed that caffeic acid increased cognitive function and
attenuated cerebral damage compared with the rats in the AD
model group. Khan et al suggested that caffeic acid prevented
AICl;-induced dementia in rats (16). Pinheiro Fernandes er al
suggested that caffeic acid prevents memory deficits induced
by focal cerebral ischemia (17). Consistent with these findings,
our results indicate that caffeic acid may be a novel drug for
use in the treatment of AD.

In the human brain, there are two types of cholinesterase:
AChE and butyrylcholinesterase (BChE). Research has shown
that BChE also exists in the brain and it may degrade acetyl-
choline (ACh). Thus, at times when AChE levels are insufficient
or inhibition has occurred, BChE is capable of compensating
for a lack of AChE (18). In fact, in the brains of patients with
worsening symptoms of AD, the activity of BChE is evidently
increased, which may be due to the development of tolerance
to AChE inhibitors (19). We found that caffeic acid inhibited
the AD-induced AChE activity and nitrite generation in a rat
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Figure 11. Effect of caffeic acid on phosphorylated (p-)p38 MAPK in a model of Alzheimer's disease (AD). Effect of caffeic acid on the protein expression of
p-p38 MAPK was evaluated by (A) western blot analysis and (B) statistical analysis of p-p38 MAPK protein expression in a model of AD. “p<0.01 compared

with the control group, #p<0.01 compared with the AD model group.
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Figure 12. Effect of caffeic acid on learning deficits in a model of Alzheimer's disease through p53 and p38 signal pathways. CAT, catalase; GSH, glutathione;
IL-6, interleukin-6; TNF-a, tumor necrosis factor-a; AChE, acetylcholinesterase.

model of AD. Khan et al suggested that caffeic acid prevents
against AICl;-induced dementia by reducing brain AChE
activity and nitrite levels in rats (16). Mehrotra et al also
reported that caffeic acid inhibited myeloperoxidase, malondi-
aldehyde and nitrite generation in mice and rats (20).

In the brains of patients with AD, neurons in the nucleus
basalis of Meynert are seriously denatured or lost and the
activity of choline acetyltransferase is decreased (21). The
generation and release of ACh is lessened and the numbers of
presynaptic cholinergic receptors are diminished. In AB42-
induced AD, choline acetyltransferase in synaptosomes
experiences oxidative modification and enzymatic activi-
ties are decreased (22). The pathogenesis of AD involves
numerous factors and oxidative stress may be the trigger for a
series of complex events. Oxidative stress and inflammation
leads to the abnormal peroxidation, glycosylation or nitra-
tion of structural and functional materials. Furthermore, the
accumulation of abnormal materials damages cellular func-
tions (23). Previous findings have indicated that caffeic acid
suppresses the oxidative state and colonic inflammation in
the inflamed colon (24). In the present study, we have shown
that caffeic acid increased the activities of CAT and GSH
which were inhibited in the AD model group and reduced

the promotion of IL-6 and TNF-a activity induced by AD as
well as NF-kB-p65 protein expression in the rat brains.

Learning and memory formation are closely associated
with the formation and plasticity of synapses in hippocampal
neuron. In the hippocampus, the sites and degree of positive
expression of synaptophysin correspond with the number
and distribution of synapses and neurons (25). The apoptosis
of nerve cells induced by drugs and the central nervous
system affects the expression of synaptophysin. Research
has shown that in patients with AD, neurons in the hippo-
campal formation are lost and synaptophysin is significantly
decreased, which is mediated by the p38 MAPK signaling
pathway (26). Moreover, the p38 MAPK signaling pathway
as a regulatory center is associated with the degree of cogni-
tive impairment (27). In the present study, we demonstrated
that caffeic acid suppressed the protein expression of p53
and p-p38 MAPK in a rat model of AD. Lee et al suggested
that caffeic acid exerts an antidepressant-like effect through
the suppression of p38 MAPK (28). Yang et al also reported
that caffeic acid inhibited the migratory capability and
cancer stem cells-like properties of malignant human kera-
tinocytes by downregulating the p38 NF-«kB/snail signaling
pathway (12).
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Taken together, the findings of the present study demon-

strated that caffeic acid attenuated the development of AD, by
increasing cognitive function, attenuating cerebral damage,
and inhibiting the AD-induced increase in AChE activity
and nitrite generation in a model of AD. Furthermore, caffeic
acid induced the inhibition of oxidative stress, inflammation
and apoptosis through the p53 and p38 MAPK signaling
pathways (Fig. 12). These findings suggest that the effects of
caffeic acid in the treatment of AD occur through the p53 and
p38 MAPK signaling pathways.
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