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Paeonol(2′-hydroxy-4′-methoxyacetophenone;1-(2-hydroxy-4-methoxyphenyl)ethan-1-one) is
a constituent of the bark of theMoutanCortex (Paeonia suffruticosa). This barkhas beenused as a
traditional Chinese medicine and is reputed to possess a broad range of therapeutic properties
probably byvirtue of its anti-inflammatoryand free radical scavengingproperties. The effects of
paeonol on a variety of biochemical and behavioral parameters were studied in rat brain in rat
brain after experimental animals had been subjected to an intra-hippocampal injection of
amyloidpeptide,Aβ1–42. Sprague–Dawley ratswere randomlydivided into groups: saline, sham
operated, β-amyloid (Aβ)-injected (intended to model Alzheimer's disease, (AD), and a group
receiving both injected amyloid peptide and paeonol. Forty days after intra-hippocampal
injection, H&E staining revealed that the lesions in the paeonol-treated groupwere significantly
less than the untreated group. Levels of cytochrome oxidase and α-actin, determined
immunohistochemically, were elevated in the paeonol treated group relative to the group
receiving amyloid peptide alone. TUNEL staining revealed more apoptotic cells in the walls of
the cerebral vascular elements in the ADmodel group than in the paeonol group. The paeonol-
treated group also showed improvement in behavioral indices of learning relative to the group
receiving Aβ1–42 alone, as judged using a Y-type electric maze. Treatment with paeonol can
protect against many of the alterations resulting from administration of Aβ1–42. in a rat model
of AD. These includemorphological, biochemical and behavioral changes. Paeonol is a possible
therapeutic measure in slowing down the pathogenic processes associated with AD.

© 2011 Elsevier B.V. All rights reserved.
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1. Introduction

Alzheimer's disease (AD) is a neurodegenerative disease result-
ing in progressive cognitive decline and is characterized by
accumulation of ß-amyloid peptides (Aß) and neurofibrillary
Bondy).

er B.V. All rights reserved
tangles (Yuan and Yankner, 2000). ß-amyloid peptide, a 39–42
residue proteolytic product of the amyloid protein precursor
protein (APP), forms protease-resistant aggregates, which un-
dergo further conformational change to form fibrillar β-sheets. It
may cause neurotoxicity through various direct or indirect
.
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mechanisms (Morris et al., 2001). The extent of deposition of Aß
in dense senile plaques has been correlated with progression of
cognitive dysfunction in AD (Ye and Qiao, 1999).

In AD patients, the antioxidant defense systems in the
brain appear to be reduced, resulting in increased levels of
oxidant species including superoxide anion radical, hydrogen
peroxide, lipid peroxide (Ravindra et al., 2004). These species
have the capacity to damage membrane components of
organelles, and this can lead to elevated neuronal and
cerebrovascular apoptosis (Miller et al., 2010). Mitochondria
are a major site of production of free radicals (Shi and Gibson,
2007) and impaired mitochondrial function is characteristic of
AD (Lin and Beal, 2006).

AD is a complex disease, andno single “magic bullet” is likely
to prevent or cure it. However, AD research has developed to a
point where scientists can look beyond treating symptoms to
think about delaying or preventing AD by addressing the
underlying disease process. Many possible interventions have
been considered, including anti-inflammatory and antioxidant
treatments, immunization therapy, cognitive training, changes
in diet, and physical activity, in an effort to slow the disease, or
help reduce symptoms. While the mechanism of this neurode-
generation remains to be defined, substantial evidence impli-
cating a significant role for the Aß peptide has been reported
(reviewed in Golde, 2005; Hardy and Selkoe, 2002).

Paeonol (2′-hydroxy-4′-methoxyacetophenone) is a major
phenolic component of Moutan Cortex (Paeonia suffruticosa). It
has been traditionally used as a Chinese herbal medicine in
various diseases. It is known to possess anti-inflammatory
and anti-proliferative activities. It is also sedative and
analgesic and has been reported to protect against cerebro-
vascular damage (Xu et al., 2008).

The present investigation was designed to determine the
effects of paeonol on Aß-induced brain damage in rats. In
addition to study of some key enzymes involved in production
of reactive oxygen species, apoptosis and a behavioral
measure of learning ability were also examined.

Collectively, our results suggest that paeonol improved
energy metabolism and alleviated the development of brain
pathology as well as inhibiting neuron and vascular smooth
muscle cell apoptosis. Due to its small molecular weight, and
amphiphilic nature it appears able to penetrate the blood
brain barrier and has been reported as neuroprotective
(Hsieh et al., 2006). This study is based on the premise that
paeonol may find utility as a therapeutic agent in the
treatment of AD.
Fig. 1 – 6E10 staining in control group (A) AD model group (
2. Results

2.1. 6E10 (A beta 1–16) immunostaining following
paeonol administration

Using the 6E10 antibody as definitive, β-amyloid proteinswere
not found in brain tissue from control (Fig. 1A) and sham-
treated groups, but deposits were present in the AD model
group, and Pae group in the cortex and hippocampus adjacent
to the Aβ injection area. The extent of 6E10 antibody positive
reaction within these two latter groups did not differ
significantly (Fig. 1B and C)

2.2. Effect of paeonol treatment on COX1 levels in
hippocampal and cortical tissues

Cytochrome oxidase 1 immunoreactivity was increased sig-
nificantly over levels in the ADmodel group in neurons in Pae
group (E, F) (Fig. 2C, D) and as shown by quantitative
densitometric analysis (Fig. 2G) (P<0.015). However, these
levels were not restored to those found in the control group.
These findings suggest that the increase of COX1 in the
peaonol group may be related to increased mitochondrial
functioning.

2.3. The effect of paeonol treatment on content of α-actin
in smooth muscle cells within brainstem vasculature

Levels of α-actin in vascular smooth muscle cells were
decreased significantly in AD model group (Fig. 3C, D) relative
to the control group (Fig. 3A, B). The concurrent application of
paeonol to the Aβ group Fig. 3E, F) restored values so that they
were statistically identical to those of the control group. These
changes in actin content were confirmed by Western blot
analysis (Fig. 3G).

The terminal deoxynucleotidyl transferase-mediated
Digoxigenin-11-dUTP end labeling (TUNEL) method, labels
fragmented DNA, which is a characteristic of the apoptotic
cells. Few apoptotic cells were seen in the control group and
these were never present in the vascular wall (Fig. 4A). TUNEL-
positive cells were found in the brainstem in the Aβ model
group (Fig. 4B) and Pae group (Fig. 4C). However, more
apoptotic cells were apparent in the AD model group than in
the Pae group (P<0.05). Thus, paeonol treatment attenuated
Aβ-induced apoptosis in vascular smooth cell elements.
B) and Pae group (C), (×100) of hippocampus and cortex.



Fig. 2 – COX1 staining reaction. A, C, E are cortical sections and B, D and F are hippocampal sections around the CA3 region.
A, B=control group, C, D=AD model group, E, F=Pae group. (×200) G=Quantitative densitometric analysis of hippocampus and
cortex together. Values for the Pae group differed significantly from those of the control and AD model groups (*P<0.015).

143B R A I N R E S E A R C H 1 3 8 8 ( 2 0 1 1 ) 1 4 1 – 1 4 7
2.4. Differing behavioral characteristics of
the experimental groups

Rats were tested in a maze test box, and the rate of learning
escape from administered electroshock was quantitated.
Active escape capacity was diminished in the AD model
group and this was partially reversed in the paeonol group
(Fig. 5). This alleviation was significant in the paeonol group
relative to the AD model group (P<0.01). There was no
significant difference between the paeonol group and the
control group (P>0.05).
3. Discussion

β-amyloid peptides are known to induce AD-like pathology in
vitro, probably by way of enhancing apoptosis and decreasing
mitochondrial function thereby impairing learning and mem-
ory (Zhang et al., 2008). Injection of Aβ peptides into the
hippocampus of animals is a commonly used method to
establish an AD animal model (Pike et al., 1997; Perry et al.,
1998). Many studies have described parallels between the
presence of endogenous Aβ1–42 and the administered peptide
and the ability of either, to induce lesions and promote the
pathological changes resembling those associated with AD
(Zhang et al., 2006).
Effective prevention and control of Alzheimer's disease
progression remains elusive. In this regard, the properties of
some critical constituents of traditional Chinese medicine are
emerging as an area of interest and investigation of their
pharmacological properties is legitimate. The potential utility
of paeonol in neuronal protection may reside in its antioxi-
dant properties or its ability to inhibiting Ca2+ influx into the
cell. Elevated intracellular Ca2+ can induce apoptosis (Huang
et al., 1999).

The results from the immunohistochemistry of the 6E10
antibody suggest that our Aβ depositional model may find
utility in that it led to the appearance of persistent and
irresolvable macromolecular aggregates. The findings
concerning COX 1 imply Aβ-induced damage to mitochondria.
Mitochondrial dysfunction and neuroinflammatory processes
may lead to an excess production of harmful reactive oxygen
species (Witte et al., 2010). The finding Aβ treatment resulted
in diminished levels of β-actin within the cerebral vasculature
is in accord with a report that Aβ peptides are anti-angiogenic
both in vitro and in vivo (Paris et al. 2004). It has been reported
that the cerebral vasculature is compromised in the AD brain
(Blass et al 2002).

There have been prior suggestions that paeonolmay have a
neuroprotective role. Behavioral deficits following adminis-
tration of galactose, a neurotoxic agent, have been reversed
(Zhong et al., 2009) and paeonol can prevent anoxic damage to

image of Fig.�2


Fig. 3 – Content of α-actin in smooth muscle cells within cerebral vasculature. A, C, E are cortical sections and B, D and F are
hippocampal sections around the CA3 region. A, B=control group, C, D=AD model group, E, F=Pae group (×100). Arrows
indicate location of actin-staining elements. G=Western blot of α-actin levels in hippocampus and cortex of control (Cont), AD
model (Mo) and paeonol (Pae) groups. Paeonol inhibited apoptosis of both neurons and vascular smooth cells.
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nervous tissue (Hsieh et al., 2006; Wu et al., 2008). While in our
study, paeonol appeared to mitigate Aβ-induced damage to
the cerebral vasculature, paeonol has been reported as anti-
angiogenic in a trial relating to its potential use in cancer
treatment (Kim et al., 2009). Thus the effect on blood vessels is
likely to be secondary to the anti-oxidant or anti-inflamma-
tory properties of paeonol.

Paeonol intervention in AD model rats reduced the extent
of the apoptosis and appeared to lessen Aβ-induced damage
Fig. 4 – TUNEL staining in vascular smooth muscle cells and end
D=AD model group; E, F=Pae group (×400). Arrows indicate area
of the cerebral vasculature. Together with the partial allevi-
ation of Aβ-induced behavioral deficits, these data suggest
that paeonol may offer a protective strategy in the treatment
of Alzheimer's disease.

In order to validate the utility of this compound, it is
important to demonstrate a distinctive property that cannot
readily be replicated bymore conventional neuroprotectants.
This requires better understanding of the underlying neuro-
protective properties of paeonol. The primary mechanism of
othelial cells within the brainstem. A, B=control group; C,
s with apoptotic activity.

image of Fig.�3
image of Fig.�4


Fig. 5 – Rate of escape learning in experimental groups.
Ordinate shows number of shocks applied before effective
escape criteria are met. *Differs from corresponding value for
control group, †differs from corresponding value for AD
model group.
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action of this however remains unclear. It has been reported
as anti-inflammatory (Chae et al., 2009) perhaps by inhibition
of TNFα release (Kim et al., 2004) with consequent reduction
the NF-kB inflammatory cascade (Nizamutdinova et al.,
2007). Alternatively, the initial site of action of paeonol has
been posited to be inhibition of calcium fluxes (Li et al., 2010).
Finally, paeonol undoubtedly has direct potent anti-oxidant
activity. It is noteworthy that several of the glycoside esters
of paeonol (suffruticosides) are reported to have greater
antioxidant potency than that of α-tocopherol (Matsuda et
al., 2001).
4. Experimental procedures

4.1. Materials

Paeonol (purity control>98%) was purchased from Natura-
pharm, Inc. (Waare, Netherlands).

Aß1–42 peptide was from Sigma (St. Louis, MO, USA).
Amyloid peptide fibril was prepared by resuspension of 1 mg
lyophilized Aß1–42 peptide in 500 μl physiological saline
followed by incubation at 37 °C with continuous stirring for a
week. Then Aß1–42 peptide was then in a state of aggregation
and was stored at 4 °C before being used.

4.2. Animals and grouping

A total of 32 Sprague–Dawley male rats, weighing 220–240 g,
were used. The rats were obtained from the Animal Center of
Central South University and were housed in standard cages
in the animal center of the Central South University. Humidity
levels were maintained at 55±5%, and the rats were kept in a
12-h light–dark cycle at 22±2 °C. All animal experiments were
performed in accordance with the Guidelines of the Chinese
Society for Laboratory Animal Science. The rats were divided
into 4 groups of eight rats as follows: (1) control group rats
received phosphate-buffered saline (1.0 ml/kg i.p., daily); (2)
sham operated group animals received the same daily i.p.
injections of saline and surgical procedures as the DA model
group but without Aß1–42 peptide injection; (3) the AD model
group received a single intrahippocampal injection of 10 μl
Aß1–42 peptide at the beginning of the study in addition to
daily i.p. injection of saline; (4) the paeonol groupwas treated as
the AD model group but also received paeonol (5 mg/kg, i.p.)
immediately after Aß1–42 peptides injection, and then every
24 h for a further 40 days). After 40 days, all rats were
behaviorally tested and then killed and the brains removed
for histology and immunohistochemistry and Western
blotting.

4.3. Surgical procedures

Ratswere anesthetizedwith 10% chloral hydrate (350 mg/kg, i.p.)
and then were placed in a stereotactic apparatus in the prone
position. The skin was incised along the midline to reveal the
frontal fontanelle. The target coordinates for the right hippo-
campus were 3.0 mmposterior of the frontal fontanelle, 2.0 mm
right of the midline, and 2.8 mm ventral of the surface of the
cortex. Using a 20-μl Hamilton Syringe, Aß1–42 peptides were
injected into this coordinate. TheAß1–42was injected at a rate of
1.0 μl/10 min with a 1-min pause between each 5 μl and a 5-min
delay before syringe withdrawal. The incision was carefully
sutured. Body temperature was maintained during recovery at
37 °C bymeans of a servocontrolled system consisting of a rectal
temperature probe and a heating lamp. Sham animals received
the same surgical procedures including drilling of the burr holes
and were anesthetized for the same duration as the rats of the
AD model and paeonol groups.

4.4. Behavioral analysis of rats

Rats were subjected to a learning and memory capacity test
involving a Y-type electric maze. They were placed inside
the maze for 4 min. Taking one limb of the Y resulted in rats
being shocked with an electrical current (50 V, 0.6 mA). The
animals were monitored and the rate of learning to escape to
the safe arm of the maze was determined for each animal.
Upon electrical stimulation, direct escape from the primary
region to the safe region was considered to be the correct
reaction.

The Y-type electric maze (or Trisection radiant maze) was
used to test learning and memory of the rats. The rats were
placed beside the Y-type electricmaze, allowed to adapt to the
environment for 5 min, and then testing began randomly
starting from one direction. Electrical current (30–70 V, 0.5–
0.7 mA) was used for shock administration. The time needed
for escape electrical stimulation to the safe regionwas utilized
in order to quantitate learning and memory abilities in the
rats. Between every two tests, there was a 30-second rest, with
5 min between every 10 tests. The animals were considered to
have learned the maze with 9/10 correct choices during
continuous testing. A smaller value was assumed to reflect

Unlabelled image
image of Fig.�5
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improved learning. Rats that did not correctly choose escape
during testing with electrical stimulation shock had a lower
score.

4.5. Brain sample preparation

Rats were deeply anesthetizedwith an overdose of 10% chloral
hydrate and then perfused transcardially with cold 0.1 M
phosphate-buffered saline pH 7.4 (PBS). After dissection one
half of the brain was immediately frozen on dry ice (for
Western blots) and the other half fixed overnight with
paraformaldehyde (4% in 0.1 M PBS for immunohistochemis-
try and TUNEL staining). Thereafter, fixed tissue was stored in
PBS/0.02% Na azide at 4 °C until use. Finally, the fixed brain
tissue was further processed by dehydration in a series of
graded ethanol solutions prior to paraffin embedding. The
blocks were cut in serial 5-μm-thick sections and mounted on
adhered slides pretreated with vectabond reagent (Vector
Laboratories, Burlingame, CA, USA) in a water bath at 45 °C.
Tissue slides were stored at 4 °C before being stained.

4.6. Immunohistochemistry

Deparaffinization was performed by heating the sections for
25 min at 56 °C. The tissue was then dehydrated twice using a
xylene bath and a graded series of ethanol. Immunohisto-
chemistry was performed on paraffin embedded sections.
Sections were immersed in antigen unmasking solution
(Vector Laboratories, Burlingame, CA, USA) for 20 min with
80 °C. Endogenous peroxidase in tissue was blocked by
treating with 3% H2O2 in PBS, 20 min at room temperature.
Nonspecific background staining was blocked by a 1-h incu-
bation in 2% BSA with 0.3% Triton X-100. Sections were then
incubated with primary antibodies (6E10 1:1000 Signet; COX1
1:100, Santa Cruz Biotechnology, Santa Cruz, CA, USA), α-actin
1:1000 (R&D Systems, Inc., Minneapolis, MN, USA) overnight at
4 °C, then rinsed in PBS with 0.1%TX and incubated with
biotinylated secondary antibody (Vector) and streptavidin–
horseradish peroxidase (Jackson ImmunoResearch, West
Grove, PA, USA) for 1 h each at room temperature. Finally,
the sections were incubated for approximately 2–5 min with
diamino-benzidine (DAB) (Vector) for color developing. Sec-
tions were further processed by dehydration in a series of
graded ethanol, cleared with xylene, and then coverslipped
with DPX (Biomedical Specialties, CA). As controls, sections
were incubated in parallel without primary antibody and
these sections failed to develop specific staining.

4.7. Western blotting

Samples of cortex and hippocampus together were prepared
from fresh frozen brain tissue and homogenized in 10 volumes
extraction ice-cold tris-buffered saline (20 mM Tris–HCl buffer
pH 7.4, 150 mM NaCl) (0.150 g tissue/2 ml buffer) with 0.5 mM
phenylmethylsulfonyl fluoride and a Protease Inhibitor cock-
tail fromSigma. Homogenateswere centrifuged at 15,000×g for
30 min. Protein concentration in the supernatants was deter-
mined with BCA protein assay (Novagen Inc. Madison, WI).
Samples (50 μg protein per lane) were run on 10% SDS
polyacrylamide gel under reducing conditions. Proteins were
transferred to polyvinylidene difluoride (Amersham Bios-
ciences, Piscataway, NJ) membrane (300 mA for 1.5 h). Mem-
branewas blockedwith 3% drymilk in 0.1% Tween/TBS for 1 h,
then incubated for 2 h at RT with a-Actin antibody(R&D
systems, Inc., Minneapolis, MN) at 1 μg/ml. After washing,
blots were incubated with the corresponding HRP-labeled
secondary antibodies (1:10 k dilution from Jackson Labs, Bar
Harbor, ME) for 1 h. Labeling was detected using an enhanced
chemiluminescence (ECL) system (Thermo Scientific, Rock-
ford, IL). Blots were stripped followingmanufacturer's instruc-
tions (Thermo Scientific) and subsequently labeled with
GAPDH antibody(1:300 Chemicon Int., Temecula, CA) follow-
ing same procedures as above.

4.8. TUNEL staining

After deparaffinization, the sections were rinsed with 0.1 M PBS,
pH 7.4, for 10 min at room temperature (RT), treated with 0.3%
Triton X-100 in 0.1 M PBS for 15 min at RT, and rinsed in 0.1 M
PBS. The sectionswere treatedwith proteinase K (Sigma) 2 μg/ml
in 0.1 M PBS for 15 min at RT. The sections werewashed in 0.1 M
for 5 min at RT, and then incubated in 0.25% acetic anhydride
(Sigma) inwater for 30 min at RT. After awash in sterile dH2O for
5 min, the sections were incubated with prehybridization
solution (0.14 M Na cacodylate, 1 mM cobalt chloride, 0.03 Tris–
HCl, pH 7.2) for 10 min at RT. The prehybridization solution was
then replaced with hybridization solution (prehybridization
solution with reactionmixture: 40 U/ml deoxynucleotidyl trans-
ferase enzyme, 0.2 mg/ml BSA and 0.5 nM/ml digoxigenin-11-
dUTP) for 2 h at 37 °C. Sections were washed twice for 20 min in
2× SSC, then washed two more times in 1× SSC for 15 min and
0.5× SSC for 15 min at room temperature.

Next, sections were washed in 0.1 M Tris for 15 min, pH 7.5,
incubated in anti-DIG-11 (Roche, Nutley, NJ) at 1:1000 in Tris
buffer with 2% BSA for 1 h and 30 min, thenwashed 3 times for
15 min in Tris at RT. The sections were next immersed in Tris
buffer with 0.1 M NaCl and 0.05 M MgCl2, pH 9.5, for 15 min,
and incubated in Tris buffer in the presence of nitroblue
tetrazolium and 5-bromo-4-chloro-3-indolyl phosphate
(Roche) for color development. Sections were rinsed several
times in 0.01 M Tris buffer with 1 mMEDTA and thenmounted
on glass slides with water-soluble mounting medium.

4.9. Image and statistical analysis

Immunostaining was observed under a Nikon Eclipse 80i
microscope (Nikon, Japan) and images acquired with a Nikon
DS high-resolution digital color camera (1280×1024 pixel)
using NIS-Elements AR 3.0 software. Digital images were
analyzed using Ver.3.00 analysis program (Nikon). Percentage
of immunostained area (field area of immunostaining/total
image area×100) was determined for all the markers studied
by averaging several images per section that cover all or most
of the region of study. All experiments were repeated at least
twice, with n=6–8 animals per group per marker. All
quantitative comparisons were performed on sections pro-
cessed at the same time. Single ANOVA statistical analysis
was used to assess the significance of the differences in anti-
COX1, anti α-actin and TUNEL staining reactivity among the
animal groups.
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