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Abstract
Cerebral ischemia reperfusion (IR) is associated with neuronal death, which leads to disability and cognitive decline. The
pathomechanism occurs because ischemia is exacerbated during the reperfusion period. Neuronal damage susceptibility depends
on the affected brain areas and the duration of ischemia. Prevention and supplementation to neurons may help them endure during
IR and further benefit them in rehabilitation. We investigated the protective effect of p-coumaric acid (PC) on cerebral IR injuries
in mice. We randomly divided 30 male ICR mice into 3 groups of Sham (received vehicle and not induced IR), Control-IR
(received vehicle and induced IR) and PC-IR (received 100 mg/kg PC and induced IR). We orally administered vehicle or
100 mg/kg of p-coumaric acid for 2 weeks before inducing the cerebral IR injuries by using 30 min of a bilateral common carotid
artery occlusion followed by a 45-min reperfusion. We induced the IR condition in the Control-IR and PC-IR groups but not the
Sham group, and only the PC-IR group received p-coumaric acid. After IR induction, we sacrificed all the mice and collected
their brain tissues to evaluate their oxidative statuses, whole brain infarctions and vulnerable neuronal deaths. We studied the
whole-brain infarction volume by 2, 3, 5-triethyltetrazoliumchloride staining of sections. We performed a histological investi-
gation of the vulnerable neuronal population in the dorsal hippocampus by staining brain sections with 0.1% cresyl violet. The
results indicated that IR caused significant increases in calcium and malondialdehyde (MDA) levels, whole brain infarction
volume and hippocampal neuronal death. Pretreatment with p-coumaric acid significantly reduced MDA levels, whole-brain
infarction volume and hippocampal neuronal death together and increased catalase and superoxide dismutase activities. We
conclude here that pretreating animals with p-coumaric acid can prevent IR-induced brain oxidative stress, infarction size and
neuronal vulnerability to death in cerebral IR injuries.
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Introduction

Cerebral ischemia reperfusion (IR) injury is a serious clinical
problem that results from many causes such as cardiac arrest,
peripheral vascular insufficiency and stroke (Kalogeris et al.
2012). The pathomechanism involves many pathways, includ-
ing free radical formation. In fact, damaging and protective
mechanisms activate the cellular effects of both ischemia and
reperfusion (Leker and Shohami 2002; White et al. 2000).

Endogenous damaging mechanisms are triggered during is-
chemia and exacerbated during the reperfusion period.
During ischemia, a variety of cellular metabolisms such as
decreases of cellular oxidative phosphorylation, resulting in
energy failure, as well as alterations of energy-dependent
membranes for ionic transport, leading to ionic imbalance
and further inducing water influx and causing edema are acti-
vated. The alterations of membranes potentially result in
excitotoxicity and calcium overload which further activate
intracellular calcium-dependent cascades, induce pro-
inflammatory cytokines, inhibit anti-inflammatory cytokines,
and increase hypoxanthine and free radical formation. These
activities lead to an increase of neuronal susceptibility during
reperfusion. Following a reperfusion period, excessive oxy-
gen reacts with hypoxanthine, which was catalyzed by xan-
thine oxidase, and leads to the excessive formation of toxic
hydroxyl radicals and nitric oxide-derived peroxynitrite.
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These potent oxidizing agents cause DNA damage, as well as
protein oxidation and directly damage cellular membranes by
lipid peroxidation (Hou et al. 2002; Jivad and Rabiei 2015;
Shuaib and Breker-Klassen 1997; White et al. 2000).

Ischemia reperfusion not only activated endogenous dam-
aging mechanism but also activated endogenous protective
mechanism for reestablish homeostasis and mitigate tissue
damage by increases arterial pressure and activates vasodila-
tion for promoting the delivery of blood flow to ischemic area,
induces antioxidant enzymes and anti-apoptotic proteins pro-
duction and releases anti-inflammatory cytokines from surviv-
ing neurons to ischemic area (Ladecola and Anrather 2011).
These mechanism have been helped neuronal survival during
ischemia, however, they are exhausted during the severe stress
of ischemia (Leker and Shohami 2002).

The severity and duration of ischemia determine the bal-
ance between the endogenous damaging and protective mech-
anisms. The capability of an endogenous protective mecha-
nism depends upon functional cells during IR. Ischemia limits
cell functions by reducing oxygen, directly affecting energy
and helping to overwhelm the damaging mechanism.
Therefore, the prolonged endurance of cells may enhance
the therapeutic window for cells to respond to treatment or
increase their strength to cope with the reperfusion period.

As there are multiple pathomechanism of IR injuries, it
difficult to treat them by using one substance to counteract
the multiple damaging pathway. However, many substances
can counteract more than one pathway, but their efficacy de-
pends upon a variety of factors. Preventive therapy is gaining
attention nowadays. Medicinal plants are major candidates for
promoting cell strength through diet supplementation. There
are many active ingredients in medicinal plants, and most of
them belong to groups of phenolic compounds that have ben-
efits as antioxidant agents and previously reported that food
with phenolic compounds have increased due to their role of
antioxidants and scavengers of free radicals and their implica-
tion in the prevention of many pathological diseases (Pandey
and Rizvi 2009). Tran-4-hydroxycinnamic acid or p-coumaric
acid (PC) are phenolic compound that is found ubiquitously in
plants and mushrooms. It is synthesized from tyrosine by ty-
rosine ammonia-lyase through the shikimic acid pathway. The
tmax and t1/2 values of PC vary according to their free or con-
jugated forms. They range from 3.72 to 10 min for tmax and
15.9 min to 1.3 h for t1/2 and exhibit low toxicity by LD50 at
about 2850 mg/kg in mice (Pei et al. 2015). PC that have been
depicted as having potent antioxidant properties include the
scavenging free radicals, up-regulate of endogenous antioxi-
dant enzymes and furthermore studies of PC found that PC
could decreases apoptosis proteins and increases nuclear re-
spiratory factors 1 (NRF-1) that could be improve mitochon-
drial function in stress condition (Guven et al. 2015; Mehta
et al. 2012). Antidiabetic, antihyperlipidemic, anticancer, an-
timicrobial, anti-inflammation, anti-ulcer, anxiolytic,

antipyretic, analgesic, anti-arthritic, antioxidant and neuropro-
tective effects as well as effects regarding the prevention of
platelet aggregation have been reported (Abdel-Wahab et al.
2003; Amalan et al. 2016; Guven et al. 2015). Using PC acid
to prevent multiple pathomechanisms of IR injury is interest-
ing. Therefore, the present aim is to investigate the protective
effect of PC on cerebral IR injuries.

Material and methods

Chemicals and reagents

P-Coumaric acid and other biochemical analysis reagents use
in the present study were purchased from Chemical express
Co., Ltd. Merck Millipore (Samutprakarn, Thailand).

Animals

We obtained thirty 12-week-old male ICR mice from the
National Laboratory Animal Center, Mahidol University
(Nakornprathom, Thailand). We fed all animals with a stan-
dard diet (mouse diet food No.082G) and ROwater. We main-
tained the room temperature at 23 ± 2 °C with a 12 h-light/
12 h-dark cycle. All of the experiments were performed in full
compliance with the guidelines of the Principles of Laboratory
Animal Care and the Guide for the Care and Use of
Laboratory Animals approved by the National Institutes of
Health (NIH Publication No. 85–23, revised 1996) The
Animal Ethic Committee, Kasetsart University, approved the
experimental protocol (ACKU#02756).

Pretreatment and IR induction

We randomly divided the mice into 3 groups: Sham, Control-
IR and PC-IR. We gave the vehicle (10% Tween 80) to the
Sham and Control-IR groups. We gave 100 mg/kg of p-
coumaric acid (dissolved in 10% Tween 80) to the PC-IR
group. We gave both the vehicle and p-coumaric acid for
2 weeks before IR induction. On the operation day, all mice
fasted for 2 h before surgery. We anesthetized each mouse
through an intraperitoneal injection of 45 mg/kg of sodium
pentobarbital. We made a midline incision on the ventral side
of the neck and transiently occluded both common carotid
arteries for 30 min. This was followed by 45 min of reperfu-
sion. We induced the IR in the Control-IR and PC-IR groups
but not the Sham group. After the completion of the IR, we
decapitated all of the mice and quickly removed their brains
for biochemical analyses of their oxidative statuses and whole
brain infarction volumes as well as histological studies.
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Measurement of oxidative status

We washed the brains in a cool 0.9% normal saline solution
and homogenized them in a potassium-phosphate buffer
(0.05 M, pH 7.4). We kept the homogenates to estimate the
lipid peroxidation (malondialdehyde; MDA) and centrifuged
them at 10,000×g at 4 °C for 10 min. We collected the super-
natants and used them for the SOD, CAT and calcium
estimations.

Lipid peroxidation

We mixed 0.2 ml of brain homogenate, 0.2 ml of 4% sodium
dodecyl sulfate, 1.5 ml of 20% acetic acid and 1.5 ml of 0.5%
thiobarbituric acid and heated the mixture at 95 °C for 1 h.
After centrifugation at 3500 rpm for 10 min, we read the
supernatant at 532 nm. We calculated the concentration of
MDA from the standard curve of the MDA concentration: 0,
7.80, 15.62, 62.50, 93.75, 156.25 and 312.50 μM (y =
0.0057× + 0.0547; r2 = 0.9907). We expressed the MDA con-
tent as mmol/mg of protein.

Calcium

The stock color reagent was 40 mg murexide (ammonium
purpurate), which we dissolved in 5 ml dH2O and diluted
immediately to 500 ml with propylene glycol. The working
color reagent was a 50-ml stock color reagent, to which we
added 1.5 ml of 3.75 N NaOH. The stock standard calcium
solution was 2.497 g of pure, dry CaCO3 in a 5-ml HCl and
diluted to 1 L with dH2O (1 mg/ml). We diluted the working
standard calcium solution from the stock calcium solution by
using 1 in 10 parts with dH2O (0.1 mg/ml).

We prepared the blank (2.55 ml dH2O + 1.5 ml working
color reagent), standard (2.5ml dH2O + 0.05ml working stan-
dard calcium solution +1.5 ml working color reagent) and test
(2.5 ml dH2O + 0.05 ml supernatant +1.5 ml working color
reagent) and incubated them for 5 min at room temperature.
We then read themwithin 10min at 490 nm.We expressed the
calcium concentration as mEq/L by using the formula (test
O.D./standard O.D.) ×5 =mEq/L (Spare 1964).

Catalase

Supernatant 50 μl had volumes of up to 3 ml with PBS
(50 mM, pH 7.4) containing H2O2 (20 mM), and we read
the supernatant at 240 nm for 3 min (30-s interval). We
expressed the catalase activity as U/mg of protein by using
the extinction coefficient of H2O2 43.6 M−1 cm−1 (Hadwan
and Abed 2016).

Superoxide dismutase

Supernatant 0.1 ml, 0.1 ml of EDTA (0.0001 M), 0.5 ml of
carbonate buffer (pH 9.7) and 1 ml of epinephrine (0.003 M).
We read the mixture at 480 nm for 3 min (30-s interval). We
expressed the enzyme activities of SOD as U/mg of protein by
using the standard curve of the SOD concentration: 0, 0.035,
0.180, 0.719 and 1.80 μg/ml (y = 0.0015× + 0.0001; r2 =
0.938). The enzyme activity was 6150 U/mg, Merck,
Germany).

Brain-infarction volume

We cut the brains into serial coronal sections (2-mm thick)
using mouse templates and stained them with 2% of 2, 3, 5-
triphenyltetrazolium chloride (TTC) at 37 °C for 10 min. We
then kept them in a 10% neutral buffer formalin for 24 h. We
captured the brain images and analyzed them for the infarct
volume by NIH ImageJ. We represented the data as the per-
centage of infarction (% infarction).

Histological study

We further processed the brain sections from the TTC staining
for the histological study of the dorsal hippocampi. We em-
bedded the brains in paraffin and sectioned them so that they
had 5 μm of thickness. We picked 5 brain slides from each
mouse, and the slides had 125-μm intervals starting from
bregma −1.94 (Paxinos and Franklin 2008), which covered
the area of interest (Fig. 1b).We stained these brain slides with
0.1% cresyl violet. In brief, we deparaffinized and rehydrated
the slides via serial xylene and ethanol (EtOH; 100, 95, 80 and
70%, respectively), soaked them in distilled water for 5 min
and stained them with 0.1% cresyl violet for 30 s. We then
dehydrated the brain slides via serial EtOH (70, 80, 95 and
100%, respectively) and xylene before sealing them with a
glass cover.

In each hemisphere, we captured 3 photomicrographs of
the dorsal hippocampus subregion’s cornus ammonis (CA)
1, 3 and dentate gyrus (DG), and we counted for viable and
dead cells (Fig. 1b). Aviable cell was characterized by a round
light-purple cell with a visible nucleus and nucleolus. A dead
cell was characterized by dark purple shrinkage with a vacuole
around cell (Thong-asa and Tilokskulchai 2014). We repre-
sented the data as viable or dead cells and included the per-
centage of dead cells in each subregion and in the total area of
the dorsal hippocampus.

Statistical analysis

We analyzed all data through a one-way analysis of variance
followed by Fisher’s post hoc test, and we represented as
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mean ± standard error of mean (S.E.M.). We indicated the
statistical significance by p-value <0.05.

Results

Oxidative status

We induced a cerebral IR injury through a 30-min bilateral
common carotid artery occlusion followed by 45 min of re-
perfusion, which significantly increased calcium as well as
MDA and significantly reduced catalase levels (p = 0.0029,
0.0092 and 0.0001, respectively; compared Control-IR to
Sham; Fig. 2a–c). Pretreatment with 100 mg/kg of p-
coumaric acid for 2 weeks reduced calcium and MDA levels,
but only MDA was significantly reduced (p = 0.0063; com-
pared Control-IR to PC-IR; Fig. 2b). Antioxidant indices such
as CAT and SOD were significantly increased in PC-IR (p =
0.0017 and 0.0246, respectively; compared to Control-IR;
Fig. 2c, d). The results of the oxidative statuses suggested that
cerebral IR induced by 30-min bilateral common carotid ar-
tery occlusion followed by 45 min of reperfusion significantly

induced brain oxidation and that pretreatment with 100 mg/kg
of p-coumaric acid improved brain oxidation by activating
intrinsic antioxidants such as CAT and SOD.

Infarction volume

We show the whole-brain infarction volume with TTC stain-
ing in Fig. 3. The percentage of infarction in the Control-IR
group was significantly higher than that of the Sham group
(p = 0.0015), and pretreatment with 100 mg/kg of p-coumaric
acid significantly reduced the infarction (p = 0.0097; com-
pared PC-IR to Control-IR; Fig. 3).

Histological changes

We show the viable and dead cells in each area of interest—
such as CA1, CA3 and DG—and in the total area of the dorsal
hippocampus (CA1 + CA3 +DG) in Table 1. Viable cells in
CA1, CA3, DG and the total area of the dorsal hippocampus
were significantly reduced in Control-IR group (p = 0.0021,
0.0001 and 0.0002, respectively). Pretreatment with p-
coumaric acid significantly prevented viable-cell reduction

Fig. 1 The experimental protocol. a. A histological study of the dorsal hippocampus started from bregma −1.94 b. Areas of interest such as CA1, CA3
and DG. Each of these areas was captured for three images and analyzed for viable and dead cells (arrows)
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in the PC-IR group (p = 0.0129, 0.0323 and 0.0044, respec-
tively). Dead cells were significantly increased in the CA1
area (p = 0.0408) but not in the CA3, DG and total areas of
the dorsal hippocampus in the Control-IR group. On the

contrary, pretreatment with p-coumaric acid significantly re-
duced the dead cells in the CA1 area (p = 0.0129). In the DG
area, dead cells were significantly reduced by pretreatment
with p-coumaric acid compared to the Sham group (p =
0.0368). The dead cells in the total area of the dorsal

Fig. 2 A histogram showing
brain tissue oxidative status.
Calcium (a), MDA (b), CAT (c)
and SOD (d). *indicated
significant difference compared to
Sham. #indicated significant
difference compared to Control-
IR

Fig. 3 A photomicrograph of brain tissue stained with 2% 2, 3, 5-
triethyltetrazoliumchloride (TTC). The scale bar indicates a distance of
1 cm. The histogram shows the whole brain percentage of infarction (%
infarction). *indicated significant difference compared to Sham. #indicat-
ed significant difference compared to Control-IR (below)

Table 1 Viable and dead cells in subregionCA1, 3, DG and total area of
the hippocampus (HP). Data represented as mean ± S.E.M.

Viable cells Dead cells

CA1

Sham 2521.50 ± 60.37 52.25 ± 16.76

Control-IR 1754.25 ± 115.99a 128.75 ± 40.61a

PC-IR 2275.66 ± 142.71b 38.33 ± 5.27b

CA3

Sham 2114.50 ± 138.15 230.75 ± 50.16

Control-IR 1267.75 ± 61.71a 294.75 ± 46.56

PC-IR 1589.00 ± 77.40a, b 248.83 ± 25.15

DG

Sham 5127.00 ± 158.56 281.50 ± 96.23

Control-IR 3270.00 ± 163.56a 204.50 ± 50.69

PC-IR 4369.00 ± 249.92a, b 92.167 ± 29.26a

Total HP

Sham 9763.00 ± 201.58 564.50 ± 121.79

Control-IR 6292.00 ± 129.37a 628.00 ± 92.26

PC-IR 8233.66 ± 442.59a, b 379.33 ± 32.23b

a p < 0.05 compared to Sham
b p < 0.05 compared to Control-IR
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hippocampus were significantly reduced in the PC-IR group
(p = 0.0428).

In our interpretation of the percentage of dead cells, we
found that IR significantly increased the percentage of dead
cells in CA1 and CA3 (p = 0.0188 and 0.0205, respectively,
Fig. 4) but not in DG. Pretreatment with p-coumaric acid
ameliorated the increase of the percentage of dead cells in
CA1 and DG (p = 0.0082 and 0.0486, respectively; Fig. 4)
but not in CA3. Our total-area interpretation revealed signifi-
cantly increased percentages of dead cells in the Control-IR
group (p = 0.0244), and pretreatment with p-coumaric acid
significantly reduced the percentage of dead cells in PC-IR
(p = 0.0044).

Discussion

It is well known that IR injury causes neurological deficits and
disabilities. The deteriorative effects of IR depend on the se-
verity and duration of ischemia, which further reflect the neu-
ronal endurance during reperfusion. In most cases, if ischemia

persists for a long period of time, it will exacerbate the damage
during reperfusion and cause more disabilities, which will
lead to difficulties during rehabilitation. There are many
ways—such as ischemic preconditioning, brain cooling (hy-
pothermia), antioxidant therapy, calcium antagonist, anti-cy-
tokines, anti-leukocyte adhesionmolecules and so on—to pre-
vent an exacerbation of an IR injury (Collard and Gelman
2001; Pan et al. 2007). In the present study, we used an anti-
oxidant to prevent a cerebral IR injury. We used p-coumaric
acid, the phenolic compound that has a low level of toxicity
with rapid tmax and t1/2 (Pei et al. 2015). We used a dose of
100 mg/kg, which is suggested to have an active biological
effect on embolic cerebral ischemia (Guven et al. 2015). The
IR-injury induction in the present study was a 30-min bilateral
common carotid artery occlusion followed by a 45-min reper-
fusion (Raghavendra et al. 2009; Iwasaki et al. 1989), which
exhibited significant oxidative outcomes—such as a signifi-
cant increase of calcium and MDA levels as well as a reduc-
tion of SOD and CAT activities. The infarction area and neu-
ronal damage in the dorsal hippocampus were also significant-
ly increased by IR induction. Pretreatment with 100 mg/kg of

Fig. 4 A photomicrograph of the
dorsal hippocampal (HP)
subregion of CA1, CA3 and DG
with 0.1% cresyl violet staining.
Images were captured at 200× of
magnification and the scale bar
indicates a distance of 50 μm.
Viable cells were indicated by
light purple staining of cresyl
violet as well as visibility of
nucleus and nucleolus. Dead cells
were indicated by dark purple
staining as well as the
disappearance of nucleus and
nucleolus and the appearance of
vacuoles around cells. The
histogram shows the percentage
of dead cells in the dorsal
hippocampus subregion of CA1,
CA3, DG and total HP (below).
*indicated significant difference
compared to Sham. #indicated
significant difference compared to
Control-IR
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p-coumaric acid for 2 weeks significantly reduced oxidative
stress by ameliorating the MDA level, and it increased SOD
and CAT activities. Significant reductions to the infarction
area and hippocampal neuronal damage were also revealed.

The antioxidant properties of p-coumaric acid exert them-
selves as reducing agents by activating of endogenous antiox-
idant enzymes such as SOD and CAT. Increases of lipid per-
oxidation during IR are caused by a polyunsaturated fatty-acid
peroxide radical with monocyclic peroxide or bicyclic endo-
peroxide by lipid hydroperoxide and oxy radical (Ayala et al.
2014). OnceMDA has formed, biomolecular damage and cell
death are activated byMDA-protein andMDA-DNA adducts.
Normally MDA can be enzymatically metabolized into a non-
toxic form via enzyme cascades—such as aldehyde dehydro-
genase, decarboxylase, acetyl CoA synthase and a
tricarboxylic-acid cycle. The amelioration of lipid peroxida-
tion and increasing of SOD activity by p-coumaric acid during
IR injury in the present study were similar to results in a
previous report (Guven et al. 2015). Additionally, we showed
that p-coumaric acid increases CAT activity, which supports
the enzymatic activity of SOD. SOD detoxifies O2

− into
H2O2, and CAT further converts H2O2 into H2O and O2. We
found that SOD and CAT activities were reduced during IR,
which indicates that excessive O2

− leads to an increase of lipid
peroxidation and is reflected by high MDA levels in the pres-
ent study. Pretreatment with p-coumaric acid ameliorated
brain oxidative stress by reducing MDA while increasing
CAT and SOD as well.

The infarction area was significantly increased following
IR, and pretreatment with p-coumaric acid can prevent the
increase of infarction volume. The evaluation of infarction
area in the present study used the reaction of TTC with
NADH. As a marker of aerobic respiration, NADH represents
viable tissue. Evidence showed that p-coumaric acid helped
increase mitochondrial oxidative phosphorylation, which
ameliorates the suppression of ischemia-induced respiratory
complex activities. Due to increases of nuclear respiratory
factor-1 and nuclear gene-encoding respiration proteins, p-
coumaric acid helps prevent energy failure during ischemia,
maintaining the neuronal function and increasing neuronal
strength against reperfusion injury (Guven et al. 2015).

Calcium overload is clearly revealed in IR injury. During
ischemia, energy failure occurs and leads to many conditions
that induce cytosolic calcium overload. The maintenance of
ionic homeostasis via Na+/H+ exchangers counteracts the drop
of cytosolic pH, which in turn increases Na+/Ca2+ exchangers
and Ca2+ reuptake into the ER/SR by SERCA. IR impairs
ATPase. The enhancement of Na+/Ca2+ exchangers together
with the release of calcium through the ryanodine receptors
exacerbate the lethal elevation of cytosolic calcium and further
activate a variety of calcium-dependent cascades—such as
calcium-dependent proteases, mitochondrial permeability
transition-pore openings, inflammatory and prothrombogenic

cascades, free radical formation and apoptotic cell death—that
contribute to cell death following IR (Kalogeris et al. 2012).
Calcium levels in brain tissues significantly increased follow-
ing IR in the present study. Pretreatment with p-coumaric acid
tended to reduce calcium levels but did not lead to a signifi-
cant difference. It may be that p-coumaric acid did not directly
act on cytosolic calcium controllers but rather helped prevent
neuronal damage via other pathways, such as the activation of
the antioxidant system.

In the present study, we observed neuronal damage in the
vulnerable brain area such as the dorsal hippocampus follow-
ing IR. During ischemia, excitotoxicitymediated by glutamate
receptors, such as the NMDA receptor, is activated. Energy
failure causes excessive glutamate release and leads to an
influx of calcium through this channel (Arundine and
Tymianski 2003). As a key mediator, calcium overload further
triggers many distinct cascades that lead to neuronal death
(Kalogeris et al. 2012; Martin et al. 1998). Vulnerable brain
regions are characterized by vascular distribution and intrinsic
factors. An abundance of glutamate receptors and high intrin-
sic oxidative stress are indicated in vulnerable neurons such as
the CA1 of the dorsal hippocampus (Davolio and Greenamyre
1995; Wang et al. 2005). The present study found significant
damage to the CA1 and CA3 but not the DG following IR; this
is because of the difference in the areas’ susceptibility. In the
pattern of selective vulnerability, DG was less than CA3,
which was less than CA1 (Mattson and Kater 1989).
Pretreatment with p-coumaric acid significantly reduced the
damage to CA1 but not CA3 areas. The inhibition of
mitochondrial-associated proapoptotic proteins, such as apo-
ptosis signal-regulating kinase 1 (ASK1), and caspase activity
(caspase-3 and caspase-9) were involved (Guven et al. 2015).
Interestingly, p-coumaric acid significantly reduced the per-
centage of dead cells in the DG even though this area has less
susceptibility and displayed no significant damage following
IR in the present study. This may be due to the involvement of
p-coumaric acid in neurogenesis within this region. It is wide-
ly known that adult neurogenesis can be found in two distinct
brain regions, the subventricular zone and the DG of the dorsal
hippocampus (Taupin 2006). Evidence showed that p-
coumaric acid exerts an effect on the inhibition of NF-kB
signaling pathways, a transcription factor that plays a key role
in gene regulation for both damaging and protecting mecha-
nisms. Activation by some activators of this signaling path-
way can lead to neurotoxicity (Yoon et al. 2014; Zhang and
Hu 2012). The signaling of NF-kB regulates many genes that
are involved in immunity, inflammation, neural plasticity, cell
survival and neurogenesis (Zhang and Hu 2012). In the pres-
ent study, the survival of neurons in CA1 and DG but not CA3
by p-coumaric acid may depend on a variety of factors. This
indicates a double-edged sword in regard to the action of NF-
kB signaling in neurodegenerative disease. The outcome de-
pends on varieties of factors (Zhang and Hu 2012). The
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difference of susceptibility and cell type properties of CA1,
CA3 and DG neurons may lead to a different outcome as
showed in the present study. As with all the results, p-
coumaric acid exhibits a neuroprotective effect via amelioration
of oxidative stress, infarction and vulnerable neuronal damage.

Conclusion

Pretreatment with p-coumaric acid ameliorates brain oxidative
stress, infarction and vulnerable neuronal damage in cerebral
IR injury. There is an indication of p-coumaric acid’s ability to
maintain neuronal function and increase neuronal strength
against IR injury.
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