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Abstract. The aim of the present study was to investigate 
the protective effect of chicoric acid on oxidative stress and 
inflammation in rats with cerebral ischemia‑reperfusion 
injury. A cerebral ischemia‑reperfusion injury rat model was 
created via transient middle cerebral artery occlusion (MCAO) 
and rats were treated with various doses of chicoric acid (0, 1, 
10 and 100 mg/kg). Neurological deficits and infarct volume 
were used to estimate the protective effects of chicoric acid 
treatment. Levels of reactive oxygen species (ROS), tumor 
necrosis factor‑α (TNF‑α), interleukin (IL)‑1β, nitric oxide 
(NO) and prostaglandin E2 (PGE2) were assessed. Western 
blot analysis was also used to measure the expression of 
cyclooxygenase (COX)‑2, p38‑mitogen activated protein 
kinase (MAPK), c‑Jun, phosphorylated protein kinase B 
(p‑AKT) and AKT. Chicoric acid exposure was observed 
to reduce neurological deficits and infarct volume in rats 
with cerebral ischemia‑reperfusion injury. In addition, ROS 
production and inflammation were significantly suppressed 
following treatment with chicoric acid. Chicoric acid was 
demonstrated to significantly inhibit the upregulation of 
NO and PGE2 levels in rats following MCAO. Furthermore, 
chicoric acid significantly suppressed the MCAO‑induced 
promotion of COX‑2, p38‑MAPK and c‑Jun protein expression 
and enhanced the inhibition of p‑AKT/AKT. These results 
suggest that chicoric acid has a protective effect, preventing 
oxidative stress and inflammation in rats with cerebral 
ischemia‑reperfusion injury via the p38‑MAPK, c‑Jun and 
AKT signaling pathways.

Introduction

Cerebrovascular disease is one of the most common diseases 
globally (1). With high morbidity, disability rates and death 

rates, cerebrovascular disease has a negative impact on quality 
of life and public health (1). Ischemic cerebrovascular disease 
occurs when stenosis or blockade occurs in the major arteries 
that supply blood to the brain  (2). This results in oxygen 
deprivation to the brain leading to ischemia or necrosis (2). 
Following cerebral ischemic stroke, hemoperfusion of the isch-
emic region may be achieved by dissolution of the thrombus or 
recanalization (3). However, organizational functions are not 
recovered in certain patients and the damage is aggravated. 
Cerebral ischemia‑reperfusion (I/R) injury is a complex patho-
physiological procedure (4). A previous study have reported 
that brain cell injuries caused by cerebral blood flow interrup-
tion and reperfusion is a rapid cascade reaction that involves a 
number of steps, including energy barrier, acidosis, increased 
excitatory amino acid release, the formation of free radicals 
and the expression of apoptotic genes (4). These steps interact 
to form a feedback loop (5) and ultimately lead to apoptosis 
or necrosis.

The mechanisms of cerebral I/R injury are complicated 
and interrelated (6). An important step in the pathogenesis 
of cerebral I/R injuries is a series of events known as the 
oxidative‑inflammatory cascade (OIC), which is triggered by 
the interaction between oxidative stress and the inflammatory 
response (6). During OIC, pressure sensitivity kinase as protein 
kinase C and protein kinase are activated by reactive oxygen 
species (ROS), which subsequently stimulate the expression 
of inflammatory cytokines, including tumor necrosis factor 
(TNF)‑α, interleukin (IL)‑6 and monocyte chemotactic 
protein‑1 (7,8). These inflammatory factors further stimu-
late the production of ROS and a positive feedback loop is 
formed (7).

In cerebral I/R injuries, the inflammatory cascade reaction 
caused by local ischemic injury is an important pathophysi-
ological process following cerebral ischemia (9). With the 
occurrence of inflammation post‑ischemia and the destruction 
of blood brain barrier, white blood cells are able to enter the 
brain and may induce inflammatory responses (9). A number 
of inflammatory factors, including TNF‑α, IL‑1, IL‑6 and 
inducible nitric oxide synthase (iNOS), induce cerebral isch-
emic injuries as well as stimulating the expression of a number 
of adhesion molecules, facilitating infiltration and triggering 
the inflammatory response (10).

Chicoric acid is a caffeoyl derivative with potential 
anti‑diabetic properties  (11). Chicoric acid induces the 
apoptosis of 3T3‑L1 preadipocytes and mediates ROS, 
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phosphatidylinositide 3‑kinases (PI3K)/protein kinase B 
(AKT) and p38‑mitogen‑activated protein kinase (MAPK) 
signaling pathways (12,13).

The aim of the present study was to investigate the protective 
effect of chicoric acid on oxidative stress and inflammation in 
rats with cerebral I/R injury.

Materials and methods

Animals. A total of 50 adult male Sprague Dawley rats 
(280±20 g, 12‑14 weeks old) were purchased from the Animal 
Center of Hebei Cangzhou Central Hospital (Cangzhou, 
China). Animal experiments were approved by the Ethics 
Committee of Cangzhou Central Hospital (Cangzhou, China) 
and were performed in accordance with the National Institute 
of Health Guidelines. Rats were housed at 22‑25˚C with 
55‑60% humidity, were subjected to a 12‑h light/dark cycle 
and had free access to food and water.

Grouping and cerebral I/R rat model. Rats were randomly 
divided into the following groups (n=10): Negative control 
group, cerebral I/R injury group and cerebral I/R injury with 
chicoric acid treatment group (1, 10 or 100 mg/kg). Rats were 
injected with 35 mg/kg pentobarbital sodium (Sigma‑Aldrich; 
Merck KGaA, Darmstadt, Germany). A cerebral I/R rat 
model was induced by transient middle cerebral artery 
occlusion (MCAO) for 1 h as described previously (14). In the 
negative control group, surgery was performed in the same 
way without inserting threads. In the cerebral I/R damage 
group, the rats were injected with 200  µl normal saline. 
In the cerebral I/R damage with chicoric acid treatment group, 
the rats were injected with 1, 10 or 100 mg/kg/day of chicoric 
acid (Sigma‑Aldrich; Merck KGaA) for 1 week.

Neurological deficits. Neurological deficits were evaluated 
following 1 day of treatment post‑surgery and were scored 
on a 5‑point scale. Scoring was performed as follows: 
0, No deficit; 1, mild deficit‑failure of left forepaw extension; 
2, moderate deficit‑circling to the left; 3, severe deficit‑falling 
to the left; 4, critical deficit‑depressed consciousness, no 
spontaneous walking (15).

Infarct volume. Rats were sacrificed and brain tissue 
samples were harvested. Brain tissues was fixed with 4% 
paraformaldehyde for 24 h at room temperature, and tissue 
samples were sliced into 2 mm sections and stained with 
2% 2,3,5‑triphenyltetrazolium chloride in the dark for 
30 min at 37˚C. The infarct area was demarcated as follows: 
Infarct volume  (%)  =  (volumeipsilateral  -  volumecontralateral)/
volumecontralateral x 100.

Histopathological assessment. Brains tissue samples were 
harvested, fixed with 4% paraformaldehyde for 24 h at room 
temperature and embedded in paraffin. Hippocampal tissues 
were separated and the hippocampal embedded tissue samples 
were cut into 6 µm sections and stained with hematoxylin and 
eosin (H&E) at 37˚C for 15 min. H&E tissue samples were 
examined under a light microscope (BX51; magnification, 
x10; Olympus Corp., Tokyo, Japan) and images were captured 
using a DP72 camera (Olympus Corp.).

Measurement of ROS. Brain tissue samples were harvested, 
homogenated and fractionated by centrifugation at 2,000 x g 
for 5 min at 4˚C. The separated upper layer was incubated with 
2',7'‑dichlorodihydrofluorescein diacetate (Nanjing Jiancheng 
Biology Engineering Institute Co., Ltd., Nanjing, China) in 
buffer solution (Nanjing Jiancheng Biology Engineering 
Institute Co., Ltd.) at 37˚C for 30 min. ROS production was 
measured using an Olympus fluorescence microscope (magni-
fication, x10; Olympus Corp.).

Measurement of TNF‑ α and IL‑1 β in the circulation. A total 
of 100 µl of venous blood was collected and fractionated by 
centrifugation at 2,000 x g for 5 min at 4˚C. The separated 
upper plasma layer was collected and the levels of TNF‑α 
(cat. no. PT516) and IL‑1β (cat. no. PI303) were analyzed using 
an ELISA microplate reader at an absorbance of 450 nm.

Measurement of NO and prostaglandin E2 (PGE2). Brains 
tissue samples were quickly separated, homogenated with 
Griess reagent (Sigma‑Aldrich; Merck KGaA) and 100 µl 
of bronchoalveolar lavage fluid obtained from rats, and 
subsequently incubated for 10  min at room temperature. 
The concentration of NO was determined at 540 nm using 
an ELISA microplate reader and NO kit (cat. no. A012‑1; 
Nanjing  Jiancheng  Biology  Engineering  Institute). The 
PGE2 concentrations were determined using a prostaglandin 
E2 assay kit (cat. no.  H099; Nanjing  Jiancheng  Biology 
Engineering Institute).

Western blot analysis. Brain tissue samples were separated 
and homogenated with liquid nitrogen. Protein content was 
determined using a BCA assay (Bio‑Rad Laboratories, Inc., 
Hercules, CA, USA). Proteins (50  µg) were separated by 
SDS‑PAGE (10‑12%) and transferred onto polyvinylidene 
fluoride membranes. The membranes were blocked with PBS 
containing 1% Tween‑20 and 5% non‑fat dried milk for 1 h 
at room temperature, and subsequently incubated with the 
following primary antibodies: Anti‑cyclooxygenase (COX)‑2 
(sc‑7951, 1:1,000), anti‑phosphorylated (p)‑c‑Jun (sc‑7980‑R, 
1:1,000), anti‑AKT (sc‑8312, 1:2,000), anti‑p‑AKT (sc‑135651, 
1:1,500; all from Santa Cruz Biotechnology, Inc., Dallas, 
TX, USA) and anti‑β‑actin (1:1,000; Sangon Biotech Co., 
Ltd., Shanghai, China) overnight at 4˚C. Membranes were 
subsequently incubated with goat anti‑rabbit IgG‑horserasish 
peroxidase secondary antibody (sc‑2004, 1:15,000; Santa Cruz 
Biotechnology, Inc.) for 2 h at 37˚C. β‑actin was used as an 
internal control.

Statistical analysis. Data are presented as the mean ± standard 
error of the mean and were analyzed using SPSS 17.0 software 
(SPSS, Inc., Chicago, IL, USA). Statistically significant 
differences were determined using one‑way analysis of vari-
ance followed by Tukey's post hoc test. P<0.05 was considered 
to indicate a statistically significant difference.

Results

Protective effect of chicoric acid on neurological deficits 
in rats with cerebral I/R injury. The chemical structure of 
chicoric acid is presented in Fig. 1. The neurological deficit 
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score was significantly higher in the cerebral I/R injury group 
compared with the control group (P<0.01; Fig. 2). However, 
treatment with 10 or 100 mg/kg of chicoric acid significantly 
inhibited the cerebral I/R injury‑induced neurological deficits 
in rats (P<0.01; Fig. 2). No significant difference was observed 
between the cerebral I/R injury and 1 mg/kg chicoric acid 
groups (Fig. 2).

Protective effect of chicoric acid on infarct volume in rats 
with cerebral I/R injury. The infarct volume of rats in the 
cerebral I/R injury group was significantly higher compared 
with the control group (P<0.01; Fig.  3). However, treat-
ment with 10 or 100 mg/kg of chicoric acid significantly 
reduced infarct volume in rats with cerebral I/R injury 
(P<0.01; Fig.  3). No significant difference was observed 
between the cerebral I/R injury and 1 mg/kg chicoric acid 
groups (Fig. 3).

Protective effect of chicoric acid on hippocampus injury 
in rats with cerebral I/R injury. Cerebral I/R injury and the 
inhibition of the number of neuronal cells in the hippocampus 
were observed in the cerebral I/R injury group compared 

with the control group (Fig.  4). Treatment with 1 mg/kg 
chicoric acid had no marked effect on hippocampus injury 
and the number of neuronal cells compared with the cerebral 
I/R injury group (Fig. 4). However, treatment with 10 or 
100 mg/kg chicoric acid markedly inhibited the extent of 
I/R injury and the number of neuronal cells in rats following 
MCAO (Fig. 4).

Effect of chicoric acid on ROS expression in rats with cerebral 
I/R injury. ROS production was significantly higher in the 
cerebral I/R injury group compared with the control group 
(P<0.01; Fig. 5). However, pretreatment with 10 or 100 mg/kg 
of chicoric acid significantly reduced ROS production in rats 
with cerebral I/R injury (P<0.01; Fig. 5). No significant differ-
ence was observed between the 1 mg/kg chicoric acid and 
cerebral I/R injury groups (Fig. 5).

Protective effect of chicoric acid on inflammation in rats with 
cerebral I/R injury. Compared with the control group, TNF‑α 
and IL‑1β levels were significantly increased in the cerebral 
I/R injury group (P<0.01; Fig.  6). Treatment with 10 or 
100 mg/kg of chicoric acid significantly suppressed the levels 
of TNF‑α and IL‑1β in cerebral I/R injury rats (P<0.01; Fig. 6). 
However, no significant differences in TNF‑α or IL‑1β levels 
were observed between the 1 mg/kg chicoric acid and cerebral 
I/R injury groups (Fig. 6).

Effect of chicoric acid on NO levels in rats with cerebral I/R 
injury. NO levels in rats in the cerebral I/R injury group were 
significantly increased compared with control rats (P<0.01; 

Figure 1. Chemical structure of chicoric acid.

Figure 2. Effect of chicoric acid on neurological deficits in rats with I/R. 
##P<0.01 vs. control group and **P<0.01 vs. I/R group. I/R, cerebral isch-
emia‑reperfusion injury.

Figure 3. Effect of chicoric acid on infarct volume in rats with I/R. ##P<0.01 vs. 
control group and **P<0.01 vs. I/R group. I/R, cerebral ischemia‑reperfusion 
injury.

Figure 5. Effect of chicoric acid on ROS expression in rats with I/R. ##P<0.01 
vs. control group; **P<0.01 vs. I/R group. ROS, reactive oxygen species; I/R, 
cerebral ischemia‑reperfusion injury.

Figure 4. Effect of chicoric acid on hippocampus injury in rats with I/R 
(magnification, x10). I/R, cerebral ischemia‑reperfusion injury.
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Fig.  7). Treatment with 10 or 100 mg/kg of chicoric acid 
significantly reduced NO levels in rats with cerebral I/R injury 
(P<0.01; Fig. 7). No significant differences in NO levels were 
observed between the 1 mg/kg chicoric acid and cerebral I/R 
injury groups (Fig. 7).

Effect of chicoric acid on COX‑2 and p‑p38‑MAPK levels in 
rats with cerebral I/R injury. COX‑2 and p‑p38‑MAPK protein 
levels were significantly increased in the cerebral I/R injury 
group compared with control rats (P<0.01; Fig. 8). Treatment 
with 10 or 100 mg/kg chicoric acid significantly decreased 
COX‑2 and p‑p38‑MAPK levels in rats with cerebral I/R 
injury (P<0.01; Fig. 8). No significant differences in COX‑2 
and p‑p38‑MAPK levels were observed between the 1 mg/kg 
chicoric acid and cerebral I/R injury groups (Fig. 8).

Effect of chicoric acid on PGE2 levels in rats with cerebral I/R 
injury. The results of the present study reveal that PGE2 levels 
were significantly increased in the cerebral I/R injury group 
compared with the control group (P<0.01; Fig. 9). Treatment 
with 10 or 100 mg/kg chicoric acid significantly attenuated the 
MCAO‑induced upregulation of PGE2 in rats (P<0.01; Fig. 9). 
No significant differences were observed in PGE2 levels between 
the 1 mg/kg chicoric acid and cerebral I/R injury groups (Fig. 9).

Figure 8. Effect of chicoric acid on COX‑2 and p‑p38‑MAPK level in rats 
with I/R. (A) Western blot analysis of COX‑2 and p‑p38‑MAPK levels in rats 
with cerebral ischemia‑reperfusion injury. Statistical analysis of (B) COX‑2 
and (C) p‑p38‑MAPK levels. ##P<0.01 vs. control group; **P<0.01 vs. I/R 
group. COX, cyclooxygenase; p, phosphorylated; MAPK, mitogen activated 
protein kinase; I/R, cerebral ischemia‑reperfusion injury.

Figure 9. Effect of chicoric acid on PGE2 levels in rats with I/R. ##P<0.01 vs. 
control group; **P<0.01 vs. I/R group. PGE2, prostaglandin E2; I/R, cerebral 
ischemia‑reperfusion injury.

Figure 6. Effect of chicoric acid on inflammation in rats with I/R. Chicoric 
acid attenuates the levels of (A) TNF‑α and (B) IL‑1β in rats with cerebral 
ischemia‑reperfusion injury. ##P<0.01 vs. control group; **P<0.01 vs. I/R 
group. I/R, cerebral ischemia‑reperfusion injury; TNF, tumor necrosis factor; 
IL, interleukin.

Figure 7. Effect of chicoric acid on NO levels in rats with I/R. ##P<0.01 vs. 
control group; **P<0.01 vs. I/R group. NO, nitric oxide; I/R, cerebral ischemia‑ 
reperfusion injury.
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Effect of chicoric acid on p‑c‑Jun and p‑AKT levels in 
rats with cerebral I/R injury. The expression of p‑c‑Jun 
was upregulated in rats with cerebral I/R injury compared 
with control rats (P<0.01; Fig. 10A and B). Treatment with 
10 or 100 mg/kg chicoric acid significantly attenuated the 
MCAO‑induced increase in p‑c‑Jun (P<0.01; Fig. 10A and B), 
whereas no significant difference was observed in the 1 mg/kg 
chicoric acid group compared with the cerebral I/R injury 
group. Levels of p‑AKT protein were significantly lower in the 
cerebral I/R group compared with the control group (P<0.01; 
Fig. 10A and C). Treatment with 10 or 100 mg/kg chicoric acid 
significantly increased p‑AKT protein expression in cerebral 
I/R injury rats (P<0.01; Fig. 10A and C); however, no signifi-
cant difference was observed between the 1 mg/kg chicoric 
acid and cerebral I/R injury groups.

Discussion

Cerebrovascular disease has high morbidity, death rates and 
disability rates worldwide, posing a serious threat to public 
health (14). Approximately 2 million individuals suffer from 
cerebrovascular disease worldwide and >1.5 million succumb 
each year (14). Furthermore, the morbidity is on the increase 
with improvements in living standards and lifestyle changes (1). 
Cerebrovascular disease may be classified as hemorrhagic or 
cerebrovascular. Cerebral atherosclerosis and inflammation 
of the cerebral artery are major causes of cerebral I/R injury 
and cause the highest morbidity. The majority of patients who 
suffer cerebral ischemia have several sequelae (15). In the 
present study, the protective effect of chicoric acid on neuro-
logical deficits and infarct volume in rats with cerebral I/R 
injury was investigated.

As a rate‑limiting enzyme, COX is able to control the 
speed of thromboxane and prostaglandin synthesis by 

arachidonic acid (16). It has previously been reported that the 
expression of COX‑1 is maintained at the same level following 
local cerebral ischemic injury (16). This suggests that certain 
factors, including ischemia, oxygen deficit and inflammation, 
do not induce COX‑1 upregulation. Compared with COX‑1, the 
expression of COX‑2 in brain tissues is relatively low under 
normal physiological conditions (17). Following cerebral isch-
emic injury, the expression of COX‑2 is upregulated to several 
times the normal level (17). The results of the present study 
suggest that chicoric acid has a protective effect following 
cerebral I/R injury, ameliorating increases in ROS genera-
tion, inflammation and NO and COX‑2 levels in rats. It has 
also been reported that chicoric acid induces the apoptosis of 
3T3‑L1 preadipocytes and mediates COX‑2, ROS, PI3K/AKT 
and p38‑MAPK signaling pathways (13). Kour and Bani (11) 
revealed that chicoric acid suppressed inflammation in 
chronically stressed mice. Landmann et al (18) suggested that 
chicoric acid is able to reduce acute alcohol‑induced steatosis 
via the induction of iNOS in the liver.

As a crucial catalyst of COX‑2, PGE2 is a marker of 
COX‑2 activity (19). A previous study reported that changes in 
PGE2 levels in the frontoparietal cortex were correlated with 
changes in the expression pattern of COX‑2 in the ischemic 
hemisphere of a rat model of focal I/R injury  (20); PGE2 
may therefore be used as a marker of COX‑2 activity. COX‑2 
inhibitor is able to suppress the metabolism of arachidonic 
acid via inhibiting COX‑2 activity (21), thereby reducing the 
production of PGE2 and alleviating inflammatory response 
injuries. It may also relieve the degree of brain tissue injury 
and encephaledema to protect brain tissues (21). The results 
of the present study demonstrate that chicoric acid has a 
protective effect on PGE2 levels in rats with cerebral I/R 
injury. Park et al (21) reported that luteolin and chicoric acid 
inhibited inflammatory responses via suppressing PGE2 in 

Figure 10. Effect of chicoric acid on p‑c‑Jun and p‑AKT levels in rats with I/R. (A) Western blot analysis of p‑c‑Jun and p‑AKT levels in rats with cerebral 
ischemia‑reperfusion injury. Statistical analysis of (B) p‑c‑Jun and (C) p‑AKT levels. ##P<0.01 vs. control group; **P<0.01 vs. I/R group. P, phosphorylated; 
AKT, protein kinase B; I/R, cerebral ischemia‑reperfusion injury.
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lipopolysaccharide‑stimulated RAW 264.7 cells. Furthermore, 
Jiang et al suggested that chicoric acid has a protective effect 
on a rat model of collagen‑induced arthritis, functioning via 
PGE‑2, TNF‑α and IL‑1β (22).

It has been reported that the transduction pathways of 
cascade p38‑MAPK are located in the central nervous system 
and may be associated with the recovery of cerebral I/R 
injuries  (23). Furthermore, a previous study demonstrated 
that the expression peak of the p38‑MAPK signaling pathway 
occurred 1  h following the appearance of stimulating 
factors (23). The p38‑MAPK signaling pathway has also been 
demonstrated to regulate COX‑2 expression in other diseases, 
including pneumonia and hepatitis (24). In the present study, 
chicoric acid suppressed p38‑MAPK levels in rats with 
cerebral I/R injury. Similarly, Park et al  (21) reported that 
chicoric acid inhibits inflammatory responses via p38‑MAPK 
and c‑Jun.

The results of the present suggest that chicoric acid inhibits 
c‑Jun expression in rats with cerebral I/R injury. JUN is a 
member of the immediate early gene family (23). Its expres-
sion product is a vasodilator‑stimulated phosphoprotein of 
the cell nucleus, which functions as an intermediary in the 
external stimuli response and a marker of activation in nerve 
cells (25). c‑Jun mRNA expression levels may be used as an 
effective index to judge neuronal function following injury to 
nerve cells (21).

The PI3K/AKT signaling pathway is associated with cell 
differentiation, proliferation, apoptosis and migration (26); 
excessive activation of this pathway may therefore result in 
cell malfunction. The PI3K/AKT signaling pathway induces 
the phosphorylation of AKT via a series of activations and 
induces various biological functions  (27). AKT serves a 
crucial role in preventing cell apoptosis, as well as regulating 
glycometabolism and protein synthesis  (28). Furthermore, 
Schlernitzauer  et  al  (12) demonstrated that chicoric acid 
may function as an antioxidant via the MAPK and AKT 
pathways in L6 myotubes. The results of the present 
study reveal that chicoric acid activates the PI3K/AKT 
pathway and may be used as an effective treatment for cerebral 
I/R injury.
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