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Abstract. Curcumin has previously demonstrated anti‑inflam-
matory, anti-infective and immuno-suppressive effects. In the 
present study, whether the attenuating effects of curcumin 
against hypoxic-ischemic brain injury in neonatal rats are 
mediated via nuclear factor erythroid-2-related factor 2 
(Nrf2) and heme oxygenase-1 (HO-1) was investigated. A 
model of hypoxic-ischemic brain injury was created using 
1-week-old Sprague Dawley rats (weight, 52±1 g). The model 
rats were treated with 150 mg/kg curcumin by gavage for 
3 days. Malondialdehyde levels, and superoxide dismutase 
and caspase-3 activities were assayed using commercial kits 
and western blot analysis was used to measure inducible nitric 
oxide synthase (iNOS), Nrf2 and HO-1 expression levels. 
Treatment with curcumin effectively reduced the brain injury 
score, increased myelin basic protein (MBP) expression and 
increased the quantity of neuronal cells in neonatal rats with 
hypoxic-ischemic brain injury. Furthermore, treatment with 
curcumin significantly attenuated the changes in SOD activity 
and MDA levels and suppressed the iNOS protein expression 
induced in neonatal rats by hypoxic-ischemic brain injury. 
Treatment with curcumin significantly increased Nrf2 and 
HO-1 expression in the neonatal rats with hypoxic-ischemic 
brain injury. The present study indicated that curcumin attenu-
ates hypoxic-ischemic brain injury in neonatal rats through the 
induction of Nrf2 and HO-1.

Introduction

Hypoxic ischemic encephalopathy (HIE) is fetal or neonatal 
cerebral injury caused by partial or complete anoxia and a 
reduction or suspension of the cerebral blood flow resulting 
from perinatal asphyxia, which has chronic sequelae on the 
nerve system and is a cause of acute neonatal death (1). Early 
detection, diagnosis and intervention of HIE is important for 
the reduction of perinatal mortality and disability rates for 
newborns (2).

Nuclear factor erythroid-2-related factor 2 (Nrf2) is a 
nuclear transcription factor with neuroprotective effects 
against central nervous system disease (3). The Nrf2 pathway 
is anti-apoptotic and has multiple functions, including resis-
tance to oxidative stress, regulation of inflammatory injury 
and relief from calcium overloading (4). Research findings 
indicate that Nrf2 regulates downstream molecules to protect 
nerves, particularly against apoptosis (5).

Heme oxygenase-1 (HO-1) is an induced enzyme with 
a relative molecular mass of 32 kDa, which is a major heat 
shock/stress protein, mainly distributed among tissues and 
organs with active metabolism of blood corpuscles, such as the 
spleen, liver, reticuloendothelial system and bone marrow (6). 
HO-1 has low expression levels in brain tissues; however, 
under stress conditions, HO-1 can be expressed at very high 
levels by neurogliocytes and stellate neurons (7). Stimulating 
factors such as heat shock, heavy metals, protoheme, inflam-
matory stimuli, hypoxia, ultraviolet radiation, endotoxins, 
prostaglandin, lipopolysaccharides, nitric oxide (NO) and 
stress states such as hunger, fever and mechanical injuries may 
increase HO-1 activity (8).

Curcumin has been applied in traditional medicine for 
thousands of years, particularly in Ayurvedic medicine (9). 
It has been demonstrated to possess a wide range of phar-
macological activities with little side effects and high 
safety. Extensive studies have been conducted on curcumin, 
which have demonstrated that curcumin has significant 
anti‑infection, anti‑inflammatory, antioxidative, anti‑platelet 
aggregation, lipid‑reducing and anti‑fibrotic activities, in addi-
tion to protecting against myocardial injury and suppressing 
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tumor growth (9-11). Curcumin has been shown to ameliorate 
myocardial ischemia-reperfusion injuries and protect the 
myocardium through inhibition of the activation of inflamma-
tion-related genes by NF-κB (12). Thus, in the present study, 
the effects of curcumin on hypoxic-ischemic brain injury and 
the potential underlying mechanisms were investigated.

Materials and methods

Animals and hypoxia‑ischemia induction. All animal experi-
ments were approved by the Animal Ethics Committee of the 
Second Affiliated Hospital of Shandong University of TCM 
(Jinan, China). Male Sprague Dawley rats (1-week-old; weight, 
52±1 g; n=50) were purchased from the Animal Laboratory 
of Shandong University (Jinan, China), and housed with a 
12:12‑h light‑dark cycle, a temperature of 22‑23˚C and 55‑60% 
humidity, with free access to a standard laboratory chow diet 
and drinking water.

The hypoxia‑ischemia model was created as follows. Briefly, 
rats were anesthetized with 2% isoflurane (Sigma‑Aldrich; 
Merck KGaA, Darmstadt, Germany) in a 1:1 mixture of 
nitrous oxide and oxygen. The left common carotid arteries of 
rats were ligated and the rats was allowed to recover for 1 h. 
After recovery, rats were placed in an incubator perfused with 
10±0.01% oxygen in nitrogen at 37˚C for 1 h. In the hemisphere 
ipsilateral to the left common carotid artery, arterial ligation 
and hypoxia resulted in the creation of the HIE model. In the 
sham group, rats were only anesthetized and did not undergo 
surgery to induce HIE.

Experimental design. Rats were randomly divided into 
three groups: Sham group (n=10), hypoxic-ischemic brain 
injury model group (n=20) and curcumin group (n=20). In 
the curcumin group, rats subjected to hypoxic-ischemic 
brain injury were treated with 150 mg/kg/day curcumin 
(Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) by 
gavage for 3 days, 2 days after HIE surgery. In the sham group 
and the hypoxic-ischemic brain injury model group, rats were 
treated with 500 µl normal saline at the same time points. Rats 
were sacrificed by cervical dislocation while anesthetized with 
isoflurane after treatment with curcumin.

Assessment of brain damage. After sacrifice, the brains were 
dissected, paraffin-embedded and cut into 10-µm coronal 
sections. Myelin basic protein (MBP) was stained, and the 
extent of white- and gray-matter injury was analyzed via quan-
titative measurements of the injury area using Micro Image 
version 4.0 (Micro-Macro AB, Gothenburg, Sweden), with 
the following formula: Contralateral hemisphere-ipsilateral 
hemisphere)=(contralateral hemisphere) x100%. The sections 
were dipped in 1% thionin/toluidine solution, soaked in acid 
fuchsin solution and dehydrated in a gradient of ethanol.

Histopathology. Following sacrifice, the brain was immedi-
ately removed and fixed with 10% neutral buffered formalin 
at room temperature for 24 h. Tissue samples were cut into 
sections of 4-µm thickness and stained with hematoxylin and 
eosin (H&E). Tissue samples were observed using confocal 
microscope (magnification, x20; ZEISS, LSM510; Zeiss AG, 
Oberkochen, Germany).

Analysis of superoxide dismutase (SOD) activities and malo‑
ndialdehyde (MDA) levels. SOD activities and MDA levels 
were assayed using ELISA kits (A001-2 and A003-1; Nanjing 
Jiancheng Biology Engineering Institute, Nanjing, China) and 
absorbance's were measured using an ultraviolet spectropho-
tometer at 450 nm.

Western blot analysis. Brain samples were transferred into 
ice-cold RIPA assay (Beyotime Institute of Biotechnology; 
Shanghai, China) containing a cocktail of protein phosphatase 
and proteinase inhibitors. Samples were collected at 15,000 x g 
at 4˚C for 10 min. The supernatant was assayed using a 
Bio-Rad Bradford Protein Assay kit (Bio-Rad Laboratories, 
Inc., Hercules, CA, USA). Protein (50 µg) was separated using 
8‑10% SDS‑PAGE and blots were blocked in buffer solution 
containing 5% milk and 0.1% Tween‑20 in PBS, following 
transfer onto polyvinylidene fluoride membranes. Membranes 
was then blotted for 2 h at room temperature with antibodies 
targeting inducible nitric oxide synthase (iNOS; 1:4,000; 
Sigma-Aldrich; Merck KGaA), Nrf2 (1:4,000; Sigma-Aldrich; 
Merck KGaA), HO-1 (1:4,000; Sigma-Aldrich; Merck KGaA) 
or β‑actin (1:4,000; Sigma‑Aldrich; Merck KGaA) at 4˚C 
overnight. Membranes were washed with TBST for 15 min 
and incubated with goat anti-rabbit HRP secondary antibody 
(1:3,000; HA-1001-100; Hangzhou Hua'An Biotechnology Co., 
Ltd., Hangzhou, China) for 1 h at 37˚C. Protein expression was 
detected using an enhanced chemiluminescence kit (Beyotime 
Institute of Biotechnology, Shanghai, China) and quantified 
using Bio-Rad Image Lab 3.0 (Bio-Rad).

Caspase‑3 activity assay. Brain samples were transferred 
into ice-cold Tris-HCl buffer solution containing a cocktail of 
protein phosphatase and proteinase inhibitors. Samples were 
collected at 15,000 x g at 4˚C for 10 min. The supernatant 
was assayed using a Bio-Rad Bradford Protein Assay kit. An 
equal amount of total protein (10 µg) extract from each rat was 
incubated at 37˚C with Ac‑LEHD‑pNA for the caspase‑3 assay 
(Beyotime Institute of Biotechnology; Shanghai, China) for 4 h 
and the caspase-3 activity was determined by measuring the 
absorbance at 405 nm using an ultraviolet spectrophotometer.

Statistical analysis. All results are expressed as the 
mean ± standard deviation. Analysis of variance followed by 
the least significant difference post hoc test was used for the 
comparison of data from more than two groups using SPSS 
software (17.0; SPSS, Inc., Chicago, IL, USA). P<0.05 was 
considered to indicate a statistically significant difference.

Results

Curcumin attenuates hypoxic‑ischemic brain injury in 
neonatal rats. The chemical structure of curcumin is 
displayed in Fig. 1. The effects of curcumin on hypoxic-isch-
emic brain injury were examined by calculation of a brain 
injury score. The brain injury score of the model group 
was significantly increased compared with that of the sham 
control group (Fig. 2). In the rats treated with curcumin 
(150 mg/kg), the brain injury induced by hypoxic-ischemic 
brain injury was reduced compared with that in the model 
group (Fig. 2).
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Curcumin attenuates MBP levels in brain‑injured neonatal 
rats. To evaluate whether curcumin attenuates changes in 
MBP expression in neonatal rats, MBP levels were analyzed 
following hypoxic-ischemic brain injury. As shown in Fig. 3, 
the level of MBP in the model group was lower than that of 
the sham control group. Treatment with 150 mg/kg curcumin 
effectively increased the MBP levels of neonatal rats with 
hypoxic-ischemic brain injury (Fig. 3).

Curcumin attenuates histopathological changes in 
brain‑injured neonatal rats. To confirm the effects of 
curcumin in neonatal rats, histopathological examination 
was conducted using H&E staining. The number of neuronal 
cells in the hypoxic-ischemic brain injury model group was 
lower than that of the sham group (Fig. 4). Treatment with 
curcumin effectively augmented the quantity of neuronal 
cells in neonatal rats with hypoxic-ischemic brain injury 
(Fig. 4).

Curcumin attenuates changes in SOD activity and MDA levels 
in brain‑injured neonatal rats. To determine whether curcumin 
attenuates oxidative stress in neonatal rats, SOD activities and 
MDA levels were measured using ELISA kits. As shown in 
Fig. 5A, the SOD activity of the hypoxic-ischemic brain injury 
model group was clearly inhibited, as compared with that of 
the sham control group. In addition, hypoxic-ischemic brain 
injury observably increased MDA levels in neonatal rats, as 
compared with those in the sham control group (Fig. 5B). 
However, treatment with curcumin observably reversed the 
changes in SOD activity and MDA levels in neonatal rats 
following hypoxic-ischemic brain injury (Fig. 5).

Curcumin attenuates the expression of iNOS in brain‑injured 
neonatal rats. To evaluate the attenuating effects of curcumin 
on the expression of iNOS in neonatal rats, iNOS expres-
sion was analyzed using western blot analysis. Following 
hypoxic-ischemic brain injury, iNOS protein expression was 
markedly increased in the model group, as compared with the 
sham control group (Fig. 6). Treatment with curcumin signifi-
cantly suppressed iNOS protein expression in neonatal rats 
with hypoxic-ischemic brain injury (Fig. 6).

Curcumin increases the expression of Nrf2 in brain‑injured 
neonatal rats. To further evaluate the effects of curcumin in 
neonatal rats, the expression of Nrf2 protein was analyzed 
using western blot analysis. The Nrf2 protein expression 
level in the sham group was similar to that of the model 
control group (Fig. 7). However, curcumin treatment mark-
edly promoted Nrf2 protein expression in neonatal rats with 
hypoxic-ischemic brain injury (Fig. 7).

Curcumin attenuates the expression of HO‑1 in brain‑injured 
neonatal rats. The effects of curcumin on neonatal rats with 
hypoxic-ischemic brain injury were further analyzed using 
western blotting analysis to determine HO-1 protein levels. As 
shown in Fig. 8, the protein expression of HO-1 in the sham 
group was similar to that in the model control group. Following 
curcumin treatment, there was a significant upregulation of 
HO-1 protein expression in the curcumin treated group, as 
compared with the model group (Fig. 8).

Curcumin attenuates the activity of caspase‑3 in brain‑injured 
neonatal rats. To further investigate the effects of curcumin 
in neonatal rats, the activity of caspase-3 was determined. 
The caspase-3 activity was significantly increased in the 
hypoxic-ischemic brain injury model group, as compared with 
the sham control group (Fig. 9). Curcumin treatment signifi-
cantly inhibited the caspase-3 activity in neonatal rats with 
hypoxic-ischemic brain injury (Fig. 9).

Discussion

The occurrence rate of HIE for term infants has been reported 
to be 6/1,000, and 1/1,000 of such infants succumb or have 
nervous system dysfunction (13). Each year, China has 18-20 
million live births and the morbidity of asphyxia has reached 
as high as 13.6%, among which 15.6% of cases are injured or 
disabled (14). Each year, ~300,000 children are handicapped, 
which greatly threatens their quality of life (15). In order 
to better prevent injury and disability, the timely detection 
and treatment of HIE is necessary, and the exploration 

Figure 3. Curcumin attenuates the reduction in MBP levels induced by 
hypoxic-ischemic brain injury in neonatal rats. **P<0.01 vs. the sham group; 
##P<0.01 vs. the hypoxic-ischemic brain injury model group. MBP, myelin 
basic protein; sham, sham group; model, hypoxic-ischemic brain injury 
model group; curcumin, curcumin treated group.

Figure 1. Chemical structure of curcumin.

Figure 2. Curcumin attenuates hypoxic-ischemic brain injury in neonatal 
rats, as demonstrated by a reduction in the brain injury score. **P<0.01 
vs. the sham group; ##P<0.01 vs. the model group. Sham, sham group; model, 
hypoxic-ischemic brain injury model group; curcumin, curcumin treated 
group.
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of indicators or methods with relatively high specificity is 
required (16). In the present study, treatment with curcumin 

was evaluated and was found to effectively reduce brain 
injury score, increase MBP levels and augment the quantity 

Figure 5. Curcumin attenuates the changes in SOD activity and MDA levels induced by hypoxic-ischemic brain injury in neonatal rats. Effects of curcumin 
on (A) SOD activity and (B) MDA levels in neonatal rats. **P<0.01 vs. the sham group; ##P<0.01 vs. the hypoxic-ischemic brain injury model group. SOD, 
superoxide dismutase; MDA, malondialdehyde; sham, sham group; model, hypoxic-ischemic brain injury model group; curcumin, curcumin treated group.

Figure 6. Curcumin attenuates the expression of iNOS induced by hypoxic-ischemic brain injury in neonatal rats. Effect of curcumin on the expression of 
iNOS protein as shown (A) using western blot analysis with (B) quantitative analysis of iNOS protein expression in neonatal rats. **P<0.01 vs. the sham group; 
##P<0.01 vs. the hypoxic-ischemic brain injury model group. iNOS, inducible nitric oxide synthase; sham, sham group; model, hypoxic-ischemic brain injury 
model group; curcumin, curcumin treated group.

Figure 7. Curcumin increases the expression of Nrf2 in neonatal rats with hypoxic-ischemic brain injury. Effect of curcumin on the expression of Nrf2 protein 
as shown (A) using western blot analysis with (B) quantitative analysis of Nrf2 protein expression in neonatal rats. ##P<0.01 vs. the hypoxic-ischemic brain 
injury model group. Nrf2, nuclear factor erythroid-2-related factor 2; sham, sham group; model, hypoxic-ischemic brain injury model group; curcumin, 
curcumin treated group.

Figure 4. Curcumin attenuates the histopathological changes induced by hypoxic‑ischemic brain injury in neonatal rats. Magnification, x20. Scale bar=200 µm. 
Sham, sham group; model, hypoxic-ischemic brain injury model group; curcumin, curcumin treated group.
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of neuronal cells in neonatal rats with hypoxic-ischemic 
brain injury.

When HIE occurs, oxidative phosphorylation dysfunction 
of mitochondria results in a reduction of ATP production and 
produces a large amount of reactive oxygen species (ROS), 
resulting in oxidative stress (17). With regard to cerebral 
ischemia reperfusion, certain adaptive regulatory mechanisms 
in the HIE process have attracted attention (18). Following 
HIE, the oxidation and anti-oxidation system of the body is 
unbalanced. High levels of free radicals are generated, which 
results in damage, i.e., oxidative stress (19). Free radicals are 
ROS, including superoxide anion and hydrogen peroxide, 
which can cause the peroxidation of lipid, proteins and 
nucleic acids (20). Neurons have high metabolic activities 
and oxygen consumption as well as low levels of endogenous 
anti-oxidant enzymes, and are extremely sensitive to oxidative 
stress (21). In addition, abundant lipids exist in the brain and 
can react with ROS, resulting in lipid peroxidation of neural 
membranes (22). Consequently, the central nervous system is 
sensitive to oxidative stress injuries. In the present study, it was 
found that treatment with curcumin observably reversed the 
changes in SOD activities and MDA levels in neonatal rats 
with hypoxic-ischemic brain injury. Similar mechanisms have 
been indicated in the cardiovascular system; Qian et al (9) 
suggested that curcumin mitigates cardiac injury through 
suppression of oxidation and inflammation in obese rats.

To exert their physiological functions, vascular endothe-
lial cells secrete various vasoactive substances. Free radicals 
are damaging to endothelial cells. Autologous vascular wall 
cells undergo stress reactions and exert resistance to oxidative 

stress. NO is an endothelium-derived relaxing factor (23). 
When oxidative stress occurs, the expression of NO synthase 
decreases, with concurrent reduction of its substrate and cofac-
tors (24). A reduction in the activity of NO synthase and the 
degradation of NO by active oxygen can both cause abnor-
malities in NO levels (22). The present study demonstrated that 
treatment with curcumin clearly suppressed the elevation of 
iNOS expression induced by hypoxic-ischemic brain injury in 
neonatal rats. Gao et al (25) reported that curcumin induces 
M2 macrophage polarization by iNOS.

Recent studies have shown that neuronal apoptosis has 
an essential role in secondary injury following traumatic 
brain injury (26,27). The Nrf2 pathway is an anti-apoptotic 
pathway that has been demonstrate do function in many 
organs, particularly in the central nervous system (5). With 
a short half-life, Nrf2 is an important factor. Under physi-
ological conditions, Nrf2 exists in the cytoplasm where it 
binds with Keap1 protein (28). When oxidative stress from 
external stimuli occurs, phosphorylation of Nrf2 separates it 
from the adapter protein Keap1 and transfers it into the cell 
nucleus to combine with the promoter sequence to regulate its 
downstream genes (29). The Nrf2 anti-apoptotic pathway has 
multiple functions relating to protection against anti-oxidative 
stress, regulation of inflammatory injury and relief from 
calcium overloading (30). In the present study, curcumin treat-
ment markedly promoted Nrf2 protein expression in neonatal 
rats with hypoxic‑ischemic brain injury. Zhang et al (31) 
suggested that curcumin protects renal tubular epithelial cells 
through the Nrf2-mediated upregulation of HO-1.

HO-1 is a member of the heat shock protein family, which 
is able to stabilize tissue proteins, mitochondrial membranes 
and cytomembranes and relieve neurocyte injuries (7). 
Following stress, heat shock proteins are typically located 
perinuclearly and may combine with plasma membranes to 
stabilize them (27). The stability of brain cell functions and 
structures is dependent upon plasma membranes (32). It has 
been found that increased HO-1 expression provides resistance 
against neuronal death mediated via glutamic acid-induced 
oxidative stress, and significantly reduces membrane damage 
and nuclear accumulation (28). Furthermore, when HO-1 
levels increase, the calcium ion concentration in resting cells 
decreases and the production rate of oxygen radicals is largely 
reduced (4). In the present study, it was found that curcumin 
treatment significantly upregulated HO-1 protein expres-
sion in neonatal rats with hypoxic-ischemic brain injury. 
When considered together, these findings suggest that the 

Figure 9. Curcumin attenuates the elevated activity of caspase-3 induced 
by hypoxic-ischemic brain injury in neonatal rats. **P<0.01 vs. the sham 
group; ##P<0.01 vs. the hypoxic-ischemic brain injury model group. Sham, 
sham group; model, hypoxic-ischemic brain injury model group; curcumin, 
curcumin treated group.

Figure 8. Curcumin increases the expression of HO-1 in neonatal rats with hypoxic-ischemic brain injury. Effect of curcumin on the expression of HO-1 protein 
expression as shown (A) using western blot analysis and (B) quantitative analysis of HO-1 protein expression in neonatal rats. ##P<0.01 vs. the hypoxic-ischemic 
brain injury model group. HO-1, heme oxygenase-1; sham, sham group; model, hypoxic-ischemic brain injury model group; curcumin, curcumin treated group.
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Nrf2-mediated upregulation of HO-1 may play a detrimental 
role in hypoxic-ischemic brain injury.

Apoptosis is a programmed death under physiological or 
pathological conditions. Three pathways of cell apoptosis have 
been described, i.e., the death receptor pathway in cytomem-
branes, the mitochondrial pathway in cytomembranes and stress 
pathways of the endoplasmic reticulum (13,33). The latter two 
pathways have been investigated via the measurement ofcas-
pase-3 and caspase-12 activities in a study on cell apoptosis in a 
neonatal hypoxia-ischemia rat model (34). In the present study, 
curcumin treatment significantly inhibited caspase‑3 activity 
in the brains of neonatal rats with hypoxic-ischemic brain 
injury. In a previous study, Bucak et al (35) demonstrated that 
the protective effect of curcumin against paclitaxel-induced 
inner ear damage in rats was also mediated via the suppression 
of caspase-3 activity.

In summary, the present study provides evidence in a 
1‑week‑old Sprague Dawley rat model confirming the protec-
tive effects of curcumin against hypoxic-ischemic brain 
injury in neonatal rats. The results of the study indicate that 
the Nrf2/HO-1 pathway underlies the protective effect of 
curcumin on hypoxic-ischemic brain injury, and reveal the 
effective targeting of Nrf2/HO-1 by curcumin.
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