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Background: Cerebral ischemia/reperfusion (I/R) injury contributes to mortality and morbidity in preterm infants. Curcumin
has been shown to exert neuro-protective effects in the central nervous system (CNS). The aim of this study
was to investigate the neuro-protective activity of curcumin and the possible underlying molecular mechanisms.

Material/Methods: A hypoxia/reoxygenation (H/R) protocol was used to simulate I/R injury in vitro. Isolated neonatal neurons were
pre-treated with curcumin at serially diluted concentrations and exposed to H/R injury. Cell viability and apop-
tosis were assessed by MTT and flow cytometry, respectively. Contents of TNFo and IL6 in supernatant of cell
culture medium were detected by ELISA. Protein expression, phosphorylation, and nuclear translocation levels
were studied by Western blotting.

Results: H/R reduced cell viability and increased apoptosis of neurons. H/R significantly increased Wnt5a expression,
JNK1 phosphorylation, and NF-kB nuclear translocation. Moreover, expression levels of cleaved caspase3, TNFo,
and IL6 were elevated in H/R-exposed neurons. Curcumin pre-treatment significantly increased cell viability and
inhibited apoptosis of neurons exposed to H/R, in a concentration-dependent manner. Moreover, curcumin pre-
treatment significantly decreased expression levels of Wnt5a, IL6, TNFa, and phosphorylation level of JNK1, as
well as the nuclear translocation level of NF-kB in H/R-exposed neurons, in a concentration-dependent manner.

Conclusions: Curcumin exerted neuro-protective effects against H/R-induced neuron apoptosis and inflammation by inhib-
iting activation of the Wnt/JNK1 signaling pathway.
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Background

Although the survival rate of very preterm infants has been
increasing along with the development of obstetrics, neonatal
neural ischemia/reperfusion (I/R) injury is still a major cause of
newborn morbidity and mortality [1]. I/R injury damages the
central nervous system (CNS), resulting in severe neurologi-
cal sequelae such as cerebral palsy in surviving newborns [2].
Neuronal inflammation and apoptosis are believed to be
the underlying mechanisms of I/R-induced brain injury [3,4].
Discovering novel neuro-protective agents is of great clinical
value because current therapies are limited.

According to previous investigations, apoptotic cascade and
pro-inflammatory events are the consequences of activation
of the c-jun N-terminal kinase (JNK) signaling pathway [4,5].
JNK activation leads to nuclear translocation of NF-xB, fur-
ther initiating transcription of targeted pro-apoptotic and
pro-inflammatory genes [6]. Wnt signaling plays a role in reg-
ulating several fundamental intra-cellular events such as cell
survival, movement, adhesion, and secretion [7]. Previous stud-
ies proved that Wnt5a is activates the JNK pathway by phos-
phorylating JNK1 [8].

Curcumin is an active polyphenol agent obtained from the root
of a Traditional Chinese Medical herb Curcuma longa. Various
effects of curcumin have been reported previously, such as anti-
cancer, anti-oxidative, anti-fibrotic, anti-inflammatory, and anti-
apoptotic activities [9,10]. Notably, the inhibitory effect of cur-
cumin on the Wnt pathway was also reported [11]. Moreover,
curcumin was reported to have neural-protective effects [12].
Thus, it is reasonable to propose that curcumin could exert
anti-inflammatory and anti-apoptotic effects via down-regu-
lating Wnt/JNK signaling-induced inflammation and apopto-
sis in hypoxia/ischemia-induced neural injury. In the present
study, curcumin pre-treated cultured neurons were exposed
to hypoxia/reoxygenation (H/R). Wnt5a signaling-mediated in-
flammation and apoptosis were investigated. Our results add
to understanding of I/R-induced neural damage and provide
a novel basis for the potential clinical application of curcum-
in in treatment of neonatal neural I/R injury.

Material and Methods

Primary neonatal neurons isolation and culturing

Pregnant Sprague-Dawley rats were provided by the Animal
Experimental Centre of Zhejiang University. Rats were main-
tained in an artificial environment and had free access to water
and standard chow. Rats were euthanized by isoflurane on the
20" day of pregnancy and the fetuses were collected. Neurons
were isolated and cultured in accordance with protocols of
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previous investigations but with several modifications [13].
Briefly, collected fetus hippocampi were dissected and digest-
ed with 0.25% trypsin-ethylene diamine tetraacetic acid (EDTA)
for 15 min at 37°C. Then, neurons were suspended in DMEM
supplemented with 10% horse serum, fetal bovine serum (FBS,
10%) and 1L-glutamine (1%). We added 2.5 pmol/L B-D-arabi-
nofuranoside to the medium to prevent proliferation of non-
neuronal cells. A hemocytometer was used to count the cells,
which were maintained at a density of 3x10%/plate in an atmo-
sphere containing 5% CO, at 37°C in a humidified incubator.
All protocols were reviewed and approved by the Institutional
Animal Care and Use Committee of Zhejiang University (ref.
number 20190301-01). At over 80% confluence, cells were
used for subsequent experiments.

H/R protocol and cell treatments

The H/R protocol was performed according to the descriptions
from previous studies [14]. Briefly, cultured neurons were trans-
ferred to a modular chamber providing an atmosphere of 1%
0,, 5% CO, and 94% N, and incubated at 37°C for 4 h. After
that, cells were transferred to an incubator providing an atmo-
sphere of 95% fresh air and 5% CO, and incubated at 37°C for
4 h. Curcumin at 0.5, 1.0, 2.0, 4.0, and 8.0 pmol/L was used to
pre-treat neurons for 48 h prior to H/R. The concentrations of
curcumin were as determined by our pilot study.

Cell viability assessment

MTT assay was carried out to assess cell viability. According
to the results of our pilot study, 1x10* neurons per well were
seeded into cell culturing plates. Cells were pre-treated with
curcumin at 0.0, 0.5, 1.0, 2.0, 4.0, and 8.0 pmol/L for 48 h. Then,
the H/R protocol was carried out. After washing, MTT was add-
ed to each well at a final concentration of 5 mg/mL and incu-
bated for 4 h. DMSO was added to dissolve the resulting crys-
tals. A plate reader was used to read absorbance at 490 nm.

Cell apoptosis determination

Apoptosis of neurons was detected by flow cytometry. After
washing in PBS, cells were then trypsinized. After washing,
propidium iodide (PI, Invitrogen) and Annexin-V (Invitrogen)
were used to incubate the cells for 30 min. Apoptosis was de-
tected by a flow cytometry (Beckman Coulter). The experi-
mental protocols were carried out according to the manufac-
turer’s instructions.

Western blot analysis
A RIPA buffering system was used to acquire the cell lysate

neurons. Cytosol protein and nuclear protein were extracted
using the Cytosol Protein Extraction kit (Beyotime) and Nuclear
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Protein Extraction kit (Invitrogen), respectively. Bicinchoninic
acid (BCA) method was carried out to determine the concen-
trations of protein samples. SDS-PAGE was employed to sep-
arate the proteins, which were then electronically transferred
to polyvinylidene fluoride (PVDF) membranes. After block-
ing, primary antibodies against Wnt5a, phosphorylated JNK1
(p-JNK1), INK1, cleaved caspase3 (c-caspase3), IL6, TNFa, and
GAPDH were used to incubated the membranes loaded with
cytosol protein samples at 4°C for 10 h. Specific antibodies
against p65 and histone H3 were used to incubate the mem-
branes loaded with nuclear proteins. Membranes were washed
by TBST (0.02%) and then incubated with corresponding sec-
ondary antibodies at room temperature for 20 min. The im-
munoblots were visualized by ImageQuant LAS 4000 after be-
ing developed by ECL reagents.

ELISA

The cell culture supernatants were collected after centrifuga-
tion and stored at —-80°C. Concentrations of TNFa and IL6 in
cell culture supernatants were measured using the TNFa Rat
ELISA Kit (Invitrogen, USA) and IL6 Rat ELISA Kit (Invitrogen,
USA), respectively. The protocols were performed according to
instructions provided by the manufacturers.

Statistics

Data are presented as meansstandard deviation. The SPSS
(version 17.0) was used to analyze the data. One-way analy-
sis of variance (ANOVA) was used to compare differences be-
tween groups. The LSD test was used as the post hoc test.
The compared differences were considered statistically sig-
nificant at P<0.05.

Results

H/R reduced viabilities of neurons but was reversed by
curcumin

The results are demonstrated in Figure 1. Compared with con-
trol, H/R significantly reduced the viability of cultured neurons.
However, the curcumin pre-treatment significantly increased
the viability of neurons exposed to H/R, in a concentration-
dependent manner.

H/R induced inflammation and apoptosis of neurons,
which was suppressed by curcumin

As demonstrated in Figure 2, the apoptotic rate was signifi-
cantly increased after H/R exposure. The curcumin pre-treat-
ment, however, decreased the apoptotic rate of H/R-exposed
neurons in a concentration-dependent manner. Moreover,
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Figure 1. Columns show viabilities of neurons exposed to H/R
and treated with curcumin at 0, 0.5, 1.0, 2.0, 4.0, and
8.0 pmol/L. H/R+ — H/R exposure; H/R— - non-H/R
exposure.

curcumin pre-treatment significantly reduced H/R exposure-
induced TNF-a. and IL6 production in cultured neurons, in a
concentration-dependent manner.

H/R activated Wnt/JNK signaling, which was inhibited by
curcumin

As shown in Figure 3, H/R exposure significantly increased
the expression level of Wnt5a and the phosphorylation level
of JNK1 compared with control. Pre-treatment with curcumin
decreased the expression level of Wnt5a and the phosphory-
lation level of JNK1 in H/R-exposed neurons, in a concentra-
tion-dependent manner.

H/R increased pro-apoptotic and pro-inflammatory
signaling, which was inhibited by curcumin

These results are demonstrated Figure 4. H/R exposure in-
creased expression levels of cleaved caspase3 in H/R-exposed
neurons. Moreover, the H/R exposure also increased levels of
TNFo and IL6 in supernatant of culture media compared with
control. The expression levels of caspase3 in H/R-exposed
neurons and the contents of TNFa and IL6 in supernatant of
culture media were reduced by pre-treatment with curcumin,
in a concentration-dependent manner.

Discussion

The present work investigated the participation of the Wnt
pathway in H/R-induced neuron apoptosis and inflamma-
tion. The neuro-protective effect of curcumin was also inves-
tigated [15]. We found that H/R induced apoptosis and inflam-
mation of neurons by activating Wnt signaling. Specifically,
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Figure 2. (A, B) Images of TUNEL assay. The apoptotic neurons were positively TUNEL-tagged. Columns show apoptotic rates
of neurons exposed to H/R and treated with curcumin at 0, 0.5, 1.0, 2.0, 4.0, and 8.0 pmol/L. H/R+ — H/R exposure;

H/R- - non-H/R exposure.

Wnt signaling activation led to phosphorylation of JNK1, which
further facilitated nuclear translocation of NF-kB, resulting in
apoptosis and inflammation of neurons [16]. Curcumin was
used to pre-treat the neurons exposed to H/R [17]. Our re-
sults showed that curcumin pre-treatment inhibited Wnt/JNK1
signaling activation, and consequently suppressed the apop-
tosis and inflammation of neurons. Overall, our results sug-
gested that curcumin exerts neuro-protective effect by sup-
pressing H/R-induced apoptosis and inflammation. The Wnt

signaling pathway appears to be a pharmacological molecu-
lar target of curcumin.

The underlying molecular mechanisms of H/R-induced neu-
rological disorders are complicated and not fully understood.
Viability reduction and inflammation of neurons were thought
to be the pathological basis, and it was reported that neuron
apoptosis was directly associated with cerebral I/R injury [18].
Moreover, long-term learning deficits were also reported to be
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Figure 3. Immunoblots of Wnt5a, p-JNK1, JNK1, and GAPDH. Columns show relative expression level of Wnt5a (left side) and relative
phosphorylation level of JNK1 (right side) in neurons exposed to H/R and treated with curcumin at 0, 0.5, 1.0, 2.0, 4.0, and

8.0 pmol/L. H/R+ — H/R exposure; H/R— — non-H/R exposure.

the secondary result of loss and dysfunctions of neurons [19].
In this study, we found that apoptosis was increased in neu-
rons exposed to H/R. The expression of cleaved caspase3 was
upregulated in H/R-exposed neurons, indicating activation of
the caspase cascade. Inflammatory response is another fea-
ture characterizing brain I/R injury. Our results showed that
H/R exposure dramatically increased inflammatory responses
of neurons. The contents of pro-inflammatory cytokines TNFo.
and IL6 in neurons and cell culture media were increased af-
ter neurons were exposed H/R.

Wnt5a is an important member of the Wnt family and are as-
sociated with many cellular biological functions [20]. According
to previous studies, Wnt5a plays acts as a mediator of inflam-
matory responses and apoptotic events via activating its down-
stream effectors, such as JNK1 [8]. When challenged by mul-
tiple harmful stimuli, Wnt5a/JNK1 signaling is activated [21].
In this study, in neurons exposed to H/R, the expression of
Wnt5a was upregulated and the phosphorylation of JNK1 was
thus increased. As a result, NF-xB performed nuclear translo-
cation and further initiated transcription of its target genes.
We found that NF-kB nuclear translocation was upregulated
in H/R-exposed neurons and then induced expression of pro-
apoptotic caspase3 and pro-inflammatory factors TNFo. and IL6.
These results suggest that H/R activated Wnt5a/JNK1/NF-kB
signaling, which resulted in neuron apoptosis and inflammation.

Bio-active agents extracted from medical herbs have been at-
tracting research attention due to their effectiveness and safety.
The anti-inflammatory and anti-apoptotic effects of curcumin
were reported previously [22,23]. Curcumin’s neuro-protec-
tive effects were also found in many neuro-pathological mod-
els, including cerebral I/R in vivo and in vitro models [24,25].
Many mechanisms underlying curcumin’s neuro-protective ef-
fects have been proposed. For instance, regulation of certain
microRNAs, mitochondrial functions, and autophagy were re-
ported [26-28]. In the present study, curcumin at various con-
centrations was used to pre-treat neurons before H/R exposure.
The results show that curcumin pre-treatment significantly in-
creased viabilities by reducing apoptosis of neurons exposed
to H/R. Curcumin was also reported to be a regulator of the
Wnt signaling pathway. It was suggested that curcumin plays
roles in regulating the Wnt pathway by affecting microRNAs,
caudal type homeobox-2 (CDX2), glypican-3, and other molecu-
lar targets [29-31]. In the present study, we found that in H/R-
exposed neurons, curcumin pre-treatment decreased Wnt5a
expression, JNK1 phosphorylation, and NF-xB nuclear trans-
location. As a result, the Wnt/JNK signaling-mediated apop-
tosis and inflammation were dramatically suppressed by cur-
cumin pre-treatment.
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Figure 4. (A) Immunoblots of c-caspase3, TNFa, IL6, and GAPDH in neurons. Columns show the relative expression levels of
c-caspase3, TNFa, and IL6 in neurons exposed to H/R and treated with curcumin at 0, 0.5, 1.0, 2.0, 4.0, and 8.0 pmol/L.
(B) Immunoblots of p65 and histone H3 in nuclear protein extracted from neurons. Columns show relative nuclear
translocation levels of p65 in neurons exposed to H/R and treated with curcumin at 0, 0.5, 1.0, 2.0, 4.0, and 8.0 pmol/L.
H/R+ — H/R exposure; H/R- - non-H/R exposure.

Conclusions

Curcumin exerted neuro-protective effects against H/R-induced
neuron apoptosis and inflammation by inhibiting activation of
the Wnt/INK1 signaling pathway.
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