
RESEARCH PAPER

The protective effects of curcumin in cerebral ischemia and reperfusion injury 
through PKC-θ signaling
Yun Moa, Erli Yueb, Nan Shib, and Kangyong Liua,b

aDepartment of Neurology, Guizhou Medical University, Guiyang, Guizhou, China; bDepartment of Neurology, Shanghai University of 
Medicine & Health Sciences Affiliated Zhoupu Hospital, Shanghai, China

ABSTRACT
Ischemic stroke is a common cerebrovascular disease with the main cause considered to be 
cerebral ischemia and reperfusion (I/R), which exerts irreparable injury on nerve cells. Thus, the 
development of neuroprotective drugs is an urgent concern. Curcumin, a known antioxidant, has 
been found to have neuroprotective effects. To determine the protective mechanism of curcumin 
in ischemic stroke, oxygen and glucose deprivation/reoxygenation (OGD/R) was used to treat 
PC12 cells to mimic the cerebral I/R cell model. Curcumin (20 μM) was applied to OGD/R PC12 
cells, followed by Ca2+ concentration, transepithelial electrical resistance (TEER), and cell perme-
ability measurements. The results showed that OGD/R injury induced a decrease in TEER and 
increases in Ca2+ concentration and cell permeability. In contrast, curcumin alleviated these 
effects. The protein kinase C θ (PKC-θ) was associated with the protective function of curcumin 
in the OGD/R cell model. Moreover, the middle cerebral artery occlusion and reperfusion model 
(MCAO/R) was applied to simulate the I/R rat model. Our results demonstrated that curcumin 
could reverse the MCAO/R-induced increase in Ca2+ concentration and blood–brain barrier (BBB) 
disruption. Our study demonstrates the mechanisms by which curcumin exhibited a protective 
function against cerebral I/R through PKC-θ signaling by reducing BBB dysfunction.
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Introduction

Ischemic stroke is a severe cerebrovascular disease 
that causes approximately 5 million deaths world-
wide and contributes to a high degree of disability, 
making it a primary cause of death and disability in 
today’s world [1]. Considering that the main cause of 
ischemic stroke is insufficient blood and oxygen 
supply, restoring blood and oxygen levels to normal 
by re-opening the occluded cerebral vessels in 
ischemic brain tissue emerges as the primary treat-
ment. However, this treatment often produces cere-
bral ischemia/reperfusion (I/R) injury, including 
hemorrhagic transformation and blood–brain bar-
rier (BBB) destruction [1–3]. Thus, lowering the 
detrimental outcomes induced by cerebral I/R is 
very important in clinical treatments. So, research 
has shown that apoptosis, oxidative stress, Ca2+ over-
load, energy metabolism disorders, glutamate toxi-
city, and excessive NO synthesis are all involved in 
cerebral I/R injury [4]. Nonetheless, few strategies 
have been explored to reduce cerebral I/R injury.

The protein kinase C (PKC) family is composed 
of three subfamilies: conventional PKC (α, β, and 
γ), novel PKC (δ, ɛ, η, and θ), and atypical PKC (ζ 
and ι/κ) [5]. PKC isozymes are of great importance 
in many cellular processes, including adhesion, 
activation, survival, motility, and differentiation 
[6]. PKC isoenzymes have been revealed to play 
a crucial role in cerebral I/R injury [7]. PKC-ɛ 
confers beneficial effects on neuronal mitochon-
drial functions during cerebral I/R injury [8]. In 
addition, the cardioprotective effects of PKC-ɛ; has 
been found in rat I/R injury [9]. PKC-θ, a novel 
PKC isoenzyme, limits store-independent Ca2+ 

entry during glycoprotein VI signaling [10]. 
Furthermore, PKC-θ plays a role in immune 
response by regulating T-cell receptor signaling 
[11]. While PKC-ɛ and PKC-θ belong to the 
novel PKC subfamilies, little information is avail-
able on these PKCs, specifically the function of 
PKC-θ in cerebral I/R injury.

Curcumin, a natural phenolic component iso-
lated from Curcuma longa Linn. (turmeric), is 

CONTACT Kangyong Liu lkylky136@163.com
Supplemental data for this article can be accessed here.

CELL CYCLE                                                                                                                                                
2021, VOL. 20, NOS. 5–6, 550–560
https://doi.org/10.1080/15384101.2021.1889188

© 2021 Informa UK Limited, trading as Taylor & Francis Group

https://doi.org/10.1080/15384101.2021.1889188
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/15384101.2021.1889188&domain=pdf&date_stamp=2021-03-30


involved in many biological mechanisms, includ-
ing anti-inflammation [12], anti-apoptosis [13], 
anti-tumor [14], and anti-oxidation [15] activ-
ities. The protective role of curcumin has been 
demonstrated to increase mitochondrial biogen-
esis in cerebral I/R injury [16] and through the 
PI3K/Akt/mTOR pathway [15]. Moreover, cur-
cumin has been suggested to protect the blood– 
brain barrier during cerebral I/R injury [17]. 
However, much more information is needed to 
establish the protective mechanism of curcumin 
during cerebral I/R injury.

In the present study, oxygen and glucose depri-
vation/reoxygenation (OGD/R) was applied to 
PC12 cells to mimic the cerebral I/R cell model. 
Curcumin was used to treat OGD/R PC12 cells to 
explore the effects of curcumin. We demonstrated 
that curcumin alleviated the injury generated by 
I/R and promoted cell survival through the PKC- 
θ signaling pathway.

Materials and methods

Reagents

Anti-PKC-θ (#2058, 1:1000), anti-p-PKC-θ (#9374, 
1:800), and anti-GAPDH (#5174, 1:3000) were 
obtained from Cell Signaling Technology 
(Danvers, MA, USA). Anti-ZO-1 (Ab96587, 
1:800) and anti-occludin-1 (Ab167161, 1:800) 
were purchased from Abcam (St. Louis, MO, 
USA). Anti-Orai1 (13130-1-AP, 1:1000) was pur-
chased from Proteintech (Rosemont, IL, USA). 
Curcumin was purchased from Sigma (St. Louis, 
MO, USA. Cat. C1386) and PKC-θ inhibitor, 
AS2521780, was purchased from 
MedChemExpress (Monmouth Junction, NJ, 
USA. Cat. 1214726–89-2).

Cells and cell culture

Rat PC12 cell line was purchased from the 
American Type Culture Collection (Manassas, 
VA, USA) and cultured with Dulbecco’s 
Modified Eagle Medium (DMEM) containing 
10% (v/v) heat-inactivated horse serum (Gibco, 
Carlsbad, CA, USA) and 5% (v/v) fetal bovine 
serum (Gibco) at 37°C in 5% CO2.

OGD/R cell model

The OGD/R cell model was established as pre-
viously described [18]. For the OGD/R group, 
glucose-free DMEM was used to wash PC12 cells. 
Then the cells were cultured with glucose-free 
DMEM under 1% O2, 5% CO2, and 95% N2 at 
37°C for 4 h. After that, PC12 cells were incubated 
with DMEM in a normoxic incubator (5% CO2 at 
37°C) for 4 h, followed by treatment with different 
concentrations of curcumin or AS2521780.

Cell proliferation

The Cell Proliferation Assay Cell Counting Kit 
(CCK-8; Beyotime, Shanghai, China) was used to 
assess the proliferation of PC12 cells. The CCK-8 
working solution (CCK-8: DMEM = 1:10) was 
prepared beforehand. The cells were cultured 
with 100 μL CCK-8 working solution at 37°C for 
1 h, and the optical density was recorded at 
450 nm using an automatic microplate reader 
(Bio-Rad Laboratories, Inc., Hercules, CA, USA). 
Each sample was measured in triplicate.

Quantitative real-time polymerase chain reaction 
(PCR)

The total RNA of treated cells was obtained using 
TRIzol (Invitrogen, Carlsbad, CA), and random 
nucleotides were primed for cDNA synthesis 
(Invitrogen). The relative expression level of 
Orai1 (Primer F 5ʹ CGTCCACAACCTCAACTC 
3ʹ/Primer R 5ʹ GCCAGGAAAAGCAGCGTC 3ʹ) 
was measured using the SYBR kit (Thermo 
Fisher Scientific Inc., Grand Island, NY, USA) on 
an ABI7400 producer (Foster City, CA, USA). 
GAPDH (Primer F 5ʹ 
GCAAGTTCAACGGCACAG 3ʹ/Primer R 5ʹ 
CCCCATTTGATGTTAGCG 3ʹ) was used as an 
internal control and all the samples were analyzed 
in triplicate.

Western blot analysis

Treated cells and the brain tissues were collected 
and lysed in ice-cold RIPA lysis buffer (Bio-Rad 
Laboratories,). After centrifugation at 12,000 g for 
15 min, the supernatant was collected and 
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measured using a bicinchoninic acid assay kit 
(Bio-Rad Laboratories, Inc.) for protein concentra-
tions. Subsequently, equal amounts of protein 
were separated on a SDS polyacrylamide gel and 
transferred onto polyvinylidene difluoride mem-
branes (Millipore Corp., Bedford, MA, USA). 
Afterward, the membranes were blocked with 5% 
nonfat milk and incubated with primary antibo-
dies at 4°C overnight and with secondary antibo-
dies (1:3000) at room temperature for 1 h. Finally, 
the protein bands were detected using a Bio-Rad 
imaging system.

Transepithelial electrical resistance (TEER) assay

The TEER of PC12 cells was analyzed using 
a MERSST × 01 Electrode (EMD Millipore 
Corporation, Bedford, MA, USA). PC12 cells 
were seeded at 5 × 105 on 0.4 μm fibronectin- 
coated transwell filters and cultured to full con-
fluence. The TEER values of samples were detected 
using the MERSST × 01 Electrode.

Cell permeability analysis

Cell permeability was determined using FITC- 
Dextrans (Sigma, St. Louis, MO, USA) as 
described previously [19]. Briefly, 1 × 105 of 
PC12 cells were seeded on 0.4 μm transwell filters 
and cultured. Before measurement, cells were cul-
tured with serum and phenol red-free DMEM at 
37°C for 4 h. Next, 100 μL of FITC-Dextran (1 mg/ 
mL) was added to the upper chamber and cultured 
at 37°C for 1 h. After that, 200 μL of lower cham-
ber samples were collected and measured on 
a fluorescent plate reader (Bio-Rad Laboratories; 
excitation 490 nm, emission 520 nm). The FITC- 
dextran concentrations were calculated according 
to standard curves.

Measurement of intracellular Ca2+

The Fluo-3-AM kit (Thermo Fisher Scientific Inc.) 
was used to detect intracellular Ca2+ concentra-
tion. Treated PC12 cells were collected and rinsed 
three times with PBS and subsequently incubated 
with Fluo-3-AM at 37°C for 1 h. The samples were 
centrifugated and rinsed three times with PBS. 
Finally, PBS without Ca2+ was used to resuspend 

the cells. Fluorescence at 488 nm was monitored 
using a flow cytometer (BD Biosciences, San Jose, 
CA, USA).

Rat model of I/R

Male Sprague–Dawley (SD) rats (weight range 
240–270 g) were purchased from Shanghai SLAC 
Laboratory Animal Co., Ltd. (Shanghai, China) 
and housed at 19°C–22°C with a 12 h light/dark 
cycle and free access to food and water. This study 
was performed in accordance with the Declaration 
of Helsinki. All the experiments were approved by 
the Shanghai University of Medicine & Health 
Sciences Affiliated Zhoupu Hospital.

To induce transient focal cerebral ischemia, the 
right middle cerebral artery occlusion and reperfu-
sion model (MCAO/R) was performed as pre-
viously described [20]. In brief, the rats were 
anesthetized with 10% chloral hydrate (3.5 mL/ 
kg) via intraperitoneal injection. A silicone- 
coated 8–0 monofilament was introduced into 
the left internal carotid artery to occlude the mid-
dle cerebral artery. After 90 min MCAO, the fila-
ment was withdrawn to complete reperfusion.

All the rats were divided into 4 groups (n = 6): 
Control group, the rats were subjected to sham 
surgery; MCAO/R group, the rats were subjected 
to MCAO/R; AS2521780 group, the rats were sub-
jected to MCAO/R and treated with 3.5 mg/kg 
AS2521780 via intraperitoneal injection twice 
a day for 2 days (starting on the day before opera-
tion); curcumin group, the rats were pretreated 
with 100 mg/kg/d curcumin via intraperitoneal 
injection twice (24 h and 1 h before operation) 
and then subjected to MCAO/R; curcumin 
+AS2521780 group: the rats were pretreated with 
100 mg/kg/d curcumin and 3 mg/kg AS2521780, 
then subjected to MCAO/R;. The control and 
MCAO/R groups were given an equal volume of 
physiological saline via intraperitoneal injection.

Hematoxylin-eosin (H&E) staining

After neurological score assessment, all the rats 
were anesthetized with 10% chloral hydrate, PBS 
(0.1 M) was used to perfuse rats through the heart 
for 2 min. After that, PBS was replaced with 4% 
paraformaldehyde, and perfusion was performed 
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for an additional 5 min. Finally, the intact brain 
was carefully removed and fixed in 4% formalde-
hyde fixative for H&E staining and immunofluor-
escence (IF) staining.

Following 24 h fixation, the brain samples were 
embedded in paraffin, sliced into 5 μm specimens, 
and stained using an H&E kit (Bio-Rad 
Laboratories) according to manufacturer’s instruc-
tions. A light microscope (NIKON, Japan) was 
used to collect images of the stained slides.

Immunohistochemistry (IHC) assay

Brain section placed on cover slides were incu-
bated with cleaved caspase 3 and TNF-α antibody 
at 4°C for 12 h, and then incubated with a second-
ary antibody (D-3004, Long Island Biotech, China) 
at 25°C for 30 min. Positive cells stained using 
a 3,3�-Diaminobenzidine Substrate Kit (Long 
Island Biotech) and hematoxylin (714094, BASO) 
were presented as brown-yellow particles.

Neurological score assessment

Neurological deficits were evaluated using 
Bederson’s neurological scale [21]: Score 0, no 
neurologic deficit; Score 1, failure to fully extend 
right forepaw; Score 2, reduced resistance to right 
lateral push when mouse was held by the tail; 
Score 3, spontaneous circling to the right; and 
Score 4, did not walk spontaneously or 
unconsciousness.

Statistical analysis

All the data were presented as mean ± SD. One- 
way analysis of variance was used to compare the 
differences among groups. P < 0.05 was considered 
statistically significant.

Results

Levels of cell proliferation, TEER, Ca2+, and cell 
permeability in PC12 cells after OGD/R

The cell proliferation of PC12 cell was measured 
by CCK-8 after OGD/R. As shown in Figure 1(a), 
OGD/R treatment significantly decreased cell pro-
liferation in PC12 cells at all three time points (12, 

24, and 48 h). In contrast, incubation with 5, 10, 
and 20 μM of curcumin after OGD/R markedly 
increased cell proliferation at all three time points 
(12, 24, and 48 h) in comparison with the OGD/R 
group. However, 30 and 40 μM curcumin seemed 
to be toxic to cells. Thus, 20 μM of curcumin was 
selected to treat PC12 cell in subsequent 
experiments.

To explore the role of curcumin in cerebral I/R 
injury, PC12 cells were subjected to OGD/R and/ 
or curcumin treatment. Ca2+ overload is known to 
play a key role in cerebral I/R [22]. We measured 
the cellular Ca2+ concentrations and found that 
Ca2+concentration increased after OGD/R in com-
parison with the control group (Figure 1(b)). In 
addition, cellular Ca2+ concentration was signifi-
cantly decreased in the curcumin (20 μM) treat-
ment group. These results indicated that cellular 
Ca2+ accumulated after OGD/R in PC12 cells, and 
this effect can be alleviated by curcumin (Figure 2 
(b)). Furthermore, BBB disruption has been 
reported to be one of the contributing factors to 
cerebral ischemia [23]. In the present study, TEER 
and cell permeability analyses were performed to 
measure BBB disruption. As shown in Figure 1(c, 
d), the TEER value decreased and cell permeability 
promoted in the OGD/R group. Compared with 
the OGD/R group, the TEER value increased and 
cell permeability decreased in the OGD/R+ curcu-
min group. These results demonstrated that OGD/ 
R-induced BBB disruption, and curcumin alle-
viated this effect. Subsequently, we analyzed the 
protein levels of cell junction markers including 
ZO-1 and occludin. As shown in Figure 1(e), ZO-1 
and occludin were downregulated in the OGD/R 
group compared with the control group but were 
upregulated in the OGD/R+ curcumin group com-
pared with the OGD/R group. The p-PKC-θ pro-
tein level was lower in the OGD/R+ curcumin 
group than in the control group, but higher than 
in the OGD/R group. Furthermore, cleaved cas-
pase 3 was found upregulated in the OGD/R group 
and was alleviated by curcumin (Figure 1(e,f)). 
Calcium release-activated calcium channel protein 
1 (Orai1) has been found to mediate intracellular 
Ca2+ concentration [24]. Thus, we measured Orai1 
levels and found that the Orai1 protein and mRNA 
levels were higher in the OGD/R+ curcumin group 
than in the control group, but lower than in the 
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Figure 1. Cell proliferation, TEER, Ca2+ concentrations, and cell permeability in PC12 cells after OGD/R. (a) CCK-8 assay was 
used to measure cell proliferation after treatment with OGD/R and curcumin (0, 5, 10, 20, 30, and 40 μM) in PC12 cells. ###P < 0.001 
vs control; *P < 0.05, **P < 0.01, and ***P < 0.001 vs OGD/R. (b–d) PC12 cells were treated with OGD/R and/or 20 μM curcumin, then 
(b) Ca2+ concentration, (c) TEER, and (d) cell permeability were analyzed. Control, PC12 cells; OGD/R, PC12 cells treated with OGD/R; 
OGD/R+ curcumin, PC12 cells treated with OGD/R and 20 μM curcumin. ###P < 0.001 vs control; ***P < 0.001 vs OGD/R. (e) Western 
blot assay was performed to detect Orai1, PKC-θ, p- PKC-θ, ZO-1, occludin, and cleaved caspase 3 levels. (f) Analysis of protein levels. 
*P < 0.05, **P < 0.01, and ***P < 0.001 vs control; ##P < 0.01 and ###P < 0.001 vs OGD/R. (g) Orai1 mRNA levels were measured by 
real-time PCR. ###P < 0.001 vs control; ***P < 0.001 vs OGD/R.
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OGD/R group (Figure 1(e,g)). These results sug-
gested that curcumin may play a protective role 
against OGD/R in vivo through the PKC-θ signal-
ing pathway.

Curcumin alleviated OGD/R-induced increase of 
TEER and decrease of Ca2+ concentration and cell 
permeability through the PKC-θ signaling 
pathway

To confirm whether the PKC-θ signaling pathway 
is involved, 1 nM of AS2521780 was applied to 
OGD/R PC12 cells together with curcumin. As 
shown in Figure 2(a), after OGD/R treatment, 
the increase in Ca2+ concentration induced by 
AS2521780 could be alleviated by curcumin. In 
addition, we found that AS2521780 decreased 
TEER and increased cell permeability in OGD/R 
PC12 cells, but these effects were blocked by cur-
cumin (Figure 2(b,c)). As shown in Figure 2(e), 
ZO-1 and occludin were downregulated in the 
curcumin + AS2521780 group compared with the 
curcumin only group but were upregulated com-
pared with the AS2521780 only group. 
Furthermore, the p-PKC-θ, p-IκBα, and nuclear 
p65 protein levels were downregulated after 
AS2521780 treatment, which was also alleviated 
by curcumin (Figure 2(e)). Meanwhile, the Orai1 
protein and mRNA levels were lower in the cur-
cumin+AS2521780 group than in the AS2521780 
group, but still higher than in the curcumin group 
(Figure 2(e,d)). In addition, cleaved caspase 3 was 
observed to be downregulated after AS2521780 
treatment, and this effect was alleviated by curcu-
min (Figure 2(e)). These results indicated 
a protective effect exhibited in vivo by curcumin 
against OGD/R through the PKC-θ signaling 
pathway.

Neurological scores, TEER, Ca2+ levels, and cell 
permeability in MCAO injury rat model

To assess the effects of curcumin on cerebral I/R 
injury, SD rats were subjected to 90 min of 
MCAO. Neurological scores were measured 
according to Bederson’s neurological scale [21]. 
The rats in the control group were in good condi-
tion, but all the other groups showed different 
degrees of neurological disorder. The rats in the 

MCAO and AS2521780 groups exhibited severe 
neurological disorder, which was significantly 
ameliorated by curcumin treatment (Figure 3(a)). 
Ca2+ concentrations increased after MCAO, and 
the AS2521780 group showed the highest Ca2+ 

levels. In contrast, curcumin inhibited the increase 
in Ca2+ concentration induced by MCAO and 
AS2521780 (Figure 3(b)). Furthermore, MCAO 
and AS2521780 demonstrably inhibited TEER 
and promoted cell permeability, which were both 
inhibited by curcumin (Figure 3(c,d)). As shown 
in Figure 3(e), the ZO-1 and occludin protein 
levels were significantly downregulated after 
MCAO, with the AS2521780 group showing the 
lowest levels. However, curcumin alleviated these 
effects. Moreover, the results indicated that 
MCAO and AS2521780 decreased the p-PKC-θ, 
p-IκBα, and nuclear p65 protein levels but 
increased those of Orai1, all of which were blocked 
by curcumin (Figure 3(e)). In addition, cleaved 
caspase 3 was observed to be downregulated after 
MCAO and AS2521780, which was alleviated by 
curcumin (Figure 3(e)).

H&E staining revealed that the nerve cells in the 
control group exhibited a normal condition with 
a clear cell outline and nuclear and synaptic struc-
ture. However, edema and necrosis were observed 
in nerve cells from the MCAO and AS2521780 
groups (Figure 4(a)). Compared with the MCAO 
group, edema and necrosis were less severe in the 
curcumin group. These results indicated that cur-
cumin buffered the MCAO damage to nerve cells. 
Moreover, IHC results showed that MCAO and 
AS2521780 promoted cleaved caspase 3 and 
TNF-α and curcumin was demonstrated to block 
these effects (Figure 4(b,c)). In summary, curcu-
min could ameliorate the harmful effects induced 
by MCAO, specifically by reducing BBB disruption 
and the PKC-θ signaling pathway.

Discussion

Our study demonstrated that the protective effects 
of curcumin in the OGD/R injury cell model 
involved lessening BBB disruption and reducing 
Ca2+ concentrations, which was likewise demon-
strated using the MCAO rat model. Moreover, we 
found that the PKC-θ signaling pathway was 
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Figure 2. Curcumin alleviated OGD/R-induced increase in TEER and decrease in Ca2+ concentration and cell permeability 
through the PKC-θ signaling pathway. After OGD/R treatment, PC12 cells were treated with 1 nM AS2521780 and/or 20 μM 
curcumin. (a) Ca2+ concentrations, (b) TEER, and (c) cell permeability were analyzed. **P < 0.01 and ***P < 0.001 vs OGD/R; 
##P < 0.01 and ###P < 0.001 vs curcumin+AS2521780. (d) Orai1 mRNA levels were measured by real-time PCR. **P < 0.01 and 
***P < 0.001 vs OGD/R; ##P < 0.01 and ###P < 0.001 vs curcumin+AS2521780. (e) Western blot assay was performed to measure 
Orai1, PKC-θ, p- PKC-θ, ZO-1, occludin, IκBα, p-IκBα cleaved caspase 3, and nuclear p65 levels. **P < 0.01 and ***P < 0.001 vs OGD/R; 
##P < 0.01 and ###P < 0.001 vs curcumin+AS2521780.

556 Y. MO ET AL.



Figure 3. Neurological scores, TEER, Ca2+ concentrations, and cell permeability in MCAO injury rat model. (a) Neurological 
scores of the rats in each group. ***P < 0.001 vs MCAO; $$P < 0.01 and $$$P < 0.001 vs curcumin+AS2521780. (b) Ca2+ 

concentration, (c) TEER, and (d) cell permeability were analyzed. #P < 0.05, ##P < 0.01, and ###P < 0.001 vs control; **P < 0.01 
and ***P < 0.001 vs MCAO; $P < 0.05, $$P < 0.01, and $$$P < 0.001 vs curcumin+AS2521780. (e) Western blot assay was performed 
to measure Orai1, PKC-θ, p- PKC-θ, ZO-1, occludin, IκBα, p-IκBα cleaved caspase 3, and nuclear p65 levels. *P < 0.05, **P < 0.01, and 
***P < 0.001 vs MCAO; $P < 0.05, $$P < 0.01, and $$$P < 0.001 vs curcumin+AS2521780.
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involved in curcumin-mediated neuroprotection in 
both the OGD/R injury cell and MCAO rat models.

Curcumin, a known antioxidant, has been 
found to protect neurons from ischemic injury 

Figure 4. HE staining and IHC of brain samples from I/R rats. (a) Representative images of HE staining. Scale bar, 100 μm. (b-c) 
IHC assay was performed to detect cleaved caspase 3 (b) and TNF-α (c). Scale bar, 100 μm. ###P < 0.001 vs control; ***P < 0.001 vs 
MCAO; $$$P < 0.001 vs curcumin+AS2521780.
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through the Akt/Nrf2 pathway [25]. Curcumin 
also confers a protective effect against cerebral I/ 
R injury by activating the JAK2/STAT3 signaling 
pathway [26]. In this study, the CCK-8 assay 
showed that cell survival was markedly increased 
when curcumin was applied to OGD/R PC12 cells. 
The OGD/R-induced increase in cleaved caspase 3 
was alleviated by curcumin. Moreover, a decrease 
in p-PKC-θ, p-IκBα and nuclear p65 protein levels 
induced by OGD/R was reversed by curcumin 
(Figure 2). We also found that curcumin inhibited 
the mRNA and protein levels of Orai1. PKC-θ 
belongs to the novel PKC subtype, which is acti-
vated by diacylglycerol, but not Ca2+. Ca2+ over-
load is considered to be the most important ion 
imbalance in neuronal injury, and OGD/R expo-
sure is known to increase intracellular Ca2+ con-
centration [27,28]. Orai1, an essential membrane 
protein for the activation of store-operated cal-
cium entry, has been found to mediate intracellu-
lar Ca2+ concentration [24]. In the current study, 
the increase in Ca2+ concentration and Orai1 
levels were observed in OGD/R PC12 cells, and 
AS2521780 enhanced these effects. The data indi-
cated that PKC-θ may play a role in the mediation 
of Ca2+ concentration by Orai1.

Intracellular Ca2+ signaling has been found to 
mediate BBB impairment [29]. Since an intact 
BBB is essential for maintaining a normal brain 
condition, and less BBB disruption always pre-
sents a better survival in cerebral I/R injury [30], 
we hypothesized that curcumin treatment could 
reduce BBB disruption. The results of our study 
showed that curcumin inhibited I/R-induced 
BBB disruption by increasing TEER, decreasing 
cell permeability and ZO-1 and occluding levels 
in vitro and in vivo. Curcumin has consistently 
demonstrated a protective effect on BBB against 
cerebral I/R Injury [17]. A decrease in BBB dis-
ruption has been reported to contribute to neu-
ronal survival in cerebral I/R by the inhibition of 
S6K1 [23]. Moreover, PKC-θ is associated with 
interleukin-1β-induced barrier dysfunction in 
the microvascular endothelium of the human 
brain [31]. Our results showed that the inhibi-
tion of PKC-θ aggravated the BBB disruption 
induced by I/R, thereby decreasing TEER and 
increasing cell permeability and ZO-1 and occlu-
din levels.

Conclusion

Curcumin exhibits a protective effect in cerebral I/ 
R injury by regulating PKC-θ and Orai1, which in 
turn mediate Ca2+ concentrations that affect BBB 
integrity.
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