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Abstract. Several studies have demonstrated that increased 
apoptosis plays an essential role in neurodegenerative disor-
ders. It has been demonstrated that lipopolysaccharide (LPS) 
induces apoptosis largely through the production of intra-
cellular reactive oxygen species  (ROS) and inflammatory 
mediators. In this study, we investigated the potential protec-
tive mechanisms of naringin (Nar), a pummelo peel extract, 
on LPS-induced PC12 cell apoptosis. Nar pre-conditioning 
prior to stimulation with LPS for 18 h was a prerequisite for 
evaluating PC12  cell viability and the protective mecha-
nisms of Nar. Nar significantly improved cell survival in 
a time- and concentration-dependent manner. On the one 
hand, Nar downregulated cytochrome P450 2E1 (CYP2E1), 

inhibited the release of ROS, mitigated the stimulation of 
oxidative stress, and rectified the antioxidant protein contents 
of nuclear factor erythroid 2-related factor 2  (Nrf2), heme 
oxygenase-1  (HO-1), superoxide dismutase  (SOD)2 and 
glutathione synthetase (GSS). On the other hand, Nar down-
regulated inflammatory gene and protein expression, including 
interleukin  (IL)-1β, IL-6, tumor necrosis factor  (TNF)-α, 
HMGB1, high mobility group box 1 protein (HMGB1), cyclo-
oxygenase-2 (COX-2), the Toll-like receptor 4 (TLR4)-myeloid 
differentiation factor 88 (MyD88)-TNF receptor‑associated 
factor 6 (TRAF6) pathway and downstream mitogen activated 
protein kinase (MAPK) phosphorylation, activator protein tran-
scription factor-1 (AP-1) and nuclear factor (NF)-κB. Moroever, 
Nar markedly attenuated the cytochrome c shift from the mito-
chondria to the cytosol and regulated caspase‑3‑related protein 
expression. To the best of our knowledge, this is the first study 
to report the antioxidant, anti-inflammatory and anti-apoptotic 
effects of Nar in neuronal-like PC12 cells. These results suggest 
that Nar can be utilized as a potential drug for the treatment of 
neurodegenerative disorders.

Introduction

With the progress made in the study of nervous system 
diseases, considerable evidence has been provided to support 
the hypothesis that oxidative stress, inflammation and apoptosis 
are closely associated with the development of neurodegenera-
tive diseases (1-3). The use of the rat pheochromocytoma cell 
line, PC12, as an in vitro model system is quite acceptable 
for neurological and neurochemical studies (4,5). Moreover, 
apoptosis can be induced by a variety of methods, including 
the use of lipopolysaccharide (LPS), a significant component 
of the Gram-negative bacteria cell wall, and it has been widely 
used in the study of neuronal apoptosis  (6). The Toll-like 
receptor (TLR)4 can specifically bind with LPS and can thus 
trigger the release of inflammatory factors, free radicals and 
cysteinyl aspartate specific proteinases (known as caspases) 
that subsequently cause apoptosis (7-9). Hence, the develop-
ment of a novel drug to reverse neurodegeneration through 
the inhibition of apoptosis is feasible. The exploration of new 
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chemicals with high efficiency and low toxicity for the treat-
ment of neurodegenerative diseases associated with oxidative 
stress, inflammation and apoptosis is of utmost importance.

Bioflavonoids, a group of polyphenolic substances, are found 
in most plants and are a sustainable supplement for human 
consumption (10). Due to their widespread availability, coupled 
with their low toxicity, they can be developed for use as therapeutic 
materials (11-14). Naringin (Nar; 4', 5,7-trihydroxyflavanone-
7‑rhamnoglucoside) is a proverbial flavanone glycoside, which is 
found in abundance in citrus fruit, grapefruit and juices (15). Nar 
has been shown to have multiple biological and pharmacological 
properties, including anti-inflammatory, anti-carcinogenic, 
lipid-lowering and antioxidant activities (16-18).

In the study of pharmaceuticals for the treatment of 
central nervous system diseases, the critical threshold 
depends on whether or not these agents can cross the blood-
brain barrier  (19). Naringenin (4',5,7-trihydroxyflavanone), 
a metabolic product of Nar, can easily cross the blood brain 
barrier (20), and due to this fact, the study of Nar instantly 
acquires more importance.

All in all, the mechanisms responsible for the protective 
effects of Nar against LPS-stimulated PC12 cell damage are 
not well understood. In the present study, we demonstrate 
that Nar protects PC12 cells from LPS-induced apoptosis by 
exerting antioxidant, anti‑inflammatory and anti-apoptotic 
effects. Firstly, Nar reduces the level of intracellular reac-
tive oxygen species  (ROS) through the downregulation of 
cytochrome P450 2E1 (CYP2E1) expression directly, rather 
than through the upregulation of antioxidant-related protein 
expression, progressively maintaining the balance of the pro-
oxidant and antioxidant enzyme system. Nar also attenuates 
the inflammatory response through the downregulation of the 
TLR4 pathway. Finally, we also explore the underlying anti-
apoptotic mechanisms in PC12 cells.

Materials and methods

Materials. PC12 rat pheochromocytoma cells were obtained 
from Shanghai Biochemistry  Co.,  Ltd  (Shanghai, China). 
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
(MTT), RPMI-1640 medium, fetal bovine serum  (FBS), 
penicillin and streptomycin, were obtained from Sigma 
Chemical Co.  (St. Louis, MO, USA). 4-(2-Hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), acridine orange (AO) 
and ethidium bromide  (EB) fluorescent dyes, 4',6-damid-
ino‑2-phenylindole (DAPI) and TRIzol reagent were from Nanjing 
KeyGen Biotech Co. Ltd. (Nanjing, China). The reactive oxygen 
assay kit and DCFH-DA were provided by Dojindo Molecular 
Technologies, Inc. (Kumamoto, Japan). The Annexin V/prop-
idium iodide (PI) apoptosis detection kit was obtained from 
Invitrogen Life Technologies, Inc. (Carlsbad, CA, USA).

Cell culture and treatment. The PC12 cells have been diffusely 
used as an analog neuron model in research (21). In this study, 
the cell culture medium contained RPMI-1640 with 5% FBS, 
and appropriate penicillin and streptomycin. In the process of 
cell culture, the culture medium was changed 3 times a week.

MTT assay and cell viability. In order to determine the efficacy 
and dose, as well as optimal treaqtment time, the PC12 cells were 

treated with various concentrations (0-2,000 ng/ml) of Nar for 
0.5, 1 and 2 h before being exposed to 400 µg/ml LPS for 18 h 
at 37˚C with 5% CO2. MTT solution was added to terminate the 
drug reaction process, and DMSO was then utilized to dissolve 
the crystals. The results were gauged by a POLARstar OPTIMA 
multi‑detection microplate reader (Bio‑Rad Laboratories, Inc., 
Hercules, CA, USA) at 490 nm.

Morphological inspection. AO can penetrate viable cells, and is 
embedded in nuclear DNA to emit a bright green fluorescence. 
EB can only penetrate damaged cells, and is embedded in 
nuclear DNA to emit orange fluorescence. DAPI, as a fluores-
cent dye, can penetrate the cell membrane and nucleus of the 
double-stranded DNA. Thus, we used AO, EB, DAPI as dyes. 
The half lethal concentrations of LPS and the optimal protec-
tive concentrations of Nar were determined by MTT assays, 
and these were then used in subsequent experiments. The cells 
were treated with Nar (200, 600 and 1,000 ng/ml) for 1 h before 
being exposed to 400 µg/ml LPS for 18 h at 37˚C with 5% CO2. 
The treated PC12 cells were inoculated into 6-well plates and 
stained with AO, EB and DAPI  (the final concentration of 
AO and EB was 100 mg/ml, and that of DAPI was 100 ng/ml; 
these were dissolved in PBS). Staining was carried out at room 
temperature for 2-5 min, and the cells were then rinsed well 
with PBS. Finally, images of the cells were acquired utilizing an 
inverted fluorescence microscope (Olympus BX63; Olympus, 
Tokyo, Japan).

Transmission electron microscopy  (TEM). The PC12 cells 
were subjected to various treatments as described above. The 
cells were collected in 1.5 ml Eppendorf tubes, and 4% glutar-
aldehyde was then slowly added along the tube wall. The tubes 
were then placed in a refrigerator at 4˚C for preservation. The 
the process of dehydration, infiltration, embedding, slicing 
and heavy metal staining was carried out in accordance with 
conventional TEM techniques. A transmission electron micro-
scope was used to obtain microscopic images.

Determination of apoptosis. The PC12 cells were treated 
as described above. In this assay, we used the Annexin V/PI 
apoptosis detection kit (Invitrogen Life Technologies, Inc.) and 
a flow cytometer (FACSCalibur, Becton-Dickson, San Diego 
CA, USA). The cells (1x105/sample) were washed twice with 
PBS, followed by centrifugation at 300 x g at 4˚C for 5 min. The 
cells were then resuspended in the 1X binding buffer (100 µl), 
followed by the addition of Annexin V (5 µl) and PI staining 
solution  (5  µl). Finally, the cells were exposed to room 
temperature for 10 min, avoiding cell-cell contact, and 400 µl 
1X binding buffer was then added. Apoptosis was detected 
by flow cytometry. The third quadrant in the flow cytometric 
plots rerepsents the distribution of viable cells. The second and 
fourth quadrant are considered to indicate the distribution of 
apoptotic cells.

Intracellular ROS assay. The PC12 cells were treated as 
described above. The cells (1x105/sample) were washed twice 
with PBS, followed by centrifugation at 300 x g at 4˚C for 
5 min. DCFH-DA solution was then added followed by incuba-
tion for 30 min in room temperature. The density distribution 
of ROS was analyzed by flow cytometry.
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Detection of cytochrome c (Cyto c) release. The PC12 cells 
were subjected to various treatments as described above. The 
cells were washed with PBS, fixed with 4% paraformaldehyde 
for 15 min at 4°C, washed with PBS again, and then permeabi-
lized with 0.2% Trixon-100 for 8 min. Non-specific binding was 
blocked by incubating the cells in 3% BSA for 45 min at 37˚C, 
and the cells were then incubated with the primary antibody 
overnight at 4˚C. The cells were then washed twice with PBS. 
The cells were incubated with the secondary antibody for 1 h at 
37˚C, washed with PBS, and then stained with DAPI (1 µg/ml) 
for 5 min. A laser scanning confocal microscope (TCS SP5, 
Leica Microsystems CMS GmbH., Mannheim, Germany) was 
used to acquire images. Cyto c was combined with the anti-
body to emit green light, and DAPI was used to stain the nuclei 
blue. In addition, we respectively extracted the cytoplasmic and 
mitochondrial proteins for use in western blot analysis.

Reverse transcrtiption-quantitative PCR  (RT-qPCR). Total 
RNA was extracted from the cells using TRIzol reagent. One 
microgram total RNA from each sample was then converted into 
complementary DNA (cDNA) by reverse transcription [using 
the PrimeScript™ RT reagent kit  (Takara, Dalian, China)]. 
Quantitative PCR (qPCR) was performed to gauge the mRNA 
levels using the 7500 Real‑Time PCR system (Applied Biosystems, 
Foster City, CA, USA). The PCR cycling conditions were as 
follows: 94˚C pre-degeneration for 4 min, 94˚C degeneration 
for 30 sec, 60˚C annealing for 30 sec, 72˚C extension for 2 min, 
for 35 cycles. The data were analyzed using System SDS soft-
ware (Applied Biosystems). The expression level of the GAPDH 
gene was considered as a standard. The relative gene expression 
levels of interleukin (IL)-1β, IL-6, tumor necrosis factor-α (TNF-
α), fatty acid synthase (Fas), Fas ligand (FasL) and Bcl-2‑associated 
X protein (Bax) were expressed as a percentage of the expression 
of GAPDH. Respective primers (Table I) were applied by calcu-
lating target gene expression.

Western blot analysis. We used lysis buffer to extract the 
total proteins, and the extracted proteins were then quantified 
using the Bradford assay kit (Blossom Bio Inc., Hangzhou, 
China). The cells were lysed using lysis buffer containing 
phenylmethanesulfonyl fluoride (PMSF) on ice for 30 min, The 
lysates were then centrifuged at 20,000 x g at 4˚C for 5 min. 
The supernatant was placed in -20˚C. A total of 50 µg protein 

was placed on a 12% SDS-PAGE gel and separated electropho-
retically. The target proteins were then transferred onto PVDF 
membranes (Millipore, Billerica, MA, USA). After blocking 
the PVDF membranes in 5% dried skim milk (Boster Biological 
Technology, Wuhan, China) for 3 h at room temperature, the 
membranes were incubated overnight at 4˚C with primary anti-
bodies (Table II). Subsequently, the membranes were incubated 
at room temperature for 2 h with horseradish peroxidase-conju-
gated goat anti-rabbit  IgG or goat anti-mouse IgG antibodies 
at a 1: 2,000 dilution (Beyotime Institute of Biotechnology, 
Beijing, China). Protein detection was performed by enhanced 
chemiluminescence (ECL) and imaging was carried out using 
a BioSpectrum Gel Imaging System (HR410, UVP, USA). In 
order to eliminate the variations, the expression level of the 
GAPDH gene was considered as a standard. It should be noted 
that all protein extractions were carried out once, and thus the 
internal reference was same in this experiment. Moreover, in 
order to detect the intra- and extranuclear content of Cyto c, 
we used the Nuclear and Cytoplasmic Protein Extraction 
kit (Blossom Bio Inc.) to extract the protein, and the remaining 
process was carried out as described above..

Statistical analysis. All data are presented as the means ± stan-
dard deviation (SD). The data between groups were compared 
by one-way analysis of variance (ANOVA) and inter-group 
differences were compared using a t-test. A value of p<0.05 
was considered to indicate a statistically significant difference.

Results

Effects of Nar on LPS-induced cell death. The chemical struc-
tures of Nar is shown in Fig. 1A. MTT assay is widely used in 
pharmacodynamics experiments (22,23). Treatment with various 
concentrations (200, 600 and 1,000 ng/ml) of Nar for 1 h prior to 
treatment with LPS (400 µg/ml, 18 h) induced a time and dose-
dependent increase in the cell survival rate (cell viability increased 
to 61.2±1.3, 73.1±1.4 and 87.36±1.8%, respectively) (Fig. 1B).

Treatment with Nar at the range of 0-2,000 ng/ml had no 
obvious effect on the survival rate of the PC12 cells (Fig. 1C). 
Therefore, the Nar concentrations of 200, 600 and 1,000 ng/
ml used in the subsequent experiments were not consid-
ered to be toxic to the cells. In addition, the viability of the 
PC12 cells exposed to LPS (400 µg/ml, 18 h) was decreased to 

Table I. The primer sequences used for RT-qPCR.

	 GenBank
Genes	 accession no.	 Forward primers (5'→3')	 Reverse primers (5'→3')

GAPDH	 NM_017008.3	 GGCACAGTCAAGGCTGAGAATG	 ATGGTGGTGAAGACGCCAGTA
IL-1β	 NM_031512.2	 CCCTGAACTCAACTGTGAAATAGCA	 CCCAAGTCAAGGGCTTGGAA
IL-6	 NM_012589.1	 ATTGTATGAACAGCGATGATGCAC	 CCAGGTAGAAACGGAACTCCAGA
TNF-α	 NM_012675.3	 TCAGTTCCATGGCCCAGAC	 GTTGTCTTTGAGATCCATGCCATT
Fas	 NM_139194.2	 CACAGCATTCAGTCCTATCCACAGA	 CACAGCCAACCAGATGCTTCA
FasL	 NM_012908.1	 CACCAACCACAGCCTTAGAGTATCA	 CACTCCAGAGATCAAAGCAGTTCC
Bax	 NM_017059.2	 CGAATTGGCGATGAACTGGA	 CAAACATGTCAGCTGCCACAC

IL, interleukin; TNF, tumor necrosis factor; Fas, fatty acid synthase; FasL, Fas ligand; Bax, Bcl-2-associated X protein.
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50.15±1.1% (Fig. 1D); thus, LPS at the concentration of 400 µg/
ml was selected for use in the subsequent experiments to induce 
cell damage. Our results demonstrated the potential protective 
effects of Nar on LPS-induced PC12 cell viabiltiy in a time- and 
dose‑dependent manner.

Cell morphology. Black and white microscopic images and 
images of AO/EB and DAPI  staining provided morpho-
logical evidence to confirm our results. As shown in Fig. 2A, 
the control PC12 cells exhibited green fluorescence, whereas 
the model group cells exposed to LPS exhibited yellow-
stained cells, indicating apoptosis. The apoptotic cells were 
significantly decreased by pre-treatment with Nar (1,000 ng/
ml, 1 h), as evidenced by the decreased number of yellow-
stained cells.

In order to further confirm our results, the changes in the 
ultrastructure of the PC12 cells were observed under a trans-
mission electron microscope. As shown in Fig. 2B, the control 
group cells exhibited intact cell membranes, intact nuclei, and 
a large number of villi structures; however, the cells exposed 

to LPS exhibited distinct changes, including cytoplasmic 
vacuoles, as well as the disappearance of microvilli structures. 
Compared with the model group exposed to LPS, pre-treatment 
with Nar markedly reversed the above-mentioned changes.

Finally, flow cytometry was used to measure the amount 
of apoptotic cells  (Fig.  2C). In relation to the condition, 
LPS provoked a 14-fold increase in the number of apoptotic 
cells (from 3.9% of cells in the control condition to 55% of cells 
following exposure to LPS). However, pre-treatment with Nar 
decreased the apoptotic rate significantly (Fig. 2C).

Effects of Nar on intracellular ROS levels. Exposure to LPS 
prompted the release of a large number of ROS from the 
cells (Fig. 3); however, ROS production was markedly inhib-
ited by pre-treatment with Nar, particularly pre-treatment Nar 
at 1,000 ng/ml. Our findings demonstrated that the LPS-induced 
PC12 cell apoptosis may be associated with oxidative stress, as 
also previously demonstrated (4,24). However, Nar protected 
the PC12 cells from apoptosis and attenuated the production of 
intracellular ROS.

Table II. Information for the antibodies used in the present study.

Antibodies	 Sources	 Dilutions	 Companies

GAPDH	 Rat	 1:5,000	 Proteintech Group, Inc., Chicago, IL, USA
Nrf2	 Rabbit	 1:1,000	 Proteintech Group, Inc., Chicago, IL, USA
HO-1	 Rabbit	 1:1,000	 Proteintech Group, Inc., Chicago, IL, USA
SOD2	 Rabbit	 1:1,000	 Proteintech Group, Inc., Chicago, IL, USA
GSS	 Rabbit	 1:1,000	 Proteintech Group, Inc., Chicago, IL, USA
CYP2E1	 Rabbit	 1:1,000	 Proteintech Group, Inc., Chicago, IL, USA
HMGB1	 Rabbit	 1:1,000	 Proteintech Group, Inc., Chicago, IL, USA
COX-2	 Rabbit	 1:1,000	 Proteintech Group, Inc., Chicago, IL, USA
TLR4	 Rabbit	 1:1,000	 Proteintech Group, Inc., Chicago, IL, USA
MyD88	 Rabbit	 1:1,000	 Proteintech Group, Inc., Chicago, IL, USA
TRAF6	 Rabbit	 1:1,000	 Proteintech Group, Inc., Chicago, IL, USA
NF-κB	 Rabbit	 1:1,000	 Proteintech Group, Inc., Chicago, IL, USA
AP-1	 Rabbit	 1:1,000	 Proteintech Group, Inc., Chicago, IL, USA
Bak	 Rabbit	 1:1,000	 Proteintech Group, Inc., Chicago, IL, USA
Bcl-2	 Rabbit	 1:1,000	 Proteintech Group, Inc., Chicago, IL, USA
Bcl-xL	 Rabbit	 1:1,000	 Proteintech Group, Inc., Chicago, IL, USA
Caspase-9	 Rabbit	 1:1,000	 Proteintech Group, Inc., Chicago, IL, USA
Cyto c	 Rabbit	 1:1,000	 Proteintech Group, Inc., Chicago, IL, USA
Caspase-8	 Rabbit	 1:1,000	 Proteintech Group, Inc., Chicago, IL, USA
Caspase-3	 Rabbit	 1:1,000	 Proteintech Group, Inc., Chicago, IL, USA
p53	 Rabbit	 1:1,000	 Proteintech Group, Inc., Chicago, IL, USA
p-p38	 Rabbit	 1:1,000	 Bioworld Technology, Inc., St. Louis Park, MN, USA
p-38	 Rabbit	 1:1,000	 Bioworld Technology, Inc., St. Louis Park, MN, USA
p-ERK	 Rabbit	 1:1,000	 Bioworld Technology, Inc., St. Louis Park, MN, USA
ERK	 Rabbit	 1:1,000	 Bioworld Technology, Inc., St. Louis Park, MN, USA
p-JNK	 Rabbit	 1:1,000	 Bioworld Technology, Inc., St. Louis Park, MN, USA
JNK	 Rabbit	 1:1,000	 Bioworld Technology, Inc., St. Louis Park, MN, USA

Nrf2, nuclear factor erythroid  2-related factor  2; HO-1,  heme oxygenase-1; SOD2,  superoxide dismutase  2; GSS,  glutathione synthe-
tase; CYP2E1,  cytochrome P450 2E1; HMGB1, high mobility group box 1 protein; COX-2,  cyclooxygenase-2; TLR4,  toll-like receptor 4; 
My88, myeloid differentiation factor 88; TRAF6, TNF receptor-associated factor 6; NF-κB, nuclear factor-κ-light-chain-enhancer of activated 
B cells; AP-1, activator protein transcription factor-1; Bcl-2, B-cell lymphoma 2; Bcl-xL, anti-apoptotic Bcl-2 family protein; caspase, cysteinyl 
aspartate specific proteinase; cytochrome c, Cyto c; ERK, extracellular signal-related protein kinase; JNK, c-Jun N-terminal kinase.
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Figure 1. (A) Chemical structure of naringin (Nar). (B) Pre-treatment with Nar at various concentrations (200, 600 and 1,000 ng/ml) and for different periods of 
time (0.5, 1 and 2 h) mitigated lipopolysaccharide (LPS)-induced cell death. (C) Safe dose of Nar to maintain cell viability. (D) Dose- and time-dependent effects 
of LPS on cell viability. Data are presented as the means ± SD (n=5 treatment groups). *p<0.05 and **p<0.01 compared with the LPS group.

Figure 2. (A) Morphological and fluorescence images of PC12 cells stained with acridine orange and ethidium bromide AO/EB and DAPI (x100 magnification). 
(B) Protective effect of the naringin (Nar) on the ultra-structure of PC12 cells (x40,000 magnification). (C) Detection of apoptosis by flow cytometry. Data are 
presented as the means ± SD (n=5 treatment groups). *p<0.05 and **p<0.01 compared with model group. 
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Suppression of Cyto c release. As is known, Cyto c plays a 
vital role in the process of apoptosis (25,26). In Fig. 4, green 

fluorescence reflects staining with Cyto c fluorescent antibody, 
and blue fluorescence reflects staining with DAPI, which 

Figure 3. Level of intracellular reactive oxygen species (ROS) detected by flow cytometry and the intracellular ROS formation intensity. Data are presented as 
the means ± SD (n=5 treatment groups). *p<0.05 and **p<0.01 compared with the LPS group. For the bar chart: I, control; II, LPS only; III, Nar at 1,000 ng/ml; 
IV, Nar at 600 ng/ml; and V, Nar at 200 ng/ml.

Figure 4. Immunofluorescence of cytochrome c (Cyto c) (x800 magnification). Green fluorescence reflects staining with cytochrome c fluorescent antibody, 
and blue fluorescence reflects staining with DAPI, which directly reflects nuclear staining. Compared with the LPS group, with the increasing concentration of 
naringin, the cell nuclei returned to their normal form, the number of viable cells increased, and staining for extracellular cytochrome c decreased.
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directly reflects nuclear staining. As shown in the merge image 
of Fig. 4, little fluorescence was observed in the control group, 
whereas in the LPS group, even though the number of viable 
cells was significantly decreased, the cell size was reduced and 
the nuclear staining also decreased, the content of extranuclear 
Cyto c was still evident. Thus, there was a mass of diffuse 
cytoplasmic fluorescence. As also shown in Fig. 8G and H, Nar 
effectively abated the transfer of Cyto c from the mitochondria 
to the cytoplasm. Therefore, it exerted an anti‑apoptotic effect.

Effects of the Nar on the expression levels of oxidative stress-
related markers. It is worth noting that nuclear factor E2-related 
factor 2 (Nrf2) can mediate antioxidant gene expression (27). As 
shown in Fig. 5A and B, in the absence of LPS, treatment of the 
PC12 cells with Nar at any concentration did not alter the total 
Nrf2 protein level compared with the untreated control group. 
However, in the cells exposed to LPS, the total Nrf2 protein 
level was significantly increased, indicating the resistance to the 
oxidative stress reaction through compensatory mechanisms. 
Pre-treatment of the cells with Nar improved the cell survival 
rate and gradually corrected the balance of the intracellular 
total Nrf2  levels. In addition, other oxidative‑related 
proteins, including heme oxygenase-1  (HO-1), superoxide 
dismutase 2 (SOD2) and glutathione synthetase (GSS) also 
exhibited the same trend in expression (Fig. 5C-F).

It is worth emphasizing that CYP2E1 plays an essential role 
in the production of ROS (28). As shown in Fig. 5G, relative 
to the specific condition, LPS provoked a 6.7-fold increase in 
the CYP2E1 levels (from 4.5% of cells in the control condition 
to 30.1% of cells exposed to LPS). However, pre-treatment with 
Nar significantly decreased the levels of CYP2E1.

Effects of the Nar on the expression levels of inflammatory 
cytokines and TLR4-related proteins. As shown in Fig. 6, we 
detected the expression levels of inflammation-related genes 
and proteins, including IL-1β, IL-6, TNF-α, high mobility 
group box 1 protein (HMGB1) and cyclooxygenase-2 (COX‑2), 
as well as TLR4-related proteins, including TLR4, myeloid 
differentiation factor 88 (MyD88), TNF receptor‑associated 
factor 6 (TRAF6), nuclear factor κ-light‑chain-enhancer of 
activated B cells (NF-κB) and activator protein transcription 
factor-1 (AP-1), and the results revealed that LPS promoted 
the overexpression of inflammation-related proteins, whereas 
pre-treatment with Nar decreased the levels of inflammation-
related proteins in a dose-dependent manner.

Effects of Nar on the expression levels of mitogen-activated 
protein kinase (MAPK) phosphorylation. Consistent with the 
in vitro experimental results of the TLR4 pathway (Fig. 6F-J), we 
detected the levels of MAPK phosphorylation at the same time. 
LPS markedly increased the protein expression levels (p-ERK, 
p-JNK, p-p38) by 4.6-, 3.6- and 14.3-fold. However, Nar mark-
edly decreased MAPK phosphorylation (Fig. 7). On the whole, 
pre-treatment with Nar significantly inhibited the LPS-induced 
activation of extracellular signal-related protein kinase (ERK), 
c-Jun N-terminal kinase (JNK) and the p38 signaling pathways. 
Furthermore, our results demonstrated that the anti-inflamma-
tory effects of Nar are associated with the inhibition of the 
TLR4 pathway.

Effects of Nar on the expression levels of apoptosis-related 
genes and proteins. As shown in Fig. 8, LPS increased the 
expression levels of Fas, FasL and Bax (Fig. 8A-C). Furthermore, 

Figure 5. Effects of naringin (Nar) on the levels of oxidative stress-related proteins. (A and B) Nuclear factor E2-related factor 2 (Nrf2), (C and D) heme 
oxygenase-1 (HO‑1), (E) superoxide dismutase 2 (SOD2), (F) glutathione synthetase (GSS) and (G) cytochrome P450 2E1 (CYP2E1). Values are expressed as 
the means ± SD (n=5 treatment groups). *p<0.05 and **p<0.01 compared with the LPS group. For the bar charts: I, control; II, LPS only; III, Nar at 1,000 ng/ml; 
IV, Nar at 600 ng/ml; and V, Nar at 200 ng/ml.
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LPS increased the protein levels of Bak, caspase-9, caspase-8, 
caspase-3 and p53, and decreased the levels of the anti-apop-
totic proteins, Bcl-xL, B-cell lymphoma 2 (Bcl‑2). However, 
pre-treatment with Nar markedly decreased the levels of Fas, 
FasL, Bax, Bak, caspase-9, caspase-3 and p53. The levels of 
Bcl-2 and Bcl-xL were evidently upregulated by 1.9-fold (from 
21.9 to 42.5%) and 3.0-fold (from 10.5 to 31.7%) (p<0.01) by 
pre-treatment with Nar (1,000 ng/ml).

Discussion

Nar, a flavanone glycoside of plants and fruits, has been shown 
to possess potent antioxidant (29), anti-inflammatory proper-

ties (30-32). As it has been previously reported, the long-term 
consumption of Nar improves memory in animal models of 
neurodegenerative diseases (33-35). To date, to the best of our 
knowedge, in vitro research on the effects of Nar on neurons 
is limited. Thus, in this study, in order to explore and confirm 
the potential neuroprotective effects of Nar, we examined the 
effects of Nar on the LPS-induced apoptosis of PC12 cells 
in vitro. In addition, we investigated the potential underlying 
mechanisms.

On the one hand, chronic toxicological assessment 
analysis of Nar has indicated that Nar is a substance with low 
toxicity (36), and our results also demonstrated this fact. On the 
other hand, naringenin, a metabolic product of Nar, can easily 

Figure 6. Effects of naringin (Nar) on the expression of inflammation-related markers. mRNA levels of (A) interleukin (IL)-1β, (B) IL-6, (C) tumor necrosis 
factor-α (TNF-α), and protein expressions of (D) high mobility group box 1 protein (HMGB1), (E) cyclooxygenase-2 (COX-2), (F) Toll-like receptor 4 (TLR4), 
(G) myeloid differentiation factor 88 (MyD88), (H) TNF receptor-associated factor 6 (TRAF6), (I) nuclear factor κ-light-chain-enhancer of activated 
B cells (NF‑κB) and (J) activator protein transcription factor-1 (AP-1). Values are expressed as the means ± SD (n=5 treatment groups). **p<0.01 compared with 
the LPS group. For the bar charts: I, control; II, LPS only; III, Nar at 1,000 ng/ml; IV, Nar at 600 ng/ml; and V, Nar at 200 ng/ml.

Figure 7. Effects of naringin (Nar) on the phosphorylation levels of mitogen activated protein kinases (MAPKs) . Values are expressed as the means ± SD 
(n=5 treatment groups). **p<0.01 compared with the LPS group. For the bar charts: I, control; II, LPS only; III, Nar at 1,000 ng/ml; IV, Nar at 600 ng/ml; and V, 
Nar at 200 ng/ml.
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cross the blood brain barrier to protect brain cells (20). All 
these data make the research of Nar feasible.

Oxidative stress is closely associated with neurodegenerative 
diseases (37). ROS play an essential role in oxidative stress. 
In the present study, LPS markedly increased the release of 
intracellular ROS from PC12 cells; however, pre-treatment 
with various concentrations of Nar decreased the intracellular 
ROS levels. It should be noted that CYP2E1 is also associated 
with LPS-induced oxidative stress and ROS production (38). 
Our results from western blot analysis demonstrated this view, 
which also revealed that the protective effects of Nar against 

LPS-induced PC12 cell apoptosis may be associated with its 
specific inhibition of CYP2E1.

In addition, the enhanced tolerance capacity against oxida-
tive stress gained our attention (Fig. 5). The protein levels of 
Nrf2, HO-1, SOD2 and GSS increased following exposure 
to LPS. Of note, the levels of these proteins were not altered 
when Nar treatment was used alone. Therefore, we speculate 
that Nar can not only enhance the antioxidant capacity through 
the downregulation of CYP2E1 protein expression, but can 
also maintain the balance of intracellular antioxidant protein 
expression.

Figure 8. Effects of naringin (Nar) on the expression of apoptosis-related genes and proteins. mRNA expression of (A) fatty acid synthase (Fas), (B) Fas 
ligand (FasL), (C) Bcl‑2‑associated X protein (Bax), and (D) protein expression of Bak, (E) Bcl-2, B-cell lymphoma 2 (Bcl-2), (F) Bcl-xL, (G) mitochondrial 
cytochrome c (Mito Cyto c) (H) cytoplasmic cytochrome c (Cyto Cyto c), (I) caspase-8, (J) capase-9, (K) caspase-3 and (L) p53. *p<0.05 and **p<0.05 compared 
with the LPS group. For the bar charts: I, control; II, LPS only; III, Nar at 1,000 ng/ml; IV, Nar at 600 ng/ml; and V, Nar at 200 ng/ml.
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LPS is a major activator of inflammation and a ligand for 
TLR4 (39). Upon LPS stimulation, inflammation is generated 
by TLR4 through the activation of downstream proteins, such 
as MyD88, TRAF6, NF-κB, MAPKs and AP-1, resulting in 
the production of a wide range of pro-inflammatory cytokines 
and chemokines (40,41). Moreover, NF-κB is an inducible tran-
scription factor, which can be sensitized by TNF-α, IL-1β, LPS 
and ROS (42-44). The present study demonstrated that LPS has 
the ability to cause the robust transcriptional activity of NF-κB 
and to markedly increase the expression of pro-inflammatory 
cytokines, leading to PC12 cell apoptosis. However, all of changes 
were reversed by pre-treatment with Nar. In addition, our results 
of western blot analysis demonstrated that the phosphorylation 
of ERK, p38, JNK was inhibited in the presence of Nar. Thus, 
it is possible that Nar mediates the TLR4-related inflammatory 
pathway, and thereby alleviate inflammation in PC12 cells.

Apoptosis is accompanied by increased mRNA levels of 
pro-inflammatory cytokines, such as IL-1β, IL-6, TNF-α (45). 
COX-2 is one of inflammatory early-response proteins (46), and 
its overexpression is associated with the stimulation of HMGB1. 
HMGB1 is a member of the damage-associated molecular 
pattern (DAMP) family of proteins that is secreted by necrotic 
brain cells  (47). HMGB1 can bind to its receptor  (TLR4) 
for mediating the inflammatory reaction (48); however, the 
potential mechanisms of action of the HMGB1-TLR4 pathway 
remain unclear. Nevertheless, in this study, Nar downregulated 
the levels of HMGB1 and TLR4-related proteins, and these 
results indicated that Nar effectively mitigated the secretion of 
inflammatory cytokines.

Finally, the death of PC12 cells induced by LPS is consi
dered the common effect of oxidative stress, and inflammatory 
and apoptosis reactions. Bcl-2 is a critical unit for pro-survival 
function by maintaining the mitochondrial membrane. p53 
is a critical suppressor molecule for Bcl-2. Upon oxidative or 
inflammatory stimulation, p53 is activated and associates with 
Bcl-2 by direct binding. The association of p53 with Bcl-2 can 
promote Bcl-2 dissociation from the mitochondria and accelerate 
the permeabilization of the mitochondrial membrane. This 
causes Cyto c release from the mitochondria to the cytoplasm 
and activates downstream of caspase apoptotic cascades (49,50). 
Caspase-3 is considered to be a unique factor of apoptosis in 
this cascade reaction. On the one hand, Fas/FasL and caspase-8 

are the upstream regulators of caspase-3 (51), and LPS can 
upregulate caspase-3 through Fas/FasL-caspase-3 pathway; on 
the other hand, upon LPS stimulation, LPS can downregulate 
Bcl-2, Bcl-xL, and upregulate Bax, Bak, cytoplasmic Cyto c 
and capase-9 (52). Finally, the caspase‑3‑related pathway is 
activated which eventually leads to apoptosis. The present study 
demonstrated that Nar markedly downregulate the protein 
expression levels of p53, Bak, cytoplasmic Cyto c, caspase-9, 
caspase-8 and caspase-3, and the mRNA expression levels 
of Fas, FasL and Bax; Nar increased the expression of Bcl-2 
and Bcl-xL. Our results demonstrated that the Nar suppressed 
LPS-induced PC12 cell apoptosis by mediating the expression 
of a series of caspase‑3‑related proteins.

In conclusion, our results demonstrate for the first time, 
at least to the best of our knowledge, that Nar reverses the 
oxidative stress, inflammation and the apoptosis of PC12 cells 
resulting from exposure to LPS. In Fig. 9, we summarize the 
underlying mechanisms responsible for the protective effects 
of Nar. As neuroinflammation is involved in the development 
of neurodegenerative diseases, Nar seems to act as a possible 
neuroprotective substance. Further studies are warranted to 
fully determine the protective effects of Nar and to elucidate all 
the underlying molecular mechanisms.
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