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ABSTRACT

Purpose: To explore the protection of naringenin against oxygen-glucose deprivation/reperfusion (OGD/R)-induced HT22 cell 
injury, a cell model of cerebral ischemia/reperfusion (I/R) injury in vitro, focusing on SIRT1/FOXO1 signaling pathway. Methods: 
Cytotoxicity, apoptosis, reactive oxygen species (ROS) generation, malondialdehyde (MDA) content, 4-hydroxynonenoic acid 
(4-HNE) level, superoxide dismutase (SOD), glutathione peroxidase (GSH-Px) and catalase (CAT) activities were measured 
by commercial kits. Inflammatory cytokines levels were determined by enzyme-linked immunosorbent assay (ELISA). 
The  protein expressions were monitored by Western blot analysis. Results: Naringenin significantly ameliorated OGD/R-
induced cytotoxicity and apoptosis in HT22 cells. Meanwhile, naringenin promoted SIRT1 and FOXO1 protein expressions 
in OGD/R-subjected HT22 cells. In addition, naringenin attenuated OGD/R-induced cytotoxicity, apoptosis, oxidative stress 
(the increased ROS, MDA and 4-HNE levels, and the decreased SOD, GSH-Px and CAT activities) and inflammatory response 
(the increased tumor necrosis factor-α, interleukin [IL]-1β, and IL-6 levels and the decreased IL-10 level), which were blocked 
by  the inhibition of the SIRT1/FOXO1 signaling pathway induced by SIRT1-siRNA transfection. Conclusion: Naringenin 
protected HT22 cells against OGD/R injury depending on its antioxidant and anti-inflammatory activities via promoting the 
SIRT1/FOXO1 signaling pathway. 
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Introduction

Ischemic stroke is a common vascular disease resulting in death and long-term disability worldwide1,2. Thrombolytic therapy 
is known as the most effective therapeutic approach for ischemic stroke3. However, restoration of blood flow (reperfusion) 
unavoidably results in brain damage remains unavoidable, commonly known as cerebral ischemia-reperfusion (I/R) 
injury4,5. Although various pathological processes are participated in the progression of cerebral I/R injury, such as 
oxidative/nitrative stress, inflammation, necrosis, and apoptosis, to date, the molecular mechanisms of cerebral I/R 
injury are complex and remain to be fully understood6,7. In addition, due to the narrow therapeutic time window, few 
effective therapeutic strategies are available to prevent cerebral I/R injury8,9. Therefore, exploring novel safe and effective 
therapeutic medication for cerebral I/R injury and further demonstrating the underlying protective mechanisms are 
highly urgent and important.

Flavonoids are the major class of polyphenols and a broad range of experimental data have indicated the potential 
function of flavonoids in the management of cerebral I/R injury10–12. Naringenin (4,5,7-trihydroxy-flavanone) is 
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one of the most critical naturally-occurring flavonoids widely present in natural products such as cherries, citrus 
fruits, and tomatoes13–15. Naringenin possesses various pharmacological properties, including antioxidant, anti-
inflammatory, antiapoptotic, and neuroprotective properties16–18. Recently, Raza et al. also proved that naringenin 
abrogates brain injury in experimental stroke by suppressing NF-κB-mediated neuroinflammation19, indicating 
the potential neuroprotectant of naringenin in patients at high risk of ischemic stroke. However, the regarding 
therapeutic potential of naringenin in cerebral I/R injury is a critical limitation and the mechanisms underlying 
remain to be clarified.

Research report that silent information regulator 1 (SIRT1) is a class III histone deacetylase involved in regulating 
oxidative stress, apoptosis, inflammatory responses, and neuroprotective effect via modulating downstream target such as 
the forkhead box O1 (FOXO1)20–22. Recently, it has been proved that SIRT1/FOXO1 signaling pathway elicits neuroprotective 
function in many neurodegenerative disorders, including cerebral I/R injury21,23. SIRT1/FOXO1 signaling pathway was 
remarkably reduced after cerebral I/R injury, and promoting the SIRT1-FOXO1 signaling pathway contributes to the 
neuroprotective effect of electroacupuncture24 and calycosin-7-O-β-D-glucoside21 on cerebral I/R injury. Notably, it has 
been confirmed that a therapeutic approach with naringenin may have positive impacts on multiple diseases via targeting 
SIRT125–27. Hence, the present further investigated whether naringenin attenuates cerebral I/R injury via activating SIRT1/
FOXO1 signaling pathway.

Hence, the present study evaluated the neuroprotective effects of naringenin on hypoxia/reoxygenation (oxygen-glucose 
deprivation/reperfusion, OGD/R)-induced neurotoxicity in HT22 cells focusing on the SIRT1/FOXO1 signaling pathway. 
The results revealed that naringenin attenuated OGD/R injury and apoptosis by inhibiting oxidative stress and inflammatory 
response via the activation of SIRT1/FOXO1 signaling pathway in HT22 cells. These findings will give an insight into a 
promising potential therapeutic avenue of naringenin for cerebral I/R injury.

Methods

Cell culture

Mouse hippocampal neuronal cell line (HT22) was provided by American Type Culture Collection (ATCC, Manassas, 
VA, USA), and cultured in Dulbecco’s modified eagle medium (DMEM; Invitrogen, Carlsbad, CA, USA) supplemented 
with 10% fetal bovine serum (FBS; Invitrogen) and 100 U/mL streptomycin/penicillin (Gibco, Grand Island, NY, USA) in 
a humidified atmosphere at 37 °C in 5% CO2.

OGD/R injury model

The cell model of cerebral I/R injury was established with HT22 cells which underwent OGD/R injury as described 
previously28. To initiate oxygen-glucose deprivation (OGD), HT22 cells were incubated in glucose-free DMEM and 
then placed in an anaerobic chamber (Heraeus, Hanau, Germany) for 6 h under an atmosphere of 95% N2/5% CO2 
at 37 °C. After that, HT22 cells were restored with complete DMEM and recovered at normoxic conditions under 
95% air/5% CO2 at 37 °C for reperfusion (24 h). The control groups were maintained in complete DMEM and no 
oxygen deprivation.

siRNA interference

The specific siRNA targeting against SIRT1 (SASI_Hs01_00153666) and negative scramble siRNA (SIC001) designed and 
synthesized by Santa Cruz Biotechnology Co. (Santa Cruz, CA, USA). SiRNA transfection was carried out by Lipofectamine 
2000 (Invitrogen, Carlsbad, CA, USA, 11668–027) according to the manufacturer’s instructions. After siRNA transfection 
for 48 h, the transfection efficiency was determined by western blotting analysis.
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Cell viability assays

The cell viability was measured by a Cell Counting Kit-8 (CCK-8) assay (Dojindo Laboratories, Kumamoto, Japan). 
Briefly, CCK-8 solution (10 μL) was added to each well and incubated at 37 °C for 2 h. Then, the absorbance at 450 nm was 
determined with an automatic microplate reader (PerkinElmer Victor 1420, Alburg, VT, United States). Cell viability was 
given as a percentage absorbance of untreated control cells.

Lactate dehydrogenase (LDH) release assay

The release of LDH from HT22 cells was determined using the LDH Cytotoxicity Assay kit (Beyotime Biotechnology, 
Shanghai, China) by following the manufacturer’s protocol. The absorbance at 490 nm was measured using a microplate 
reader (Bio-Rad, Hercules, California, USA).

Quantitative RT-PCR

The total RNA from HT22 cells was isolated using TRIzol Reagent (Invitrogen, 15596018). Then, total RNA (2 μg) was 
reverse transcribed into cDNA using the PrimeScript RT Reagent kit with gDNA Eraser (Takara) at 42 °C for 15 min and 
85 °C for 5 min. Quantitative polymerase chain reaction (PCR) was performed using a PikoReal 96 Real-Time PCR system 
(Thermo Fisher Scientific, Inc.) with Power SYBR Green Master Mix (Applied Biosystems; Thermo Fisher Scientific, Inc.). 
The sequences of the primers were as follows: SIRT1 forward, 5’-CAGCTCTGCTACAATTCATCGCGTC-3’ and reverse, 
5’-AATCTCTGTAGAGTCCAGCGCGTGTG-3’; GAPDH forward, 5’- GACCTGCCGTCTAGAAAAAC -3’ and reverse, 5’- 
CTGTAGCCAAATTCGTTGTC-3’. Relative quantitative analysis in the mRNA expression was calculated using the 2−ΔΔCq 
method and normalized to GAPDH.

Annexin V/PI flow cytometric analysis

The percentage of cells actively undergoing apoptosis was detected by the Annexin V-FITC/PT Apoptosis Detection Kit 
(Baosai Biotech, Shanghai, China) according to the manufacturer’s instructions. In brief, treated HT22 cells were collected, 
washed twice with phosphate buffered saline (PBS), and resuspended in binding buffer (100 μL). Then, Annexin V-FITC 
(5 μL) and PI (10 μL) were added to the cell suspension (1–5 × 106∙mL–1, 100 μL) and incubated for 20 min in darkness. 
Apoptosis rate was quantified by a FACSCanto II flow cytometry (Biomerry Biotechnology Co., Ltd., Beijing, China) and 
analyzed by FlowJo (version 7.6.1; FlowJo LLC) software.

Measurement of reactive oxygen species (ROS) generation

Intracellular ROS generation was assessed by a ROS assay kit (Beyotime Institute of Biotechnology, Shanghai, China) 
with 2’,7’-dichlorodihydrofluorescein diacetate (DCFH-DA) staining, according to the manufacturer’s protocol. DCFH-DA 
is converted to DCFH by intracellular esterases, which is subsequently converted to the fluorescent 2’,7’-dichlorofluorescein 
(DCF) by ROS. Following drug treatment, HT22 cells (at a density of 2.5 × 105 cells/well) were incubated in serum-free 
DMEM containing DCFH-DA (10 μmol·L–1) for 20 min at 37 °C in in the dark. After washing 3 times in PBS (5 min 
each), the fluorescent was analyzed by a fluorescence microscope (HCS, Thermo Fisher, scientific, Waltham, MA, USA). 
The relative fluorescence intensity was determined using a FACSCanto II flow cytometry (Biomerry Biotechnology Co., 
Ltd., Beijing, China).

Quantification of malondialdehyde (MDA) content, 4-hydroxynonenoic acid (4-HNE) level, SOD, 
glutathione peroxidase (GSH-Px), and catalase (CAT) activities

HT22 cells were collected, homogenized in PBS, and homogenized with a homogenizer machine. After centrifugation 
at 3000 rpm for 15 min, the supernatant was collected to detect the levels of MDA and 4-HNE, and the activities of SOD 
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and GSH-Px by MDA assay kit, 4-HNE, SOD assay kit, GSH-Px assay kit, and CAT assay kit (Nanjing Jiancheng Biotech, 
Nanjing, China) respectively, according to the manufacturer’s instructions.

Enzyme-linked immunosorbent assay (ELISA)

According to the protocols (Nanjing Jiancheng Bioengineering Institute, Nanjing, China), specific ELISA kits were 
used to detect the level of proinflammatory cytokines TNF-α, IL-lβ, and IL-6 and anti-inflammatory factor IL-10 in the 
cell culture supernatant. The optical density was measured at 450 nm with an automatic microplate reader (PerkinElmer 
Victor 1420, Alburg, VT, United States) and the data were used to calculate the levels of various cytokines based on 
the standard curves.

Western blotting analysis

HT22 cells were lysed with RIPA Lysis Buffer (Beyotime Biotechnology, Shanghai, China) for 30 min on ice and 
were centrifuged at 10,000 × g for 30 min at 4 °C. The supernatants were harvested, and then the protein content was 
determined with a bicinchoninic acid protein assay kit (Beyotime Biotechnology). The total protein (30 μg) 
was separated by SDS-PAGE and then transferred onto PVDF membranes (Millipore, Billerica, MA, United States). 
Membranes were blocked with 5% nonfat milk with PBS/0.1% Tween, followed by incubation overnight with anti-
Bax (1:2,000; Cell Signaling Technology, Boston, MA, United States), anti-Bcl-2 (1:2,000; Cell Signaling Technology), 
anti-SIRT1 (1:1000; Abcam, Cambridge, United Kingdom), anti-FOXO1 (1:1000; Abcam), and anti-GAPDH 
(1:5,000; Cell Signaling Technology) antibodies at 4 °C. After washing with PBS/0.1% Tween, the membranes were 
incubated with horseradish peroxidase-labeled secondary antibody (1:2,000; Cell Signaling Technology) for 2 h at 
room temperature. After washing with PBS/0.1% Tween again, the imaging was performed with the application 
of Enhanced chemiluminescence substrate (ECL substrate; Beyotime Biotechnology). The gray density of protein 
bands was analyzed by Image J (National Institutes of Health, Bethesda, MD, United States) and then normalized 
to the GAPDH loading control.

Statistical analysis

All experimental data are presented as mean ± standard deviation (SD) from at least three independent. Statistical analyses 
were performed by SPSS software version 22.0 (SPSS, Inc. IBM Corporation). The normal distribution and variance 
homogeneity were measured. Statistical differences between the two groups were analyzed by one-way analysis of 
variance followed by Tukey’s test. For nonnormally distributed data and/or non-homogeneous variance, Kruskal-Wallis 
test was used. P < 0.05 was regarded as statistically significant.

Results

Naringenin attenuates OGD/R-induced HT22 cells injuries

To investigate the protection of naringenin against OGD/R injury, the effect of different concentrations of 
naringenin (20, 40, 60, 80, or 100 μmol·L–1) on cell viability was first investigated. Results showed that compared 
with the control group, naringenin (20, 40, 60, or 80 μmol·L–1) alone treatment did not affect cell viability (Fig. 1a). 
Then, results further found that naringenin (40, 60, 80, and 100 μmol·L–1) pretreatment reversed OGD/R-induced 
the down-regulation of cell viability (Fig. 1b) and the up-regulation of LDH releases (Fig. 1c) in HT22 cells. 
Naringenin (80 μmol·L–1) significantly increased HT22 cell viability and decreased LDH release under OGD/R 
(P < 0.01), which was used for the subsequent experiments. These results indicated that naringenin protects HT22 
cells against OGD/R injury.
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Figure 1 – Effects of naringenin on cell viability and LDH release in OGD/R-exposed HT22 cells. HT22 cells were treated with different 
concentrations of naringenin (20, 40, 60, 80, or 100 μmol·L–1) for 24 h, and (a) cell viability was detected by CCK-8 assay. HT22 cells were treated 
with naringenin (20, 40, 60, 80 or 100 μmol·L–1) for 2 h followed by treatment with OGD (6 h)/R (24 h); (b) cell viability was detected by CCK-8 
assay; and (c) LDH releases was assayed by LDH cytotoxicity assay kit. Data were expressed as mean ± SD from 3–4 independent experiments. 
**P < 0.01 vs. control group; # P< 0.05, ##P < 0.01 vs. OGD/R group. NGN: naringenin; OGD/R: oxygen-glucose deprivation/reperfusion.

Naringenin inhibits OGD/R-induced apoptosis in HT22 cells

Next, we further demonstrated the effect of naringenin on apoptosis in OGD/R-treated HT22 cells. Annexin V-FITC/
PI double staining results revealed that pretreatment with naringenin significantly blocks OGD/R-induced an increase in 
apoptosis rate (Fig. 2a). In addition, western blot analysis results found that naringenin also reversed OGD/R-resulted in the 
up-regulation of pro-apoptotic protein Bax expression (Fig. 2b) and the down-regulation of anti-apoptotic proteins Bcl-2 
expression (Fig. 2c) in HT22 cells. These data suggested that naringenin blocks OGD/R-induced apoptosis in HT22 cells.
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Figure 2 – Effects of naringenin on OGD/R-induced apoptosis in HT22 cells. HT22 cells were treated with naringenin (80 μmol·L–1) for 2 h 
followed by treatment with OGD (6 h)/R (24 h). (a) The apoptosis rate was detected by Annexin V-FITC/PI double staining followed by 
flow cytometry; (b) Quantitative analysis of early apoptosis (Annexin V-FITC+/PI–) and late apoptosis (Annexin V-FITC+/PI+); (c) Protein 
expression was analyzed by western blot, and GAPDH was used as an internal control. Data were expressed as mean ± SD from 3-4 independent 
experiments. **P < 0.01 vs. control group; ##P < 0.01 vs. OGD/R group. NGN: naringenin; OGD/R: oxygen-glucose deprivation/reperfusion.
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Naringenin promotes SIRT1/FOXO1 signaling pathway in OGD/R-exposed HT22 cells

Silent information regulator 1 (SIRT1) has been shown to play a significant role in neuroprotection against cerebral I/R 
injury via regulating FOXO121,24. To explore the underlying mechanisms by which pretreatment with naringenin may inhibit 
OGD/R injury via the SIRT1/FOXO1 signaling pathway, the protein expressions of SIRT1 and FOXO1 were measured. 
Results showed that OGD/R remarkably reduced the expression levels of SIRT1 (Fig. 3a) and FOXO1 (Fig. 3a) in HT22 cells 
compared with the control group. However, naringenin pretreatment obviously increased the expression levels of SIRT1 
(Fig. 3a) and FOXO1 (Fig. 3b) compared with the OGD/R group. Naringenin alone did not affect the expression levels 
of SIRT1 and FOXO1 compared with the control group. These results implied that naringenin promotes SIRT1/FOXO1 
signaling pathway in OGD/R-exposed HT22 cells.
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Figure 3 – Effects of naringenin on SIRT1/FOXO1 signaling pathway in OGD/R-exposed HT22 cells. HT22 cells were treated with 
naringenin (80 μmol·L–1) for 2 h followed by treatment with OGD (6 h)/R (24 h). (A) SIRT1 and (B) FOXO1 expressions were detected 
by western blot analysis. Data were expressed as mean ± SD from 3-4 independent experiments. **P < 0.01 vs. control group; ##P < 0.01 
vs. OGD/R group. NGN: naringenin; OGD/R: oxygen-glucose deprivation/reperfusion.

Inhibition of SIRT1/FOXO1 signaling pathway restricted the protective effect of naringenin on OGD/R 
injury in HT22 cells

To further confirm the role of the SIRT1/FOXO1 signaling pathway in the neuroprotection of naringenin 
against OGD/R injury, HT22 cells were transfected with siRNAs targeting SIRT1 (SIRT1-siRNA). Results revealed 
that compared with the scrambled control siRNA (Scram-siRNA), SIRT1-siRNA transfection remarkably reduces 
the level of SIRT1 mRNA (Fig. 4a). In addition, SIRT1-siRNA transfection also significantly attenuated the 
expressions of SIRT1 and FOXO1 protein compared with Scram-siRNA transfection (Fig. 4b), indicating SIRT1-
siRNA successfully suppressed SIRT1/FOXO1 signaling pathway in HT22 cells. On this basis, results further 
found that SIRT1-siRNA transfection significantly reverses naringenin-induced an increase in cell viability (Fig. 
4c) and LDH release (Fig. 4d) compared with scrambled siRNA transfection. Next, the role of the SIRT1/FOXO1 
signaling pathway in the anti-apoptotic function of naringenin in OGD/R injury was explored. As shown in Fig. 
4e, knockdown of SIRT1/FOXO1 signaling pathway induced by SIRT1-siRNA transfection attenuates naringenin-
decreased the apoptosis rate compared to scrambled siRNA transfection in OGD/R-subjected HT22 cells. All in 
all, these results indicated that SIRT1/FOXO1 signaling pathway mediates the protection of naringenin against 
OGD/R injury in HT22 cells.
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Figure 4 – Effects of SIRT1-siRNA transfection on the protection of naringenin against OGD/R injury in HT22 cells. After transfection 
with SIRT1-siRNA (50 nmol·L–1) or scrambled siRNA (Scram-siRNA; 50 nmol·L–1) for 48 h, (a) the level of SRT1 mRNA was measured 
by Quantitative RT-PCR and (b) the expressions of SIRT1 and FOXO1 proteins were detected by western blot analysis. Data were 
expressed as mean ± SD from 3-4 independent experiments. **P < 0.01, ***P < 0.001 vs. Scram-siRNA group. HT22 cells were transfected 
with SIRT1-siRNA (50 nmol·L–1) or Scram-siRNA (50 nmol·L–1) for 6 h and then treated with naringenin (80 μmol·L–1) for 2 h followed 
by treatment with OGD (6 h)/R (24 h); (c) Cell viability was detected by CCK-8 assay and (d) LDH releases were assayed by LDH 
cytotoxicity assay kit; (e) The apoptosis rate was detected by Annexin V-FITC/PI double staining followed by flow cytometry. Data were 
expressed as mean ± SD from 3-4 independent experiments. **P < 0.01 vs. control group; ##P < 0.01 vs. OGD/R group; &&P < 0.01 vs. NGN 
+ OGD/R + Scram-siRNA group. NGN: naringenin; OGD/R: oxygen-glucose deprivation/reperfusion.

Blockage of SIRT1/FOXO1 signaling pathway mitigates the inhibition of naringenin on OGD/R-
induced oxidative stress in HT22 cells

It has been confirmed that oxidative stress plays a significant role in brain damage after stroke29. Then, we investigated 
the effects of naringenin on oxidative stress in OGD/R-exposed HT22 cells and the role of the SIRT1/FOXO1 signaling 
pathway in this process. Results found that naringenin significantly decreased endogenous ROS generation in OGD/R-
treated HT22 cells, while inhibition of SIRT1/FOXO1 signaling pathway induced by SIRT1-siRNA transfection increased 
endogenous ROS production in HT22 cells cotreated naringenin and OGD/R group (Fig. 5a, b). MDA and 4-HNE, two 
lipid peroxidations, reflect ROS-dependent tissue damage30. Naringenin also attenuated OGD/R-induced increases of MDA 
(Fig. 5c) and 4-HNE (Fig. 5d) levels, which were blocked by SIRT1-siRNA transfection compared with scrambled siRNA 
transfection. Furthermore, to confirm the protection of naringenin against oxidative stress under OGD/R condition, the effects 
of naringenin on the activities of antioxidant enzymes including SOD, GSH-PX, and CAT were explored. Results revealed 
that naringenin mitigated OGD/R-induced decreases in the activities of SOD (Fig. 5e), GSH-PX (Fig. 5f), and CAT (Fig. 5g) 
in HT22 cells. However, these functions of naringenin were also reversed by SIRT1-siRNA transfection. SIRT1-siRNA 
transfection alone had no effect on oxidative stress compared with the control group. All in all, these results indicated that 
naringenin attenuates OGD/R-induced oxidative stress via promoting the SIRT1/FOXO1 signaling pathway in HT22 cells.
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Figure 5 – Effects of SIRT1-siRNA transfection on the inhibition of naringenin on oxidative stress in OGD/R-subjected HT22 cells. After transfection 
with SIRT1-siRNA(50 nmol·L–1) or scrambled siRNA (50 nmol·L–1) for 6 h, HT22 cells were treated with naringenin (80 μmol·L–1) for 2 h followed 
by treatment with OGD (6 h)/R (24 h). (a) ROS generation was calculated by DCFH-DA staining and (b) quantitative analysis of ROS fluorescence 
by flow cytometry; (c) MDA content; (d) 4-HNE level; (e) SOD activity; (f) GSH-Px activity, and CAT activity was determined by MDA assay kit, 
4-hydroxynonenal ELISA kit, SOD assay kit, glutathione peroxidase (GSH-Px) assay kit, and CAT assay kit, respectively. Data were expressed as 
mean ± SD from three independent experiments. *P < 0.05, **P < 0.01 vs. control group; #P < 0.05, ##P < 0.01 vs. OGD/R group; &P < 0.05, &&P < 0.01 
vs. NGN + OGD/R +Scram-siRNA group. NGN: naringenin; OGD/R: oxygen-glucose deprivation/reperfusion.

Blockage of SIRT1 signaling pathway reverses the inhibition of naringenin on OGD/R-induced 
inflammatory response in HT22 cells

Neuroinflammation plays a very important role in the pathogenesis of cerebral I/R injury31. To explore the potential anti-
inflammatory effects of naringenin in OGD/R-treated HT22 cells and the role of SIRT1 signaling in this process, the levels 
of pro-inflammatory cytokines, including TNF-α, IL-1β and IL-6, and the anti-inflammatory cytokine, including IL-10 were 
measured. As shown in Fig. 6, naringenin pretreatment significantly reduced the levels of TNF-α (Fig. 6a), IL-1β (Fig. 6b), 
and IL-6 (Fig. 6c) compared with OGD/R group, while SIRT1-siRNA transfection obviously increased the levels of TNF-α 
(Fig. 6a), IL-1β (Fig. 6b) and IL-6 (Fig. 6c) compared with HT22 cells cotreated with naringenin and OGD/R plus scrambled 
siRNA transfection. In addition, SIRT1-siRNA transfection also reversed naringenin-induced the down-regulated level of 
IL-10 (Fig. 6d) in OGD/R-treated HT22 cells compared with scrambled siRNA transfection. SIRT1-siRNA transfection 
alone had no effect on inflammatory response compared with the control group. These results suggested that naringenin 
attenuates OGD/R-induced inflammatory response via promoting the SIRT1/FOXO1 signaling pathway in HT22 cells.
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Figure 6 – Effects of SIRT1-siRNA transfection on the inhibition of naringenin on inflammatory response in OGD/R-treated HT22 cells. 
After transfection with SIRT1-siRNA (50 nmol·L–1) or scramble siRNA (50 nmol·L–1) for 6 h, HT22 cells were treated with naringenin 
(80 μmol·L–1) for 2 h followed by treatment with OGD (6 h)/R (24 h). The levels of inflammation-related factors including (a) TNF-α, 
(b) IL-lβ, (c) IL-6 and (d) IL-10 were measured by enzyme-linked immunosorbent assay (ELISA). Data were expressed as mean ± SD 
from three independent experiments. **P < 0.01 vs. control group; #P < 0.05, ##P < 0.01 vs. OGD/R group; &P < 0.05, &&P < 0.01 vs. NGN 
+ OGD/R + Scram-siRNA group. NGN: naringenin; OGD/R: oxygen-glucose deprivation/reperfusion.

Discussion

The present study demonstrated that naringenin inhibits OGD/R-induced oxidative stress and inflammation, rescuing 
neuronal cell death. The mechanism was involved the promoting of the SIRT1/FOXO1 signaling pathway. The results of 
this pilot research underline the potential of naringenin in treating cerebral I/R injury.

Naringenin is a natural flavonoid contained widely present in citrus fruit and grapefruits. Increasing evidence reveals 
the neuroprotective function of naringenin in vivo and in vitro studies on several neurological disorders32,33. Naringenin 
attenuates lipopolysaccharide-induced dopamine neurotoxicity in Parkinson’s disease34, β-amyloid-induced neurotoxicity 
in Alzheimer’s disease35, and experimental ischemic stroke36. However, the protection of naringenin against cerebral I/R 
injury remains unclear. In the present study, the result first revealed that naringenin pretreatment mitigates OGD/R-
induced cytotoxicity and apoptosis in HT22 cells. Brain ischemia leads to the up-regulation of the proapoptotic protein Bax 
expression and down-regulation of anti-apoptotic protein expression, then activating apoptotic cell death37. In addition, the 
present results found that naringenin decreases Bax expression and increases Bcl-2 expression in OGD/R-exposed HT22 
cells. These results indicated that naringenin attenuates cerebral I/R injury via inhibiting apoptosis in vitro.

Several studies have pointed out that SIRT1 plays a neuroprotective effect on I/R injury, and their expression in the brain 
is reduced exposed to multiple stress stimuli that collectively drive the development of brain ischemia38–40. Similarly, the 
present study showed that the expression of SIRT1 was also down-regulated in OGD/R-treated HT22 cells and recovered 
after naringenin treatment, which is consistent with previous study that naringenin promotes SIRT1 expression27. As the 
first found transcription factor in the FOXO family, FOXO1 was implicated as a crucial regulator of neuron survival in brain 
ischemia and is also a downstream target of SIRT141. Our result also showed that OGD/R results in the down-regulation of 
FOXO1 expression, which is also reserved by naringenin. Recently, more and more studies have confirmed that activating 
the SIRT1/FOXO1 signaling pathway contributes to protecting against cerebral I/R injury21,24. In the present study, the 
results further found that SIRT1-siRNA transfection leads to the inhibition of the SIRT1/FOXO1 signaling pathway, and 
then blocks naringenin-elicited protection against OGD/R injury and apoptosis. Taken together, these discoveries impacted 
that SIRT1/FOXO1 signaling pathway mediates the protection of naringenin against OGD/R injury in HT22 cells.

For decades, numerous clinical trials have evaluated that oxidative stress plays crucial roles in the occurrence and 
development of cerebral I/R injury and the impairment of antioxidant defense system including SOD, GSH-Px, and CAT 
activities endogenously formed by I/R are most applicable42–44. Naringenin is neuroprotective against a variety of neurological 
diseases associated with antioxidant mechanisms and inhibition of lipid peroxidation45–47. This study also revealed that 
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naringenin pretreatment reverses OGD/R-induced increases in ROS generation and lipid peroxidation (MDA and 4-HNE 
levels) and the decreases in SOD, GSH-Px, and CAT activities in HT22 cells, indicating the antioxidative function of 
naringenin in cerebral I/R injury. Besides, a prevision study reveals that the enhanced SIRT1/FOXO1 signaling pathway 
can play a role in exerting anti-oxidative stress and protecting cerebral ischemia injury21. However, the role of the SIRT1/
FOXO1 signaling pathway in the anti-oxidative activity of naringenin during cerebral I/R injury has not been explored. 
In the present study, the results further found that inhibition of the SIRT1/FOXO1 signaling pathway blocks naringenin-
induced inhibition of oxidative stress and the promotion of anti-oxidant activity in OGD/R-treated HT22 cells. All in all, 
these results suggested that naringenin protects HT22 cells against OGD/R injury via reducing oxidative stress via enhancing 
the SIRT1/FOXO1 signaling pathway.

It has been reported that along with oxidative damage, inflammation is important in the pathophysiological variations 
that take place after cerebral I/R injury and provoking the death of the nerve cells31,48. Cerebral ischemia produces great 
amounts of proinflammatory factors such as TNF-α and IL-1β and inhibits the production of anti-inflammatory factors 
such as IL-10 and IL-449. Although the anti-inflammatory activity of naringenin has been confirmed18,50, the inhibition of 
naringenin on OGD/R-induced inflammatory response has not been reported. The present study revealed that naringenin 
pretreatment also attenuates OGD/R-induced increases in TNF-α, IL-1β, and IL-6 levels, and a decrease in IL-10 level. 
However, these actions of naringenin were mitigated by inhibition of the SIRT1/FOXO1 signaling pathway induced by 
SIRT1-siRNA transfection, which was consistent with previous studies that activating the SRT1/FOXO1 signaling pathway 
mediates the beneficent effects of other flavonoids51,52. Taken together, these results indicated that naringenin protects HT22 
cells against OGD/R-induced inflammatory injury via promoting the SIRT1/FOXO1 signaling pathway.

Conclusion

All in all, the present experiments successfully elucidated the mechanism of action by which naringenin attenuates 
oxidative stress and inflammatory response, and then protects against cerebral I/R injury in vitro, namely, by enhancing 
the SIRT1/FOXO1 signaling pathway. These data provide insight into the role of naringenin in oxidative and inflammatory 
regulation in cerebral I/R-induced brain injury in the promotion of SIRT1/FOXO1 signaling pathway and promises the 
potential therapeutic candidate of naringenin in the treatment of brain injury associated with ischemic stroke. 
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