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Abstract: Objective: To explore the mechanism of action of naringin in protecting nerve-damaged cells through Nrf2/
HO-1 and NF-κβ signaling pathways. Methods: In this study, primary microglia were obtained from 8 neonatal suckling 
mice and treated with different concentrations of naringin, including a control group (control group) and 4 experimental 
groups. The activity of primary microglia was assessed using the MTT assay, while apoptosis was evaluated using the 
TUNEL assay. Molecular biology techniques and cell biology methods were employed to study two types of neuronal 
cells: highly differentiated PC12 cells and primary microglia. Oxidative stress indicators such as reactive oxygen species 
(ROS), malondialdehyde (MDA), mitochondrial membrane potential (MMP), and glutathione peroxidase (GSH), as 
well as inflammatory factors including interleukin-6 (IL-6), interleukin-1β (IL-1β), and tumor necrosis factor-α (TNF-α), 
were detected. Additionally, the expression of related proteins and genes in the Nrf2 signaling pathway and the NF-κB 
signaling pathway was examined to elucidate the protective effect of naringnin on neuronal cells during oxidative stress and 
inflammation, as well as the underlying mechanism. Results: In comparison to the control group, naringin treatment resulted 
in a statistically significant upregulation of the gene expression of Nrf2 and HO-1 in PC12 cells (P < 0.05). Furthermore, 
compared to the blank control/negative control/model group, naringin notably mitigated the levels of superoxide dismutase, 
glutathione, malondialdehyde, and nitric oxide in the rats, along with a significant reduction in apoptosis of neurological injury 
cells (P < 0.05). Conclusion: Naringin boosts cellular antioxidant capacity by activating the Nrf2/HO-1 signaling pathway, 
thus mitigating damage to nerve cells inflicted by oxidative stress. Additionally, it reduces the release of inflammatory factors 
by inhibiting the NF-κB signaling pathway, thereby decreasing inflammation levels. This dual action helps safeguard neural 
tissues from oxidative and inflammatory damage, ensuring the maintenance of normal nerve cell function.
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1. Introduction
Neurodegenerative diseases, commonly afflicting the elderly, are characterized by the loss or atrophy of 
central nervous system neurons or their myelin sheaths, resulting in neurological dysfunction. Conditions like 
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Parkinson’s (PD) and Alzheimer’s (AD) are prominent examples, featuring neuronal loss and behavioral and 
memory dysfunctions [1–2]. Despite ongoing research into their pathogenesis, treatments for neurodegenerative 
diseases remain underdeveloped. Evidence suggests a correlation between these diseases and oxidative 
stress and inflammation [3–4]. Oxidative processes are ubiquitous in the animal body, yet they do not typically 
result in pathological changes thanks to the presence of an inherent antioxidant mechanism. This mechanism 
effectively counterbalances oxidation, maintaining equilibrium within the body. However, oxidative stress 
arises when oxidized products accumulate due to inadequate removal, leading to bodily damage [5]. Numerous 
diseases, including cerebral ischemia and diabetes, have been directly linked to oxidative stress. For instance, 
oxidative stress plays a role in the early response to cerebral ischemia, potentially contributing to ischemic 
brain injury [6–7]. Additionally, insulin resistance, a key factor in diabetes development, may also be influenced 
by oxidative stress and inflammation. In many disease contexts, inflammation and oxidative stress often occur 
concurrently, suggesting a close interconnection between the two processes [8–9]. Research has shown that 
cardiovascular diseases like arrhythmias, Parkinson’s, Alzheimer’s disease, and coronary heart disease are 
linked to inflammation and oxidative stress [10]. Since inflammation and oxidative stress are often associated 
with neurodegenerative diseases, it has been demonstrated that oxidative stress and inflammation are one of the 
causes of neurodegenerative diseases and that these two processes are interrelated and mutually reinforcing [11]. 
Reactive oxygen species (ROS) generated by oxidative stress can trigger inflammation, and the inflammatory 
response, in turn, works to dampen ongoing inflammation. Building upon this understanding, this study was 
carried out to delve deeper into the protective mechanism of naringnin against nerve injury using cellular and 
molecular biology techniques. By leveraging previous research, we aim to offer novel insights and a scientific 
basis for the potential therapeutic application of naringnin in treating these diseases in clinical settings.

2. Materials and instruments
2.1. Experimental materials and reagents
(1) Eight neonatal suckling mice (1–2 days old) obtained from Beijing Spivet Biotechnology Co., Ltd, with 
Animal Qualification Certificate No. SCXK (Beijing) 2019-0010; (2) 75% alcohol; (3) D-hanks buffer, 0.125% 
trypsin (containing EDTA and DNase enzyme), and DMEM/F12 complete culture medium containing FBS 
acquired from Thermo Fisher Scientific; (4) naringin; (5) 0.01 M PBS, 4% PFA (paraformaldehyde), Proteinase 
K dilution, TdT (nucleic acid transferase), DIG-dUTP, biotin-labeled anti-digoxin antibody, and SABC diluent 
procured from Isejyu Technology Co., Ltd.; (6) DAPI (4’,6-diamidino-2-phenylpyridine) and an inflammatory 
factor detection kit (for detecting TNF-α, IL-6, IL-1β) purchased from Saikoku Technology Co.

2.2. Experimental instruments

Table 1. Main instruments

Instrument name Model Manufacturer

Centrifuge Eppendorf 5424R Fisher Scientific

Cell counter plate Neubauer Improved Thermo Fisher Scientific

5% CO2 Incubator Thermo Scientific CO2Incubator Thermo Fisher Scientific

Needle filter (0.22μm) Millipore Stericup Millipore Sigma

Microscopy Nikon Eclipse Nikon

Fluorescence microscope Olympus IX83 Olympus
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3. Methods
3.1. Primary microglia culture
3.1.1. Mixed glial cell culture
(1) Eight neonatal suckling mice aged 1–2 days were selected and sterilized by soaking them in 75% alcohol 
for 1–2 minutes. (2) Under aseptic conditions, the suckling mice were decapitated, and a craniotomy was 
performed to remove the brain. The brain was then rinsed 2–3 times with pre-cooled D-hanks buffer to remove 
blood. (3) The meninges, blood vessels, and brain stem were carefully removed, and the cerebral hemispheres 
were extracted and cut into approximately 0.5 × 0.5 × 0.5 mm pieces using ophthalmic scissors. (4) The tissue 
was centrifuged at 1000 rpm for 5 minutes, and the supernatant was discarded. Approximately 2–3 times the 
volume of 0.125% trypsin (containing EDTA and DNase enzyme) was added, and the tissue was gently digested 
for 40–60 minutes in a 37 ℃ water bath. The tissue was blown with a pipette 2–3 times halfway through the 
process until no obvious tissue clumps were observed. (5) DMEM/F12 complete medium containing FBS 
was added to terminate the digestion, and the mixture was resuspended by repeated blowing. The suspension 
was passed through a 200-mesh cell sieve and centrifuged at 1000 rpm for 5 minutes. (6) The supernatant was 
discarded, and the cells were resuspended. The cell density was adjusted to 1 × 106 cells/mL, and the cells were 
inoculated into 50 mL culture flasks pre-coated with Poly-l-lysine (PLL). The flasks were placed at 37°C in a 
5% CO2 incubator. (7) The complete medium was replaced after 4 hours, and thereafter, half of the medium was 
replaced every 3 days until the mixed glial cell stratification appeared after 7–9 days.

3.1.2. Microglia isolation and purification
(1) A half-volume change of the medium was performed the day before cell stratification. (2) After cell 
stratification, the culture bottle was sealed with sealing film. The bottle mouth was held upward with the right 
hand, and the bottom surface of the bottle was gently tapped with the palm of the left hand at a 45-degree angle 
while observing the cell detachment under the microscope. (3) The cell supernatant was collected into a new 
culture flask (PLL-coated) and left in the incubator for 15–30 minutes. (4) Afterward, the complete medium 
was replaced, and half the amount of fresh medium was added. The original medium was filtered through a 0.22 
μm needle filter before being added to the culture flask. (5) The microglia adhering to the wall were observed, 
and they were incubated for 1–2 days after isolation for experiments.

3.2. Protective effect of naringin on microglia
3.2.1. Naringin concentration screening and MTT assay for cell activity
(1) Naringin of 5 concentrations were prepared (0 μm, 1 μm, 10 μm, 100 μm, and 1,000 μm), which would 
act as the controls in this experiment. (2) Microglial cells at a concentration of 2.0 μg/L were selected as the 
experimental model. (3) Six concentration gradients were set in the range of 10–160 μM/L: 0 μM, 10 μM, 20 
μM, 40 μM, 80 μM, and 160 μM. (4) The activity of microglia was determined using the MTT assay, which 
utilizes the succinate dehydrogenase enzyme in the living cells to reduce exogenous MTT to a water-insoluble 
purple precipitate. (5) After treatment with the MTT method, a blue-violet purple precipitate was observed in 
the cells. (6) The purple precipitate could be dissolved by adding DMSO to the cells.

3.2.2. Detection of apoptosis of primary cultured microglia by the TUNEL method
(1) The digested primary cells were resuspended, and the cell density was adjusted to 1 × 105 cells/ml. Then, 
0.5 mL of cell suspension was inoculated per well into a 24-well plate with PLL coating. (2) After culturing the 
cells for 1-2 days, the medium containing the drug was replaced to treat the cells for 24 hours. At the end of the 
treatment, the original medium was aspirated. (3) The slides were washed with 0.01M PBS for 2 minutes each 
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time and 3 times in total. Then, the cells were fixed with 4% PFA for 30 minutes and digested with Proteinase 
K dilution for 30 seconds (dilution ratio: 1:200 using 0.01M TBS). Afterward, the slides were washed with 
0.01M TBS for 2 minutes each time and 3 times in total. (4) The labeling solution was prepared by adding 1 μL 
TdT, 1 μL DIG-dUTP, and 18 μL labeling buffer per slide. The slides were placed in a wet box and incubated at 
37°C for 2 hours. (5The slides were washed using 0.01 M TBS for 2 minutes each time for a total of 3 washes, 
followed by a 30-minute sealing treatment without washing. (6) Biotin-labeled anti-digoxin antibody (1:100) 
was added dropwise at 50 μL per slide in a wet box and incubated at 37°C for 30 minutes. Then, the slides 
were washed using 0.01 M TBS for 2 minutes each time for a total of 3 washes. (7) SABC dilution (1:100) was 
added dropwise at 50 μL per slice, and the slides were reacted at 37°C for 30 minutes. After that, the slides were 
washed using 0.01 M TBS for 5 minutes each time, and a total of 4 times. Subsequently, DAPI light staining 
was carried out, and the slides were sealed after washing. (8) The results were observed using a fluorescence 
microscope, and photographs were taken. Yellow-green particles in the nucleus were observed as a positive 
signal to determine whether apoptosis occurred in the cells.

3.2.3. Detection of inflammatory factor content in microglia
(1) Glial cells in the logarithmic growth phase were harvested and subjected to digestion using 0.25% trypsin. 
After that, the cells were gently dispersed by blowing them in a medium containing 10% FBS to ensure 
uniform distribution. (2) The cells were counted, and the density was adjusted to 1 × 107 cells/mL. Then, they 
were inoculated into a 6-well cell culture plate for backup. (3) Once the cells covered the entire bottom of the 
wells, the medium was replaced with fresh medium, and treatment was initiated. (4) After treatment, cells were 
collected by scraping and transferred to 1.5 mL centrifuge tubes. The tubes were centrifuged at 1000 rpm for 5 
minutes, and the supernatant was collected for the detection of inflammatory factors TNF-α, IL-6, and IL-1β.

3.3. Effects of naringin on oxidative stress in PC12 cells
3.3.1. Determination of ROS content
(1) PC12 cells were treated using the in situ probe loading method, and then the cells were collected. (2) The 
content of ROS in the cells was determined using flow cytometry.

3.3.2. Measurement of malondialdehyde content 
(1) PC12 cells were washed with pre-cooled PBS solution and then collected in a centrifuge tube. (2) The cells 
were treated with lysate, and the supernatant was collected as the sample. (3) The malondialdehyde content in 
the sample was determined using a malondialdehyde kit.

3.3.3. Determination of glutathione peroxidase content
(1) Samples were prepared using a sample preparation method similar to that used for determining 
malondialdehyde content. (2) NADPH solution, GSH solution, GPx assay working solution, and peroxide 
reagent solution were prepared. (3) The blank control, sample background control, and sample group were set 
up. Different reagents were added into a 96-well plate and mixed well, and the absorbance value at 340 nm was 
measured using an enzyme marker. 

3.3.4. Mitochondrial membrane potential assay
(1) PC12 cells were treated with JC-1 staining working solution, followed by collection, centrifugation, and 
removal of the supernatant. (2) The cells were washed with JC-1 staining buffer, and finally, they were detected 
by flow cytometry.
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3.4. Study on the mechanism of action of naringnin
After isolating primary microglia and culturing PC12 cells as described above, the cells were subjected to 
intervention using NF-κB-specific antibody and Nrf2-specific antibody. Subsequently, the Western blot method 
and RT-PCR were employed for further testing.

3.4.1. RT-PCR method
(1) Total RNA was extracted from the cells using TRIzol reagent (Invitrogen, USA). (2) Reverse transcription 
of 1 µg RNA was conducted to synthesize cDNA. (3) PCR reactions were carried out on a BioRad CFX96 real-
time quantitative PCR platform using primers and probes specific to the target genes. The GAPDH gene was 
chosen as the internal reference gene. (4) The mRNA expression levels of the target gene (e.g., NPRA) were 
compared using the ΔΔCT method.

3.4.2. Western blot assay
(1) Cultured neural cells were transferred into pre-cooled lysis solution (containing Tris-HCL 20, NaCl 50, NaF 
50, Na4P2O7 50, Sucrose 250, Na3VO4 2, DTT 1 mmol/L and 1 % complex protease inhibitor) and lysed. (2) The 
protein content in the lysate was quantified using the BCA protein quantification kit. (3) The protein samples 
were separated by SDS-PAGE electrophoresis and transferred onto a PVDF membrane (Bio-Rad, USA). (4) 
The PVDF membrane was blocked with 5% skimmed milk powder for 1 h at room temperature. (5) After 
blocking, the membrane was incubated with specific primary antibodies overnight at 4°C. (6) Subsequently, 
the membrane was washed with PBST buffer and incubated with secondary antibodies for 1 h at 37°C. (7) 
Following the removal of unbound secondary antibodies, chemiluminescence detection was performed using 
the ECL-plus immunoassay kit. 

3.5. Statistical methods
Statistical analysis was performed using the SPSS 26.0 software. Measurements were presented as mean ± 
standard deviation, and a one-way ANOVA was used for multiple group comparisons. Statistical significance 
was considered at P < 0.05.

4. Results
4.1. Hypothesis
We hypothesized that naringin protects against nerve injury by mediating the Nrf1/HO-1 and NF-κB signaling 
pathways. We established cellular inflammation and oxidative stress nerve injury models by culturing 
neuronal cells, highly differentiated PC12 cells, and microglial cells in vitro and inducing LPS and H2O2. The 
induction of LPS and H2O2 creates an oxidative stress neurological injury model, and subsequently, naringin is 
administered at varying concentrations to address the “inflammatory and oxidative stress-mediated neurological 
injury disorders” and protect the neural cells. Further details are shown in Figure 1.

4.2. Protective effect of naringnin against H2O2-induced oxidative stress in PC12 cells and 
LPS-induced inflammation in primary microglial cells
In the treated PC12 cells, naringin up-regulated the gene expression of Nrf2 and HO-1 compared to the control 
group. This indicates that at the cellular level, naringin exhibits a protective effect on nerve-injured cells, 
particularly by suppressing the expression of Nrf2 and HO-1 (Figure 2).
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4.3. Study of naringin’s mechanism on nerve injury cell damage
Naringin exhibited a significant ability to attenuate superoxide dismutase, glutathione, malondialdehyde, and 
nitric oxide levels in rats, along with a notable reduction in apoptosis of nerve-injured cells (Figure 3).

Figure 1. Hypothesis

Figure 2. Genetic changes of Nrf2 and HO-1 in PC12 cells induced by H2O2 by naringin. Note: Data expressed as mean ± 
SEM (n = 4), #P < 0.05 vs blank control group, *P < 0.05 vs model group.
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Figure 3. Striatal gene changes in quinolinic acid-induced nerve injury by naringin. Note: Data expressed as Mean ± SEM (n 
= 4), #P < 0.05 vs blank control group, @P < 0.05 vs negative control group, *P < 0.05 vs model group.

5. Discussion
The research on Chinese medicines and their active ingredients has gained increasing recognition. Chinese 
medicines are distinguished from Western medicines by their multi-target and multi-pathway actions, along with 
their reliable and cost-effective active ingredients, making them suitable for broad clinical applications. Various 
traditional Chinese medicines, such as naringin, rhododendron, and lianchonin, are currently undergoing in-
depth studies to elucidate their mechanisms of action [12–14]. Naringin, a natural flavonoid found primarily in 
the fruits or peels of rutaceous plants like grapefruit and lime, has been subject to extensive research in recent 
years. Its diverse benefits have been highlighted across various studies. In the context of gestational diabetes, 
naringin demonstrates the potential to improve body weight and blood glucose levels, as well as reduce 
insulin resistance in mouse models. Activation of the AMPK-GLUT4 pathway and the promotion of glucose 
metabolism appear to be key mechanisms underlying its efficacy in reducing insulin resistance [15]. Additionally, 
naringin has demonstrated the ability to inhibit ventricular remodeling by reducing cardiomyocyte apoptosis 
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and inflammation [16]. Furthermore, naringin has been implicated in anti-vasodilation and improving learning 
and memory [17–18]. Its antioxidant and anti-inflammatory properties have also been well documented [19].

A previous pre-course group study [20–21] demonstrated that therapeutic doses of naringin (40 mg/kg and 
80 mg/kg) significantly ameliorated quinolinic acid-induced alterations in motor behavior, neural scores, and 
footprints in rats, as depicted in Figure 4, indicating its potential in alleviating behavioral changes in nerve-
injured rats. Building upon this, the present study further revealed that naringin upregulated the expression 
levels of Nrf2 and HO-1 genes in PC12 cells. Moreover, naringin significantly reduced the levels of superoxide 
dismutase, glutathione, malondialdehyde, and nitric oxide in rats, while notably decreasing the apoptosis rate of 
nerve-injured cells.

Figure 4. Footprint analysis of naringin on quinolinic acid-induced nerve injury in rats
Note: (A) Blank control group, (B) Negative control group, (C) Model group, (D) Naringin 20mg/kg, (E) Naringin 40mg/
kg, (F) Naringin 80mg/kg, (G) Pioglitazone 40mg/kg, (H) Pioglitazone 80mg/kg.  I and J represent the quantitative 
analyses of naringin’s effect on the change of step width of footprint length in quinclorac-induced nerve injury rats. The 
data are presented as mean ± SEM (n = 6). #P < 0.05 vs. blank control group, @P < 0.05 vs. negative control group, and 
*P < 0.05 vs. model group

6. Conclusion
In summary, the mechanism of action of naringin involves two main aspects. Firstly, it activates the Nrf2/
HO-1 signaling pathway, thereby enhancing the antioxidant capacity of cells. This leads to an increase in the 
expression and activity of the antioxidant enzyme HO-1, effectively mitigating the damage caused by oxidative 
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stress to nerve-damaged cells and offering protection against oxidative damage. Secondly, naringin may 
suppress the release of inflammatory factors and the onset of inflammatory responses by inhibiting the activity 
of the NF-κB signaling pathway. This helps to reduce inflammation levels in nerve-damaged cells, alleviate 
inflammatory damage to nerve tissues, and preserve the normal function of nerve cells. In short, naringin likely 
regulates the extent of nerve injury through the Nrf2/HO-1 and NF-κB signaling pathways, providing valuable 
insights for the clinical treatment of nerve injury-related conditions and serving as an experimental foundation 
for the development of novel therapeutic agents.
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