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The purpose of this study was to investigate the effect of combining 
low-intensity treadmill exercise with naringenin treatment on the ex-
pression of axonal regrowth-related proteins following sciatic nerve in-
jury (SNI). The extracts were evaluated for cytotoxicity and cell viability 
using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
assay, and the effects of the extracts were analyzed in vitro using pri-
mary cultured Schwann cells and dorsal root ganglion neurons (DRGs). 
In vivo, axonal regrowth-related protein expression levels and neurite 
outgrowth were assessed through Western blot and immunofluores-
cence staining, respectively. The results indicated that neither extract 
exhibited cytotoxicity. In primary cultured Schwann cells, 10 μM nar-
ingin and 10 μM/50 μM naringenin significantly increased growth asso-
ciated protein-43 (GAP-43) expression, while in DRGs, both naringin and 
naringenin treatments resulted in increased neurite length. For in vivo 
experiment, all animals were divided into the vehicle group, the nar-

ingin-treated group post-SNI (Gin), the naringenin-treated group post-
SNI (Genin), the naringin and exercise group post-SNI (Gin+Ex), and the 
naringenin and exercise group post-SNI (Genin+Ex). Naringenin treat-
ment after early SNI enhanced GAP-43 expression. Following 14 days of 
exercise combined with treatment, both GAP-43 and phosphorylated 
extracellular signal-regulated kinase levels were significantly increased 
in the Genin and the Genin+Ex groups, whereas phosphorylated-protein 
kinase B significantly increased only in the Genin+Ex group. Our findings 
suggest that naringenin, when used in conjunction with low-intensity 
treadmill exercise, may effectively promote the expression of axonal 
growth-related proteins following SNI.
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INTRODUCTION

The sciatic nerve is the longest nerve in the human body and 
innervates the muscles of the lower limbs. Sciatic nerve injury (SNI) 
primarily occurs due to histological changes such as swelling of the 
piriformis muscle or impacts on the gluteal region during sports 
activities, leading to motor dysfunction with muscle atrophy in 
the lower limbs and neuropathic pain, which diminishes quality 
of life (Wong et al., 2022).

Various therapeutic approaches have been proposed to promote 
the regeneration of damaged peripheral nerves and alleviate allo-
dynia, including autologous nerve grafting (Daradka et al., 2021), 

stem cell and bone marrow stromal cell transplantation (Seo et al., 
2021), treatment with herbal/plant extracts (Wang et al., 2013), 
and regular exercise (Cho and Seo, 2021). Treatment with herbal/
plant extracts involves using single components extracted from 
plants, fruits, and medicinal herbs, which have demonstrated anti- 
inflammatory, anti-cancer, and antioxidant effects, proving in-
creasingly effective as therapeutics for various diseases (Ożarowski 
and Karpiński, 2021; Sharma et al., 2021). Among various ex-
tracts, naringin and naringenin are components classified as flava-
nones, flavonoids extracted from citrus fruits (Shen et al., 2022).

Naringin is in the form of a glycoside bound to sugar, while na-
ringenin is an aglycone form converted from naringin through 
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hydrolysis by glycosidase enzymes (Balestrieri et al., 2003; Cavia- 
Saiz et al., 2010). In animal and clinical studies, naringin and nar-
ingenin have been shown to have antibacterial, anti-inflammatory, 
antiapoptotic, antioxidant, and anticancer effects. Previous research 
has reported that naringin and naringenin effectively improve neu-
ropathic pain by reducing several inflammatory cytokines, such as 
tumor necrosis factor-α (TNF-α), nuclear factor kappa-light-chain- 
enhancer of activated B cells (NF-κB), interleukin-1 beta (IL-1β), 
and interleukin-6 (IL-6) (Rao et al., 2021). They are also reported 
to be neuroprotective and reduce neurotoxicity and oxidative stress 
(Atoki et al., 2024).

Apart from treatment with herbal/plant extracts, regular exer-
cise has been considered a low-cost therapeutic method with min-
imal side effects, commonly applied during the rehabilitation phase 
following peripheral and central nervous system injuries (Liao et al., 
2017). In terms of exercise intensity and form, low-intensity tread-
mill exercise has been reported to promote the diameter and num-
ber of axons through the proliferation, migration and differentia-
tion of Schwann cells in injured sciatic nerves (Arbat-Plana et al., 
2017), suggesting the possibility of promoting peripheral nerve 
regeneration (Bobinski et al., 2011; Jung et al., 2014).

Thus, treatment with herbal/plant extracts and low-intensity 
treadmill exercise must be important effectors for specific reinner-
vation within the injured sciatic nerve. However current studies 
on herbal extract treatments related to promoting nerve regenera-
tion primarily focus on pain relief through single-component treat-
ment, without presenting direct evidence for axonal regrowth of 
damaged nerves. Moreover, studies reporting the broad and spe-
cific synergistic effects on motor and sensory functions in periph-
eral and central nerves after the combined application of exercise 
with citrus extract treatment are scarce. To overcome these limita-
tions, it is crucial to investigate how the integration of herbal ex-
tract and exercise approaches influences both Schwann cell prolif-
eration and axonal regrowth in the injured sciatic nerve.

Therefore, the purpose of this study was firstly to determine the 
appropriate concentrations of naringin and naringenin on cytotox-
icity and cell survival in vitro, and secondly to elucidate the pro-
tein mechanisms related to Schwann cell proliferation and axonal 
regrowth during sciatic nerve regeneration in vivo following com-
bined exercise and extract treatment.

MATERIALS AND METHODS

Experimental animals
Six-week-old Sprague-Dawley rats (150–160 g) were divided 

into five groups: the control group (vehicle group, Veh, n=6), the 
naringin-treated group post-SNI (Gin, n=6), the naringenin- 
treated group post-SNI (Genin, n=6), the naringin and exercise 
group post-SNI (Gin+Ex, n=6), and the naringenin and exercise 
group post-SNI (Genin+Ex, n=6). The experimental animals 
were provided with ad libitum access to food (Samyang Co., Seoul, 
Korea) and water, and they were housed in a specialized laboratory 
animal center with controlled temperature (22°C), humidity (60%), 
and light/dark cycle (12 hr/12 hr). This study was conducted with 
the approval of the Jeju National University Animal Care and Use 
Committee (2022-0056).

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT) assay

To analyze cell viability, human neuroblastoma cells (SH-SY5Y) 
were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) 
supplemented with 10% heat-inactivated fetal bovine serum (Hi-
FBS, Gibco Inc., Billings, MT, USA) and 1% Penicillin-Strepto-
mycin (Gibco Inc.). Cells were seeded at a density of 2×104 in 
96-well plates. After 16 hr of incubation, naringin and naringenin 
were applied to each well for 1 hr, followed by stress induction 
with 600 μM H2O2 for 23 hr. Cell viability was determined by 
adding 0.2 mg/mL MTT (Sigma Aldrich, St. Louis, MA, USA). 
Cells were further incubated for 4 hr at 37°C, then centrifuged at 
2,000 rpm for 5 min to remove the medium. After adding 200 μL 
of dimethyl sulfoxide to each well, plates were shaken for 1 hr to 
dissolve the cells, and cell viability was measured at 570 nm using 
an enzyme-linked immunosorbent assay reader.

SNI and extract administration
Animals were anesthetized using an animal inhalation anesthe-

sia device (Jeungdo Bio and Plant, Seoul, Korea), and the left sci-
atic nerve was exposed. Surgical forceps were used to apply com-
pression injuries to the sciatic nerve twice for durations of 1 min 
and 1 min each (Seo et al., 2021). Naringin (Purity 90%, Molecu-
lar weight 580.53, Sigma-Aldrich, St. Louis, MA, USA) and nar-
ingenin (Purity 95%, Molecular weight 272.25, Sigma-Aldrich) 
were used in both in vivo and in vitro experiments. Upon adminis-
tration to the sciatic nerve, extracts were injected locally at the in-
jury site immediately after SNI using a microsyringe. Postsurgery, 
animals were allowed to recover on a heating pad before being trans-
ferred to their cages once they regained consciousness.

Low-intensity treadmill exercise
Animals subjected to exercise were given a 2-day rest period 
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following SNI before participating in the exercise regimen. Low- 
intensity walking exercise was conducted on an animal treadmill 
(Jeungdo Bio and Plant) for 30 min per day at a 0° incline and a 
speed of 5–8 m/min for up to 14 days (Cho and Seo, 2022).

Dorsal root ganglion neuron and Schwann cell culture
Dorsal root ganglions (DRGs) and Schwann cells were extracted 

3 days after SNI. DRG culture dishes were refreshed with DMEM 
12 hr post primary culture, and then we treated with naringin and 
naringenin at concentrations of 10 μM and 50 μM per well. After 
36 hr of incubation, immunofluorescence staining was performed. 
To observe biochemical changes in cultured Schwann cells, culture 
dishes were treated with naringin and naringenin at 10 μM and 
50 μM 12 hr after primary culture. Cells were harvested after 72 hr 
for Western blot analysis.

Western blot analysis
For Western blot analysis, primary cultured Schwann cells was 

prepared as described elsewhere. The dissected sciatic nerves were 
rinsed with phosphate-buffered saline (PBS) and lysed in Triton 
lysis buffer. The nucleus and cytoplasm were separated using nu-
clear extraction buffer and cytosol extraction buffer. Denatured 
proteins were resolved by sodium dodecyl sulphate-polyacrylamide 
gel and then transferred onto a polyvinylidene difluoride membrane 
on ice at 200 mA for 2 hr. The membranes were blocked with 5% 
skim milk and 0.1% Tween 20 in tris buffered saline for 30 min 
at room temperature, followed by overnight incubation with pri-
mary antibodies at 4ºC. Primary antibodies used included anti- 
growth associated protein-43 (GAP-43, 43 kDa, mouse monoclo-
nal antibody, 1:1,000, Santa Cruz Biotechnology, CA, USA), anti-
phosphorylated extracellular signal-regulated protein kinase 1/2 
(p-ERK1/2, 42-44 kDa, rabbit polyclonal antibody, 1:2,000, Cell 
Signaling Biotechnology, Danvers, MA, USA), anti-phosphorylat-
ed protein kinase B (p-AKT, 60 kDa, rabbit monoclonal antibody, 
1:1,000, Cell Signaling), and anti-β-actin (43 kDa, 1:2,000, Santa 
Cruz). Secondary antibodies were goat anti-mouse or goat anti- 
rabbit horseradish peroxidase conjugated secondary antibodies 
(1:1,000, GeneTex Inc., Irvine, CA, USA). Reactions were devel-
oped using Westar ECL substrates (Cyanagen, Bologna, Italy) and 
analyzed with a Chemidoc system (Bio-Rad, Hercules, CA, USA).

Immunofluorescence staining
For analyzing neurite length of the cultured DRGs, culture dish-

es were fixed at room temperature for 40 min with 4% paraformal-
dehyde and 4% sucrose in PBS, permeabilized with 0.5% Nonidet 

P-40 in PBS, and incubated with 2.5% horse serum and 2.5% 
bovine serum albumin at room temperature for 4 hr. Neurons were 
reacted with the anti-neurofilament-200 (rabbit polyclonal anti-
body, NF-200, 1:700, Sigma-Aldrich) for 12 hr. Subsequently, 
cells were stained with rhodamine-goat anti-rabbit secondary an-
tibody (1:600, Molecular Probes, Eugene, OR, USA) for 1 hr at 
room temperature. Stained samples were observed under a fluores-
cence microscope (Nikon model E-600, Nikon, Tokyo, Japan), 
and images were captured with a digital camera and analyzed us-
ing Adobe Photoshop Software (version CS6; Adobe, San Jose, 
CA, USA). The number and length of DRG neurites were evalu-
ated using i-Solution software (Image and Microscope Technology, 
Irvine, CA, USA). The average neurite length of primary cultured 
DRG neurons was measured by analyzing at least 30 randomly 
selected sensory neurons per experiment. The number of neurite 
length number were analyzed by an examiner blinded to the ex-
perimental conditions to ensure reliability.

Statistical analysis
Statistical Analysis Data processing and graph preparation for 

this study were conducted using Prism 6 (GraphPad, La Jolla, CA, 
USA). One-way repeated measures analysis of variance was per-
formed to analyze differences between groups, followed by Dun-
can post hoc test. The significance level was set at P<0.05.

RESULTS

Naringin and naringenin prevent the loss of cell viability  
in vitro

To investigate the effect of naringin and naringenin on cell via-
bility, we examined the cytotoxicity of two extracts in a concentra-
tion-dependent method using SH-SY5Y cells. As shown Fig. 1A 
and B, naringenin significantly increased cell population at con-
centrations of 6.25 μM, 25 μM, and 50 μM, but naringin did not 
bring about a significant difference at all concentration. To assess 
the toxicity of both compounds, cultured SH-SY5Y cells were 
exposed to H2O2. The number of SH-SY5Y cells was greatly de-
creased, but treatment of naringin and naringenin from low con-
centration to 62.5 μM significantly improved viability of SH-
SY5Y cells (Fig. 1C and D).

Naringenin is more effective in activating regenerative 
responses in vitro

After SNI, Schwann cells and DRG were subjected to primary 
cell culture. Cultured Schwann cells were used for quantitative 
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analysis of GAP-43 expression via Western blot technique, and 
DRGs were used for axonal sprouting assessment through immu-
nofluorescence staining with anti-NF-200 antibody. Groups treat-
ed with Gin50 (P<0.05), and Genin10 (P<0.05) and Genin50 
(P<0.01) significantly increased levels of GAP-43 expression in 
Schwann cells. In specific, the Genin treatment is more effective 
in inducing regeneration molecule in vitro compared to the Gin 
group (Fig. 2A). In primary DRGs culture, DRGs treated with 
the 50 μM of Gin (P<0.05) or Genin (P<0.001) showed longer 
neurite length compared to the Veh group (Fig. 2B), suggesting 
that the naringenin might be the most regulator for facilitating 
axonal elongation in the injured sciatic nerve.

Naringenin upregulates GAP-43 level in vivo during the 
early stage of the regeneration

To investigate the in vivo regulatory capacity of naringin and 
naringenin in the early stages of peripheral nerve regeneration, 
naringin or naringenin were injected into the injured sciatic nerve 
immediately after SNI and then sciatic nerves were prepared at 1 

and 3 days after SNI. GAP-43 tended to increase over time after 
SNI to induce spontaneous axonal regeneration, and the Genin 
group (P<0.001 and P<0.05, respectively) showed a statistically 
significant increase in GAP-43 expression compared to the Gin 
group at both 1 and 3 days after injury (Fig. 3). 

Combined exercise with naringenin activates in vivo 
protein expression for regeneration

It has been well known that GAP-43, p-AKT, and p-ERK1/2 
are associated with Schwann cell proliferation, axonal elongation 
and pain relief after SNI. At 14 days after SNI, expression levels of 
regenerative proteins in the injured sciatic nerve were measured 
by Western blot analysis. The Genin+Ex group (P<0.001) sig-
nificantly increased GAP-43, p-AKT, and p-ERK1/2 protein lev-
els into the injured sciatic nerve compared to the Gin, Gin+Ex, 
and Veh groups. Additionally, the Genin group had a positive ef-
fect of GAP-43 (P<0.001) and p-ERK1/2 (P<0.05) expressions 
in the SNI (Fig. 4), confirming the synergistic effects of combined 
treatment with extracts and exercise for sciatic nerve regeneration.

Fig. 1. Role of naringin and naringenin on cytotoxicity and cell viability in SH-SY5Y cells. (A, B) Quantitative graph of cell proliferation after treatment with naringin 
and naringenin. (C, D) Effect of naringin and naringenin on cytotoxicity in H2O2-exposed SH-SY5Y cell. *P< 0.05, **P< 0.01, ***P< 0.001 vs. nontreated group. 
##P< 0.01, ###P< 0.001 vs. only H2O2 treated group.
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DISCUSSION

This study first analyzed dose effect of naringin and naringenin, 
components of citrus extracts, on the cytotoxicity and cell viabili-
ty using SH-SY5Y cells, and we found that both components were 
nontoxic. Notably, naringenin at concentrations of 6.25 μM and 
above significantly increased cell population following the induc-
tion of cell death. Previous research indicates that naringenin pre-
vents cell death and promotes proliferation in SH-SY5Y cells by 
activating nuclear factor erythroid 2-related factor 2, which con-
trols antioxidants (de Oliveira et al., 2017). Additionally, treat-

ment with naringenin at concentrations of 10 μM or higher has 
been reported to favor anti-apoptotic effects and cell proliferation 
(Jin and Wang, 2019). Combining these findings with the results 
of our study suggests that naringenin may be more effective than 
naringin in inhibiting cell death and promoting cell proliferation, 
particularly at concentrations of 6.25 μM or higher.

Before conducting in vivo experiments, primarily cultured Schwann 
cells and DRGs were treated with naringin and naringenin at con-
centrations of 10 μM and 50 μM to determine the appropriate 
dosage of two components for Schwann cell proliferation and neu-
rite outgrowth of DRGs. Our results showed a significant increase 

Fig. 2. Naringin and naringenin increased GAP-43 expression in Schwann cells 
and neurite outgrowth of DRG neurons in vitro. (A) Expression level of GAP-43 
in the harvested Schwann cells. (B) Mean neurite length of cultured DRG neurons. 
GAP-43, growth associated protein-43; DRG, dorsal root ganglion; Veh, vehicle; 
Gin, naringin; Genin, naringenin. *P< 0.05, **P< 0.01, ***P< 0.001 vs. Veh.
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in GAP-43 expression with Gin50 and both Genin10 and Gen-
in50. GAP-43 is a protein crucial in axonal regeneration post-
nerve injury, which is expressed in the axonal membrane around 
growth cones (Arabzadeh et al., 2022). Based on these results, it 
was determined that treatment with 50 μM of naringin and nar-
ingenin would be effective for axonal regeneration. Consequently, 
primary cultured DRG were treated with naringin and naringen-
in at a 50 μM concentration. Both compounds increased the neur-
ite outgrowth of DRG, with naringenin being more effective than 
naringin. We believed that 50 μM naringin and naringenin might 
accelerate axonal regeneration post-peripheral nerve injury.

This study also analyzed the effects of naringin and naringenin 
in the early stages (1 and 3 days) following SNI. The results showed 
that GAP-43 expression increased over time, with the Genin 
group exhibiting a significantly greater increase compared to the 
other two groups. Genin groups significantly increased GAP-43 
expression on both 1 and 3 day-post injury. Previous studies have 
reported that naringenin, a flavonoid with anti-inflammatory and 
antioxidant effects, can reduce inflammatory markers and inhibit 
cell death, thereby accelerating regeneration (Manchope et al., 
2017; Rong et al., 2012). These effects were corroborated in this 
study, suggesting that naringenin might enhance the expression 
of GAP-43 during the early stages of the sciatic nerve regenera-
tion.

The study further examined the effects of the combined appli-
cation of naringin and naringenin with exercise on sciatic nerve 
regeneration. Treadmill exercise not only promotes neurotrophic 
factors expression and Schwann cell activation but also enhances 
axonal regeneration by upregulating p-ERK1/2 and c-Jun in 
Schwann cells, thereby facilitating nerve repair. Moreover, the in-
hibition of p-ERK1/2 has been shown to suppresses Schwann cell 
proliferation and delays axonal regrowth, suggesting the critical 
role of treadmill exercise to mediate nerve regeneration (Seo et al., 
2009). The results indicated that GAP-43 and p-ERK1/2 expres-
sion was significantly increased in both the Genin and Genin+Ex 
groups, while p-AKT showed significant improvement only in 
the Genin+Ex group. GAP-43 expression continuously increased 
from the early stages to day 14, indicating that the effects of nar-
ingenin may persist beyond the initial phase. The combined ap-
plication with exercise further enhanced these effects, demonstrat-
ing the positive impact of combining naringenin treatment with 
exercise on expression of regenerative proteins until 14 days after 
SNI. p-ERK1/2 plays a role in improving cell survival and neuro-
pathic pain after central and peripheral nerve injuries (Lu and 
Malemud, 2019). In this study, the combined application of nar-
ingenin treatment and exercise significantly increased p-ERK1/2 
expressions, consistent with previous studies showing that narin-
genin inhibits the increase of TNF-α, IL-1 β, and monocyte che-

Fig. 4. Effects of combined exercise with naringin or naringenin on in vivo regenerative proteins. (A) Representative Western blot images of GAP-43 and p-AKT and 
p-ERK1/2 at 14 days after SNI. (B-D) Quantitative analysis of GAP-43/actin, p-AKT/actin and p-ERK1/2/actin ratio. GAP-43, growth associated protein-43; p-AKT, 
phosphorylated-protein kinase B; p-ERK1/2, phosphorylated extracellular signal-regulated kinase; Veh, vehicle; Gin, naringin; Genin, naringenin. *P < 0.05, 
***P< 0.001 vs. Veh.
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moattractant protein-1 to improve mechanical allodynia after pe-
ripheral nerve injury as well as low-intensity treadmill exercise 
promotes p-ERK1/2 and p-c-Jun to increase Schwann cell popu-
lation within the injured sciatic nerve (Hu and Zhao, 2014; Kim 
et al., 2018). p-AKT is a representative protein for cell survival 
and nerve regeneration in the nervous system, and in this study, it 
was significantly increased only with the combined treatment of 
naringenin and exercise, implying that the combined application 
of exercise and naringenin can amplify therapeutic effects during 
regeneration period.

In conclusion, the combined application of naringenin and ex-
ercise positively stimulated the regenerative capacity of Schwann 
cells and axonal regrowth from 1 to 14 days after SNI. Overall, we 
thought that naringenin is more effective than naringin in pro-
moting the expression of axonal growth-related proteins after SNI, 
and its combined application with exercise accelerates axonal growth. 
Thus, these findings suggest that the combined use of citrus ex-
tracts and exercise may be an effective strategy for accelerating the 
regeneration of damaged sciatic nerves.
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