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Abstract
Emerging evidence suggests that folic acid (FA) supports nerve repair, but its beneficial effects in peripheral nerve injury 
(PNI) remains unclear. This study aims to investigate protective effects of FA against PNI and the underlying molecular 
mechanisms. High-performance liquid chromatography–tandem mass spectrometry was utilized for precise quantification 
of metabolites. A sciatic nerve crush injury model was established in rats, followed by assessments of cell proliferation, 
apoptosis, and motor function using CCK-8 assays, flow cytometry, and the balance beam test, respectively. Neuromor-
phological observations, electromyography, and ELISA were conducted to evaluate structural, electrophysiological, and 
biochemical parameters. In vitro, FA restored methionine cycle balance in Schwann cells and neurons disrupted by enzyme 
inhibition, improving cell viability, reducing apoptosis, and preserving cellular structure. In vivo, FA supplementation 
restored S-adenosylmethionine and homocysteine levels in a methionine metabolism disorder model and enhanced motor 
function, neural morphology, neuron survival, and electrophysiological recovery after PNI. Epigenetic analyses revealed that 
FA modulated DNA methylation and histone modifications of the DNM3 promoter, influencing gene expression. Further-
more, FA facilitated nerve repair via the DNM3-AKT pathway, regulating apoptosis, autophagy, and oxidative stress-related 
enzymes. These findings highlight FA’s potential in promoting nerve repair through metabolic and epigenetic mechanisms.
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Introduction

Peripheral nerve injuries are common in clinical practice, 
causing sensory, motor, and autonomic impairments 
that significantly affect patients’ quality of life and 
socioeconomic status (Hussain et al., 2020; Lopes et al., 
2022). While peripheral nerves have some regenerative 
ability, spontaneous repair is often incomplete, leading to 
poor recovery and complications like muscle atrophy and 
chronic pain (An et al., 2024; Wang et al., 2019). Drugs 

such as growth factors and neurotrophic factors can promote 
nerve regeneration (Huang et al., 2024; Vijayavenkataraman, 
2020). However, their efficacy is limited, and side effects 
like allergic reactions and liver or kidney damage may occur, 
underscoring the need for effective treatments with clearer 
mechanisms of action (Bolandghamat & Behnam-Rassouli, 
2020; Vijayavenkataraman, 2020).

Folic acid (FA), a vital nutrient in one-carbon 
metabolism, has gained attention for its role in neurological 
diseases. Although it does not directly repair nerve tissue, 
FA supports neuron growth by facilitating DNA synthesis 
and cell division (Soury et al., 2021). It has been shown to 
promote neural stem cell proliferation and differentiation 
through the MAPK pathway and enhance nerve growth 
factor (NGF) expression (Kang et  al., 2019; Poulose 
et  al., 2017). FA deficiency can hinder nervous system 
development, impair neural stem cell activity, and adversely 
affect nerve regeneration (Chen et al., 2012; Reynolds, 2002, 
2006). Furthermore, it is linked to neural tube defects and 
cognitive impairment, while supplementation can improve 
neurodevelopment and neurodegeneration outcomes (Finnell 
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et al., 2002; Iskandar et al., 2004; Piedrahita et al., 1999; 
Wallingford et al., 2013). Studies also suggest FA promotes 
functional recovery in peripheral nerve injury (PNI) by 
regulating Schwann cell activity and neurotrophic factor 
secretion (Kang et al., 2019). However, its precise molecular 
mechanisms remain unclear.

Dynamin 3 (DNM3), a GTPase crucial for membrane 
transport and cytoskeleton remodeling, plays a significant 
role in axon growth and synaptic plasticity (Yang et al., 
2017). Upregulation of DNM3 has been observed after 
nerve trauma, such as spinal cord injury, and its knockout 
can reduce axonal degeneration and inflammation, improv-
ing neurological function (Brown et al., 2021; Yang et al., 
2017). Bioinformatics analyses suggest epigenetic regula-
tion of DNM3 due to CpG island-rich promoter regions (Shi 
et al., 2020). However, DNM3’s role in PNI and its relation-
ship with FA remains largely unexplored.

In-depth studies on how FA promotes peripheral nerve 
repair could provide new theoretical insights and interven-
tion strategies for treating these injuries. This study aims to 
investigate the effects of FA in promoting the repair of PNI 
and the underlying mechanisms.

Materials and Methods

Cell Culture

Under sterile conditions, the dorsal root nerve (containing 
sensory Schwann cells) and the muscular branch of the fem-
oral nerve (containing motor Schwann cells) were obtained 
from 5-day-old neonatal SD mice. Additionally, the dorsal 
root ganglion (sensory neurons) and the anterior horn of the 
spinal cord (motor neurons) were collected from 14-day-old 
embryonic SD mice. These tissues were finely minced and 
placed into centrifuge tubes. A solution containing 0.125% 
trypsin and 0.03% type IV collagenase (Sigma) was added, 
and the mixture was digested for 30–40 min. The digested 
samples were centrifuged at 1500 rpm for 5 min. The result-
ing precipitates were resuspended in DMEM/F12 (Gibco) 
medium to create a cell suspension, which was then inocu-
lated into Petri dishes. The cells were incubated in a humidi-
fied incubator with 5% CO2 at 37 °C.

High‑Performance Liquid Chromatography–Tandem 
Mass Spectrometry (UPLC–MS/MS)

The S-adenosylmethionine (SAM) standard product, with 
a purity of ≥ 97.5%, was purchased from MACKLIN Com-
pany, China, while the S-adenosyl-l-homocysteine (SAH) 
standard product, with a purity of ≥ 98.0%, was obtained 
from Cayman Company, USA. Methanol, HAc, and NH₄Ac 
were chromatographically pure, and HCl was analytically 

pure, all procured from Tedia Company, USA. A stand-
ard stock solution of SAM and SAH at a concentration of 
2.0 g/L was prepared using 0.1 mol/L HCl. A mixed stand-
ard solution containing 200 μg/mL SAM and 20 μg/mL SAH 
was then prepared using the initial mobile phase. Water was 
obtained using a Milli-Q ultrapure water system (Millipore 
Company, USA). The homocysteine (Hcy) standard product, 
with a purity of ≥ 95%, was purchased from Sigma-Aldrich 
Company, USA.

Chromatographic conditions: CORTES UPLC-C18+ col-
umn (100 mm × 2.1 mm, 1.6 μm; American Waters Com-
pany); Mobile phase A: 5.0 mmol/L NH4Ac and 0.4% HAc 
solution; Mobile phase B: methanol; the elution procedure 
was 0–1 min, 98% A; 1–3 min, 25% A; 3–4 min, 98% A; 
4–6 min, 98% A. Column temperature 40 ℃; Flow rate 
0.35 mL/min; Injection volume 2.0 μL.

Mass spectrum conditions: Multi-response monitor-
ing (MRM) mode scanning; Electrospray ionization mode 
(ESI+); CUR: 206 kPa; Collision Gas (CAD): Medium; Ion 
Spray Voltage (IS): 5500 V; Temperature (TEM): 500 ℃; 
GS1: 384 kPa; GS2: 384 kPa.

DNM3 Overexpression or Interference Technique

Total RNA was extracted from cultured Schwann cells and 
neurons using suitable commercial kits. Specific siRNA 
or RNA interference techniques were employed to knock 
down genes encoding key enzymes of the methionine cycle, 
such as Methionine Synthase and Methionine Adenosyl-
transferase. By introducing siRNA into Schwann cells and 
neurons, the activity of these critical enzymes was effec-
tively inhibited, simulating disruptions in methionine cycle 
metabolism.

Sciatic Nerve Crush Injury

Animal studies were approved by Animal Welfare Ethics 
Committee of Beijing Neurosurgery Institute (#2124210). 
An incision was made along the long axis of the femur of the 
rats. The biceps femoris and superficial gluteal muscles were 
separated to expose the sciatic nerve at the mid-thigh level. 
The surrounding connective tissue was carefully removed. 
The sciatic nerve was crushed twice using flat tweezers, each 
crush lasting 30 s. The site of the crush injury was marked 
on the muscle surface with sutures. The muscle and skin 
layers were then closed with 6.0 sutures.

Cell‑Counting Kit‑8 (CCK‑8) Assay

The proliferation of transfected cells was evaluated using 
the CCK-8 assay. Cells were seeded into 96-well plates at 
a density of 5000 cells/well, with five replicates per condi-
tion. The culture was maintained for 4 days. Every 24 h, 10 



NeuroMolecular Medicine           (2025) 27:23 	 Page 3 of 10     23 

μL of CCK-8 solution (BOSTER, USA) was added to each 
well, followed by a 2-h incubation. Absorbance was then 
measured at 450 nm using a microplate reader (SpectraMax 
M5, USA).

Flow Cytometry

Apoptosis was analyzed using flow cytometry. Transformed 
cells were cultured to the desired density, harvested, and 
stained with an apoptosis detection kit (Living, 556547, 
China). First, 300 μL of 1 × Binding Buffer was added to 
suspend the cells. The cells were then stained with 5 μL of 
Annexin V-FITC and 5 μL of PI. Finally, the samples were 
analyzed using flow cytometry.

Analysis of DNM3 Methylation by qPCR

The tissue sample for testing was collected for DNA extrac-
tion and subsequently treated with bisulfite. The extracted 
genomic DNA was removed, and a bisulfite conversion mix-
ture was prepared by adding 90 µL of Bisulfite Mix, 10 µL of 
buffer DP, the corresponding DNA samples, and ddH2O into 
a 200 µL centrifuge tube, resulting in a total volume of 120 
µL. Following system preparation, bisulfite conversion was 
performed using a real-time fluorescence quantitative PCR 
instrument (SLAN-96S, Shanghai Hongshi). The PCR reac-
tion conditions were set as follows: 95 °C for 10 min, 64 °C 
for 60 min, followed by storage at 4 °C. The entire process 
took approximately one hour. After bisulfite treatment, DNA 
was purified using a centrifuge column, washed multiple 
times, and dried. Finally, 100 µL of EB eluent was added to 
collect the DNA solution for subsequent qPCR analysis. The 
PCR procedure was carried out on the SLAN-96S instru-
ment. A final melting curve analysis was performed at the 
end of the process.

Co‑immunoprecipitation

Antibodies targeting histone H3 and H4 were prepared and 
conjugated to magnetic beads, forming antibody–magnetic 
bead complexes. The antibody-magnetic bead complexes 
were then mixed with a DNA-fragmented sample and incu-
bated overnight to allow specific binding of the antibodies 
to the target histones. Unbound antibodies and non-spe-
cifically bound histones were removed through a series of 
washing steps. After the final wash, the magnetic beads were 
lysed using an SDS-containing buffer to release the bound 
histones.

Western blot

The transfected cells were lysed with RIPA buffer (Abcam) 
containing a protease inhibitor mixture (Abcam). Total 

protein was separated using a 10% SurePAGE gel (Gen-
Script) and transferred to a 0.45 μm polyvinylidene fluoride 
(PVDF) membrane (Millipore). The membrane was then 
blocked with 5% non-fat milk in TBST (APPLYGEN) for 
1 h. Next, the membrane was incubated overnight at 4 °C 
with the primary antibody. Afterward, the secondary anti-
body was applied and incubated at room temperature for 
1 h. Protein bands were visualized using the ECL substrate 
kit (Abcam).

Motor Function Assessment

The balance beam test was used to assess the motor coordi-
nation and integration abilities of rats at 7, 14, and 28 days 
after the nerve injury model. A 170 cm long, 2 cm wide 
square wooden rod was placed horizontally 70 cm above the 
ground, and the rats were allowed to walk along the balance 
beam. The scoring criteria were as follows: 0 points: Main-
tains steady balance; 1 point: Completely grasps one end of 
the balance beam; 2 points: Grips the balance beam, but one 
limb slips; 3 points: Grips the balance beam, but both limbs 
fall or the rat rotates around the beam for ≥ 60 s; 4 points: 
Attempts to maintain balance but slips for 40–60 s; 5 points: 
Attempts to maintain balance but slips for 20–40 s; 6 points: 
Attempts to maintain balance but slips within 20 s; The bal-
ance beam test serves as an indicator of the rats' coordination 
and integration abilities.

Neuromorphological Observation

Rats were anesthetized with a subcutaneous injection of 4% 
pentobarbital sodium at a dose of 35 mg/kg body weight. 
Once complete anesthesia was achieved, an incision was 
made between the right biceps femoris and semimembra-
nosus muscles to expose the sciatic nerve, which was then 
separated bluntly between the two muscles. A 1.5–2 cm seg-
ment of the sciatic nerve was excised and fixed in a 12% 
formalin solution. Hematoxylin and eosin (HE) staining was 
performed to observe morphological changes in the sciatic 
nerve. Nissl staining was used to count neurons in frozen 
sections of the lumbar (L5) dorsal root ganglion. To identify 
large-diameter neurons, 20-μm serial sections were labeled 
with NeuroTrace fluorescent Nissl Green dye (1:200 dilu-
tion), and DAPI was used to label the nuclei for assessing 
the survival of nerve cells.

Electromyography (EMG)

EMG was used to assess the electrophysiological activity of 
the nervous system. After the final administration, rats from 
each group were anesthetized via intraperitoneal injection of 
10% chloral hydrate (0.35 g/kg). A stimulating double-nee-
dle electrode was placed at the right sciatic notch, while the 
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recording electrode was positioned between the second and 
third toes of the right hind paw. The reference electrode was 
placed between the stimulating and recording electrodes, 
approximately 1 cm from the recording electrode. Follow-
ing stimulation with a single-pulse square wave (pulse width 
0.1 ms, stimulation intensity 1.5 times the threshold, and 
a stimulation interval of > 5 s), the electromyographic sig-
nals were recorded. The sciatic nerve conduction velocity 
(MNCV) was calculated using the formula: MNCV = Dis-
tance/Latency, where “Distance” is the distance between the 
stimulation and recording electrodes, and “Latency” is the 
time delay in the recorded response.

ELISA

The antibody was diluted to the desired concentration using 
a coating buffer and then added to the reaction wells. The 
plates were incubated at 4 °C overnight. The following day, 
the solution in the wells was discarded, and the wells were 
washed three times with washing buffer, each wash lasting 
3 min. Afterward, the sample was added to the coated wells 
and incubated at 37 °C for 1 h, followed by washing. Next, 
a freshly diluted enzyme-labeled secondary antibody was 
added, and the plates were incubated at 37 °C for 0.5 to 1 h, 
followed by another wash. A freshly prepared TMB sub-
strate solution was then added, and the plates were incubated 
at 37 °C for 10 to 30 min. Finally, 2 M sulfuric acid was 
added to terminate the reaction. The optical density (OD) 
of each well was measured at 450 nm, and the concentration 
of the target substance in the sample was calculated using 
the standard curve.

Data Analysis

Data were analyzed using one-way analysis of variance 
(ANOVA) with a post hoc test, with GraphPad Prism 9 soft-
ware. Experiments were repeated at least in triplicate. The 
data are presented as mean ± SEM.

Results

Methionine Circulation Metabolism In Vitro

A methionine cycle metabolism disorder model was estab-
lished in Schwann cells and neurons in vitro by inhibiting 
or knocking out key enzyme genes of the methionine cycle 
using specific inhibitors or RNA interference technology. To 
investigate the regulatory effects of FA on methionine cycle 
metabolism, cells were treated with FA at varying doses 
(1–10 μM), and levels of metabolites, including SAM and 
Hcy, were measured using UPLC–MS/MS.

The results demonstrated that, compared to the control 
group, SAM levels significantly decreased while Hcy levels 
increased in the disorder model group. However, following 
FA supplementation, both SAM and Hcy levels were 
restored (Fig. 1A, B).

To further evaluate whether FA can promote PNI repair 
through methionine cycle regulation, cell viability was 
assessed using the CCK-8 assay. Results indicated reduced 
cell viability in the disorder model group, which was 
restored following FA treatment (Fig. 1C). Additionally, 
flow cytometry revealed an increase in the proportion of 
apoptotic cells in the disorder model group, which was sig-
nificantly reduced after FA supplementation (Fig. 1D, E). 
Morphological observations confirmed that FA intervention 
improved neural cell structure.

Methionine Circulation Metabolism In Vivo

To assess the regulatory effects of FA on methionine cycle 
metabolism in vivo, the rats were administered 0.8 mg/kg 
FA daily for 4 weeks. The results revealed that, compared to 
the control group, SAM levels significantly decreased while 
Hcy levels increased in the disorder model group. However, 
following FA supplementation, the levels of both SAM and 
Hcy were restored (Fig. 2A, B).

To further investigate whether FA promotes the repair of 
PNI via regulation of methionine cycle metabolism, a PNI 
was induced in the methionine metabolism disorder model. 
FA treatment was administered concurrently, and its effects 
on motor function, neural morphology, and electrophysi-
ological recovery post-injury were evaluated.

The findings showed that, compared to the PNI + MI 
group, the FA − PNI + MI group exhibited improved motor 
coordination, restored neural morphology, increased neuron 
counts, enhanced survival of nerve cells, and faster sciatic 
nerve conduction velocities (Fig. 2C–F).

DNM3 Epigenetic Modification

To investigate whether FA promotes the repair of PNI by 
influencing the epigenetic modification of DNM3, sciatic 
nerve tissues were extracted from rats. The methylation level 
of DNM3 promoter in sciatic nerve tissue of PNI rats was 
quantitatively analyzed by qPCR. The results showed that 
after FA supplementation, the methylation level of DNM3 
promoter region in rat sciatic nerve tissue was significantly 
reduced, indicating that FA could attenuate the inhibitory 
effect of methylation on DNM3 by reducing the methylation 
level of DNM3 promoter region, and then promoted its 
expression (Fig. 3A).

Subsequently, chromatin immunoprecipitation (ChIP) 
was performed to examine histone modifications, such as 
changes in histones H3 and H4, within the DNM3 promoter 
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region. The results demonstrated that histone modifications 
were also involved in the transcriptional regulation of DNM3 
(Fig. 3B, C). These findings suggest that FA may enhance 
the repair of PNI by modulating the epigenetic landscape of 
DNM3 through mechanisms involving both DNA methyla-
tion and histone modification.

Effects of FA Against PNI

To further explore the mechanism by which FA promotes 
the repair of PNI, DNM3 adenovirus was locally injected 
into PNI rats. This was achieved using DNM3 adenovirus-
mediated overexpression or RNA interference technology 
in vitro-cultured Schwann cells and neurons. The interaction 
between DNM3 and AKT was examined both in vivo and 
in vitro through immunoprecipitation assays. The results 
demonstrated that DNM3 interacts with AKT (Fig. 4A, B).

Subsequently, Western blot analysis was performed to 
assess the expression levels of apoptosis-related proteins 
BCL-2, Bax, Caspase-3, and autophagy-related proteins LC3 
and Beclin-1, which are downstream of AKT. Compared to 
the control group, the DNM3-nerve injury group exhibited 
upregulation of BCL-2, LC3, and Beclin-1 proteins. Fol-
lowing the downregulation of Bax and Caspase-3 genes, 
the expression levels of BCL-2, LC3, Beclin-1, Bax, and 
Caspase-3 were restored after FA treatment (Fig. 4C, D).

Finally, the activities of oxidative stress-related enzymes, 
including glutathione peroxidase (GPx) and superoxide dis-
mutase (SOD), were measured using ELISA. The results 
showed that the activities of GPx and SOD were elevated 
in the DNM3-nerve injury group, and these activities were 
restored to normal levels following FA treatment (Fig. 4E, 
F).

In summary, the in vitro and in vivo studies suggest that 
FA promotes PNI repair through the DNM3-AKT pathway, 
modulating cell fate and oxidative stress responses.

Discussion

This study systematically elucidates how FA promotes PNI 
repair by modulating the DNM3-AKT pathway through 
methionine cycle regulation and epigenetic modification. 
The establishment of methionine cycle interference models 
in Schwann cells, neurons, and rats using specific inhibi-
tors or gene knockdown provides a valuable experimental 
platform, simulating pathological disruptions and enabling 
the study of their impact on nerve cell behavior. In vitro, 
disrupting the methionine cycle in Schwann cells and neu-
rons—the primary components of the peripheral nervous 
system—reveals changes in their biological activity, while 
in vivo rat models, with physiological similarities to humans, 
enhance clinical relevance.

Fig. 1   In vitro experiments 
demonstrate that folic acid (FA) 
regulates methionine cycle 
metabolism and plays a crucial 
role in the repair of peripheral 
nerve injury (PNI). A UPLC–
MS/MS analysis of SAM 
metabolite levels. B UPLC–MS/
MS analysis of Hcy metabolite 
levels. C Cell viability 
measured using CCK-8 assay. 
D and E Apoptosis detection 
via flow cytometry. MI group 
was subjected to methionine 
cycle metabolism disorder 
interference. PNI + MI group 
was subjected to peripheral 
nerve injury in methionine 
cycle metabolism interference 
model. Statistical significance 
is indicated as *p < 0.05 and 
**p < 0.01 compared with the 
control group
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In this study, it was revealed that FA partially mitigated 
Hcy levels. In the methionine cycle disorder model group, 
the blockage of the methionine cycle leads to a decrease in 
SAM and the accumulation of Hcy, as the remethylation or 
transsulfuration pathways of Hcy may be disrupted (Avila 
et al., 2005). The active form of FA in the body is 5-methyl-
tetrahydrofolate (5-MTHF), which acts as a methyl donor in 
the remethylation process of Hcy (Scaglione & Panzavolta, 
2014). After FA treatment, the levels of 5-MTHF increase, 
potentially promoting this process, thereby reducing Hcy 
levels. Additionally, SAM is an allosteric activator of cysta-
thionine beta-synthase (CBS). Low SAM levels may inhibit 
CBS, leading to Hcy accumulation. FA supplementation 
may help restore SAM levels, activate CBS, promote the 
transsulfuration pathway of Hcy, and thus reduce Hcy levels.

The methionine cycle plays a vital role in synthesizing 
methyl donors like S-adenosylmethionine (SAM), crucial 
for DNA methylation (Rolland et al., 2015; Tassinari et al., 

2024; Zubiete-Franco et al., 2016). Disruptions in this cycle 
can alter DNA methylation, affecting gene expression, nerve 
cell survival, proliferation, and differentiation, which chal-
lenges nerve regeneration after injury (Zhang, 2018). FA, as 
a key regulator of the methionine cycle, supports SAM syn-
thesis, thereby influencing DNA and histone methylation and 
gene expression (Cao et al., 2022; Clare et al., 2019; Menezo 
et al., 2022; Mentch & Locasale, 2016). Elevated homocyst-
eine in PNI patients suggests methionine cycle dysregula-
tion contributes to nerve damage (Shandal & Luo, 2016). 
Abnormal DNA methylation is also implicated in various 
nerve injuries (Portela & Esteller, 2010).

In this study, FA supplementation restored methionine 
cycle metabolism, reduced DNM3 promoter methylation, 
and relieved methylation-associated inhibition, thereby 
enhancing DNM3 expression. These findings suggest FA 
regulates DNM3 by participating in SAM and homocysteine 
metabolism, modulating DNA methylation to promote nerve 

Fig. 2   In vivo experiments demonstrate that folic acid (FA) regulates 
methionine cycle metabolism and plays a crucial role in the repair of 
peripheral nerve injury (PNI). A UPLC–MS/MS analysis of SAM 
metabolite levels. B UPLC–MS/MS analysis of Hcy metabolite 
levels. C Balance beam test to assess the motor coordination and 
integration ability of rats. D HE staining to observe morphological 
changes in brain tissue. E Nissl staining to count neurons and 

evaluate the survival of nerve cells. F Electromyography (EMG) 
to assess the electrophysiological activity of the nervous system. 
MI group was subjected to methionine cycle metabolism disorder 
interference. PNI + MI group was subjected to peripheral nerve 
injury in methionine cycle metabolism interference model. Statistical 
significance is indicated as *p < 0.05, **p < 0.01 and ***p < 0.001 
compared with the control group
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Fig. 3   Folic acid (FA) affects the epigenetic modification of 
DNM3. A Methylation analysis of the DNM3 promoter region in 
sciatic nerve tissue from rats with peripheral nerve injury (PNI). B 
and C Chromatin immunoprecipitation (ChIP) to analyze histone 
modifications (H3 and H4) in the DNM3 promoter region. MI 

group was subjected to methionine cycle metabolism disorder 
interference. PNI + MI group was subjected to peripheral nerve 
injury in methionine cycle metabolism interference model. Statistical 
significance is expressed as *p < 0.05 and **p < 0.01 compared with 
the control group

Fig. 4   Folic acid (FA) promotes the repair of peripheral nerve injury 
(PNI) via the DNM3-AKT pathway. A Immunoprecipitation to 
investigate the interaction between DNM3 and AKT in Schwann cells 
and neurons. B Immunoprecipitation to investigate the interaction 
between DNM3 and AKT in rats with PNI. C Western blot analysis 
of the expression levels of apoptosis-related proteins BCL-2, Bax, 
Caspase-3, and autophagy-related proteins LC3 and Beclin-1 in 
Schwann cells and neurons. D Western blot analysis of apoptosis-

related proteins BCL-2, Bax, Caspase-3, and autophagy-related 
proteins LC3 and Beclin-1 downstream of AKT in Schwann cells 
and neurons. E ELISA to measure the activity of oxidative stress-
related factors such as glutathione peroxidase (GPx) and superoxide 
dismutase (SOD) in Schwann cells and neurons. F ELISA to measure 
the activities of oxidative stress-related factors, GPx and SOD, in rats 
with PNI. Statistical significance is expressed as *p < 0.05, **p < 0.01 
and ***p < 0.001 compared with the control group
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repair. DNM3 influences cell proliferation, apoptosis, and 
metabolism via interaction with AKT, an essential neuropro-
tective pathway for axon regeneration (Fayard et al., 2010; 
Huang et al., 2021; Ma et al., 2019; Zheng et al., 2024). 
Overexpression of DNM3 has been linked to inhibiting AKT 
phosphorylation, inducing tumor cell autophagy and apopto-
sis (Fa, 2021). This study confirms DNM3 positively regu-
lates the AKT pathway, and FA supplementation amplifies 
this effect, potentially through dual regulation of DNM3 and 
AKT. Additionally, FA appears to influence cell metabolism 
and survival by modulating AKT activity, with both mecha-
nisms synergistically promoting nerve repair.

AKT plays a pivotal role in various cellular processes, 
including metabolism, growth, and survival. Upon 
activation, AKT translocates to different cellular 
compartments, including the mitochondria, where it can 
phosphorylate various substrates to modulate mitochondrial 
dynamics and function (Sugiyama et  al., 2019). The 
interplay between DNM3 and AKT is significant in the 
context of mitochondrial dynamics. Studies have shown 
that activation of the PI3K/AKT pathway can lead to the 
induction of heme oxygenase-1 (HO-1), an enzyme that 
plays a role in protecting cells from oxidative stress. The 
induction of HO-1 has been associated with the regulation of 
mitochondrial dynamics, including processes like fusion and 
fission, which are essential for maintaining mitochondrial 
function and integrity (Shi et  al., 2019). Furthermore, 
research indicates that dynamin-related proteins, such as 
DNM3, are involved in the regulation of mitochondrial 
fission and fusion processes (Liu et  al., 2021). These 
processes are critical for maintaining mitochondrial function 
and are influenced by various signaling pathways, including 
the AKT pathway. Together, DNM3 and AKT are both 
integral to the regulation of mitochondrial dynamics. DNM3 
facilitates mitochondrial fission, while AKT influences 
mitochondrial function through various signaling pathways, 
including the PI3K/AKT pathway.

Despite the promising findings, limitations remain. The 
methionine cycle interference models, although valuable, 
may not fully replicate pathological disruptions. While the 
rat model offers clinical insights, the complexity of human 
physiology requires caution when extrapolating results to 
clinical applications. Moreover, the specific molecular inter-
actions of DNM3 with the AKT pathway, including binding 
sites and interacting proteins, need further investigation.

Conclusions

In conclusion, FA promotes peripheral nerve repair by 
modulating the DNM3-AKT pathway, presenting significant 
research and therapeutic potential. Future studies should 
focus on elucidating the precise mechanisms of FA's 

regulation of this pathway to develop targeted therapies 
and personalized treatment strategies for peripheral nerve 
injuries.
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