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Abstract

Background: Severe peripheral nerve injuries, such as deficits over long distances or proximal nerve trunk injuries, pose complex
reconstruction challenges that often result in unfavorable outcomes. An innovative approach to repairing severe peripheral nerve damage
involves using conduit suturing for nerve transposition repair. Cylindrical nerve guides are typically unsuitable for nerve transposition
repair. Moreover, postsurgical adjuvant treatment is essential to promote the development of axonal lateral sprouts, proximal growth,
and the restoration of neurostructure and function. The purpose of this research is to assess the impact of chitosan-based conduits with
varying inner diameters on nerve transposition repair when combined with modified formula Radix Hedysari (MFRH).Methods: Using
chitosan, we created conduits with varying inner diameters on both ends. These conduits were then utilized to repair the distal common
peroneal and tibial nerves in SD rats using the proximal common peroneal nerve. Subsequently, MFRHwas employed as a supplementary
treatment. The assessment of the repair’s effectiveness took place 16 weeks postsurgery, utilizing a range of techniques, including the
neurological nerve function index, neuroelectrophysiological measurements, muscle wet weight, and examination of nerve and muscle
histology. Results: The outcomes of our study showed that following 16 weeks of postoperative treatment, MFRH had a significant
positive impact on the recovery of neuromotor and nerve conduction abilities. Moreover, there was a significant increase in the ratio
of wet weight of muscles, cross-sectional area of muscle fibers, quantity and structure of regenerated myelinated nerve fibers, and the
count of neurons. Conclusions: A combination of chitosan-based chitin conduits possessing different inner diameters and MFRH can
considerably promote the regeneration and functional recovery of damaged nerves, which in turn enhances nerve transposition repair
efficacy.
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1. Introduction
Severe disability can result from damage to periph-

eral nerves [1,2]. Injuries to peripheral nerves can range in
severity, with the destruction of nerves closer to the center
and long-segment nerve deficits being particularly severe.
For this level of nerve injury, recovery of nerve function is
usually poor [3,4]. The long distance between the regener-
ated axons and the distal endorgans compromises the ability
of motor neurons to regenerate axons into the distal stumps.
As the nerves regenerate and grow further away, the mus-
cles that correspond to them may slowly waste away, lead-
ing to the inability to receive the regenerating nerves. De-
spite the arrival of regenerated axons at the neuromuscular
junction, their inability to reestablish function is attributed
to the endorgans’ incapacity to undergo reinnervation [5,6].
Therefore, optimal functional recovery requires nerve rein-
nervation within a shorter time after injury.

Peripheral nerve injury causes axons to sprout more
lateral buds than themselves. The buds extend distally, pass

through the endoneural tube, and eventually grow into the
target organ. The proximal fibers produce a significantly
larger amount of lateral buds compared to both proximal
fibers and distal endoneurial tubes, which is referred to as
the nerve amplification effect [7,8]. This means that rela-
tively thinner nerves can be used to repair relatively thicker
damaged nerves and achieve a certain degree of functional
recovery [9,10].

During nerve transposition repair, the challenge of su-
turing during surgery may become more difficult if there
is a significant disparity in diameter between the proximal
and distal nerves. To address this issue, the use of conduit
suturing has emerged as a hopeful method for treating dam-
age to peripheral nerves [11]. In the realm of neural tissue
engineering, the creation of appropriate conduits for nerve
restoration holds great significance. Numerous studies have
been conducted on chitosan and chitin [12,13], which are
among the various compounds utilized in the formulation
of nerve conduits. Chitosan exhibits numerous outstanding
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characteristics, including biocompatibility, biodegradabil-
ity, antimicrobial attributes, and multifunctionality, which
render it a highly promising substance within the realm of
biomedicine. Its applications in drug delivery, wound heal-
ing, tissue engineering, and as a hemostatic agent give it
significant advantages in medical therapy. In addition, chi-
tosan is derived from chitin, which is readily available from
crustacean waste, making it a cost-effective and renewable
resource [14,15]. Most importantly, chitosan is an excel-
lent material for preparing nerve conduits [16–18]. Sev-
eral studies have indicated that chitosan and chitin could
potentially engage with the microenvironment of nerve re-
generation, leading to a decrease in neuroma incidence
and enhancement of axon regeneration [19,20]. Our re-
search group has recently used chitosan as the main com-
ponent in manufacturing chitin conduits. These conduits
demonstrate exceptional biocompatibility and mechanical
properties. Instead of directly suturing the repaired nerve
stumps, conduit suturing involves suturing them separately
through the conduit in which they are sleeved [21]. Never-
theless, despite employing the technique of conduit sutur-
ing, a predicament persists where the outer diameter of the
nerve fails to align with the inner diameter of the cylinder-
shaped conduit. Using chitosan as a raw material, a conduit
with different diameters at both ends was created for the
treatment of tibial nerve injuries in rats. The conduit al-
lowed successful tension-free suturing, nerve regeneration,
and functional recovery through proximal transposition of
the common peroneal nerve, leading to positive outcomes
[22]. However, it remains uncertain whether the chitin con-
duit with varying diameters on each end, is appropriate for
simultaneous repair of multiple distal nerves.

The process of nerve regeneration is complex and in-
volves multiple mechanisms, cells, and factors [23]. Treat-
ing peripheral nerve injury with single-factor adjuvant ther-
apy solely focuses on a single element of the intricate patho-
logical mechanisms, which could potentially yield unsatis-
factory results. Local treatments often fail to produce the
good therapeutic effects due to the participation of the en-
tire body in nerve regeneration [24]. Traditional Chinese
medicines, known as multicomponent complexes, have the
potential to create an optimal microenvironment for the
regeneration of nerves through the stimulation of various
biologically active substances [25]. The nerve amplifica-
tion effect and regeneration were promoted by using Mod-
ified Formula Radix Hedysari (MFRH), a Traditional Chi-
nese Medicine containing Radix Hedysari, Epimedium, and
Lumbricus, for repairing tibial nerve injury in rats through
proximal transposition of the common peroneal nerve, as
demonstrated in our study [26]. Nonetheless, it remains
uncertain whether MFRH can be employed for the simul-
taneous repair of multiple damaged nerves.

For this research, we initially employed chitosan to
fabricate a conduit with varying inner diameters on both
ends. Subsequently, we investigated the impact of employ-

ing this conduit and MFRH therapy in the simultaneous
restoration of numerous distal nerves for nerve recovery.
Variousmethods were used to evaluate the success of the re-
pair, including the neurological nerve function index, neu-
roelectrophysiological measurements, muscle wet weight,
and examination of nerve and muscle histology.

2. Materials and Methods
2.1 Statement on Ethical Principles

The animal protocols and treatment followed the
Guidelines for Ethical Review of Experimental Animals for
Animal Welfare, as outlined by the Ethics Committee and
Experimental Animal Center of Peking University People’s
Hospital in Beijing, China. The study obtained an approved
permit, with permit number 2022PHE050. Animal surg-
eries and care adhered to the standards of the National In-
stitutes of Health Guide for the Care and Use of Laboratory
Animals (NIH Publication No. 85-23, revised 1985). Infor-
mation about the animals was displayed in accordance with
the ARRIVE 2.0 guidelines.

2.2 Preparation of Chitin Conduits with Varying Inner
Diameters on Each End

The manufacturing mold used for the conduit is made
entirely of stainless steel. The mold consists of two cylin-
drical guiding rods with varying diameters that are con-
nected by a conical piece. The thinner guiding rod has a
diameter of 0.8 mm, while the thicker guiding rod measures
1.8 mm in diameter. The conical piece’s diameters on both
ends match the diameter of the guiding rods on both sides.
The guiding rod diameter is crucial in shaping the conduit,
as it determines the final output size and shape.

The chitin conduits were constructed using previously
described methods [27]. To prepare a 4% (w/v) chitosan so-
lution, chitosan (Beijing Chemical Factory, Beijing, China)
with a deacetylation level exceeding 70% and a molecu-
lar weight ranging from 15–50 × 104 Da was dissolved in
an aqueous solution of 2% acetic acid (Beijing Chemical
Factory, Beijing, China). The bubbles in the solution were
removed using a vacuum pump. The particular mold was
gradually submerged in a solution of chitosan, ensuring that
the mold’s surface was uniformly coated with the chitosan
solution. Subsequently, it was immersed in an aqueous so-
lution of NaOH (Beijing Chemical Factory, Beijing, China)
to solidify the chitosan solution on the mold’s surface.The
remaining NaOH was rinsed off with purified water, fol-
lowed by the use of acetone to remove moisture from the
chitosan. Afterwards, chitosan underwent acetylation us-
ing acetic anhydride (Beijing Chemical Factory, Beijing,
China) to create chitin conduits that possessed varying in-
ner diameters on both extremities. Afterwards, the conduits
were delicately removed from the mold and placed in a so-
lution containing 75% ethanol (Beijing Chemical Factory,
Beijing, China) for future utilization (Fig. 1).
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Fig. 1. The process of preparing chitin conduits with varying
inner diameters on both ends.

2.3 Drug Preparation

MFRH was prepared using previously described
methods [26]. Gansu Province, China, was the place of
origin for Radix Hedysari and Epimedium, whereas Guang-
dong Province, China, was the place of origin for Lumbri-
cus. All of them were purchased in Beijing, China. First,
Radix Hedysari, Epimedium, and Lumbricus were boiled
with distilled water for 2 hours and then for 1 hour. After
that, the combined liquid was condensed to a concentration
of 1 g/mL (equal to the weight of the dried plant material)
and stored at 4 °C until needed. Saline was used to dissolve
mecobalamin (Aladdin, Shanghai, China).

2.4 Experimental Animal Preparation

We bought 36 female specific-pathogen-free Sprague-
Dawley rats from Beijing Vital River Laboratory Animal
Technology Co., Ltd., China (license No. SCXK (Jing)
2021-0006). The rats, which were six weeks in age and
had a weight ranging from 200 to 220 g, were kept at the
Experimental Animal Center located in Peking University
People’s Hospital. The rats were housed in a controlled en-
vironment maintained at a temperature of 24 °C, with a rel-
ative humidity ranging from 50% to 55% and a light/dark
cycle of 12 hours each. The rats were given unrestricted
access to regular pellet food and fresh water. The rats were
divided into four groups (n = 9 per group) in a randomman-
ner. These groups included the sham group, the negative
control group, the MFRH group and the positive control
group. In the negative control group, MFRH group and
positive control group, the distal common peroneal and tib-
ial nerves were repaired using the common proximal per-
oneal nerve. In the sham group and negative control group,
rats received oral administration of a sterile saline solution
after surgery. In the MFRH group, rats received oral ad-
ministration of MFRH after surgery. In the positive con-
trol group, rats received oral administration of mecobal-
amin after surgery. Following the administration of 2.5%

isoflurane (RWD, Shenzhen, China) using an animal anes-
thesia machine (RWD, Shenzhen, China), the right sciatic
nerve of each rat was revealed by removing the hair on
the lower right limb. After the surgery, the rats were ad-
ministered pain-preventing jelly (NEWLOONG LIFE SCI-
ETECH, Shanghai, China). Daily, the animals were closely
monitored, and if any indications of self-harm were identi-
fied, a solution of picric acid (MilliporeSigma, Burlington,
MA, USA) was administered to prevent deterioration. All
measures were taken to reduce animal suffering, and the
study followed ethical protocols.

2.5 Nerve Injury and Repair Model
To reveal the sciatic nerve and its two main divisions

(namely, the common peroneal nerve and the tibial nerve),
surgical operations were carried out on the right sciatic
nerves. Standard microsurgical techniques were employed
under aseptic conditions, utilizing a surgical microscope for
all surgical procedures. To reduce tension on the repair site,
a technique called the dorsal gluteal-splitting approach was
employed, which involved gentle dissection of the nerve
branches.

Transection of the common peroneal nerve and tibial
nerve occurred at a distance of five millimeters from the
bifurcation in the saline, MFRH, and mecobalamin groups.
The tibial nerve’s proximal stump was surgically treated us-
ing 10-0 nylon sutures (Lingqiao, Ningbo, China), and then
it was connected to a nearby muscle. The repair involved
the proximal end of the common peroneal nerve, as well as
the distal ends of both the common peroneal nerve and the
tibial nerve. Approximately 2 mm into the thinner end of
the conduit, the proximal stump of the common peroneal
nerve was inserted. Approximately 2 mm deep, the thicker
end of the conduit received the distal stumps of both the
common peroneal nerve and the tibial nerve. A 2-mm space
was maintained between the proximal stump and the distal
stumps, and the stumps were secured to the conduit using a
10-0 nylon suture. In the end, the surgical area was closed
using 4-0 nylon sutures (Lingqiao, Ningbo, China) in layers
(Fig. 2).

In the sham group, we revealed the sciatic nerve and
its branches without inducing any harm to the nerve fibers.
Afterward, the surgical area was carefully stitched using 4-
0 nylon in multiple layers.

2.6 Drug Treatment
After the surgical operation, every rat in the sham and

saline groups was given 2 mL of sterile saline solution via
oral gavage every day, beginning from the day following
the surgery. In the meantime, every rat in the MFRH group
received a daily dosage of 2 mL of MFRH (1 g/mL). Every
rat in the mecobalamin group received a dosage of 2 mL of
liquid mecobalamin (100 µg/kg). Oral gavage lasted for a
period of 16 weeks.
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Fig. 2. Schematic diagram of surgical procedures. (a) The sciatic nerve and its two primary divisions are known as the common
peroneal nerve and the tibial nerve. (b) The tibial nerve and the common peroneal nerve were cut 5 mm away from the point where
they split into two branches. (c) The nearby end of the common peroneal nerve was utilized for the restoration of the distal end of both
the common peroneal nerve and the tibial nerve. CPN refers to the common peroneal nerve, SN stands for the sciatic nerve, and TN
represents the tibial nerve.

2.7 General and Local Conditions of Rats after Operation
Following the surgery, the rats were provided with

regular nourishment, and their daily progress was meticu-
lously documented, encompassing their food intake, physi-
cal movement, recovery of the surgical incision, and mobil-
ity of the operated limb. After a period of sixteen weeks fol-
lowing the surgical procedure, the common peroneal nerve
and tibial nerve that had been repaired were uncovered, al-
lowing for examination of the nerve’s structure and the pres-
ence of any adhesions in the surrounding tissue.

2.8 Neurological Function Index
The Rat and Mouse Gait Analysis Processing System

v1.09 (Zhongshi Dichuang Technology, Beijing, China)
was utilized to assess the restoration of motor function at
the 16-week postoperative period. Each rat was strolled
along a sealed passageway made up of a transparent floor
and walls made of dark synthetic material. The sciatic func-
tional index (SFI) was computed using the formula we sup-
plied [28].

SFI =
109.5(ETS− NTS)

NTS
− 38.3(EPL− NPL)

NPL

+
13.3(EITS− NITS)

NITS
− 8.8

ETS represents the distance between the first and fifth
toes of the right hind limb, while NTS represents the same
distance for the left hind limb. EPL measures the distance
from the heel to the top of the third toe of the right hind limb,
and NPL measures the distance from the heel to the top of
the third toe of the left hind limb. Additionally, EITS rep-
resents the distance between the second and fourth toes of
the right hind limb, and NITS represents the same distance
for the left hind limb.

2.9 Nerve Electrophysiological Detection

After 16 weeks of surgery, a MedlecSynergy elec-
trophysiological device (04oc003, Oxford Instrument Inc.,
Abingdon, UK) was used to assess the recovery of regener-
ated nerve conduction on the right side in every rat. Under
2.5% isoflurane anesthesia (RWD, Shenzhen, China), the
tibial nerve on the right side and the gastrocnemius muscle
were carefully exposed. Stimulation occurred at the prox-
imal and distal terminals of the tibial nerve, while record-
ing took place at the center of the gastrocnemius muscle.
Recordings were made of the magnitude and delay of the
compound muscle action potential (CMAP), followed by
the calculation of nerve conduction velocity using the sub-
sequent procedure. The conduction velocity of the tibial
nerve was determined by calculating the ratio of the length
of the nerve trunk (dl) to the difference in action potential
latency (dt) between proximal and distal tibial nerve stimu-
lation.

2.10 Immunofluorescence Staining of Regenerated Nerve
Fibers

At 16 weeks postoperatively, the distal tibial nerve
was obtained after euthanizing the rats using carbon diox-
ide. The nerve was treated with 4% paraformaldehyde
(Solarbio, Beijing, China) for 24 hours and subsequently
sectioned into transverse slices measuring 12 µm in thick-
ness utilizing a frozen slicer. Immunofluorescence stain-
ing was performed according to a well-established pro-
tocol [29]. The NF200 primary antibody (1:400, Milli-
poreSigma, Burlington, MA, USA) was used to monitor
the regeneration of axons, while the S100 primary anti-
body (1:400, MilliporeSigma, Burlington, MA, USA) was
used to identify Schwann cells. In short, sections of nerve
tissue were treated with primary antibodies that targeted
NF200 and S100 overnight at 4 °C. Subsequently, they
were washed with phosphate buffered saline (PBS). After-
wards, a secondary antibody labeled with Alexa488 (1:500,
Abcam, Cambridge, UK) and a secondary antibody la-
beledwith Alexa594 (1:500, Abcam, Cambridge, UK)were
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Fig. 3. Chitin conduit and nerve transposition repair. (a) Gross view of the chitin conduit displaying varying inner diameters on both
ends. (b) The prototype of the sciatic nerve and its branches. (c) Representative image of nerve transposition repair. (d) Representative
photograph of the repaired nerve at 16 weeks postoperatively.

Fig. 4. Motor function assessment at 16 weeks after operation. (a) Representative footprints. (b) Representative three-dimensional
stress diagrams. (c) The sciatic functional index (SFI) in each group. Data are presented as the mean ± standard deviation (SD). **p <

0.01; ***p < 0.001.

added and incubated at room temperature for 1 hour. DAPI
was used to stain the nucleus for a duration of 5 minutes.
The sections were observed by 3D Fluorescence Imaging
System (HOOKE INSTRUMENTS, Changchun, China).

2.11 Evaluation of the Morphological Characteristics of
Regenerated Nerve Fibers

At 16 weeks postoperatively, the distal tibial nerve
was obtained after euthanizing the rats using carbon diox-
ide. An established protocol was used to perform morpho-
logical assessment of regenerated nerve fibers [29]. The
nerve tissue was treated with 2.5% glutaraldehyde for a
duration of 24 hours and then subjected to staining us-
ing 1% osmic acid (Electron Microscopy Sciences, Hat-
field, PA, USA). To prepare the sample, a gradient con-
centration of acetone was utilized for dehydration. After-
wards, the specimens were immersed in epoxy resin and
then cut into semithin slices measuring 700 nm in thick-
ness, and ultrathin slicesmeasuring 70 nm in thickness. The
semithin sections were stained using a 1% solution of tolu-
idine blue (Solarbio, Beijing, China) and examined with an
optical microscope (Olympus Corporation, Tokyo, Japan),
to compute the nerve fiber density. The ultrathin slices
were treated with uranyl acetate and lead citrate (Electron
Microscopy Sciences, Hatfield, PA, USA) and examined
under a transmission electron microscope (Olympus Cor-
poration, Tokyo, Japan). ImageJ software (version 1.8.0,
LOCI, University of Wisconsin, Madison, WI, USA) was

utilized to measure the diameters of the axons and nerve
fibers. Myelin thickness was calculated with the formula
(fiber diameter - axon diameter) divided by 2.

2.12 Target Muscle Recovery
At 16 weeks following the surgical procedure, the gas-

trocnemius muscles were gathered from both sides, and
their weights were measured. The wet weight ratio of the
gastrocnemius muscles was calculated by dividing the wet
weight of the muscle on the right side by the wet weight
of the muscle on the left side. Next, the muscles on the
right side were immobilized in 4% paraformaldehyde at 4
°C for the entire night. Afterward, they were encased in
paraffin and sliced into 6-µm-thick sections. Afterwards,
Masson’s trichrome stain was applied to the sections, and
random images of the muscle cross-section were taken from
five fields in each image. ImageJ software was used tomea-
sure the cross-sectional area of the muscle fibers in these
images. Afterwards, the wet weight proportion and aver-
age cross-sectional area of the gastrocnemius muscle fibers
on the right side were computed and compared across the
four groups.

2.13 Fluor-Gold (FG) Retrograde Tracing
After a period of sixteen weeks following the surgical

procedure, the nerves of the rats were revealed through the
initial cut while being administered 2.5% isoflurane anes-
thesia. The proximal end of the common peroneal nerve
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Fig. 5. Nerve electrophysiological evaluation 16 weeks after the operation. (a) Representative compound muscle action potential
(CMAP)waveform. (b) Statistical examination of peak amplitudes in CMAP. (c) Statistical analysis of the latency of CMAP. (d) Statistical
examination of the velocity of nerve conduction. Data are presented as the mean± SD. **p< 0.01; ***p< 0.001. The data are displayed
as the average plus standard deviation. p value less than 0.01; p value less than 0.001.

was injected with a 4% FG (Fluorochrome, Denver, CO,
USA) solution, after which the incision was sutured. Fol-
lowing a week, the rats were immobilized using a solution
of 0.9% NaCl and 4% paraformaldehyde by means of tran-
scardiac perfusion while being anesthetized. After that, the
spinal cord from L4–L6 and the dorsal root ganglia (DRG)
were extracted and then treated with a 4% paraformalde-
hyde solution at a temperature of 4 °C for 12 hours. Follow-
ing this, they were dehydrated using sucrose solutions with
varying concentrations (starting from 10% and gradually in-
creasing to 20% and then to 30%). Then, the specimens
were sequentially sectioned following embedding in opti-
mum cutting temperature (OCT) compound (Sakura, Tor-
rance, CA, USA). The spinal cord samples were cut into
sections that were 25-µm-thick, while the DRG samples
were cut into sections that were 20-µm-thick. To quantify
the number of anterior hornmotor neurons in the spinal cord
and DRG sensory neurons after regeneration in response to
each treatment, the sections were examined using the 3D
Fluorescence Imaging System (HOOKE INSTRUMENTS,
Changchun, China).

2.14 Statistical Analysis

Both image analysis and behavior assessments in the
study were conducted using a blinded method. The mean
and standard deviation (SD) were used to present the re-
sults. SPSS 22 (IBM Corp., Armonk, NY, USA) was uti-

lized for the statistical analysis. Multiple groups were com-
pared using one-way analysis of variance (ANOVA). If
there was a notable distinction between groups, the Tukey
post hoc test was utilized to conduct pairwise comparisons.
A p value of less than 0.05 was chosen as the level of sig-
nificance.

3. Results
3.1 General Observation

As depicted in Fig. 3a, the conduit is transparent. The
two ends of the conduit have different inner diameters. The
thinner end has an inner diameter of 0.8 mm, while the
thicker end has an inner diameter of 1.8 mm. A conical
structure connects the narrower and wider ends. The pro-
totype of the sciatic nerve and its branches is depicted in
Fig. 3b. As depicted in Fig. 3c, the diameter of the nerves
matches the inner diameter of the conduit. As depicted in
Fig. 3d, at the 16-week mark following the surgery, the con-
duit underwent partial absorption, with no apparent signs of
inflammation or neuroma detected at the nerve suture loca-
tion.

3.2 Neurological Function Index

At 16 weeks postsurgery, a functional index analysis
was conducted on each group to evaluate the recovery of
motor function. The results are depicted in Fig. 4. Specif-
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Fig. 6. Illustrative pictures showing the immunofluorescence staining of newly formed nerve tissue. The presence of nuclei is
revealed by blue fluorescence, Schwann cells are represented by red fluorescence, and regenerating axons are indicated by green fluo-
rescence. Scale bar = 40 µm.

ically, Fig. 4a displays the typical footprints, and Fig. 4b
displays the three-dimensional stress diagrams. The SFI
of each group is displayed in Fig. 4c. Both the SFI of
the MFRH group and the mecobalamin group were signif-
icantly higher than that of the saline group (p < 0.01) but
significantly lower than that of the sham group (p< 0.001).
However, there was no significant difference observed be-
tween the MFRH group and the mecobalamin group.

3.3 Electrophysiological Detection of Nerves
At the 16th week after surgery, rats from each group

underwent electrophysiological tests to ascertain nerve con-
duction recovery, as revealed in Fig. 5. The amplitude of
CMAP is positively associated with the quantity of inner-
vatedmuscle fibers, while the latency of CMAP is inversely

correlated with the thickness of the myelin sheath surround-
ing the nerve fibers. Fig. 5a demonstrates typical CMAP
waveforms for each rat group. In Fig. 5b, in comparison to
the sham group, both the MFRH and mecobalamin groups
exhibited significantly reduced CMAP peak amplitudes (p
< 0.001), yet they displayed significantly elevated CMAP
peak amplitudes when compared to the saline group (p <

0.01). Furthermore, there was no notable distinction ob-
served between the MFRH and mecobalamin cohorts. In
addition, the MFRH and mecobalamin groups exhibited a
significantly higher CMAP latency than the sham group (p
< 0.001) but a significantly lower CMAP latency than the
saline group (p < 0.01), as depicted in Fig. 5c. Further-
more, there was no notable distinction observed between
the MFRH and mecobalamin groups. Fig. 5d indicated a
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Fig. 7. Evaluation of the regenerated nerve fibers through histological analysis 16 weeks postsurgery. (a) Representative images of
toluidine blue staining and transmission electron microscopy are shown. (b) Statistical examination of the quantity of regenerated axons
for each group. (c) Statistical examination of the diameter of axons in the regenerated nerve. (d) Statistical analysis on the thickness of
the myelin sheath in the regenerated nerves within each group. Data are displayed as the mean ± SD. **p < 0.01; ***p < 0.001.

significant decrease in nerve conduction velocity in both
the MFRH and mecobalamin groups compared to the sham
group (p < 0.001), but the reduction was even more pro-
nounced in the saline group (p < 0.01). The MFRH and
mecobalamin groups did not show any notable distinction.

3.4 Immunofluorescence Staining of Regenerated Nerve
Tissue

Immunofluorescence staining was conducted on the
cross-sections of the regenerated nerves of rats in all groups
at the 16th week following the nerve surgery, and the find-
ings are illustrated in Fig. 6. The presence of nuclei is re-
vealed by blue fluorescence, Schwann cells are represented
by red fluorescence, and regenerating axons are indicated
by green fluorescence. The findings indicated that both the
MFRH group and the mecobalamin group exhibited higher
axonal regeneration than the saline group.

3.5 Evaluation of the Morphological Characteristics of
Regenerated Nerve Fibers

Fig. 7 displays the findings from toluidine blue stain-
ing and electron microscopy analysis of the cross section
of the regenerated nerve. Fig. 7a shows representative im-
ages of staining with toluidine blue and transmission elec-
tron microscopy. The uniformity of regenerated myelinated
nerve fibers in the saline, MFRH, and mecobalamin groups
was lower than that in the sham group. According to the
findings, the MFRH and mecobalamin groups exhibited a
notably greater quantity of myelinated nerve fibers than
the saline and sham groups (p < 0.001). Additionally, the
saline group had a significantly higher tally than the sham
group (p< 0.001) (Fig. 7b). Fig. 7c demonstrates the diam-
eter of the regenerated nerves’ axon. The axon diameter of
both the MFRH and mecobalamin groups was significantly
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Fig. 8. Evaluation of the gastrocnemius muscle through histological analysis 16 weeks postsurgery. (a) Illustrative pictures show-
casing the unaffected (on the left) and damaged (on the right) gastrocnemius muscles. (b) Representative pictures displaying Masson
staining of the right gastrocnemius muscle in every group. (c) Analyzing the statistical ratio of wet weight in every group. (d) The groups
were analyzed statistically to determine the average cross-sectional area of muscle fibers in terms of cross-sectional area. The data are
displayed as the mean ± SD. ***p < 0.001.

Fig. 9. FG retrograde tracing of neurons at 16 weeks after operation. (a) Representative pictures of neurons labeled with FG in every
group. (b) Statistical analysis was conducted on the quantity of motor neurons labeled with FG in every group. (c) Statistical analysis of
the quantity of sensory neurons labeled with FG in every group. The data are displayed as the mean± SD. *p< 0.05; **p< 0.01; ***p
< 0.001.

higher than that of the saline group (p < 0.01) but signifi-
cantly lower than that of the sham group (p< 0.001). There
was no significant difference observed between the MFRH
group and the mecobalamin group. The myelin sheath
thickness of the regenerated nerves in each group was dis-
played by Fig. 7d. There was no notable distinction be-

tween the MFRH group and the mecobalamin group; how-
ever, both groups exhibited a considerably greater thickness
than the saline group (p < 0.01). Additionally, both groups
demonstrated a significantly lower thickness than the sham
group (p < 0.01).
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3.6 Gastrocnemius Muscle Recovery
At 16 weeks following the surgical procedure, both

gastrocnemius muscles were obtained from rats, weighed,
photographed, and subjected to Masson staining specifi-
cally on the right side. The obtained results from the proce-
dure are illustrated in Fig. 8. Fig. 8a shows illustrative pic-
tures of the gastrocnemius muscles on both the left and right
sides for every group, whereas Fig. 8b shows the staining
results of the right gastrocnemius muscle for each group.
The findings indicated that the wet weight ratio of the gas-
trocnemius muscles on the right and left sides was notably
reduced in both the MFRH and mecobalamin groups in
comparison to the sham group (p < 0.001). Nevertheless,
they exhibited a greater value compared to the saline group
(p< 0.001). The MFRH group and the mecobalamin group
showed no notable distinction (Fig. 8c). Moreover, as ex-
hibited in Fig. 8d, in theMFRH group and the mecobalamin
group, the average cross-sectional area of muscle fibers was
significantly smaller than that in the sham group (p< 0.001)
but notably larger than that in the saline group (p < 0.001).

3.7 FG Retrograde Tracing
As depicted in Fig. 9, after a period of 16 weeks fol-

lowing the operation, the FG retrograde tracing technique
was utilized to assess the quantity of motor neurons in the
front horn of the spinal cord and sensory neurons in the
DRG of every group. The analysis of the results was con-
ducted to assess the level of nerve regeneration in every
group. As depicted in Fig. 9a, in each group, motor neurons
and sensory neurons labeled with FG were observed. The
quantity of motor neurons labeled with FG in the MFRH
and mecobalamin groups exhibited a significant increase
compared to the saline group (p < 0.05), yet it was notably
lower than themotor neurons in the sham group (p< 0.001).
No notable distinction was observed between the MFRH
and mecobalamin groups (Fig. 9b). The quantity of sen-
sory neurons labeled with FG in the MFRH and mecobal-
amin groups exhibited a significant increase compared to
that in the saline group (p< 0.05), yet it was notably lower
than that in the sham group (p < 0.01). Nevertheless, there
was no notable distinction observed between theMFRH and
mecobalamin cohorts (Fig. 9c).

4. Discussion
Different degrees of severity exist in peripheral nerve

injuries, with long-distance nerve deficits and proximal
nerve trunk injuries being especially severe [30,31]. The
limited improvement in nerve function is a result of the
challenge in regenerating axons to extend to the distant
stump and the deterioration of the target organ during this
process [32,33]. Hence, to enhance the effect of nerve
restoration, it is crucial to promptly re-establish innervation
in the target organs.

An amplification effect during the process of nerve re-
generation has been recorded in previous research [7,21].

During the initial phases of nerve recovery after being in-
jured, a nerve fiber develops numerous side branches and
stretches toward the distal endoneural tubes [34,35]. When
there are more distal endoneural tubes than proximal nerve
axons, there is sufficient room for regenerated axons to de-
velop [36,37]. The amplification phenomenon could poten-
tially be utilized as an innovative approach in the treatment
of severe peripheral nerve damage. This involves the uti-
lization of smaller nerves to repair thicker damaged nerves
or the use of a single nerve to repair multiple nerve injuries
at the same time. Nerve transposition repair involves the
donor nerve sending additional sprouts to the distal stump.
This helps to re-establish innervation to the target organ
as early as possible, and promotes effective rehabilitation
of neural structure and function [38,39]. This study uti-
lized the common peroneal nerve to simultaneously repair
the distal common peroneal nerve and tibial nerve. The
nerve regeneration amplification effect was confirmed by
the findings.

Over the past few years, researcher have developed
several different methods to fix brachial plexus injuries,
including the utilization of cervical spinal nerve 7 on the
same/opposite side, the accessory nerve, and the phrenic
nerve [4]. Additionally, they have repaired median nerve
injury by using the musculocutaneous nerve [11] and fixed
ulnar nerve injury by using the Pronator quadratus mus-
cle branch [40]. The success of nerve transposition repair
greatly depends on the skillful suturing of the nerve. Unlike
the common suturing method used to treat nerve injuries,
the diameters of the proximal and distal nerves are often
not consistent in nerve transposition repair [41]. In this
case, the epineurial suture may cause localized hyperten-
sion at the site of the suture. After repair, the suturing loca-
tion might give rise to neuromas, leading to the occurrence
of nerve pain [42]. Excessive local tension can hinder the
proper growth of proximal nerves toward distal nerves, ulti-
mately impacting nerve regeneration following transposed
repair [43]. This study resolved the issue by utilizing the
conduit suturing technique. By suturing the nerves at both
ends with minimal tension, the occurrence of local neuro-
mas and secondary neuralgia can be significantly reduced.
Furthermore, the technique maintains the spaces between
nerve stumps, and research has indicated that the regrowth
of axons is associated with the distance separating the nerve
stumps [29,44]. According to our previous findings, the op-
timal gap for nerve regeneration in rats is 1–2 mm [8,45].
The study found that there was a 2 mm gap, which had no
impact on either the process or precision of nerve regener-
ation.

When utilizing conduits that have identical inner di-
ameters on both ends to repair large nerves with small
nerves or to repair multiple nerves with a single nerve, the
following issues may arise. If the inner diameter of the con-
duit fits the proximal donor nerve, compression may occur
on the distal recipient nerve. Conversely, if the inner di-
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ameter of the conduit matches the distal recipient nerve,
there may be an excessive gap between the inner wall of
the conduit and the proximal donor nerve, leading to po-
tential escape of more regenerated nerve fibers and an in-
creased likelihood of neuroma formation. Hence, this in-
vestigation effectively addressed this issue by employing
conduits with varying inner diameters on both ends. The
thinner end of the conduit has an inner diameter of 0.8 mm,
which fits the diameter of the proximal common peroneal
nerve. The thicker end has an inner diameter of 1.8 mm,
which matches the combined diameters of the distal com-
mon peroneal nerve and the tibial nerve. The conduit’s in-
ner diameter is slightly larger than the nerve’s diameter,
with a range of 0.1 to 0.2 mm, due to three primary factors.
First, inserting the nerve into the conduit and performing a
suture without tension is a simple task. Secondly, when the
nerve is injured, there will be tissue swelling, which leads
to an increase in the nerve’s diameter. This allows for a per-
fect fit with the conduit’s diameter, preventing obstruction
of blood supply due to compression of the nerve tissue. Ad-
ditionally, by populating the conduit with nerves, the leak-
age of regenerated nerve fibers will be reduced, effectively
preventing the development of neuromas.

Chitosan served as the primary component for fab-
ricating nerve conduits in this investigation. Currently,
various biomaterials are used to prepare nerve conduits,
and chitosan has received much attention from researchers.
Chitosan exhibits numerous advantageous characteristics,
such as biocompatibility, biodegradability, antimicrobial
attributes, and multifunctionality, which render it a highly
promising substance in the domain of biomedicine [15].
According to previous research, chitosan-based nerve con-
duits have been found to be advantageous in the restoration
of peripheral nerves [13]. Successful repair is achieved by
facilitating the smooth passage of regenerated nerve fibers
across the gap toward the distal nerve, through the utiliza-
tion of this conduit during peripheral nerve injury repair.
The initial step of this research involved dissolving chi-
tosan in acetic acid solution to create a chitosan solution.
Next, the solution is uniformly applied to the surface of the
personalized mold. Under the action of sodium hydroxide,
the chitosan solution solidifies and forms a conduit. Subse-
quently, with the influence of acetic anhydride, the chitosan
underwent acetylation, resulting in decreased hardness and
enhanced elasticity, ultimately leading to the formation of
the chitin conduit. This method is not only easy to operate
but can also customize conduits of different specifications
according to different conditions of nerve injury.

Although the utilization of conduits with different
sizes at both ends for nerve transposition repair offers nu-
merous advantages, it solely tackles the problem of surgical
suturing, indicating the need for additional enhancements
in the effectiveness of the repair process. Previous stud-
ies have suggested that the regeneration of injured nerves
involves various mechanisms, cells, and factors. After sur-

gical suturing, certain additional treatments may induce the
development of proximal axonal branches, promote the am-
plification effect, and ultimately facilitate the restoration
distant nerves [46–48]. Repair of damaged nerves is an
intricate procedure involving multiple mechanisms. Treat-
ing only one aspect is limiting and may not target the nu-
merous pathologic mechanisms associated with peripheral
nerve injury [49,50]. Several research studies have sug-
gested that traditional Chinese medicine has the ability to
create a conducive environment for nerve regeneration by
activating different bioactive elements that are essential for
the process of nerve regeneration [51,52]. In our earlier
study, MFRH enhanced the amplification effect of the com-
mon peroneal nerve to repair the tibial nerve, and promote
nerve repair [26]. Consequently, we selected MFRH as an
auxiliary treatment approach to simultaneously fix several
nerves with a single nerve in this study. Mecobalamin, a
naturally occurring coenzymeB12, is commonly prescribed
in clinical practice to treat peripheral neuropathy [53]. It has
the ability to enhance axon transport function and promote
axon regeneration. For this research, we utilized mecobal-
amin treatment as the positive control group, whereas saline
treatment was used as the negative control group. The re-
sults showed that 16 weeks after surgery, MFRH signifi-
cantly improved the recovery of neuromotor function and
neurological conduction function. Moreover, there was a
significant increase in the ratio of wet weight of muscles,
cross-sectional area of muscle fibers, quantity and struc-
ture of regenerated myelinated nerve fibers, and the count
of neurons. The study findings validated thatMFRHplays a
significant role in enhancing the amplification effect of pe-
ripheral nerves, facilitating the simultaneous repair of mul-
tiple nerves by a single nerve. It is important to mention
that, in the nerve transposition repair, the target organ corre-
sponding to the injured nerve needs to receive a new central
innervation. While the regenerated nerve fibers can reach
target organ for reinnervation, achieving true nerve repair
necessitates remodeling of nerve functionality. This pro-
cess is time-consuming and crucial in clinical nerve trans-
position repair [54–56]. Taking this into account, we de-
cided to assess the rats 16 weeks after the operation.

The combination of Radix Hedysari, Epimedium, and
Lumbricus in MFRH can potentially achieve treatment
goals by utilizing various mechanisms. MFRH primar-
ily consists of Radix Hedysari. For many years, Radix
Hedysari has been known as a medicinal plant that exhibits
a diverse array of biological and pharmacological effects.
Polysaccharides, flavonoids, phenylpropanoids, and trace
elements are some of the chemical constituents that have
been isolated and identified from Radix Hedysari by re-
searchers. One of the main components of Radix Hedysari
is Hedysarum polysaccharides (HPS), which possess di-
verse biological functions, such as antioxidation, immune
modulation, and regulation of intestinal flora, and is exten-
sively employed in the treatment of numerous diseases [57–
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63]. More importantly, HPS can relieve oxidative stress,
has anti-apoptotic neuroprotective effects, and can be used
to prevent or treat neurodegenerative diseases [64]. Our
previous research revealed that, treating sciatic nerve crush
injury in rats utilizing HPS, not only enhances the neurolog-
ical function index, but also boosts nerve conduction veloc-
ity and the quantity of regenerated myelinated nerve fibers
[65]. Furthermore, the utilization of the Radix Hedysari ex-
tract greatly improves the growth of lateral buds in proxi-
mal nerve stumps, and stimulates the amplification effect
in the regeneration of peripheral nerves [66]. Moreover,
HPS therapy in a mouse model of diabetic peripheral neu-
ropathy has been shown to enhance the production of nerve
growth factor and activate Nrf2 signaling. As a result, it
reduces the level of Keap1, boosts motor nerve conduction
speed, reduces the time taken for thermal withdrawal, and
suppresses serum and oxidative stress in the sciatic nerve.
Consequently, it leads to an improvement in diabetic pe-
ripheral neuropathy [67].

Another important component of MFRH is
Epimedium. Previous research has demonstrated that
the utilization of Epimedium in the treatment of sciatic
nerve crush injury in rats has a significant impact on
enhancing nerve regeneration and restoring the func-
tionality of the injured nerve [68]. Local application of
Epimedium significantly improved the conduction velocity
and myelinated fiber count in rats with a 5 mm defect in the
sciatic nerve [69]. Epimedium contains the primary bioac-
tive flavonoid called icariin, which is a prenyl flavonol
glycoside with pharmacological properties. Icariin has
antineuroinflammatory, antiapoptotic, antioxidant, and
neurogenesis-promoting effects and can treat different
neurodegenerative and neuropsychiatric diseases, aging,
and radiation-induced brain injury [70]. By modulating
various signaling pathways, such as the PI3K/AKT,
TGFβ1/Smad2, p38/MAPK, and Wnt pathways [71],
icariin and its derivatives stimulate the activation of innate
stem cells, enhance the growth of endothelial cells and
smooth muscle cells, and facilitate nerve regeneration.
Through the pathway of mitochondrial apoptosis, icariin
hinders the activity of proinflammatory elements, oxidative
stress, and neuronal cell death. Additionally, it notably im-
proves the restoration of motor function in mice suffering
from spinal cord injury [72]. The administration of icariin
to a rat model with spinal cord injury reduced the expres-
sion and activity of proapoptotic proteins, elevated the
level of antiapoptotic proteins, mitigated oxidative stress
reactions, lowered the level of inflammatory molecules,
enhanced the expression of anti-inflammatory proteins,
reduced spinal cord edema, and greatly facilitated the
restoration of motor function [73]. Application of total
flavone of Epimedium to a cuprizone-induced demyelina-
tion mouse model increases the enrichment of astrocytes in
the corpus callosum, striatum, and cortex, promotes expres-
sion of neurotrophic factors by astrocytes, and decreases

astrocyte expression of platelet-activating factor receptor
(PAFR), which suppresses astrocyte-derived inflammatory
responses, thereby contributing to myelin protection and
regeneration [74]. By inhibiting the IRE1α-XBP1 signal-
ing pathway, icariin relieves neuronal apoptosis caused by
endoplasmic reticulum stress following oxygen-glucose
deprivation/reperfusion injury [75].

In addition to Radix Hedysari and Epimedium another
component in MFRH is Lumbricus. Lumbricus has pro-
regenerative properties that can help regenerate severed
body parts [76]. For centuries, Lumbricus has been utilized
in China to enhance nerve function. In a previous investi-
gation, the administration of Lumbricus extract greatly en-
hanced the restoration of the neurological function index
and nerve conduction velocities in rats suffering from sci-
atic nerve crush injury [77]. The utilization of Lumbricus
extract as an auxiliary treatment method, and the proximal
common peroneal nerve as a donor nerve connection sig-
nificantly improved the nerve conduction velocities, mor-
phological measurement results, histological analyses, and
amplification effect [78]. The findings indicate that the ca-
pacity of MFRH to enhance nerve regeneration is intricate
and involves various mechanisms, providing a novel poten-
tial approach for the clinical treatment of peripheral nerve
injuries.

The current research is preliminary and possesses cer-
tain constraints that necessitate additional research in the
forthcoming period. First, in this study, only one conduit
size was prepared, only one transposition repair model was
employed, and only a portion of the distal nerve was exam-
ined. Henceforth, we shall investigate novel approaches for
nerve transposition repair, create more personalized con-
duits, and conduct a more comprehensive assessment of
the reparative outcome. Second, in this study, MFRH was
prepared in the form of a solution. In the future, Differ-
ent techniques could be used to prepare MFRH in various
forms, such as powder, capsules, and tablets, or to formulate
it into sustained-release or controlled-release formulations.
Different formulations may exhibit different levels of activ-
ity. The study of appropriate formulations for nerve repair
is of great clinical importance. Third, this study solely ex-
amined the impact of MFRH on enhancing nerve regenera-
tion, without delving into the investigation of MFRH’s ac-
tive constituents and mode of operation. Henceforth, there
will be endeavors to determine particular active compo-
nents of MFRH, analyze the pharmacokinetics of MFRH,
and explore the molecular mechanisms underlying the ef-
fect of MFRH. Moreover, in addition to the points men-
tioned above, this study solely examined the impacts of
MFRH 16 weeks after surgery, thus necessitating additional
studies to examine its effects over a more extended period.

5. Conclusions
A combination of chitosan-based conduits possessing

different inner diameters and MFRH can considerably pro-
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mote the regeneration and functional recovery of damaged
nerves, which in turn enhances nerve transposition repair
efficacy. The utilization of this method holds immense
promise in the clinical treatment of severe injuries to pe-
ripheral nerves, and could aid in the advancement of more
efficient approaches for treatment.
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