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Abstract. Transforming growth factor‑beta 1 (TGF‑β1) is 
a powerful activator of connective tissue synthesis that is 
strongly associated with the pathophysiology of traumatic 
neuroma. Previous studies have demonstrated that aligned 
nanofiber conduits made from silk fibroin and poly (L‑lactic 
acid‑co‑ε‑caprolactone; PLCL) could prevent traumatic 
neuromas. In the present study, the possible mechanisms of 
conduits in treating traumatic neuromas were investigated to 
provide theoretical basis for procedures. Aligned nanofiber 
conduits were used for nerve capping. Sciatic nerves of 
Sprague‑Dawley rats were used to create an animal model. 
The present study contains two parts, each including four 
experimental groups. SB‑431542/SRI‑011381 hydrochloride 
was used to suppress/enhance TGF‑β1/SMAD signaling. Part I 
discussed the connections between traumatic neuroma and 
the proliferation of alpha smooth muscle actin (α‑SMA) and 
collagen; it also investigated the therapeutic effect of conduits. 
Part II hypothesized that conduits suppressed TGF‑β1/SMAD 
signaling. Histological characteristics, quantitative analysis 
of α‑SMA, collagens and signaling‑related parameters were 
assessed and compared among groups one month postopera‑
tively. Results from Part I demonstrated that aligned nanofiber 

conduits suppressed the expression of α‑SMA and collagens; 
and results from Part II revealed the downregulation of 
pathway‑related proteins, suggesting that the suppression was 
mediated by TGF‑β1/SMAD signaling. Aligned nanofiber 
conduits may be effective nerve capping biomaterials. One 
of the mechanisms involves suppressing TGF‑β1/SMAD 
signaling. Novel treatments using aligned nanofiber conduits 
could be developed to manage traumatic neuromas.

Introduction

Peripheral nerve injury is often associated with the devel‑
opment of a post‑traumatic neuroma, posing a significant 
challenge to surgeons and physicians. Symptomatic 
neuromas occur in ~5% of patients who sustain a peripheral 
nerve injury (1). Furthermore, persistent pain occurs in ~60% 
of patients following limb amputation, and in 10% of such 
cases, the pain can be directly attributed to the formation of 
neuromas (2). A traumatic neuroma is a cluster of regenerated 
nerve fascicles, neurogliocytes and proliferated connective 
tissues (3). A total of ~3‑5% of patients can develop symptom‑
atic neuromas following peripheral nerve injuries (4). These 
are most common in patients who have had limb amputations 
(~60%) (5‑7). Typical symptoms include pain hypersensitivity 
and neuralgic pain with a trigger point within the region 
affected by a neuroma (8). There are different methods to 
prevent and treat traumatic neuromas; conservative methods 
include medication (9‑11); physiotherapy techniques include 
therapeutic massage (8); surgical approaches include nerve 
stump shortening, lipofilling (12), electrical stimulation (13), 
nerve stump transposition into bones, muscles or veins (14‑21), 
and nerve capping techniques (22‑27). However, treatment of 
painful neuromas remains a challenge and the mechanism 
of neuroma‑associated pain is not yet fully understood (28). 
Neuropathic pain caused by traumatic neuromas imposes 
physical and social burdens on patients, affecting their quality 
of life and contributing toward high medical expenses (6). Our 
previous study discussed certain promising treatment strate‑
gies (29). Although a variety of treatment modalities have 
been introduced, only a few are widely accepted and used. 
The nerve capping technique is one of the few methods that 
are considered effective, but its application has been limited 
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by the availability of nerve conduits in clinical practice. 
Transforming growth factor‑beta (TGF‑β) superfamily 
signaling pathways are key regulators of numerous cellular 
activities, including proliferation, differentiation and migra‑
tion (30). Transmembrane type I serine/threonine kinase 
receptors and the downstream small‑mothers against deca‑
pentaplegic (SMAD) proteins (31) are the main transducers 
of TGF‑β signals. TGF‑β1/SMAD signaling is one of the 
most powerful activators of connective tissue synthesis 
and fibroblast proliferation. It modulates myofibroblast 
and collagen production and the turnover of the extracel‑
lular matrix physiologically and pathologically (32‑34). It 
is hypothesized that TGF‑β1/SMAD signaling may also be 
responsible for the upregulation of α‑smooth muscle cell 
actin (α‑SMA).

Myofibroblasts are interstitial reactive cells that can 
expand the extracellular matrix and react to acute or chronic 
injuries (35). The presence of α‑SMA is a marker for myofi‑
broblastic phenotypes (36). Our previous study identified a 
positive association between α‑SMA expression and neuro‑
pathic pain in traumatic neuromas (28). The upregulation 
of α‑SMA expression may contribute toward the increased 
contractility of myofibroblasts; additionally, it may increase 
contractility in non‑muscle cells, which could cause pain in a 
region affected by a neuroma (36‑39).

Nerve capping techniques aim to cover the resected nerve 
stump, protecting it against the surrounding inflammation and 
isolating neurotrophic factors, which may lead to the recur‑
rence of traumatic neuromas. Either biological anatomical 
structures, including veins, or synthetic materials, including 
silicone tubes, may be used for capping (19,20,35). Electrospun 
fiber materials are now gaining growing attention in the field 
of peripheral nerve injuries. Prabhakaran et al (40) evaluated 
the potential of electrospun aligned nanofibers of Poly 
(3‑hydroxybutyrateco‑3‑hydroxyvalerate) and composite 
scaffolds as a substrate for nerve regeneration; they cultured 
nerve cells (PC12) and studied the biocompatibility effect 
along with neurite extension, and it was found that the cells 
exhibited bipolar extensions oriented along the direction of 
fiber alignment. In a study by Wang et al (41) aligned silk 
fibroin (SF) blended poly (P) L‑lactic acid‑co‑ε‑caprolactone 
(LLA‑CL) nanofibrous scaffolds were used to promote nerve 
regeneration following peripheral nerve injury, and the 
results demonstrated that the aligned SF/P (LLA‑CL) nerve 
guidance conduits promoted peripheral nerve regenera‑
tion significantly. SF and P LLACL (PLCL) with a weight 
ratio of 25:75 is a biomaterial that can be used to mimic 
the characteristics of the extracellular matrix, which is 
very important for regular tissue regeneration (41). Aligned 
nanofiber conduits may provide a directional framework for 
cell culture and tissues, promoting the correct longitudinal 
alignment for cell and tissue regeneration along the axes of 
fibers (40,42,43). Our previous study (27) demonstrated that, 
compared with nonaligned nanofibers, aligned nanofibers 
may improve linear nerve fiber regeneration and inhibit 
neuroma growth following a neurectomy. The present study 
investigated the mechanism underlying treatment with 
aligned nanofiber nerve conduits. This nanomaterial may 
provide novel insight that benefits the future management of 
traumatic neuromas.

Materials and methods

Drugs and antibodies. TGF‑β1, TβRΙ, Smad2, p‑Smad2 
and GAPDH antibodies were purchased from Santa Cruz 
Biotechnology, Inc. Collagen I, Collagen III and NF‑200 
antibodies were purchased from Abcam. The α‑SMA anti‑
body was purchased from Boster Biological Technology. The 
TGF‑β1/SMAD signaling agonist, SRI‑011381 hydrochloride, 
and the inhibitor, SB‑431542, were purchased from Selleck 
Chemicals unless otherwise specified.

Cell culture. Schwann cells were isolated from the sciatic nerves 
of one‑day‑old Sprague‑Dawley rats and treated to remove 
the fibroblasts using anti‑Thy1.1 antibody (cat. no. ANT‑140; 
Prospec‑Tany TechnoGene, Ltd.) and rabbit complement (cat. 
no. PA1‑29718; 1:100; Invitrogen; Thermo Fisher Scientific, 
Inc.) diluted in PBS and incubated at 4˚C overnight. The final 
cell preparation consisted of 98% Schwann cells, as deter‑
mined by immunostaining with the specific Schwann cell 
marker, S100β (cat. no. EP1576Y; Abcam) incubated at 4˚C 
overnight. Primary culture of Schwann cells was maintained 
in DMEM containing 10% FBS (complete medium) at 37˚C 
under humidified 5% CO2. Schwann cells were cultured for 
24 h on the surface of the nanofiber.

Scanning electron microscopy. Harvested samples were 
rapidly frozen, lyophilized, fixed on an aluminum stub, and 
sputtered with gold. Liquid nitrogen was used to freeze the 
samples rapidly because this minimizes the phase separation 
effect on sample morphology. Subsequently, a 10 kV scanning 
electron microscope (magnification, x500; Hitachi Ltd.) was 
used to view the surfaces of the samples.

Pre‑preparation of the conduits. Aligned nanofiber nerve 
conduits were used in the present study. As in our previous 
study, the conduits were made by electrospinning using 
natural‑synthetic polymeric nanofibers (SF and PLCL; weight 
ratio, 25:75) (27). The conduits used were 12 mm in length. 
Our group has reported the fabrication of these nanofibers and 
addressed their biocompatibility and application in peripheral 
nerve regeneration following injury in previous studies on 
rats (27,44).

Animals and experimental groups. In total, 80 male 
Sprague‑Dawley rats (age, 7‑8 weeks; weight, 250‑300 g) were 
purchased from the Wenzhou Medical University Centre for 
Laboratory Animals and transported to our animal facility 
1 week prior to surgery. The animals were kept at 22‑24˚C in 
a 12 h day‑night cycle under pathogen‑free conditions. All rats 
received food and water ad libitum. For Part I of the study, 
animals were randomly separated into four experimental 
groups (n=10 in each group) as follows: i) SRI‑011381 group 
(SRI‑011381 hydrochloride); ii) control group (traumatic 
neuroma); iii) SB431542 group (SB‑431542); and iv) conduit 
group (aligned nanofiber nerve conduits), to discuss the possible 
connections between traumatic neuroma and proliferation 
of α‑SMA and collagen, and to investigate the therapeutic 
effect of aligned nanofiber nerve conduits. In Part II, it was 
hypothesized that the therapeutic effect of aligned nanofiber 
nerve conduits functioned by suppressing TGF‑β1/SMAD 
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signaling. The animals were randomly separated into four 
experimental groups (n=10 in each group) as follows: i) control 
group (traumatic neuroma); ii) SB431542 group (SB‑431542); 
iii) conduit group (aligned nanofiber nerve conduits); and 
iv) conduit + SRI group (aligned nanofiber nerve conduits 
+ SRI‑011381 hydrochloride). The rats were sacrificed, and 
specimens were harvested 1 month after the surgery.

Surgical procedure and animal model preparation. 
Intraperitoneal injections of sodium pentobarbital (50 mg/kg) 
were used to anesthetize the rats. The right side of the sciatic 
nerve was exposed between the gluteal muscles and the biceps 
femoris under aseptic conditions. The branch site of the poste‑
rior gluteal nerve was identified and marked with a 9‑0 suture. 
Using a 1‑cm‑long silicon tube as a length marker, the sciatic 
nerve was then cut 1 cm distal to the marked site. In every rat, 
at least 15 mm of sciatic nerve distal to the transection site 
was removed to prevent the nerve from healing spontaneously 
(Fig. 1A). The proximal nerve stump was then capped 4 mm 
into the conduit. The epineurium and the conduit were joined 
using a single 11‑0 monofilament nylon suture. The proximal 
nerve end was retained in situ in the control group. SRI‑011381 
hydrochloride (30 mg/kg (45), dissolved in dimethyl sulfoxide) 
was intraperitoneally injected into rats from the agonist group 
on the first day of surgery and every 2 days thereafter. The 
same dosage was used for rats from the conduit + agonist 
group. SB‑431542 (10 mg/kg) (46,47) dissolved in DMSO was 
injected intraperitoneally into rats from the inhibitor group at 
the same time points. To close muscle wounds and skin inci‑
sions, 4‑0 sutures were used. Daily intragastric administration 
of ibuprofen (50 mg/kg) was administered for analgesia until 
1 week after the operations.

Animal sacrifice and specimen harvest. An overdose of 
intraperitoneal sodium pentobarbital (200 mg/kg) was used to 
sacrifice all the rats 1 month postoperatively. Specimens were 
harvested thereafter. The proximal nerve end was removed at 
the labeled site together with 10 mm of contralateral normal 
sciatic nerve. Half the specimens (n=5) were randomly selected 
for histological analysis. The other five specimens were stored 
at ‑80˚C for western blot analysis.

Histological analysis. The tissue samples for pathological 
analysis were soaked in 4% paraformaldehyde solution, using 
an amount ~20 times the volume of the tissue mass. Tissues 
were fixed overnight at 4˚C and preserved. The fixed speci‑
mens were embedded in paraffin and cut into 4 µm sections. 
Paraffin sections 400‑600 µm from the distal end of the 
specimens were randomly selected to standardize a position 
for histological evaluation. After excluding those that were 
poorly cut, 10 sections from each sample were randomly 
selected for immunohistochemical staining. Using a standard 
procedure, the paraffin sections were first deparaffinized using 
xylene at room temperature three times for 15 min each, then 
rehydrated in ethanol and incubated in 3% H2O2 for 15 min at 
room temperature. Subsequently, the sections were treated for 
30 min with pancreatin at 37˚C to retrieve the antigens, and 5% 
bovine serum albumin (cat. no. AB‑0986/B; Beijing Solarbio 
Science & Technology Co., Ltd.) was used to block the samples 
for 30 min at 37˚C. Next, the sections were incubated with 

primary antibodies: anti‑Collagen I (1:400; cat. no. ab270993; 
Abcam), anti‑Collagen III (1:400; cat. no. ab7528; Abcam) and 
anti‑α‑SMA (1:500; cat. no. ab7818; Abcam) at 4˚C overnight. 
Finally, tagged secondary antibodies diluted in PBS were 
as follows: goat anti‑mouse (Alexa Fluor® 488; 1:100; cat. 
no. ab150117; Abcam) and goat anti‑rabbit: (Alexa Fluor 488; 
1:100; cat. no. ab150081; Abcam), and were incubated with the 
sections for 2 h at 37˚C. The incubation reactions were termi‑
nated using 3, 3‑diaminobenzidine. A Nikon ECLIPSE 80i 
research microscope (magnification, x100 and x200; Nikon 
Corporation) was used to view the samples. The (A) positive 
cells and the (B) staining degree of positive cells in each section 
were scored respectively. (A) represented the percentage score 
of the number of positive cells under high magnification (no 
positive cells=0; 1‑30% positive cells=1; 31‑60% positive 
cells=2; 61‑100% positive cells=3). (B) represented the 
intensity score of positive cell staining (negative=0; weakly 
positive=1; moderately positive=2; strongly positive=3). The 
product of the two (A x B) is the comprehensive score.

Western blot analysis. Lysis buffer (100 mmol/l dithiothreitol, 
50 mmol/l Tris‑HCl pH 6.8, 2% sodium dodecyl sulfate, and 
10% glycerol) containing protease inhibitors was used to lyse 
the specimens. The BCA assay was used to determine total 
protein concentrations. The proteins (~25 µg/lane) were sepa‑
rated via SDS‑PAGE on a 10% gel, and subsequently transferred 
to a PVDF membrane. A solution containing 0.05% Tween‑20, 
TBS and 3% skimmed dried milk (Bio‑Rad Laboratories, 
Inc.) was then prepared to block the membrane for 2 h at room 
temperature with agitation. The membrane was then incubated 
with blocking solution containing diluted primary antibodies: 
mouse anti‑TGF‑β1 (1:200; cat. no. ab215715; Santa Cruz 
Biotechnology, Inc.), mouse anti‑TβRΙ (1:300; cat. no. ab31013; 
Santa Cruz Biotechnology, Inc.), mouse anti‑Smad2 
(1:200; cat. no. ab40855; Santa Cruz Biotechnology, Inc.), 
mouse anti‑p‑Smad2 (1:200, cat. no. ab280888; Santa Cruz 
Biotechnology, Inc.), and mouse anti‑α‑SMA (1:400; cat. 
no. ab5694; Boster Biological Technology) overnight at 4˚C, 
followed by incubation with a secondary antibody (HRP‑Goat 
polyclonal to Papain diluted in 5% BSA; cat. no. ab181737; 
Abcam) for 2 h at room temperature. The membrane was 
washed with buffer and visualized using a ChemiDoc™ XRS+ 
imaging system (Bio‑Rad Laboratories, Inc.). Multi Gauge 
Science Lab software (version 2006; Fujifilm Corporation) 
was used to quantify band densities.

Statistical analysis. For each group, data are expressed as the 
mean ± standard deviation. Student's t‑tests were performed 
to determine significant differences between two groups. 
One‑way ANOVA was used to determine significant differ‑
ences among multiple groups, followed by a Tukey's post hoc 
test. P<0.05 was considered to indicate a statistically signifi‑
cant difference.

Results

Aligned nanofiber nerve conduits inhibit alpha smooth 
muscle actin expression and collagen proliferation by 
suppressing TGF‑β1/SMAD signaling. In the present study, 
TGF‑β1/SMAD signaling agonist (SRI‑011381 hydrochloride) 
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and inhibitor (SB‑431542) were used to upregulate and 
suppress the TGF‑β1/SMAD pathway. Part I of the study 
discussed the possible connections between traumatic neuroma 
and proliferation of α‑SMA and collagen (agonist, control and 
inhibitor group). It also investigated the therapeutic effect 
of aligned nanofiber nerve conduits (conduit group). Part II 
hypothesized that the therapeutic effect of aligned nanofiber 
nerve conduits functioned by suppressing TGF‑β1/SMAD 
signaling (contained control, inhibitor, conduit, and conduit + 
agonist group). Fig. 1A is a demonstrative intraoperative image 
of animal modeling (Fig. 1A).

Alignment of electrospun fibers and orientation of Schwann 
cells. At the cellular level, the scanning electron micrographs 
of cell cultures revealed that the Schwann cells exhibited 
extensions oriented along the direction of fiber alignment, 
which indicated that aligned nanofiber materials are better 
than non‑aligned materials at promoting linear growth of 
Schwann cells (Fig. 1B). Part I of the study revealed that aligned 
nanofiber nerve conduits prevented traumatic neuromas from 
occurring.

Histological analysis. Neuromas were observed in 9 rats from 
the control group and 10 rats from the SRI‑011381 group. 
Nerve ends from rats in the SB431542 group were thin and 
truncated, while those from rats in the conduit group were 
thinner and more linear. Autotomy was observed at different 
levels in all groups which are not discussed in the present 
study. Immunohistochemical staining of Collagen I (Fig. 1C) 
revealed high proliferation of Collagen I associated with a 
disorderly arrangement of nerve fibers in the control and 
SRI‑011381 groups (P<0.05, compared with the SB431542 
and conduit groups). Less stained Collagen I in a disorderly 
arrangement was also present in the SB431542 group, and less 
stained but orderly arranged Collagen I was present in the 
conduit group (Fig. 1C).

Immunohistochemical staining demonstrated that the pres‑
ence of Collagen III (Fig. 1C) was mainly in the epineurium 
and the connective tissues surrounding it (red arrowheads). 
Results from the control and SRI‑011381 groups demonstrated 
the highly proliferated (P<0.05, compared with SB431542 and 
conduit groups) and intraneural connective tissue (red arrows), 
erosion of the epineurium, and haphazardly distributed nerve 
fascicles, indicating the presence of neuromas. In the SB431542 
and conduit groups, Collagen III was present in the epineu‑
rium and connective tissues surrounding it, but there was no 
erosion of the epineurium or the intraneural connective tissue. 
Additionally, the funicular architecture of the nerve fascicles 
was more orderly in the conduit group (Fig. 1C). The afore‑
mentioned findings suggested that the aligned nanofiber 
conduit has a similar function in suppressing Collagen I & III 
as the TGF‑β1/SMAD signaling inhibitor (SB‑431542).

As mentioned earlier, α‑SMA is a marker for myofibroblastic 
phenotypes. Fig. 1C shows the results of the immunohisto‑
chemical staining of α‑SMA. High proliferations of α‑SMA 
(red arrows and red arrowheads) were visible in the control 
and SRI‑011381 groups (Fig. 1C; P<0.05, compared with 
SB431542 and conduit groups). However, only slightly stained 
α‑SMA was observed, mainly within the vascular walls (red 
arrow), in the SB431542 and conduit groups (Fig. 1C). These 

results demonstrated that aligned nanofiber conduit serves 
an important role in preventing the proliferation of α‑SMA; 
cutting down the possibility of self‑contractility surrounding 
the injured nerve ends.

Western blot analysis. Quantitative analysis using the 
Western blot method revealed that α‑SMA expression was 
highest in the agonist group and lowest in the conduit group; 
the differences in α‑SMA protein content among the four 
groups were all significant (Fig. 1D). Western blot analysis 
of TGF‑β1/SMAD‑signaling‑related proteins revealed that 
TGF‑β1, TβRI, Smad2 and p‑Smad2 protein contents were 
all highest in the agonist group and lowest in the conduit 
group (Fig. 1D). In accordance with histological results, this 
finding suggested that aligned nanofiber conduit suppressed 
TGF‑β1/SMAD signaling and downregulated α‑SMA 
expression.

These findings suggested that aligned nanofiber conduit 
may prevent traumatic neuromas from occurring. Based on 
our previous studies (28) and literature review (30,31,33), we 
hypothesized that this effect could have certain connections 
with the status of TGF‑β1/SMAD signaling. Part II of the 
study revealed that aligned nanofiber nerve conduits inhibited 
soft tissue proliferation through regulation of TGF‑β1/SMAD 
signaling.

Histological analysis. Neuromas were observed in eight 
rats from the control group. Nerve endings from rats in the 
SB431542 group were thin, while the nerve endings from 
rats in the conduit and conduit + SRI (applied with both 
conduit and SRI‑011381) groups were truncated and linear. 
Immunohistochemical staining of Collagen I showed the 
highest proliferation of haphazardly distributed Collagen I 
fibers in control group (Fig. 2A; P<0.05, vs. per groups). In the 
SB431542 group, less stained Collagen I had regenerated in a 
disorderly arrangement, less stained Collagen I were observed 
in the conduit and conduit + SRI groups, with an orderly 
arrangement of nerve fibers (Fig. 2A).

Immunohistochemical staining of Collagen III showed the 
highest proliferation of collagen: severe erosion of the epineu‑
rium, and intraneural connective tissue interspersed with a 
disorderly arrangement of nerve fascicles in control group 
(Fig. 2A; P<0.05 vs. per groups). Moderate regeneration of 
collagen was present in the SB431542 group. In the conduit 
and conduit + SRI groups, collagen was observed surrounding 
the nerve tract (red arrowheads) with an orderly arrangement 
of nerve fibers (Fig. 2A). These findings suggested that our 
aligned nanofiber conduit may prevent the proliferation of 
Collagen I & III, and this function would not be blocked by 
TGF‑β1/SMAD signaling agonist (SRI‑011381 hydrochlo‑
ride).

Immunohistochemical staining with α‑SMA revealed the 
highest staining level of α‑SMA and a disorderly arrangement 
of regenerated nerve fibers in the control group (Fig. 2A; P<0.05 
vs. per groups). In the SB431542 group, moderate expression 
of α‑SMA was observed. Less staining with α‑SMA, mainly 
within the artery walls, was observed in the conduit and 
conduit + SRI groups (Fig. 2A). The nerve fascicles in these 
two conduit groups had an orderly arrangement compared 
with the control and SB431542 groups. As with Part I, the 
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Figure 1. Animal modeling and scanning electron micrograph of the nanofiber material and aligned nanofiber conduits decreases soft tissue proliferation 
and prevent traumatic neuroma. (A) Schematic diagram of animal modeling. The white arrows on the upper left of the panel mark the labeled suture site and 
the origin of the posterior gluteal nerve; the white arrow in the middle of the panel shows a length marker (silicone tube in the center), which indicates scale. 
The green numbers 1 and >1.5 cm show the lengths of the proximal nerve stump and the resected segment, respectively. The inset photographs show steps in the 
capping procedure. (B) Scanning electron micrograph of the nanofiber material. Superficial structures of (a) non‑aligned and (b) aligned nanofiber materials 
at high magnification (x500). Superficial morphology of Schwann cell clusters after 24 h of cell culture on (c) non‑aligned and (d) aligned nanofiber materials 
shown at high magnification (x500). Scale bar, 500 µm. (C) Immunohistochemical staining of Collagen I, III and α‑SMA of Part I of the study. It can be seen 
that the staining score of Collagen I, III and α‑SMA in the SRI and control groups are higher than in the SB431542 and conduit groups (all P<0.05), but there is 
no statistical difference between the SRI and control groups. Collagen I, III (magnification, x100); α‑SMA (magnification, x200). (D) The protein expressions 
and quantitative analysis of α‑SMA, TGF‑β1, TβR1, Smad2 and p‑Smad2 in the four groups. Values are expressed as the mean ± standard deviation, n=5 per 
group. ***P<0.001, %%P<0.01, %P<0.05 vs. control group; ###P<0.001 vs. control group.
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results of Part II revealed that aligned nanofiber conduit may 
prevent heterotopic‑expression of α‑SMA.

Western blot analysis. Quantitative analysis using the Western 
blot method demonstrated that α‑SMA expression was highest 
in the control group and significantly lower in the conduit and 
conduit + agonist groups. Differences in α‑SMA content among 
all the groups were significant (Fig. 2B). Western blot analysis of 
TGF‑β1/SMAD‑signaling‑related proteins revealed that TGF‑β1, 
TβRI, Smad2 and p‑Smad2 protein content were all highest in 
the control group (Fig. 2B). The content of these signaling‑related 
proteins was significantly lower in the conduit and conduit + 
agonist groups (Fig. 2B), but no other significant differences 
between these two groups were observed. This finding suggested 

that aligned nanofiber conduit suppressed α‑SMA expression by 
suppressing TGF‑β1/SMAD signaling.

From the histological findings in Part II, it was observed 
that aligned nanofiber conduit may remove the stimulation 
of the TGF‑β1/SMAD signaling agonist, suggesting that the 
conduit may serve its role by suppressing TGF‑β1/SMAD 
signaling. These findings supported our earlier hypothesis; 
and quantitative analysis further proved these findings.

Discussion

Traumatic neuromas can be a troublesome consequence of periph‑
eral nerve injuries (1). There have been various recommendations 
regarding how to prevent and treat traumatic neuromas, but no 

Figure 2. Aligned nanofiber conduits suppress TGF‑β1/SMAD‑signaling and prevent traumatic neuroma. (A) Immunohistochemical staining of Collagen I, III 
and α‑SMA in Part II of the study. The staining score of Collagen I, III and α‑SMA are highest in the control group (vs. per groups, all P<0.05). Collagen I, III 
(magnification, x100) and α‑SMA (magnification, x200). (B) Protein expression and quantitative analysis of α‑SMA, TGF‑β1, TβR1, Smad2 and p‑Smad2 in the 
four groups. Values are expressed as the mean ± standard deviation, n=5 per group. ***P<0.001, %%P<0.01, %P<0.05 vs. control group; ###P<0.001 vs. control group.
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consensus has yet been reached (7,8,14,20,26). One major reason 
for this is probably uncertainty regarding the specific pathophysi‑
ological mechanisms of neuropathic pain (2,9,48).

Several studies have reported satisfying treatment results 
following resecting the nerve stump and transferring it into 
muscles, veins or bones (14,18,49). This treatment method 
is based on the theory that external mechanical stimulation 
from connective tissues surrounding the neuroma may lead to 
neuroma‑associated pain (3). Inconsistencies in the success of 
the nerve capping technique imply that there may be several 
sources of neuroma‑associated pain.

Border and Noble (33) reported that transforming growth 
factor beta served a positive role in tissue fibrosis. Furthermore, 
the association between nerve growth factor and TGF‑β1 was 
studied by Coassin et al (34), revealing the potential func‑
tion of TGF‑β1 in the regeneration of connective tissue in the 
nervous system. Xie et al (31) suggested that SMAD regulated 
the mono‑ubiquitination of TGF‑β superfamily signaling. 
Furthermore, Arora and Mcculloch (37) reported that collagen 
remodeling depended on α‑SMA expression by fibroblasts. The 
results of the present study strongly suggest that, fibroblasts in 
traumatic neuroma are regulated by TGF‑β1/SMAD signaling. 
Further studies have illustrated the essential role of soft tissue 
proliferation, which could be a cause of neuropathic pain (3,5,29). 
In our previous study, formation of traumatic neuromas was 
significantly inhibited in the nerve conduit group with rela‑
tively ‘normal’ structural and morphological features and no 
occurrence of autotomy and significantly lower expression of 
pain marker (c‑fos) compared with the no‑capping group (26). 
Furthermore, significantly higher levels of α‑SMA and the pain 
marker, c‑fos, were observed in traumatic neuroma. Additionally, 
a strong correlation between autotomy scores and the expression 
level of α‑SMA was reported (R=0.957; P<0.001) and the expres‑
sion level of α‑SMA was positively associated with the autotomy 
scores (R2=0.915; P<0.001) (28). It is widely known that the 
pathophysiology of neuroma formation depends on the presence 
of a chaotic admixture of neurite outgrowth and fibrous tissue, 
and since α‑SMA is one of the markers of a myofibroblastic 
phenotype (32) and is common in the muscular layer of vascular 
walls, upregulated α‑SMA expression may increase the contrac‑
tility of myofibroblasts and non‑muscle cells, and this could be 
a cause of pain in the region affected by a neuroma (36‑39). 
Nanofibrous scaffolds manufactured by the electrospinning 
technique have been discussed previously and are becoming 
increasingly important in the study of nanomaterials and tissue 
engineering (44,50,51). Ceballos et al (52) demonstrated that, 
compared with random collagen gels, aligned gels could enhance 
neurite extension. At the cellular level, Pandey et al (53) reported 
that polymer nanofibers could provide an ideal three‑dimen‑
sional scaffold for the attachment and growth of mesenchymal 
stem cells. Our previous study also discussed this characteristic 
of aligned nanofiber conduits and demonstrated that these nerve 
conduits greatly improved the propensity of regenerated nerve 
fibers to adopt a linear alignment (27).

The results of the present study demonstrated that regen‑
eration of nerve fibers can be affected by the proliferation of 
surrounding connective tissues. In particular, the activation of 
TGF‑β1/SMAD signaling upregulates the expression of α‑SMA 
and collagen, leading to chaotic tissue proliferation, which is 
a typical pathological sign of traumatic neuromas. Scanning 

electron micrographs of cell cultures revealed that aligned 
nanofiber materials are better than non‑aligned materials at 
promoting the linear growth of Schwann cells. Combined 
with the results of the present study, we hypothesized that the 
inhibitory effect of aligned nanofiber nerve conduits on α‑SMA 
expression occurs through TGF‑β1/SMAD signaling in trau‑
matic neuroma.

These results suggested that the aligned nanofiber conduits 
prevent the development of post‑traumatic neuroma by 
suppressing TGF‑β1/SMAD signaling‑related α‑SMA and 
collagen proliferation. Furthermore, our recent study has 
demonstrated that aligned nanofiber nerve conduit inhibits 
painful traumatic neuroma formation also through regulation 
of the RhoA/ROCK signaling pathway (54). These findings 
support the theory that aligned nanofiber conduits may be used 
clinically in peripheral nerve injuries.

The results of the present study may provide novel insights 
into the commonly adopted approach of treating traumatic 
neuromas by trans positioning the nerve stumps into biological 
tunnels, including bones, muscles and veins, or by covering 
the transected nerve ends with conduits. It is plausible that 
covering the nerve stumps using these methods could decrease 
external mechanical stimuli and prevent the formation of scar 
tissue. Additionally, α‑SMA expression in the nerve stump may 
be downregulated, leading to pain relief. The main limitation 
of the present study was that an indirect approach was used to 
evaluate the mechanism of TGF‑β1/SMAD signaling. Future 
studies using specific animal models to verify these findings 
will be required. In summary, it was concluded that aligned 
nanofiber conduits can effectively downregulate α‑SMA and 
collagen expression, and this inhibition is mediated by suppres‑
sion of TGF‑β1/SMAD signaling. Aligned biomaterial conduits 
may be used as a basis for novel traumatic neuroma treatment 
strategies.
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