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Abstract
Background

Diabetic peripheral neuropathy (DPN) causes progressive peripheral nerve dysfunction with limited
recovery. Tibial cortex transverse transport (TTT) is an orthopedic mechanotherapy used in ischemic
limb disorders, but its potential for peripheral nerve repair in DPN remains unclear.

Methods

DPN rats (high-fat diet plus low-dose streptozotocin) were assigned to Control, DPN, Sham, TTT, and TTT
plus nerve growth factor (NGF) neutralization groups. Sensory behavior, gait-related function,
motor/sensory nerve conduction, and histological outcomes were evaluated. In vitro, serum from each
group was applied to Schwann cells, and a Schwann cell-dorsal root ganglion (DRG) neuron co-culture
system was used to assess neurite outgrowth.

Results

TTT improved sensory function and gait performance, increased motor and sensory conduction
velocities, and ameliorated structural abnormalities in sciatic nerve and intraepidermal nerve fibers.
Sciatic nerve NGF showed a modest increase after TTT, and TTT-derived serum enhanced Schwann cell
viability, increased NGF secretion, and promoted DRG neurite extension in vitro. NGF neutralization
attenuated multiple TTT-associated benefits in vivo and in vitro.

Conclusions

TTT confers neurofunctional and structural benefits in experimental DPN, with NGF signaling
contributing to its effects, supporting TTT as a promising mechanotherapy for peripheral nerve repair.

1. Introduction

Diabetic Peripheral Neuropathy (DPN) is a common and debilitating complication of diabetes,
characterized by nerve damage that leads to sensory loss, pain, and an increased risk of diabetic foot
ulcers [1, 2]. Despite significant advancements in treatment, most current therapies primarily focus on
alleviating symptoms rather than addressing the underlying nerve degeneration, leaving a critical gap in
effective treatments for nerve repair and regeneration [3]. This challenge arises from the complex
pathophysiology of DPN, which includes factors such as hyperglycemia-induced nerve damage, impaired
neurotrophic support, and inflammatory processes, making complete regeneration difficult to achieve [3,
4]. Conventional therapeutic approaches, including pharmacological interventions and physical therapies
like electrical stimulation, have shown limited success in reversing nerve degeneration or stimulating
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meaningful nerve regeneration [4-6][4-6]. While these therapies may offer temporary relief, they often
fail to fully address the root causes of DPN, and the regeneration of peripheral nerves remains a major
hurdle due to the difficulty in targeting the necessary repair mechanisms [7, 8].

Tibial Cortex Transverse Transport (TTT), a novel orthopedic technique originally developed for treating
lower limb ischemic diseases, such as diabetic foot ulcers and peripheral artery disease, has emerged
as a promising therapy for nerve regeneration [9-11]. TTT has been refined as a minimally invasive
surgical technique using smaller incisions and external fixation-assisted tibial corticotomy [12]. TTT
applies controlled mechanical strain through tibial bone distraction, creating a biologically active
regenerative microenvironment rather than merely enhancing vascular perfusion. Recent experimental
evidence demonstrates that TTT accelerates tissue repair and is accompanied by robust
neovascularization and activation of angiogenesis-related signaling pathways, including HIF-1a/SDF-
1/CXCR4, together with enhanced endothelial progenitor cell-associated responses [10, 13, 14]. These
findings suggest that TTT induces an organized systemic/regional repair program rather than a purely
descriptive “regenerative environment.”

Anecdotally, during routine clinical follow-up, we noted that some diabetic foot patients undergoing TTT
appeared to show altered plantar sensory responses to light mechanical stimulation; however, these
observations were not prospectively collected or quantitatively assessed. Emerging skeletal
neurobiology also provides a conceptual framework for bidirectional bone—nerve communication: bone
injury can engage somatosensory afferents, and sensory neuron—derived trophic signaling contributes to
fracture repair [15]. Because TTT involves a controlled osteotomy/distraction stimulus, we reasoned that
bone-derived mechanical cues might influence peripheral nerve function and neurotrophic support,
providing a hypothesis-generating rationale to investigate neurotrophic mechanisms of TTT in DPN.

Peripheral nerve repair depends strongly on Schwann cell-mediated support programs, including the
production of neurotrophic factors such as nerve growth factor (NGF) [16, 17]. NGF is a key regulator of
axonal maintenance and regeneration and plays a critical role in sensory fiber survival and functional
recovery in peripheral neuropathies such as DPN [18]. Importantly, mechanotransduction has emerged
as an upstream regulator of Schwann cell biology; mechanical stimulation or stretching can directly alter
Schwann cell signaling and metabolic states [19, 20]. This provides a biologically plausible link between
TTT-derived mechanical cues and Schwann cell-dependent neurotrophic support. Given that NGF-TrkA
signaling is closely associated with sensory fiber maintenance and load-induced tissue adaptation [21,
22], we hypothesize that TTT-derived mechanical stimulation promotes Schwann cell activation and
enhances NGF-TrkA signaling, thereby contributing to functional recovery in DPN. To test this
hypothesis, we evaluated the effects of TTT on Schwann cell activation and NGF-related neurotrophic
support in a rat model of DPN and further examined whether neutralizing NGF attenuates the
neuroprotective effects of TTT.

2. Materials and Methods
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2.1 Cells and Animals

The RSC96 cells (rat Schwann cell line) were purchased from Wuhan Procell Life Science & Technology
Co. Ltd. (Wuhan, China). The experimental animals were 8-week-old healthy male Sprague-Dawley (SD)
rats, which were raised in an SPF-grade environment with free access to food and water. The
experimental animals were obtained from the Animal Center of Guangxi Medical University. Our animal
experiments have been approved by the Ethics Committee of Guangxi Medical University (Approval
Number: 202508018).

2.2 In Vivo Experiment

2.2.1 Modelling, Grouping and Administration

30 male SD rats, aged 8 weeks and weighing 180-200 g, were randomly divided into two cohorts: a
control group (n = 6) maintained on standard chow, and a modeling cohort (n = 24) subjected to DPN
induction. The modeling cohort was initially administered low-dose Streptozotocin (STZ; Sigma-Aldrich,
St. Louis, MO, USA) injections (20 mg/kg ip) for 3 consecutive days [23]. Following this, the modeling
cohort was fed a high-fat, high-sucrose diet (67.5% regular chow, 10% lard, 20% sucrose, and 2.5%
cholesterol) for 8 weeks to induce type 2 diabetes with associated DPN [24]. The control cohort received
an equal volume of citrate buffer for 3 consecutive days and continued on standard chow throughout the
experiment. Sustained blood glucose = 16.7 mmol/L was used as the criterion for successful diabetes
induction [25]. Eight weeks post-injection, behavioral tests were performed to evaluate peripheral nerve
function and confirm the successful establishment of the DPN model [24].

Following validation, all 30 rats were allocated into five experimental groups (n = 6): (i) Control (untreated
normoglycemic rats), (ii) DPN (diabetic rats with peripheral neuropathy), (iii) Sham (DPN rats receiving
cortical osteotomy without bone transport), (iv) TTT (DPN rats undergoing a full tibial transverse
transport protocol for 10 consecutive days), and (v) TTT+anti-NGF (DPN rats receiving anti-NGF
treatment priorto TTT).

For Sham and TTT surgeries, a tibial cortical osteotomy window was created and a customized external
fixator was applied to the operated limb; Sham rats underwent identical procedures except that no
transport was performed. After a postoperative latency period, tibial transverse transport was carried out
in the TTT groups for 10 consecutive days (outward transport followed by inward transport), and the
cortical fragment was returned to its original position before tissue collection (Fig. 1). For the TTT+anti-
NGF group, DPN rats were given a single subcutaneous injection of a neutralizing anti-rat B-NGF antibody
(8 ug in 50 pL; R&D Systems, Minneapolis, MN, USA; No. AF-556-NA) immediately before TTT. The
antibody is a full-length goat IgG, which typically exhibits an in vivo half-life of approximately 5-8 days in
rodents due to FcRn-mediated recycling; therefore, a single injection was expected to provide sustained
NGF neutralization during the 10-day TTT period. All surgical procedures were performed as previously
described [26, 27]. On post-operative day 14, peripheral blood, sciatic nerves and plantar skin were
harvested for downstream analyses (Fig. 1).
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2.2.2 Behavioural Tests

Gait test and SFI. Hind-paw footprints were collected using a walking-track test from the right hind limb.
Print length (PL; heel to the 3rd toe), toe spread (TS; 1st—5th toes), and intermediary toe spread (IT; 2nd—
4th toes) were measured from = 3 clear footprints per rat and averaged to obtain EPL, ETS, and EIT. The
sciatic functional index (SFI) was calculated as: SFI =-38.3(EPL-NPL)/NPL + 109.5(ETS-NTS)/NTS +
13.3(EIT-NIT)/NIT-8.8. Because DPN is typically bilateral, “normal” reference values (NPL, NTS, NIT) were
defined as the mean right-hind footprint parameters from age-matched non-diabetic Control group
measured under identical conditions. One SFI value per animal was used for statistical analysis[28, 29].

Neurological function was evaluated on the 8th week after DPN modeling and the 14th day after TTT
procedures [23, 30]. Mechanical pain threshold was assessed by adapting rats on a metal grid for 30
minutes, followed by incremental mechanical stimulation of the hind paw sole using an electronic Von
Frey aesthesiometer (model 38450, Ugo Basile, Gemonio, Italy). Thermal pain threshold was measured
using a 55°C hot plate analgesia meter (model 35100, Ugo Basile, Gemonio, Italy), recording the latency
to paw withdrawal or licking. Each behavioral test was performed five times at 5-minute intervals, and
the average of the last three measurements was used as the final value.

For electrophysiological analysis, motor nerve conduction velocity (MNCV) and sensory nerve
conduction velocity (SNCV) were recorded under 2% pentobarbital anesthesia using an
electrophysiological recording system (model REMI-800, RWD Life Science, Shenzhen, China). For MNCV
measurement, the sciatic nerve was exposed and stimulated at the nerve bifurcation with a constant-
current stimulator (model ISO-Flex, RWD Life Science, Shenzhen, China), while compound muscle action
potential latency was recorded from the gastrocnemius muscle. For SNCV, the tibial nerve at the ankle
was stimulated and the sensory nerve action potential latency was recorded from the distal sciatic
nerve. Both MNCV and SNCV were calculated as: conduction velocity (m/s) = electrode spacing (mm) /
latency (ms). All tests were conducted on the lower limb ipsilateral to the TTT surgery.

2.2.3 Histology

Sciatic nerve tissues, L4 dorsal root ganglia (DRGs), and hind paw epidermal skin samples were
collected on post-operative day 14 and fixed overnight at 4°C in 4% paraformaldehyde. Tissues were
dehydrated, embedded in paraffin, and sectioned at 5 pm. H&E staining was performed on sciatic nerve
sections for general morphological evaluation. Nissl staining was performed on L4 DRG sections to
assess neuronal somatic integrity and Nissl substance distribution. For semi-quantification, images were
captured under identical microscope settings, and the number of Nissl-stained neurons was counted
within a defined area (mm?2) in five random fields per section; values were averaged across
fields/sections to yield one value per rat (n = 6 per group) for statistical analysis [31]. TUNEL staining
was performed on sciatic nerve sections using a commercial kit (61501, Servicebio, Wuhan, China). For
TUNEL quantification, TUNEL-positive nuclei were defined as nuclei showing distinct green fluorescence
co-localizing with DAPI, and the apoptotic index was calculated as (TUNEL-positive nuclei / total DAPI
nuclei) x 100 using ImageJ (NIH, Bethesda, MD, USA). Immunohistochemistry for PGP9.5 was
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conducted on hind paw epidermal skin sections using primary antibody PGP9.5 (1:1000, Proteintech,
China) and a DAB chromogenic kit (Servicebio, Wuhan, China).

2.2.4 Western Blot

Total protein was extracted from sciatic nerve tissues and quantified using the BCA assay. Equal protein
amounts were separated by SDS-PAGE and electrotransferred onto nitrocellulose membranes. Following
blocking with 5% (w/v) skim milk in TBST for 2 h at room temperature, membranes were incubated
overnight at 4°C with primary antibodies against NGF (1:1000, wanleibio, China) or B-actin (loading
control, 1:10000, Proteintech, China) diluted in 3% BSA/TBST. The next day, blots were washed and
probed with horseradish peroxidase-conjugated secondary antibodies (1:10000, Proteintech, China) for 2
h. Immunoreactive bands were visualized using ECL Western Blotting detection reagent (BL520A,
Biosharp, China).

For western blotting, proteins from six rats per group were combined in equal amounts to generate one
pooled sample per group (group-level average). The pooled samples were run on three independent blots
as technical repeats, and densitometry values were averaged across blots for presentation. Because
samples were pooled at the group level, the western blot data were used to assess technical repeat
consistency and overall trends, rather than inferential statistics based on biological replicates. Full-length
uncropped western blot images and membrane cutting/assembly information are provided (Figure S2).

2.3 In Vitro Experiment
2.3.1 Cell Culture

RSC96 cells were maintained in high-glucose DMEM medium with 10% FBS and 1%
penicillin/streptomycin, and incubated at 37°C in a humidified 5% CO, atmosphere. For in vitro DPN
model induction, cells were exposed to 200 mM glucose for 24 hours. RSC96 is a widely used rat
Schwann cell line that retains key Schwann-cell features and is commonly employed to model diabetic
peripheral nerve injury in vitro [32]. High-glucose exposure can trigger early stress/apoptosis-related
responses in Schwann cells within 24 h; thus, we used a 24-h high-glucose challenge as an in vitro DPN-
like injury paradigm [33].

DRG neurons were dissociated and cultured in accordance with established protocols [34, 35], with some
modifications. In summary, the L4-L6 DRGs were extracted from adult SD rats, and the nerve roots were
cut off. Then, the samples were transferred to a centrifuge tube containing an appropriate amount of
collagenase NB 4G (Nordmark, 17465, Germany) and DNase (servivebio, G3342, China), with final
concentrations of 0.5 mg/ml and 4 mg/ml, respectively. The samples were dissected with micro-scissors
for 5 minutes and shaken at 37°C for 30min, followed by centrifugation to remove the collagenase and
DNAase. Next, we added 0.25% trypsin (Gibco), and they were shaken at 37°C for 15min. Upon the
completion of digestion, the supernatant was discarded after centrifugation. Then, the cell suspension
was filtered through a 100-um cell strainer to remove pieces of tissues. The neurons were resuspended
in a high-glucose DMEM medium containing 10% FBS and 1% penicillin/streptomycin, followed by
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repeated pipetting to form a single-cell suspension. Neurons were seeded into 24-well plates at a density
of 2x10° cells per well, coated with 10mL/L Poly-D-lysine solution (G4031, servicebio, China) 1 day in
advance, and then used for co-culture with RSC96 cells.

2.3.2 Cell proliferation assay

Cell viability was assessed using the CCK-8 (WST-8) assay (CCK-8 kit, MCE, Monmouth Junction, NJ,
USA). Whole blood was collected by cardiac puncture at the time of tissue harvest [36]. Blood was
collected into plain tubes and allowed to clot undisturbed at room temperature for 15-30 min [37]. The
clot was removed by centrifugation at 3000 rpm for 15 min, and the resulting supernatant (serum) was
carefully transferred into clean polypropylene tubes. During handling, samples were kept at 2—-8°C.
Serum was aliquoted (e.g., 0.5 mL per tube) and stored at - 80°C until use; repeated freeze—thaw cycles
were avoided [15].

To select the working serum concentration for subsequent assays, a pilot dose—response optimization
was performed. RSC96 cells were seeded into 96-well plates at a density of 4 x 103 cells/well and
incubated with rat serum at 2.5%, 5%, 10%, or 15% for 3 days. Following treatment, 10 yL of CCK-8
reagent was added to each well and plates were incubated at 37°C for 2 h. Absorbance at 450 nm was
measured using a microplate spectrophotometer (SpectraMax iD3, Molecular Devices, San Jose, CA,
USA). The concentration that yielded the highest 0D450 (maximal viability signal) at the endpoint (Day 3)
was selected as the working concentration; accordingly, 5% serum was used for subsequent
experiments (optimization data shown in Fig. 4A). To exclude a confounding contribution of serum-borne
NGF/BDNF, NGF and BDNF levels were also measured directly in the donor sera by ELISA (Figure S1),
and no significant differences were observed among groups.

Using the selected condition, RSC96 cells were treated for 3 days with individual rat serum samples from
the five experimental groups (control, DPN, sham, TTT, and TTT + anti-NGF). For each group, serum from
each rat was tested separately (n = 6 biological replicates per group). For each serum sample, CCK-8 was
performed in three technical replicate wells, and technical wells were averaged to yield one value per
animal for statistical analysis.

2.3.3 ELISA

After serum treatment, the culture supernatant from RSC96 cells was collected and clarified by brief
centrifugation, and NGF levels were measured using an ELISA kit according to the manufacturer’s
instructions. ELISA measurements were performed in technical triplicates for each supernatant sample,
and replicates were averaged to obtain one value per donor serum (n = 6 per group). To evaluate whether
differences in NGF could originate from the donor sera themselves, NGF and BDNF levels were also
measured directly in the donor sera by ELISA (NGF: ZC-37163; BDNF: ZC-37020, ZCBIO, China) (Figure
S1).

2.3.4 Co-culture of RSC96 cells and DRG neurons
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Serum from individual rats in the five experimental groups (control, DPN, sham, TTT, and TTT + anti-NGF)
was diluted to 5% (v/v) in high-glucose DMEM supplemented with 1% penicillin/streptomycin and 200
mM D-glucose (Sigma-Aldrich, St. Louis, MO, USA), with this concentration selected based on preliminary
CCK-8 proliferation assays.

For the pre-treatment phase, RSC96 cells were trypsinized and seeded into the upper chamber of 0.4-um
pore Transwell inserts (Thermo Fisher Scientific, Waltham, MA, USA) at a density of 1 x 10° cells per 200
uL, while serum-free medium was added to the lower chamber. The upper chambers were then treated
with the respective serum-supplemented medium for 72 hours. Following treatment, inserts were
washed three times with PBS (Servicebio, Wuhan, China) to remove residual serum, and the medium was
replaced with serum-free DMEM.

DRG neurons were pre-cultured at a density of 1.5 x 10° cells per well in the lower chamber of 24-well
plates until adherence. DRG neurons were maintained in B-27 Plus—supplemented neuronal culture
medium (Thermo Fisher Scientific, Waltham, MA, USA, A3653401).To establish co-culture, these neuron-
containing wells were washed three times with PBS, after which the Transwell inserts containing pre-
treated RSC96 cells were transferred onto the DRG cultures. Both compartments were maintained in
serum-free medium during the 72-hour co-culture period.

After co-culture, DRG neurons in the lower chamber were fixed with 4% paraformaldehyde (Servicebio,
Wuhan, China) and immunostained with anti-B-tubulin Ill antibody (1:1000, Proteintech, Wuhan, China), a
neuronal marker for peripheral sensory neurons, including DRG neurons [38]. Because RSC96 cells were
confined to the upper Transwell insert (0.4-um pore size), the pore size prevents cell migration and
allows only soluble factor exchange; thus, imaging and quantification were performed exclusively on 8-
tubulin llI-positive DRG neurons in the lower chamber. Morphological analysis was performed using
ImageJ software to quantify neurite length and branch points. For each donor serum (n = 6 per group),
50 randomly selected B-tubulin Ill-positive neurons were analyzed and averaged to yield one value per
donor for statistical analysis.

2.3.5 Statistical Analysis

All data are presented as mean * SD unless otherwise specified. Normality was assessed using the
Shapiro—Wilk test and homogeneity of variances using Levene’s test. For comparisons among = 3
groups, one-way ANOVA was performed followed by Tukey’s multiple-comparisons test (all pairwise
comparisons) or Dunnett’s test (comparisons vs. a single control), as specified in the figure legends. For
count-type outcomes such as neurite branch points, nonparametric testing was applied using the
Kruskal—-Wallis test with Dunn’s multiple comparisons. Where applicable, multiple comparisons were
restricted to a priori defined contrasts (e.g.,, DPN vs TTT and TTT vs TTT+anti-NGF for Fig. 5C). Exact
two-sided P values are reported (except when P <0.0001). Statistical analyses were performed using
GraphPad Prism 10.0, with P < 0.05 considered significant.

3. Results
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3.1 Establishment and Validation of the DPN Rat Model

8 weeks after the final STZ injection, the 24 rats in the modeling cohort all achieved sustained
hyperglycaemia (= 16.7 mmol/L). Relative to the age-matched control cohort (n = 6), these animals
exhibited clear signs of peripheral neuropathy: mechanical withdrawal threshold dropped to 5.12+0.24 g
versus 14.63 £0.63 g (P < 0.001), thermal withdrawal latency prolonged to 14.69 + 0.49 s versus 4.55 +
0.37 s (P <0.001), and nerve conduction velocities were markedly slowed (MNCV: 20.88 + 0.86 m/s;
SNCV: 24.33 +0.95 m/s vs. 40.00 £ 2.76 m/s and 62.00 + 3.46 m/s, respectively; P < 0.001) (Table 1).
These data verify that type 2 diabetic rats with established DPN were successfully generated before
subsequent randomisation into intervention groups.

Table 1

Validation of the diabetic peripheral neuropathy (DPN) rat model. After 8 weeks of high-fat/high-sugar
diet combined with low-dose STZ injections, rats in the DPN cohort (n = 24) exhibited significantly
elevated blood glucose, reduced mechanical pain threshold, prolonged thermal pain latency, and
decreased motor and sensory nerve conduction velocities compared with normal control rats (n = 6).
These results confirm successful DPN model establishment. Data are shown as Mean + SD. ***P < 0.001

vs. Control.

Group n Blood glucose = Mechanical pain Thermal pain MNCV SNCV

(mmol/L) threshold (ggJ Ee;sponse time (m/s) (m/s)

s
Control 6 6.52+0.94 14.63+0.63 4.55+0.37 40.00 £ 62.00 +
2.76 3.46

DPN 24 2152+ 5.12+0.24%** 14.69 + 0.49%** 20.88 + 24.33

0.82%** 0.86%** 0.95%**

3.2 TTT Improves Nerve Function and Plantar Morphology
in DPN Rats

To evaluate functional recovery after TTT, we quantified hindlimb gait performance using walking-track
analysis and calculated the Sciatic Functional Index (SFI) from right hind-limb footprints. DPN rats
exhibited a marked impairment in SFI compared with controls, whereas TTT significantly improved SF;
this improvement was attenuated by NGF neutralization (Fig. 2A). Representative plantar images of the
right hind paw are shown for qualitative reference (Fig. 2B). Consistent with the footprint-based SFI
components, the 2nd-4th interdigital spacing (corresponding to the IT parameter) appeared reduced in
DPN and improved after TTT, with attenuation by anti-NGF (Fig. 2B).

Following successful DPN validation (Section 3.1) and randomization, behavioral assessments were
performed again 2 weeks after the interventions to assess treatment effects (post-TTT). At this post-
intervention assessment, sensory deficits remained evident in DPN rats, consistent with the model-
validation findings. TTT treatment substantially reversed these deficits, increasing the mechanical
threshold to 12.45 + 0.78 g and reducing the thermal latency to 6.82 + 0.51 s (both P <0.001 vs. DPN).
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NGF neutralization markedly attenuated these improvements (mechanical: 7.89 + 0.55 g; thermal: 11.24
+0.68 s; both P <0.05 vs. TTT), whereas sham surgery exerted no significant effect (Fig. 2C, D).

Electrophysiological recordings performed at the same post-intervention timepoint showed that TTT
markedly improved motor and sensory nerve conduction, increasing MNCV and SNCV to 35.67 £2.12
m/s and 51.83 + 2.94 m/s, respectively (both P <0.01 vs. DPN). These benefits were significantly
diminished by NGF blockade (P < 0.01 vs. TTT), while sham-operated animals again showed no
detectable improvement (Fig. 2E, F).

Immunohistochemical staining of PGP9.5 in hind paw skin demonstrated a marked loss of
intraepidermal nerve fibers (IENFs) in DPN rats (P < 0.001 vs. Control). TTT significantly increased IENF
density (P < 0.001 vs. DPN), whereas NGF neutralization largely abolished this neuroregenerative effect
(P<0.001 vs. TTT), consistent with the behavioral and electrophysiological findings (Fig. 2G, H).

3.3 TTT Improves Sciatic Nerve Pathology and Upregulates
NGF Expression

H&E staining revealed marked morphological abnormalities in sciatic nerves from DPN rats compared
with controls, whereas TTT-treated rats showed an overall improvement in nerve morphology; these
changes were attenuated by NGF neutralization (Fig. 3A). To assess neuronal somatic integrity, Nissl
staining was performed on L4 dorsal root ganglia (DRGs) (Fig. 3B). DPN rats exhibited disrupted
neuronal morphology with reduced Nissl substance. Semi-quantification further demonstrated a marked
decrease in the density of Nissl-stained neurons (neurons/mm?2) in the DPN group compared with
controls (P <0.001). TTT significantly restored Nissl-stained neuron density relative to DPN (P < 0.001),
whereas NGF neutralization markedly blunted this restorative effect (TTT vs. TTT+anti-NGF, P <0.001).
Notably, Nissl-stained neuron density did not differ between the DPN and TTT+anti-NGF groups (P =
0.38), indicating that NGF signaling contributes to the TTT-associated improvement in DRG neuronal
integrity (Fig. 3C). Western blotting of pooled sciatic nerve lysates showed a modest increase in NGF in
the TTT group compared with DPN, which was reduced by anti-NGF treatment (Fig. 3D, E). In parallel,
TUNEL staining indicated elevated apoptosis in DPN nerves, which was reduced by TTT and partially
reversed by NGF neutralization (Fig. 3F, G.).

3.4 TTT-Derived Serum Enhances Schwann Cell Survival
and NGF Secretion

Serum concentration optimization identified 5% as the optimal dose, with rat serum most robustly
enhancing RSC96 Schwann cell viability(Fig. 4A). Employing this concentration, serum from TTT-treated
rats significantly improved cell viability compared to DPN and sham groups (P < 0.001), an effect
markedly attenuated by NGF neutralization (Fig. 4B). ELISA quantification of RSC96 culture supernatants
revealed that TTT serum increased NGF secretion to 24.42 + 1.93 pg/mL, representing a ~ 1.4-fold
elevation over DPN serum (17.09 + 2.09 pg/mL, P < 0.01). This effect was abolished by NGF
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neutralization (16.58 + 1.19 pg/mL, P<0.01 vs. TTT) (Fig. 4C). To exclude a confounding contribution
from serum-borne neurotrophins, NGF and BDNF were also measured directly in the donor sera and
showed no significant differences among groups (Figure S1), supporting that the differences observed in
Fig. 4C reflect changes in cell-derived NGF in response to the different sera. Consistent with these
findings, TUNEL staining indicated that TTT serum significantly reduced apoptosis in RSC96 cells relative
to DPN serum, whereas NGF neutralization largely abolished this protective effect (Fig. 4D, E).

3.5 Axonal Stimulation of DRG Neurons by Serum-Primed
Schwann Cells

To elucidate the functional impact of serum-primed Schwann cells on neuronal regeneration, we
employed a Transwell co-culture system in which RSC96 cells were pre-treated with donor sera in the
upper insert (0.4-um pore size) and primary DRG neurons were maintained in the lower chamber. This
configuration permits exchange of soluble factors but prevents cell mixing across compartments;
therefore, neurite analyses were performed exclusively on B-tubulin lll-positive DRG neurons in the lower
chamber (Fig. 5A.). DRG neurons co-cultured with TTT serum—primed Schwann cells exhibited enhanced
outgrowth, with average neurite length increasing to 89.2 + 29.8 ym (P = 0.05 vs. DPN; one-way ANOVA
with Tukey’s multiple comparisons) and branch points rising to 4.0 £ 1.0 per neuron (P = 0.04 vs. DPN;
Dunn'’s test, a priori DPN vs. TTT) (Fig. 5B/C.). In contrast, DPN serum—primed cells supported only
minimal neurite extension (44.1 +29.2 ym; 2.4 + 0.7 branches). NGF blockade significantly attenuated
the TTT effect, reducing neurite length to 38.8 + 25.2 ym (P = 0.02 vs. TTT; one-way ANOVA with Tukey’s
multiple comparisons) and branch points to 2.4+ 0.7 (P =0.03 vs. TTT; Dunn'’s test, a priori TTT vs.
TTT+anti-NGF) (Fig. 5B/C.). For quantification, each dot represents one serum donor rat (n = 6 per
group), with one value per donor obtained by averaging measurements from 50 randomly selected B-
tubulin lll-positive neurons. These results demonstrate that TTT serum enhances Schwann cell-
mediated neuronal regeneration through NGF-dependent mechanisms.

4. Discussion

The present study demonstrates that TTT alleviates DPN-associated deficits across behavioral,
electrophysiological, histological, and in vitro readouts, consistent with prior work showing that
mechanical stimulation can trigger repair-promoting biological responses [39-42]. Our data support an
NGF-dependent contribution to these benefits, as NGF neutralization attenuated TTT-associated
improvements. Although our in vitro assays show that TTT-derived serum cues enhance Schwann cell
viability and NGF secretion and support DRG neurite outgrowth, in vivo NGF detection was performed
using whole-nerve lysates and does not identify the cellular source; thus, Schwann-cell involvement
should be interpreted as a plausible contributor rather than a definitive in vivo source of NGF.

In our model, rats with DPN displayed typical sensory impairment and slowed nerve conduction,
confirming successful model establishment [43, 44]. TTT significantly improved pain thresholds,
conduction velocities, and gait-related functional readouts (including SFl), and was associated with
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partially restored epidermal nerve fiber markers in hind paw skin. The fact that these improvements were
diminished by NGF neutralization supports an NGF-dependent contribution to TTT-associated
neurofunctional recovery. These findings align with established knowledge that NGF is a key
neurotrophin essential for peripheral nerve maintenance and repair [45-48].

Histological analyses further revealed that TTT improved sciatic nerve morphology, partially restored L4
DRG neuronal somatic integrity as assessed by Nissl staining, and reduced apoptosis. Because sensory
neuron cell bodies reside in DRGs and contribute to sciatic nerve function, the L4 DRG Nissl findings
provide complementary evidence that TTT mitigates DPN-associated neuronal injury, while NGF
blockade blunts these protective effects[49-51].

Consistent with this, serum derived from TTT-treated rats enhanced Schwann cell viability, increased
NGF secretion, and reduced apoptosis in vitro. Schwann cells are central regulators of peripheral nerve
regeneration, providing trophic support and guiding axonal extension [52-54]. The ability of TTT-derived
serum to augment Schwann cell function suggests that systemic factors released during TTT may
create a more supportive neuroregenerative environment. This is further supported by the observation
that Schwann cells pre-stimulated with TTT serum significantly promoted DRG neurite elongation and
branching, effects again dependent on NGF.

Translationally, our serum-based assays model systemic cues associated with TTT but do not translate
to a clinical “dose,” given the complex mixture of circulating factors. Although serum NGF/BDNF levels
did not differ among groups by ELISA, the in vitro effects likely reflect cellular responses to a
multifactorial serum milieu rather than circulating NGF elevation alone [22, 55].

The mechanistic underpinnings of these findings may be closely linked to mechanical stimulation
principles described in the llizarov tension-stress law, whereby bone distraction at approximately 1
mm/day induces 2—-10% cyclic microstrain beneath the periosteum [56, 57]. Finite-element analyses
have shown that such strain propagates along periosteal and Haversian canal pathways to the
neurovascular bundle, exposing adjacent nerves to low-amplitude, high-frequency tension signals [21,
57-60]. These mechanical cues likely alter the local microenvironment surrounding peripheral nerves,
including changes in mechanical pressure, extracellular matrix composition, and local cytokine
concentrations [61-64]. Such microenvironmental modulation may directly stimulate NGF expression
within neural tissue through mechanotransduction pathways [21, 65, 66]. Mechanical forces have been
shown in other contexts to activate transcriptional regulators, calcium channels, or MAPK-related
pathways that promote neurotrophin upregulation [61, 63, 64, 67].

Once NGF increases locally, several downstream biological effects may contribute to nerve repair. First,
NGF may act through autocrine or paracrine mechanisms on Schwann cells and neurons, enhancing
their survival and functional recovery [33, 68—-70]. Second, increased NGF can initiate a broader
neurotrophic cascade, potentially elevating other growth factors such as BDNF or GDNF, thereby
amplifying regenerative signaling [22, 71]. Third, NGF possesses well-described neuroprotective and anti-
apoptotic properties, including activation of PI3K/Akt or MAPK/ERK pathways, which can shield neurons
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from hyperglycemia-induced damage [33, 70]. Fourth, NGF facilitates axonal regeneration and
remyelination, processes essential for restoring conduction velocity and sensory function [22, 69, 72].
These mechanisms align well with our observed improvements in nerve conduction, fiber morphology,
and DRG neurite outgrowth.

Together, these findings support a working model in which TTT-induced mechanical strain modulates the
peri-neural microenvironment and engages NGF-dependent neuroprotective signaling (Fig. 6). Increased
NGF signaling may promote regeneration through coordinated actions on neurons and glia, including
Schwann cells [22, 69, 72]. Given the lysate-based nature of the in vivo NGF measurement, this
mechanism is presented as a hypothesis supported by functional NGF neutralization and Schwann cell-
based in vitro responses.

Potential relevance to sympathetic/autonomic fibers. Although our study focuses on somatosensory
recovery, NGF signaling is also relevant to sympathetic/autonomic axons and may influence autonomic
components of DPN. Prior work indicates that NGF can be upregulated after injury and contribute to
sympathetic axon growth/regeneration, and sympathetic fibers constitute a notable fraction of axons
within the sciatic nerve [73-76]. Because we did not directly assess sympathetic regeneration (e.g., TH-
positive fiber density) or autonomic function (e.g., sudomotor output) in the present study, the potential
contribution of autonomic recovery remains to be defined in future work.

While the study provides compelling evidence for an NGF-mediated mechanism, several limitations
should be noted. We did not directly evaluate autonomic outcomes (e.g., TH-positive fibers, sudomotor
output), and NGF blockade was systemic rather than nerve-specific. Other neurotrophic factors may also
contribute to TTT-induced neural repair and warrant further investigation [22, 77, 78]. Representative
plantar images were provided for qualitative reference, whereas peripheral innervation changes were
quantified using epidermal nerve fiber markers; additional parameter-wise scoring of paw morphology
could further standardize gross morphological comparisons in future studies. H&E provides an overview
of nerve morphology but is not ideal for resolving remyelination/demyelination; additional myelin/axon-
sensitive readouts (e.g., semithin toluidine blue sections, axon caliber distributions) and analysis of a
purely sensory nerve (e.g., saphenous nerve) would strengthen conclusions regarding sensory axonal
degeneration/regeneration. TUNEL staining reports overall apoptosis but does not identify protected cell
populations; future work should incorporate cell-type markers. All in vivo analyses were performed at day
14 post-intervention, capturing early recovery but not durability; longer follow-up is needed.

In vitro, an iso-osmotic control for high-glucose conditions (e.g., mannitol/mannose) was not included,
and the use of an immortalized Schwann cell line improves reproducibility but does not fully recapitulate
in vivo microenvironmental changes; future studies using primary Schwann cells would further
strengthen mechanistic interpretation. Only male rats were used, consistent with prior TTT modeling
practice; female cohorts were not included due to practical constraints in model establishment (e.g.,
anesthesia/surgical tolerance) and should be incorporated in future studies. Finally, the magnitude of the
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NGF protein change in sciatic nerve was modest and, because western blotting used pooled samples
with technical repeats, is presented descriptively rather than as biological replicate—based inference.

Overall, this study identifies TTT as a promising mechanotherapy capable of promoting peripheral nerve
regeneration through NGF-dependent pathways. By clarifying the neurobiological processes involved,
these findings may inform the development of novel mechanostimulation-based interventions for a wide
range of nerve-related diseases.

5. Conclusion

TTT improved functional and structural outcomes in a rat model of diabetic peripheral neuropathy, as
evidenced by better gait-related performance, higher mechanical thresholds, faster nerve conduction,
reduced neuronal injury/apoptosis, and increased epidermal nerve fiber—related signals. In parallel,
serum from TTT-treated animals enhanced Schwann cell viability, increased NGF secretion, and
supported DRG neurite outgrowth in vitro. Importantly, neutralization of NGF attenuated multiple TTT-
associated benefits, indicating that NGF signaling contributes to the neuroprotective effects of TTT.
Collectively, these findings support TTT as a promising mechanotherapy that may promote peripheral
nerve repair in diabetic neuropathy and warrant further studies to define the upstream
mechanotransduction pathways, the cellular sources of neurotrophic support in vivo, and the durability
and translational potential of this approach.
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Figure 1

Experimental timeline, grouping strategy, and tibial transverse transport (TTT) procedure. After 8
weeks of high-fat/high-sugar diet combined with low-dose STZ injections, diabetic peripheral neuropathy
(DPN) rats were randomly assigned to the DPN, Sham, TTT, and TTT+anti-NGF groups (n = 24 in total).
Normal rats served as the Control group (n = 6). The schematic illustrates DPN induction, surgical
preparation, latency (days 0-2), outward transport (days 2-7), inward transport (days 7-12),
consolidation, and final behavioral/electrophysiological assessments and tissue collection on day 14.
Sham rats underwent cortical osteotomy without transport. TTT rats received full tibial transverse
transport, and TTT+anti-NGF rats received anti-NGF treatment priorto TTT.
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Figure 2

TTT improves behavioral sensitivity, nerve conduction, and cutaneous nerve integrity in DPN rats. (A)
Sciatic Functional Index (SFI) of the right hind limb calculated from walking-track footprints. (B)
Representative plantar images of the right hind paw. Qualitatively, the 2nd—4th interdigital spacing
(corresponding to the IT parameter used in SFI) appeared reduced in DPN and improved after TTT, with
attenuation by anti-NGF. (C) Mechanical pain threshold and (D) thermal withdrawal latency. (E) Motor
nerve conduction velocity (MNCV) and (F) sensory nerve conduction velocity (SNCV). (G) Representative
PGP9.5 immunohistochemical staining of intraepidermal nerve fibers (IENFs) in hind paw skin; scale bar
= 50 ym. (H) Quantification of IENF density. Data are presented as Mean + SD (n = 6). ###P < 0.001 vs.
Control;***P < 0.001 vs. TTT, Tukey’s multiple comparison test.
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Figure 3

TTT alleviates sciatic nerve pathology and increases NGF expression in DPN rats. (A) Representative
H&E staining of sciatic nerve sections showing overall nerve morphology (scale bar = 50 ym). (B)
Representative Nissl staining of L4 dorsal root ganglia (DRGs) with corresponding higher-magnification
insets (scale bars as indicated). (C) Semi-quantification of Nissl-stained neuron density (neurons/mm?)
in L4 DRGs (n = 6 per group; one value per rat, averaged from five random fields per section). (D)
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Representative western blots of NGF and B-actin in sciatic nerve lysates. (E) Densitometric quantification
of NGF normalized to B-actin from three technical repeats (three independent blots) of pooled group
samples (each lane represents one pooled sample per group). (F) Representative TUNEL staining (green)
with DAPI counterstain (blue) in sciatic nerve sections (scale bar = 50 ym). (G) Quantification of TUNEL-
positive cells (apoptotic index; n = 6 per group). Data are shown as mean + SD. ###P < 0.001 vs. Control;
*P < 0.05,**P < 0.01, ***P < 0.001 vs. TTT. For panels C and G, one-way ANOVA with Tukey’s multiple
comparisons was used. Panel E shows technical repeat consistency of pooled samples and is presented
descriptively (no biological replicate—based inferential statistics).
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Figure 4

Serum from TTT-treated rats enhances Schwann cell viability, stimulates NGF secretion, and reduces
apoptosis in vitro. (A) Time-course CCK-8 viability (OD450) across serum concentrations (2.5%, 5%, 10%,
15%). Statistics: two-way ANOVA (factors: time and concentration) with multiple-comparisons
correction. (B) Schwann cell viability after 72-hour treatment with 5% serum from each experimental
group (n = 6 serum donors per group; one value per donor). (C) NGF concentration in RSC96 culture
supernatants measured by ELISA (n = 6 serum donors per group; one value per donor; technical
triplicates averaged). To assess potential confounding by serum-borne neurotrophins, NGF and BDNF
levels were also measured directly in donor sera and showed no significant differences among groups
(Figure S1). (D) Representative TUNEL staining (green) with DAPI counterstain (blue) of RSC96 cells after
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serum treatment (scale bar = 200 pm). TUNEL-positive nuclei were defined as green signals co-localizing
with DAPI above a fixed threshold. (E) Quantification of TUNEL-positive cells (apoptotic index; n = 6
serum donors per group; one value per donor). Data are shown as mean + SD. ###P < 0.001 vs. Control;
*P < 0.05,**P < 0.01, ***P < 0.001 vs. TTT. For serum-based assays, n indicates the number of serum
donor rats (n = 6 per group). For CCK-8, each donor serum was measured in three technical replicate
wells, which were averaged to yield one value per donor.

A B-tubulin Il DAPI MERGE L
g 250-
g 3 00
£ S 200
| -
[&]
2 1504
=
)
> 1004
c
@
E :g 504
a E
Q 0-
b4
00
g
» 15+
5 H#Hi * *
0 | 1 |
o
e 104 =
'_ 1
E Q ]
= o
£
=]
c
£ 5-
[T
S e
z S
€ o
f —— ———
'E 0 T T T T

Figure 5

Serum-primed Schwann cells promote DRG neurite outgrowth in an NGF-dependent manner. (A)
Representative B-tubulin Il immunofluorescence images of DRG neurons in the lower chamber after
Transwell co-culture with serum-treated RSC96 cells confined to the upper 0.4-um insert (scale bar = 100
um). (B) Quantification of neurite length and (C) branch points per neuron from B-tubulin Ill-positive DRG
neurons. For serum-priming experiments, n indicates the number of serum donor rats (n = 6 per group).
For each donor, 50 randomly selected B-tubulin IlI-positive neurons were analyzed and averaged to yield
one value per donor. Neurite length was analyzed by one-way ANOVA with Tukey’s multiple comparisons.
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Branch points were analyzed by Kruskal-Wallis test with Dunn’s multiple comparisons using a priori
contrasts (DPN vs. TTT; TTT vs. TTT+anti-NGF).
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Figure 6

Proposed model for how tibial transverse transport (TTT) may ameliorate diabetic peripheral
neuropathy (DPN).TTT-induced cyclic microstrain generated by tibial distraction is proposed to be
transmitted through the periosteal surface and Haversian canal-embedded neurovascular pathways.
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This mechanostimulation may modulate the perineural microenvironment and enhance NGF-related
signaling in peripheral nerves, as supported by the modest increase of NGF detected in sciatic nerve
lysates and the NGF-dependent effects observed in Schwann cell-based assays. Elevated local NGF
signaling may promote neuronal and glial protection and support peripheral nerve structural and
functional recovery, consistent with reduced apoptosis and improved intraepidermal nerve fiber-related
signals in TTT-treated DPN rats. The DRG-related effects illustrated here represent inferred mechanisms
based on in vitro co-culture results showing enhanced neurite outgrowth from DRG neurons stimulated
by TTT-serum—primed Schwann cells. Items depicted as “myelin repair” and “nerve ending regeneration”
indicate potential downstream outcomes and require further direct validation with myelin/axon-specific
analyses.
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