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Increased nerve density adversely affects D
outcome in colorectal cancer and denervation
suppresses tumor growth

Hao Wang'", Ruixue Huo'", Kexin He'", Weihan Li', Yuan Gao? Wei He?, Minhao Yu*, Shu-Heng Jiang® and
Junli Xue"

Abstract

Background The colon and rectum are highly innervated, with neural components within the tumor
microenvironment playing a significant role in colorectal cancer (CRC) progression. While perineural invasion (PNI) is
associated with poor prognosis in CRC, the impact of nerve density and diameter on tumor behavior remains unclear.
This study aims to evaluate the prognostic value of nerve characteristics in CRC and to verify the impact of nerves on
tumor growth.

Methods Tissue samples from 129 CRC patients were stained with immunofluorescent markers NF-L and S100B
to detect nerves. Nerve diameter and density were measured and normalized. Kaplan-Meier survival analysis and
Cox regression models were used to identify prognostic factors. Prognostic models were established using receiver
operating characteristic (ROC) curve analysis to assess the predictive value of neural factors. A murine chemical
denervation model was employed to disrupt sympathetic nerves using 6-hydroxydopamine, inhibit muscarinic
receptor 3 with darifenacin, and ablate sensory neurons with capsaicin.

Results The total nerve density was 0.72 +0.59/mm?, with intratumoral (0.42 +0.40/mm?) being significantly lower
than extratumoral regions (1.00+0.75/mm?). The average nerve diameter was 28.14 +6.04 um, with no significant
difference between intratumoral (28.2 +7.65 um) and extratumoral regions (27.86 +6.72 um). PNI was observed

in 65 patients (50.4%). PNI and high normalized nerve density (NND) were associated with shorter overall survival

and disease-free survival in CRC patients, with PNI identified as an independent prognostic factor. Patients with PNI
exhibit higher NND. Incorporating PNI'and NND into ROC curve analysis improved the sensitivity and specificity of
survival predictions. In the murine model, chemical denervation of sympathetic, parasympathetic, and sensory nerves
significantly reduced rectal tumor volume.
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Conclusions PNIand NND are critical factors influencing CRC patient survival and enhance the accuracy of survival
prediction models. Moreover, chemical denervation effectively inhibits rectal tumor growth in vivo, highlighting the
potential of neural targeting as a therapeutic strategy in CRC.

Keywords Perineural invasion, Nerve density, Prognosis, Tumor denervation, Neural remodeling

Introduction

Cancer is a major global health challenge, characterized
by uncontrolled cell proliferation and the ability to invade
surrounding tissues and metastasize to distant organs [1].
Colorectal cancer (CRC) is the third most common can-
cer worldwide, with millions of newly diagnosed patients
each year [2]. In recent years, CRC has become a signifi-
cant public health burden in China, with increasing inci-
dence and concerning mortality rates [3, 4]. This trend
is primarily attributed to the adoption of a Westernized
lifestyle, changes in dietary patterns, sedentary behavior,
and an aging population [5-8]. The burden of CRC is fur-
ther compounded by the challenges associated with early
detection, limited access to screening programs, and
inadequate treatment options. Although chemotherapy
remains a cornerstone of cancer treatment, its effective-
ness is frequently hampered by resistance, side effects,
and recurrence [9]. Thus, understanding the mechanisms
driving CRC progression and exploring new therapeutic
agents is critical for developing more effective prevention
and treatment strategies.

The colon and rectum are innervated by intrin-
sic enteric neurons and extrinsic efferent and afferent
nerves. The enteric nervous system (ENS) includes the
myenteric and submucosal ganglia, comprising diverse
types of enteric neurons and glial cells [10]. Axons aris-
ing from the ENS and from extrinsic neurons provide
innervation to regulate intestinal functions [11]. Extrin-
sic efferent innervation refers to the sympathetic and
parasympathetic input from the central nervous system
(CNS). Depending on anatomical location, sympathetic
innervation of the colorectum arises from the superior,
inferior mesenteric, and inferior hypogastric ganglia,
while parasympathetic innervation is provided by the
vagus or pelvic splanchnic nerves [12, 13]. Sympathetic
activation triggers the release of adrenaline, noradrena-
line (NA), ATP, and neuropeptide Y, whereas parasym-
pathetic nerves primarily release acetylcholine (Ach),
exerting both excitatory and inhibitory control over
gastrointestinal tone and motility [14]. Extrinsic afferent
nerves refer to sensory neurons that transmit pain, tem-
perature, and other sensory information to the CNS, have
been found to interact with cancer cells and influence the
tumor immune microenvironment [15]. Mutual interac-
tions between cancer cells and nerves involve the release
of neurotransmitters, neuropeptides, and growth factors,
which alter tumor behavior and the tumor microenviron-
ment (TME) [16, 17]. Although the specific mechanisms

have not been fully elucidated, nerves and CRC cells are
known to communicate with each other, promoting CRC
progression [18].

Perineural invasion (PNI) refers to the encasement
of tumor cells around nerves, involving over 33% of the
nerve circumference or invasion into the nerve sheath
[19]. This phenomenon is associated with advanced dis-
ease, local recurrence, and poor prognosis in pancreatic
ductal adenocarcinoma (PDAC) [20, 21], prostate cancer
[22], breast cancer [23], head and neck cancer [24], and
CRC [25, 26]. In addition to PNI, nerves undergo altera-
tions during tumor development, such as neurogenesis,
nerve hypertrophy and increased density, collectively
termed neural remodeling [27, 28]. In CRC, extensive
tumor neurogenesis has been shown to be a predictor of
decreased overall survival [29]. In gastric cancer, a maxi-
mum nerve diameter of >65 pm has been identified as an
independent risk factor for recurrence and cancer-related
death within 5 years [30]. Additionally, high nerve den-
sity can enhance tumor growth and serve as a prognostic
factor influencing treatment selection for aggressive oral
cavity squamous cell carcinoma (OSCC) [31]. Conversely,
low intrapancreatic nerve density has been identified as
an independent prognostic factor in PDAC, associated
with aggressive tumor behavior [32]. These findings sug-
gest that, neural changes, in addition to PNI, may influ-
ence tumor progression and patient prognosis. This study
aims to investigate the clinical relevance of neural altera-
tions in CRC and their potential role as prognostic mark-
ers. In this study, we investigated the impact of neural
alterations on patient survival in 129 CRC tissues. Addi-
tionally, we established a chemical denervation mouse
model to assess the effect of nerves on tumor growth.
Our findings reveal that PNI and normalized nerve den-
sity significantly impact CRC patient survival, and chemi-
cal denervation effectively inhibited tumor growth.

Materials and methods

Patients and tissues

Primary tumor tissues were obtained from patients who
underwent standard colectomy and regional lymphad-
enectomy at the Gastrointestinal Department of Ren Ji
Hospital, Shanghai Jiao Tong University, between April
and September 2017. Tumor staging was performed
according to the eighth edition of the American Joint
Committee on Cancer (AJCC) TNM staging system,
based on final histopathological examination. Resected
specimens were evaluated for depth of tumor invasion,
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differentiation, number of lymph node metastases, and
presence of vascular invasion. Patients with synchronous
tumors, severe cardiovascular or pulmonary diseases, or
those who had received neoadjuvant therapy prior to sur-
gery were excluded from the study. A total of 145 patients
were ultimately included in this retrospective review of
prospectively collected data. This study was approved
by the Ethics Committee of Ren Ji Hospital affiliated
to Shanghai Jiao Tong University (approval number:
KY2021-120-B), and informed consent was obtained
from all participants.

Immunofluorescence

Collected tissue samples were fixed with 4% paraformal-
dehyde for 1 h and dehydrated overnight at 4 °C. The
specificity and validity of the primary antibodies used for
immunofluorescence staining, including anti-S100B (Ser-
vicebio, GB113884, 1:500) and anti-Neurofilament-light
(NF-L, Proteintech, 12998-1-AP, 1:200), were verified
(Fig. S1). Fluorescent secondary antibodies CY5-labeled
goat anti-rabbit IgG (1:1,000) and FITC-labeled goat
anti-rabbit IgG (1:1,000) were incubated for 30 min
at room temperature (25 °C). Cell nuclei were stained
with 4/,6-diamidino-2-phenylindole (DAPI) for 10 min.
Images were captured using an upright fluorescence
microscope (ECLIPSE C1, NIKON) and scanned with a
3DHISTECH scanner.

Mouse intestinal tissues were stained using the same
immunofluorescence protocol. The following antibod-
ies were used: anti-Tyrosine Hydroxylase (TH, Abcam,
ab112, 1:100) for sympathetic nerves, anti-Choline Acet-
yltransferase (VAChT, Abcam, ab317452, 1:100) for para-
sympathetic nerves, and anti-Calcitonin Gene-Related
Peptide (CGRP, Abcam, ab36001, 1:200) for sensory
nerves.

Immunohistochemistry

Following chemical denervation, mouse intestinal tissues
were fixed in 4% paraformaldehyde for 1 h and dehy-
drated overnight at 4 °C. For immunohistochemistry
(IHC), tissue sections were deparaffinized, rehydrated,
and subjected to antigen retrieval in citrate buffer (pH
6.0) using microwave heating for 10 min. Endogenous
peroxidase activity was blocked with 3% hydrogen per-
oxide for 10 min. Sections were incubated overnight
at 4 °C with primary antibodies, followed by secondary
antibody incubation and visualization using a DAB sub-
strate kit. Hematoxylin was used for counterstaining.
The primary antibodies used included anti-Protein Gene
Product 9.5 (PGP9.5,Proteintech, 14730-1-AP, 1:200) as
a pan-neuronal marker, anti-TH (Abcam, ab112, 1:200)
for sympathetic nerves, anti-Choline Acetyltransferase
(VACHT, Abcam, ab317452, 1:100) for parasympathetic
nerves, and anti-CGRP (Abcam, ab36001, 1:200) for
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sensory nerves. For mouse rectal orthotopic transplanta-
tion tumors, 5 um serial sections of tumor and intestinal
tissues were stained with hematoxylin and eosin (H&E).

Quantitative analysis of the nerve diameter and nerve
density

Immunofluorescence images for each patient were
reviewed independently by two pathologists using
SlideViewer software. Tissue regions were divided
into two zones: the intratumoral region, comprising
the tumor bulk and a 500 pm margin surrounding the
tumor-normal boundary, and the extratumoral region,
encompassing all other tissue areas (Fig. 1A). In NF-L
and S100B-stained sections, all nerves with a transverse
diameter exceeding approximately 10 pm were identi-
fied. Nerve diameter was measured for each nerve on the
slides, and for elongated nerve bundles, the maximum
transverse diameter was recorded. PNI was defined as
tumor cell encasement of more than 33% of the nerve cir-
cumference or invasion into the nerve sheath.

Nerve density was calculated separately for the intra-
tumoral region (intratumoral nerve density, IND) and
the extratumoral region (extratumoral nerve density,
END) as the number of nerve segments per mm? Con-
tiguous nerve segments were counted as a single nerve
trunk. Normalized nerve density (NND) was determined
by dividing IND by END [31] (Fig. 1B). Nerve diameters
within the intratumoral (intratumoral nerve transverse
diameter, INT) and extratumoral (extratumoral nerve
transverse diameter, ENT) regions were averaged. The
normalized nerve transverse diameter (NNT) was cal-
culated by dividing INT by ENT for each patient. The
maximum intratumoral nerve diameter (MND) was also
recorded for subsequent analyses.

Clinicopathological analysis and survival analysis
The optimal cut-off values for intratumoral and extratu-
moral nerve diameters and densities were determined
using the ‘maxstat’ package in R software. Based on these
cut-offs, patients were classified into groups with large/
small nerve diameters and high/low nerve densities.
Univariate Cox regression analysis was performed
using the ‘coxph’ function in the ‘survival’ R package to
identify prognostic factors for overall and disease-free
survival. Multivariate cox regression analysis was subse-
quently conducted to determine independent prognostic
factors. The ‘survival’ and ‘survminer’ R packages were
used for further analysis and visualization of prognos-
tic differences between groups. Subsequently, the neu-
ral parameters were stratified by clinical characteristics,
and the differences among the groups were compared to
assess significance. The raw data are provided in Table S1.
Receiver operating characteristic (ROC) curve analysis
was performed using the pROC’ R package to calculate
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Fig. 1 Acquisition and analysis of neural characteristics in CRC tissues. (A) Schematic representation of the zones used for nerve analysis in CRC tissue
samples: intratumoral (tumor bulk and adjacent 500 um margin) and extratumoral (surrounding the tumor). (B) Representative immunofluorescence im-
ages showing intra- and extratumoral nerve structures: NF-L (red) labels neurons, and S100B (green) labels neurogliocytes and the myelin sheath. Nerve
transverse diameter (um) is indicated within the figure. (C) Comparison of IND and END levels across CRC samples. (D) Correlation analysis between IND
and END. (E-G) Comparison of IND, END, and NND, grouped by tumor location (left colon, right colon, and rectum). (H) Comparison of INT and ENT. (I)
Correlation analysis between ENT and INT. (J) Comparison of ENT, grouped by tumor location (left colon, right colon, and rectum). Abbreviations: NF-L,
Neurofilament-light; IND, intratumoral nerve density; END, extratumoral nerve density; NND, normalized nerve density; INT, intratumoral nerve transverse
diameter; ENT, extratumoral nerve transverse diameter
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the area under the curve (AUC). Survival status, fol-
low-up time, and risk scores from the multivariate Cox
regression analysis were used for ROC analysis at 12, 36,
and 60 months using the ‘roc’ function in the pROC’
package. Confidence intervals for the AUC values were
calculated using the ‘ci’ function.

Cell culture

The murine rectal cancer cell line MC38 was obtained
from the Cell Bank of the Chinese Academy of Sciences,
Shanghai, China. MC38 cells were cultured in Dulbecco’s
Modified Eagle Medium (DMEM, Gibco) supplemented
with 10% fetal bovine serum (FBS, Gibco) and 1% peni-
cillin/streptomycin, and incubated at 37 °C in a 5% CO,
humidified atmosphere. All experiments were performed
with mycoplasma-free cells. Prior to submucosal injec-
tion, MC38 cells were resuspended in PBS at a concentra-
tion of 2 x 10* cells/pL.

Rectal orthotopic transplantation tumor model

Animal experiments were approved and conducted in
accordance with the guidelines of the Institutional Ani-
mal Care and Use Committee at Shanghai Jiao Tong Uni-
versity. C57BL/6 male mice (6—8 weeks old) were fasted
for one day prior to the experiment. After anesthetizing
the mice with isoflurane, they were placed in a supine
position. The rectum was carefully exteriorized from the
anus using tweezers. Subsequently, 25 uL (5 x 10° cells
per mouse) of tumor cells were injected into the submu-
cosal layer of the rectum using a 1 mL syringe. After nee-
dle withdrawal, gentle pressure was applied to prevent
cell leakage, and the rectum was repositioned. Following
the procedure, the mice were placed on a 37°C heating
pad to recover.

14 days after tumor induction, in vivo imaging was per-
formed to monitor tumor growth. Mice were injected
intraperitoneally with D-luciferin sodium salt (30 mg/
mL, 100 pL) and allowed to move freely for 5 min. The
mice were then anesthetized with isoflurane, and imag-
ing was conducted using a small animal in vivo imaging
system (LINI-T) to confirm successful tumor modeling.

Mouse chemical denervation treatment

14 days after tumor induction, chemical denervation of
the sympathetic, parasympathetic, and sensory nerves
was performed. Sympathetic nerves were ablated using
6-hydroxydopamine (6-OHDA, MedChemExpress, HY-
B1081A), which specifically destroys TH" nerve fibers
while sparing parasympathetic VAChT* epithelial nerve
fibers, and is non-toxic to tumor cells [33]. The denerva-
tion procedure involved two intraperitoneal injections
of 6-OHDA: an initial dose of 100 mg/kg followed by
250 mg/kg 24 h later [34]. Notably, some mice exhib-
ited reduced activity and decreased food intake after
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the injection of 6-OHDA, but they returned to normal
approximately 2 days later, with no significant changes
in body weight. For sensory neurons, capsaicin (Med-
ChemExpress, HY-10448A) was administered into the
subcutaneous fat tissues of the neck over three consec-
utive days (50 mg/kg, 80 mg/kg, and 100 mg/kg) [34].
Atropine (5 mg/kg, MedChemExpress, HY-B1205) was
injected intraperitoneally immediately before capsaicin
injection to prevent acute cardiopulmonary effects due
to the excessive release of sensory mediators. Mice exhib-
ited strong struggling behavior during the first capsaicin
injection, which diminished with subsequent injections.
This dosing regimen of capsaicin has been previously
reported to inactivate sensory neurons by reducing
neuropeptide levels for 4-6 weeks [35, 36]. No notice-
able changes in behavior or feeding were observed after
the capsaicin injections. For parasympathetic nerves,
the highly selective muscarinic cholinergic receptor 3
(M3R) antagonist darifenacin (DAR, MedChemExpress,
HY-A0012), approved by the Food and Drug Administra-
tion (FDA), was administered via intraperitoneal injec-
tion at a dose of 1 mg/kg/day [37, 38]. No noticeable
changes in behavior or feeding were observed following
DAR administration.

Statistical analysis

Statistical analyses were performed using SPSS Statistics
26, GraphPad Prism 9, and R 4.0.2. Measurement data
are presented as mean *standard deviation. Differences
between groups were tested using the Chi-square test (or
Fisher’s exact test where appropriate). Survival rates were
calculated using the Kaplan-Meier method, and prognos-
tic factors and survival curves were compared using the
log-rank test. Correlations were assessed using Spear-
man’s rank correlation test (weak correlation: R>0.1,
moderate: R>0.3, strong: R>0.5). P<0.05 was considered
statistically significant.

Results

Clinical baseline characteristics of patients

A total of 145 CRC patients who underwent curative
surgery at our institution from April to September 2017
were included. Tumor tissue samples and clinical patho-
logical information were collected, and follow-up was
conducted. Of these, 10 patients had primary tumors at
other sites, and 6 died from non-tumor-related causes.
Consequently, 129 patients were included in the final
analysis. The study population consisted of 79 males and
50 females, with a median age of 64.61 +10.32 years. The
median follow-up was 64 months. At the end of the fol-
low-up period, 45 patients (34.88%) had died. Among the
clinicopathologic characteristics, tumor invasion depth
(T stage), lymph node involvement (N stage), and AJCC



Wang et al. Journal of Translational Medicine (2025) 23:112

8th edition staging significantly impacted 5-year survival
of patients (Table 1).

Nerve characteristics in CRC

Immunofluorescence staining showed a total nerve den-
sity of 0.72+0.59/mm?, with an IND of 0.42 +0.40/mm?®
and an END of 1.00+£0.75/mm? IND was significantly
lower than END (Fig. 1C). A significant positive cor-
relation was observed between IND and END (R=0.47,
P=1.3e-8, Fig. 1D). According to tumor location, both
IND and END were higher in rectal cancer than in left
colon cancer (Fig. 1E-F). After normalization, nerve den-
sity (NND) showed no significant differences by tumor
location, indicating that the site of the tumor did not
influence the analysis (Fig. 1G).

The average nerve diameter was 28.14 +6.04 pm, with
an INT of 28.2+7.65 pm and an ENT of 27.86 £6.72 pm.
Nerve diameter did not differ significantly between intra-
and extratumoral regions (Fig. 1H). A significant positive
correlation was also observed between INT and ENT
(R=0.45, P=1.2e-7, Fig. 1I). Similar to nerve density, the

Table 1 The clinicopathologic characteristics and 5 years
survival rate of patients

Characteristics No. of patients  5-year survival P
patients (%)

Gender 0.87

Female 50 32(64.00%)

Male 79 53(67.09%)

Age 0.98

Mean +SD 64.61+£10.32 64.60+£9.82

Tumor location 0.08

Rectum 63 43(68.25%)

Left 38 20(52.63%)

Right 28 22(78.57%)

Histologic grade 0.08

Well-Moderate 93 66(70.97%)

Poor 36 19(52.78%)

T stage 0.04

T 6 5(83.33%)

T2 18 16(88.89%)

T3 102 63(61.76%)

T4 3 1(33.33%)

N stage 8.0e-6

NO 72 60(83.33%)

N1 34 17(50.00%)

N2 23 8(34.78%)

M stage 0.09

MO 119 81(68.07%)

M1 10 4(40.00%)

AJCC stage 8.0e-5

| 19 16(84.21%)

Il 52 43(82.69%)

Il 48 22(45.83%)

% 10 4(40.00%)
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ENT in rectal cancer was higher than in left colon cancer
(P=0.0276, Fig. 1]). However, INT showed no significant
differences across different tumor locations (Fig. S2A).
After normalization, there was no significant difference
in NNT across different tumor locations, confirming that
the tumor site did not affect the analysis (Fig. S2B).

PNI was observed in 65 patients (50.4%), higher than
previously reported CRC rates [39-41]. The variation in
detection rates may be attributed to the reliance on H&E
staining in prior studies to detect PNI, whereas our study
utilized immunofluorescent labeling to identify all nerves
across the entire tissue section, leading to an increased
detection rate.

Impact of nerve on patient prognosis in CRC

Kaplan-Meier analysis was conducted to assess the
impact of nerve characteristics on patient prognosis.
Results showed that patients with PNI had a poorer
prognosis (P=0.041, Fig. 2A) and showed a trend
towards shorter DFS, though not statistically significant
(P=0.071, Fig. 2B), consistent with previous reports [25,
26]. Furthermore, survival analysis revealed a significant
correlation between higher NND and shorter overall
survival (OS) (P=0.044, Fig. 2C). Higher NND was asso-
ciated with shorter DFS (P=0.01, Fig. 2D). Moreover,
patients with higher AJCC stages tended to have higher
NND (Fig. S2C, Table S1). However, although patients
with a higher AJCC stage also tended to have higher
NNT and MND (Fig. S2D-E), higher NNT and MND did
not significantly impact OS (Fig. 2E-F).

Univariate Cox regression assessed associations
between clinical characteristics and OS/DFS (Table 2).
Factors such as Grade, T stage, N stage, M stage, AJCC
stage, PNI, and NND were found to influence patient OS
and DFS. These characteristics were further analyzed
using a nomogram, where the points for each charac-
teristic were considered as indicators of their impact on
patient OS. In order of impact, the characteristics were
N stage, AJCC stage, T stage, PNI, NND, M stage, and
Grade (Fig. S3A). Multivariate Cox analysis showed that
N stage and PNI were independent prognostic factors for
OS (Fig. 3A).

Furthermore, by analyzing the impact of PNI on nerve
density and diameter, we observed that PNI (+) patients
had higher NND, NNT, and MND compared to PNI (-)
patients (Fig. S3B-D). Combined survival analysis of PNI
and NND revealed that PNI (+) patients with high NND
had the poorest prognosis, while those PNI (-) with low
NND had the most favorable outcome (Fig. 3B-C). The
prognostic impact of PNI was independent of NNT and
MND (Fig. S3E-F).

We then developed a risk score model incorporating
histological grade, T stage, N stage, and M stage to fur-
ther assess the prognostic impact of PNI and NND. ROC
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Fig. 2 Impact of PNl and NND on prognosis in CRC patients. (A-B) Kaplan-Meier survival analysis assess the impact of PNl on OS and DFS in CRC patients.
(C-D) Kaplan-Meier survival analysis assess the impact of NND on OS and DFS in CRC patients. (E) Kaplan-Meier survival analysis assess the effect of NNT on
OS. (F) Kaplan-Meier survival analysis evaluating the impact of MND on OS. Abbreviations: PNI, perineural invasion; OS, overall survival; DFS, disease-free
survival; NND, normalized nerve density; NNT, normalized nerve transverse diameter; MND, maximum intratumoral nerve diameter
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Table 2 Univariate cox analysis of characters for OS and DFS
Characteristics oS DFS

Hazard ratio (95%Cl) P Hazard ratio (95%Cl) P
Gender(male vs. female) 0.9028 (0.4972-1.64) 0.737 0.9199 (0.5072-1.668) 0.783
Age (=65 vs. <65 years) 1.165 (0.6472-2.097) 0611 1.068 (0.6028-1.894) 0.821
Tumor location (rectum vs. colon) 0.7809 (0.4336-1.406) 041 0.9405 (0.5514-1.604) 0.822
Grade (Il vs. I-Il) 2.093 (1.14-3.843) 0.0172 2.001 (1.083-3.698) 0.0269
Tumor diameter (=5 vs. <5 cm) 1.12 (0.6105-2.055) 0.714 1.034 (0.5697-1.875) 0913
Microsatellite (dAMMR vs. pMMR) 0.5661 (0.0779-4.114) 0.574 0.6216 (0.08566-4.51) 0.638
T stage (T3-T4 vs. T1-T2) 3.811(1.181-123) 0.0252 3.019(1.083-8416) 0.0347
N stage (N1-N2 vs. NO) 4.398 (2.296- 8424) 7.92e-06 3431 (1.898-6.202) 4.47e-05
M stage (M1 vs. MO) 2423 (1.023-5.737) 0.0443 / /
AJCC stage (IlI-IV vs. I-I) 4.224 (2.205-8.091) 1.39e-05 3431 (1.898-6.202) 4.47e-05
PNI (present vs. absent) 1.862 (1.018-3.406) 0.0438 1.654 (0.9228-2.963) 0.091
NND (high vs. low) 1.833(1.008-3.333) 0.047 2.0252 (1.171-3.503) 0.0116

OS, overall survival; DFS, disease free survival; Cl confidence interval

analysis was performed, and the AUC values for 1-year,
3-year, and 5-year outcomes were calculated. The ini-
tial model yielded AUC values of 0.77 at 1-year, 0.78 at
3-year, and 0.76 at 5-year (Fig. 3D). After incorporating
PNI and NND into the model, the predictive sensitivity
and specificity were significantly improved (Fig. 3E). The
updated model achieved AUC values of 0.85 at 1-year,
0.80 at 3-year, and 0.79 at 5-year.

Denervation inhibits CRC growth in mice

In normal mouse intestinal tissue, immunofluorescence
staining revealed distinct nerve populations, includ-
ing TH-labeled sympathetic nerves, VAChT-labeled
parasympathetic nerves, and CGRP-labeled sensory
neurons (Fig. 4A). An orthotopic rectal cancer model
was established by injecting MC38 cells into the sub-
mucosa of the rectum. In vivo imaging on day 13 post-
injection confirmed successful tumor modeling. On day
14 post-modeling, chemical denervation was performed
(Fig. 4B). Intraperitoneal injection of 6-OHDA sig-
nificantly reduced TH* sympathetic nerves compared
to the control group, while subcutaneous injection of
capsaicin led to a significant decrease in CGRP* sen-
sory nerves (Fig. 4C). Mice were sacrificed on day 28,
and tumors were collected. H&E staining revealed that
chemical denervation of sympathetic, parasympathetic,
and sensory nerves significantly reduced tumor volume
(Fig. 4D-E).

Discussion

This study demonstrates that PNI and NND significantly
affect CRC progression and prognosis, offering novel
insights into the role of neural components in cancer
biology. Results show that higher NND is associated with
shorter OS and DFS, suggesting its potential as a valu-
able prognostic marker. By integrating both PNI and
NND into survival models, we improve the accuracy of

risk stratification in CRC patients. Additionally, the use
of a chemical denervation model in a murine rectal can-
cer model reveals that targeting neural components can
effectively reduce tumor volume, providing a promising
new therapeutic approach that could complement con-
ventional treatments in CRC.

The colon and rectum exhibit region-specific patterns
of neural innervation based on their anatomical loca-
tion. The right sections of the cecum, ascending colon,
and transverse colon predominantly receive sympa-
thetic innervation from the superior mesenteric plexus,
while the left portions of the transverse colon, descend-
ing colon, and sigmoid colon are primarily innervated by
sympathetic fibers from the inferior mesenteric plexus.
Parasympathetic innervation to the right colon is medi-
ated by the vagus nerve, whereas the left colon and
upper rectum are predominantly innervated by the pel-
vic splanchnic nerves. Sympathetic innervation to the
rectum originates from the inferior hypogastric plexus,
while parasympathetic innervation arises from the pel-
vic splanchnic nerves [11, 42]. For afferent nerves, sen-
sory innervation in the colon is primarily mediated by
the rectal nerve plexus, pelvic nerve plexus, and lumbar
sympathetic trunk, which are responsible for conveying
sensory information, such as pain, touch, and pressure
[43]. According to our findings, the neural density and
diameter in the rectum are higher compared to the left
colon. NND was standardized by dividing IND by END,
accounting for neural distribution variations. Impor-
tantly, NND was shown to better reflect the biologi-
cal behavior of CRC, with higher NND correlating with
lower survival rates. Utilizing NND allows for objective
comparisons among CRC patients. To our knowledge,
this is the first report to identify NND as a prognostic
marker in CRC.

Tumor innervation is frequently discussed in terms of
nerve density, with most studies using H&E staining or
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Fig. 3 Combined analysis of PNI and NND on survival in CRC Patients. (A) Multivariate Cox regression analysis to identify prognostic factors affecting OS
in CRC patients. (B-C) Kaplan-Meier survival analysis assessing the combined effect of NND and PNI on OS and DFS in CRC patients. (D) ROC curves to
predict survival outcomes based on clinicopathological features (histological grade, T stage, N stage, M stage). (E) ROC curve combining clinicopathologi-
cal features, PNI, and NND, demonstrating improved predictive accuracy in survival outcomes. Abbreviations: PNI, perineural invasion; NND, normalized
nerve density; OS, overall survival; DFS, disease-free survival; ROC, receiver operating characteristic; AUC, area under the curve
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Fig. 4 Effects of denervation on tumor growth in mice. (A) Immunofluorescence staining of mouse intestinal tissue: TH (red) labels sympathetic nerves,
VAChT (green) labels parasympathetic nerves, and CGRP (gray) labels sensory neurons. Scale bar: 100 um. (B) Experimental procedure diagram: Mice were
injected with MC38 cells to establish rectal orthotopic transplantation tumors, followed by chemical denervation using 6-OHDA, DAR, or capsaicin. (C)
Immunohistochemistry staining of TH (sympathetic nerves) and CGRP (sensory nerves) shows the reduction in nerve density after chemical denervation.
Scale bar: 100 um. (D) Tumor growth following chemical denervation, showing the effect of neural disruption on tumor volume. (E) H&E staining showing
tumor size post-denervation. Scale bar: 1 mm. Asterisk (¥) indicates tumor area. Abbreviations: TH, tyrosine hydroxylase; VAChT, choline acetyltransferase;
DAR, darifenacin; CGRP, calcitonin gene-related peptide; H&E, hematoxylin and eosin

IHC with PGP9.5 to label nerve fibers and calculate nerve
density per unit area [29, 37, 44-46]. However, PGP9.5
staining can sometimes result in non-specifically staining
of tumor parenchyma, which may lead to inaccuracies in
nerve quantification [47, 48]. In this study, we employed
NE-L to specifically mark neurons and S100B to label
Schwann cells surrounding axons, ensuring accuracy in
nerve data collection.

We observed that the IND was lower than the END
in CRC tissues. Previous studies have suggested that in
CRC, tumor invasion leads to the atrophy of the myen-
teric and submucosal plexuses of the enteric nervous
system (ENS) near the tumor, characterized by a loss of
neurons and nerve fibers within these plexuses [49, 50].
This disruption of the ENS can result in the loss of inner-
vation and significant disruption in gut functions, con-
tributing to symptoms such as constipation, diarrhea,
and pain [49]. Although the precise mechanisms under-
lying nerve loss are unclear, they may involve tumor-
secreted neuropeptides or local inflammatory processes
[50]. A study by Hiraoka et al. in PDAC demonstrated a
similar trend, where intrapancreatic nerve size and den-
sity declined towards the tumor center, likely due to can-
cer invasion [32]. Similarly, in CRC samples, nerves in the
tumor core were disrupted and replaced by desmoplastic
stroma, indicating nerve fiber loss resulting from tumor
invasion.

Clinical studies have primarily focused on intratumoral
nerves. Despite varying definitions of IND in existing
research, high IND has been associated with poor sur-
vival outcomes across various cancers. For example, in
CRC, neurogenesis characterized by higher nerve den-
sity and larger nerve diameters has been associated
with decreased cancer-specific OS and DES [29]. In thy-
roid cancer, high IND is independently associated with
extracapsular extension, a poor prognostic factor [44].
Similarly, in prostate cancer, high IND correlates with
extracapsular extension and cancer recurrence [51, 52].
In head and neck cancer, high IND is associated with P53
gene mutation and worse survival outcomes [45]. These
findings highlight the potential of IND as a prognos-
tic marker across various tumor types. However, nerve
density can vary significantly between different cancers,
necessitating tumor-specific analyses to validate its role
as a prognostic marker.

To further validate the role of nerves in CRC progres-
sion, we used an in vivo mouse model. Since it is crucial

to understand which types of nerves are relevant to tumor
progression, we separately disrupted sympathetic nerves
using 6-OHDA, selectively inhibited M3R receptors in
parasympathetic nerves with DAR, and disrupted sen-
sory neurons using capsaicin. The results demonstrated
that selective chemical denervation of sympathetic, para-
sympathetic, or sensory nerves significantly reduced rec-
tal tumor growth, highlighting the crucial role of neural
inputs in CRC progression. Several studies have inde-
pendently highlighted the role of different nerve types
in tumor progression. For instance, surgical or pharma-
cological denervation of the vagus nerve markedly sup-
presses gastric tumorigenesis [37]. Similarly, surgical
or chemical denervation of adrenergic nerves inhibits
tumor initiation in prostate cancer [33]. Chemical abla-
tion of sensory neurons in an autochthonous PDAC
model slows the initiation and progression of cancer
[53]. Mechanistically, sympathetic and parasympathetic
nerves influence tumors primarily through the release
of neurotransmitters such as NA and Ach. Studies have
shown that adrenergic signaling is upregulated in CRC,
with B adrenergic receptors (ADRP) being more abun-
dant in tumor sites and correlating with poor prognosis
[54]. Adrenergic signaling promotes colon cancer cell
proliferation by upregulating key factors such as cyclo-
oxygenase-2 (COX-2), vascular endothelial growth factor
(VEGF), prostaglandin E2 (PGE2), and matrix metal-
loproteinase-9 (MMP-9), with these effects attenuated
by ADRp antagonists or COX-2 inhibitors [55, 56]. Ach
and its muscarinic receptors are implicated in CRC pro-
gression. Muscarinic Ach receptors, which are predomi-
nantly expressed in the gut, can stimulate colon cancer
growth by activating the EGFR/ERK signaling pathway,
with M3R significantly overexpressed in CRC lesions
[57-60]. The role of sensory neurons in CRC is less well
understood but has been explored in other cancer types.
For example, in PDAC, sensory neurons transmit inflam-
matory signals to the CNS, promoting neoplasia driven
by oncogenic Kras mutations [53]. In melanoma, sen-
sory neurons release neuropeptides that increase CD8" T
cell exhaustion, thereby inhibiting anti-tumor immunity
[15]. These findings suggest that investigating the roles
of different nerves in tumors more thoroughly could lead
to novel approaches for tumor inhibition, including the
targeted modulation of neural pathways in combination
with conventional cancer therapies.
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The involvement of nerves in solid malignancies, par-
ticularly in CRC, remains a complex and underexplored
area of research. Among the various nerve-tumor inter-
actions, PNI is the most extensively studied in CRC. Dur-
ing PNIL, tumor cells infiltrate along nerve fibers, using
them as conduits for migration. This process facilitates
local invasion and distant metastasis, which signifi-
cantly contributes to poorer patient outcomes, including
increased recurrence rates, deeper tissue invasion, and
higher rates of lymph node metastasis [26, 61, 62]. Our
study further corroborates the association between PNI
and adverse prognosis in CRC. We found that patients
with PNI (+) and elevated NND exhibited the worst sur-
vival outcomes, while patients with PNI (-) and low NND
had the best prognosis. Incorporating PNI and NND into
survival models improves their predictive accuracy for
patient outcomes. Currently, CRC pathological report-
ing primarily includes the presence or absence of PNI
but lacks defined criteria or severity indicators [63]. Our
study utilized immunofluorescence-based techniques
to assess PNI, resulting in a higher detection rate com-
pared to previous reports [39-41]. This suggests that
relying solely on H&E staining may underestimate the
prevalence of PNI in CRC. The application of immuno-
histochemistry (IHC) or immunofluorescence to label
nerve-specific markers improves PNI detection rates, and
the quantitative analysis of neural parameters could pro-
vide more precise prognostic insights [64].

Our study underscores the potential clinical signifi-
cance of PNI and NND in CRC. Incorporating these
factors into tumor staging systems could significantly
improve risk stratification, enabling clinicians to identify
high-risk patients who may benefit from more intensive
treatments or closer monitoring. For instance, patients
with significant PNI or elevated NND might be consid-
ered for adjuvant therapies, even in cases where tradi-
tional staging systems like TNM do not suggest such
interventions. This integration would allow for more pre-
cise patient classification, considering both the tumor’s
biological features and its neural interactions, ultimately
offering opportunities for more personalized treatment
plans. However, further multi-center, longitudinal studies
are necessary to refine the criteria for incorporating PNI
and NND into clinical practice. These studies would help
standardize pathological definitions of PNI and deter-
mine the specific cut-off values for high NND, ensuring
the clinical applicability of these neural factors.

Based on the current findings, several future research
directions are proposed. First, it is critical to delineate
the specific roles of sympathetic, parasympathetic, and
sensory nerves in CRC progression, as their differential
contributions may uniquely influence tumor behavior.
Understanding the distinct and collective impacts of
these nerve types could provide new insights into how
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they drive tumor growth and metastasis. Secondly, the
development of nerve receptor-targeted therapeutics
represents a promising strategy, offering precise modula-
tion of nerve-tumor interactions. These therapies could
enhance efficacy while minimizing off-target effects by
selectively targeting neural pathways involved in CRC
progression. Thirdly, mechanistic studies are essential
to elucidate how nerve inhibition alters tumor behavior,
including changes in the TME, immune response, and
angiogenesis. Experimental models, such as genetically
modified mice with denervation and patient-derived
organoid xenograft models, are particularly suitable for
studying the impact of nerve innervation on tumor pro-
gression. Collaborative efforts between clinical and basic
research teams are crucial to accelerate the translation of
these findings into clinical practice [65]. Finally, valida-
tion in large-scale, multicenter prospective cohort stud-
ies, along with longitudinal studies, is crucial to confirm
the clinical relevance and therapeutic potential of nerve-
targeted therapies [66]. Such studies will provide a com-
prehensive evaluation of therapeutic efficacy, systemic
toxicity, and long-term safety, ensuring that the benefits
outweigh associated risks in clinical settings.

In conclusion, this study highlights the critical role of
PNI and NND in CRC progression, with PNI identified as
an independent prognostic factor. Targeting neural com-
ponents offers a promising therapeutic strategy for CRC,
warranting further exploration in preclinical and clinical
settings.
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