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Simple Summary: Pancreatic cancer, one of the most aggressive forms of cancer, is a lethal disease.
Although nerves infiltrate the tumor microenvironment and they are even present in pancreatic
tumors, the role of innervation, especially sympathetic innervation, remains unclear. Moreover,
neurotransmitters can modulate the evolution of pancreatic cancer through various processes, such
as carcinogenesis, invasions, proliferation, or metastasis. Here, we assess pancreatic neoplastic tissue,
examining the sympathetic nerve fibers and the density of beta 2 adrenoreceptors, both intratumoral
and peritumoral. These were correlated with the clinical outcome. If the intratumoral sympathetic
nerves registered a structural alteration, and the peritumoral nerves were not structurally altered, they
could not be associated with prognosis; the same was not observed regarding beta 2 adrenoreceptors.
Increased immunoreactivity of beta 2 adrenoreceptors in pancreatic peritumoral tissue was associated
with poor prognostic factors in pancreatic cancer.

Abstract: Background: The aim of our study was to evaluate sympathetic neuronal remodeling in
patients with pancreatic cancer, together with its correlation with clinical outcomes. Methods: In this
descriptive, retrospective study, we analyzed pancreatic cancer specimens and peritumoral pancreatic
tissue from 122 patients. We also investigated tyrosine hydroxylase immunoreactivity for the analysis
of sympathetic nerve fibers and beta 2 adrenoreceptors immunoreactivity. To investigate the potential
interaction between tyrosine hydroxylase (TH), beta 2 adrenoreceptors (B2A) immunoreactivity, and
clinicopathological outcomes, we used the median to classify each case as TH+, respectively, B2A+
(if it presented a value higher than the median). Results: Firstly, the overall survival was analyzed
according to TH and B2A immunoreactivity, in both intratumoral and peritumoral tissue. Only
B2A immunoreactivity in the peritumoral pancreatic tissue influenced overall survival at 5 years of
follow-up; thus, B2A+ patients recorded a 5-year survival of only 3% compared to B2A — patients
who recorded an overall survival at 5 years of follow-up of 14% (HR = 1.758, 95% CI of ratio 1.297
to 2.938, p = 0.0004). Additionally, the increased immunoreactivity of B2A in the peritumoral tissue
was also associated with other factors of poor prognosis, such as moderately or poorly differentiated
tumors, the absence of response to first-line chemotherapy, or metastatic disease. Conclusions: The
increased immunoreactivity of beta 2 adrenoreceptors in pancreatic peritumoral tissue represents a
poor prognostic factor in pancreatic cancer.
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1. Introduction

Pancreatic cancer is one of the most aggressive forms of cancer, with a 5-year survival
rate of approximately 12.5% according to the latest data published in 2023 by the National
Cancer Institute from the United States of America [1]. According to the latest data from
the International Agency for Research on Cancer (World Health Organization), the global
incidence of pancreatic cancer in 2020 was 4.9 per 100,000 for both sexes, for all age groups,
with a mortality rate of almost 4.5 per 100,000 for both sexes, all age groups [2]. Due
to the poor survival rates, the population distribution of people who die of pancreatic
cancer is similar to that of people who are diagnosed with the disease. It is estimated that
there will be 64,050 new cases of pancreatic cancer in the USA in 2023, and approximately
50,550 people will die of this disease [1].

Although nerves infiltrate the tumor microenvironment of pancreatic cancer and con-
tribute to tumor progression, the pathological role of tumor innervation remains unclear [3].

In particular, the sympathetic innervation of pancreatic tumors has emphasized the
role of the sympathetic nervous system in the pathophysiology and clinical evolution (for
example severity of pain) of this disease [4]. Renz B. et al. recently conducted an animal
model study which demonstrated that stimulating beta 2 adrenoreceptors by increasing
circulating systemic epinephrine levels promoted kras-induced pancreatic tumorigenesis.
Moreover, catecholamines promoted PDAC development, nerve growth factor (NGF)
secretion, and pancreatic nerve density [5].

The pancreas contains both extrinsic and intrinsic innervation through sympathetic
and parasympathetic fibers. Nerve fibers exit or enter the pancreas, then disseminate
in the stromal septa and comprise the pancreatic stroma [6]. Firstly, by means of nerve
fibers, neoplastic cells can metastasize towards lymphatic vascular invasion [7]. Neural
invasion has a high incidence in pancreatic cancer among gastrointestinal malignancies, but
there are few criteria that quantify this parameter, and the information is often vague [8].
On the other hand, the first to hypothesize a paracrine molecular signaling mechanism
between cancerous pancreatic cells and nerves, explaining pancreatic cancer nerve affinity,
was Bockman et al. [9]. In this study, it is specified that pancreatic adenocarcinoma is
not limited to the periphery of the nerves, but penetrates the perineurium and becomes
intimately associated with Schwann cells and axons in the endoneurium [9]. Thus, a dete-
rioration of the neural elements occurs. Moreover, the transforming growth factor alpha
(TGF-alpha) is abundant in pancreatic nerves, and the epidermal growth factor receptor
(EGFR) is prominent in adenocarcinoma cells, constituting a growth advantage of pan-
creatic adenocarcinoma [9]. Moreover, neurotransmitters can modulate the development
of pancreatic cancer in multiple aspects, such as carcinogenesis, invasions, proliferation,
or metastasis [10-12]. A feedforward signaling loop was recently reported in the mouse
model of PDAC, whereby beta 2 adrenoreceptors signaling leads to upregulation of NGF
secretion, fueling increased axogenesis and tumor growth [5]. However, before this study,
it was reported in the premalignant stage of a genetically engineered murine PDAC model,
demonstrating the occurrence of an early axonogenic influence on carcinogenesis [13].
Moreover, the genomic evaluation of human PDAC highlighted somatic aberrations in
embryonic regulators of axon guidance, such as SLIT/ROBO signaling [14], highlighting a
role for neuronal modulation in pancreatic carcinogenesis. However, there are few studies
that analyze the distribution of nerve fibers in pancreatic cancer, especially the sympathetic
nerve fibers and beta 2 adrenoreceptors [3,5,15]. Moreover, understanding the molecular
mechanisms of the interaction between nerves and pancreatic cancer could represent an
attractive therapeutic target.

The aim of our study was to assess sympathetic neuronal fibers and beta 2 adrenore-
ceptors in patients with pancreatic cancer and their correlation with clinical outcomes.
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2. Materials and Methods
2.1. The Type of Study

We performed a descriptive, retrospective study which included 122 patients diag-
nosed and treated for pancreatic cancer between 2014 and 2017. All patients received a
follow-up of 5 years or until their death. This study was approved by the Ethics Committee
of the University of Medicine and Pharmacy of Craiova (No. 225/20.12.2021), and con-
ducted in accordance with the Helsinki Declaration and other international regulations.
Each patient included in our study signed their consent, meaning that data from their
medical records can be used for research purposes. No data could be used to identify a
patient because each patient received a specific code and all identifying information was
deleted from the study database.

2.2. Patients and Tissues

In our study, fragments of pancreatic neoplastic tissue taken after the resection of a
pancreatic tumor were analyzed. All patients were informed that the tissue fragments
taken would be used to study nerve influences in this type of cancer. Initially, pancreatic
ductal adenocarcinoma (PDAC) was the major subtype of this cancer; minor subtypes
included ductal adenocarcinoma/ partially mucinous adenocarcinoma, ductal adenocarci-
noma/adenosquamous carcinoma, or adenosquamous carcinoma. However, ultimately, for
the homogeneity of the results, the samples were completely analyzed only from patients
with PDAC. The available clinicopathological features were as follows: patient gender
and age, survival status, histological subtypes, tumor grading, smoking history, lymphatic
metastasis status, and location.

2.3. Immunohistochemistry

Pancreatic tissue samples were collected from patients after pancreatic resection.
The resected pancreatic tissue samples were divided into sections that were immediately
fixed in 4% paraformaldehyde, followed by paraffin embedding. Consecutive 4 pm-thick
sections from paraffin-embedded samples were analyzed to identify sympathetic influences.
Intra- and peritumoral pancreatic sympathetic nerve fibers were analyzed using Tyrosine
Hydroxylase Antibody (TH, dilution 1:20; Novus Biological, Abingdon, UK), and in tumor
and peritumoral tissue, the immunoreactivity of beta 2 adrenergic receptors was also
analyzed (dilution 1:100; Novus Biological, Abingdon, UK) using a primary antibody. The
slides were further incubated with monoclonal primary antibody at 4 °C for 18 h. Finally,
the signal was located via 3,3'-diaminobenzidines (DAB) (Dako, Glostrup, Denmark). After
hematoxylin and eosin staining, the slides were cover-slipped in DPX (Sigma-Aldrich,
St. Louis, MO, USA).

2.4. Quantitative Analysis of Neural Tissue

Sympathetic nerve fibers were analyzed using tyrosine hydroxylase cross-sectional
area (% of the area of a nerve), and for beta 2 adrenergic receptors, we used integrated
optical density (IOD). Images were acquired using a Nikon Eclipse 90i microscope (Elta90,
Bucharest, Romania) equipped with a Nuance FX multispectral camera and Nuance analysis
software (Perkin Elmer, Hopkinton, MA, USA). Multispectral microscopy was used to
analyze the percentage area of tyrosine hydroxylase in the nervous tissue area, as well as
to calculate the integrated optical density (IOD) of the beta 2 adrenergic receptors in the
tumor tissue and in the peritumoral tissue. After collecting spectral images from individual
sections stained with DAB or hematoxylin-eosin, we performed unmixing efficiency of the
color channels and characterized the immunohistochemical expression of the pattern of
interest. The corresponding color channel was then analyzed with Image ProPlus AMS 7
software (Media Cybernetics, Bethesda, MD, USA). To assess the sympathetic fibers, the area
of TH in each nerve was calculated, both in the tumor and in the peritumoral tissue. Later,
the mean and standard deviation of a mean of TH in the tumor, respectively peritumoral,
was shown. Regarding beta 2 adrenoreceptors, 5 random images were analyzed in the
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tumor tissue and another 5 random images from the peritumoral pancreatic tissue. The
analysis was carried out independently by 2 pathologists with experience in this field.
Similar to TH, for beta 2 adrenoreceptors, the mean and the standard deviation of the mean
of IOD were shown; both resulted from the analysis of the 5 random images from the
tumor, respectively peritumoral. The median of tyrosine hydroxylase immunoreactivity
per nerve, respectively, of beta 2 adrenergic receptor immunoreactivity was used to analyze
the survival of patients with pancreatic cancer.

2.5. Statistical Analysis

All statistical analysis was performed using GraphPad software (Version 9.5, La Jolla,
CA, USA). To evaluate the statistical differences between two groups, we used Student’s
t-test and the analysis of variance ANOVA (analysis of variance). Results were expressed as
mean = standard deviation of the mean (s.d.m.). Using Kaplan-Meier curves, we analyzed
patient survival according to each variable, using the log-rank test to establish statistical sig-
nificance. Correlation between TH or B2A and other pathological variables were performed
using Fisher’s exact test. In all cases, p < 0.05 was considered statistically significant.

3. Results
3.1. Immunoreactivity of Tyrosine Hydroxylase and Beta 2 Adrenergic Receptors in Pancreatic
Cancer and Peritumoral Tissues

This study analyzed pancreatic cancer specimens and peritumoral pancreatic tissue
from 122 patients. The immunoreactivity of tyrosine hydroxylase for the analysis of sympa-
thetic nerve fibers (Figure 1 and Supplementary Figures S1-54) and the immunoreactivity
of beta 2 adrenergic receptors (Figure 2) were investigated.
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Figure 1. Representative pictures with sympathetic fibers in pancreatic peritumoral nerves (A),
respectively, with sympathetic fibers in pancreatic intratumoral nerves (B), immunoreactivity for
tyrosine hydroxylase, 40 x. (A’,B’) represent the mixed spectral compound. (A”,B”) represent the
color channel only for tyrosine hydroxylase. Black arrows indicate adipose tissue around the nerve.
Red arrows indicate pancreatic neoplastic cells around the nerve. Representative pictures with
sympathetic fibers in pancreatic peritumoral nerves, respectively, with sympathetic fibers in pancreatic
intratumoral nerves at a smaller scale (4 x and 10x) are shown in Supplementary Figures S1-54.
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Figure 2. Representative pictures with the immunoreactivity of beta 2 adrenergic receptors in
peritumoral pancreatic tissue (A) and in well-differentiated—G1 (B), moderately differentiated—G2
(C) and poorly differentiated—G3 (D) pancreatic tumor tissue, 40x. (A’-D’) represent the mixed
spectral compound. (A”-D”) represent the color channel only for beta 2 adrenergic receptors. In the
additional figures (Figures S5 and S6), representative pictures with low magnificence (4x and 10x)
are shown where tumor area and peritumor area are indicated.

We observed a reduction in tyrosine hydroxylase immunoreactivity in neoplastic tissue
t0 10.48 % 3.66% compared to tyrosine hydroxylase immunoreactivity in peritumoral tissue,
where a value of 36.93 £ 7.32% was recorded (p < 0.0001, Figure 3A). In addition to the anal-
ysis of tyrosine hydroxylase immunoreactivity, the immunoreactivity of beta 2 adrenergic
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receptors was analyzed in pancreatic peritumoral tissue and tumor tissue. A higher value
of these receptors was recorded in the peritumoral tissue (303336165383 intratumorally
vs. 761,648 £ 93,188, p < 0.0001, Figure 3B). In this analysis, significant differences were
observed in the immunoreactivity of peritumoral beta 2 adrenergic receptors, depending on
the tumor grading as follows: G1 vs. G2 (710,854 £ 78,174 vs. 763,575 £ 81,950, p = 0.0338)
and G1 vs. G3 (710,854 & 78,174 vs. 796,024 £ 106,601, p = 0.0010) (Figure 3C). It should
be mentioned that between G2 vs. G3, no significant statistical difference was recorded
(763,575 £ 81,950 vs. 796,024 £+ 106,601, p = 0.2020).

A TH immunoreactivity in PCa and B B2A immunoreactivity in PCa and C B2A immunoreactivity depending on
in peritumoral tissue in peritumoral tissue tumor grading
1,000,000 - 1,000,000 i
*
800,000 800,000 |
600,000 - 600,000
a
]
400,000 ~ 400,000
200,000 200,000
T 0 T 0-
Peritumoral Intratumoral Peritumoral G1 G2 G3 G1 G2 G3

Intratumoral

Intratumoral  Peritumoral

Figure 3. Inmunoreactivity in pancreatic cancer (PCa) and in peritumoral tissue for tyrosine hydrox-
ylase (TH)—(A), beta 2 adrenoreceptors (B2A)—(B) and for B2A depending on tumor grading—(C).
In Figure 3A the analysis included 348 nerves from tumor tissues and 865 nerves from peritumoral
tissues. In Figure 3B, the intratumoral group included the analysis of 594 samples and the peritumoral
group included the analysis of 471 samples. In Figure 3C, the intratumoral group included the analy-
sis of 123 samples for G1, 298 for G2, and 173 samples for G3, while the peritumoral group included
the analysis of 97 samples for G1, 236 for G2, and 138 for G3. * represents statistical significance and
*** represents extremely significant.

To investigate the potential interaction between the immunoreactivity of tyrosine
hydroxylase (TH), beta 2 adrenergic receptors (B2A), and clinicopathological outcomes,
we used the median to classify each case as TH+, respectively, B2A+ (if it presented a
value higher than the median). Firstly, the overall survival was analyzed according to TH
and B2A immunoreactivity, both intratumorally and peritumoral (Figure 4). Only B2A
immunoreactivity in the peritumoral pancreatic tissue influenced overall survival at 5 years
of follow-up, thus B2A+ patients recorded a 5-year survival of only 3% compared to B2A—
patients who recorded an overall survival at 5 years of follow-up up by 14% (HR = 1.758,
95% CI of ratio 1.297 to 2.938, p = 0.0004, Figure 4D). Thus, for the subsequent analysis, only
the immunoreactivity of beta 2 adrenoreceptors was used, and each case was reclassified as
B2A— if it registered a median of beta 2 adrenoreceptors in the peritumoral tissue lower
than 750,000 in terms of IOD, or as B2A+ if it registered the median of beta 2 adrenoreceptors
in peritumoral tissue greater than 750,000 in terms of IOD.

3.2. Baseline Clinicopathological Features

In Table 1, clinicopathological features are highlighted according to B2A immunoreactivity.
Thus, we observed an association between the increased immunoreactivity of beta 2 adrenergic
receptors and the age of patients younger than 60 years (37 patients—62.71%, Odds ratio
3.134, 95% CI 1.475 to 6.606, p = 0.0021), tumors moderately and respectively poorly
differentiated (tumor grading G2 and G2 52 patients—54.17%, Odds ratio 3.208, 95% CI
1.235 to 8.034, p = 0.0157) but there was also a lack of response to first-line chemotherapy
(46 patients—b54.76%, Odds ratio 2.328, 95% CI 1.059 to 5.217, p = 0.0450).
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Figure 4. Overall survival of patients depending on tyrosine hydroxylase (TH) immunoreactivity
intratumoral (A) and peritumoral (B). Additionally, overall survival of patients depending on beta
2 adrenoreceptors (B2A) immunoreactivity intratumoral (C) and peritumoral (D). P value with
Log-rank test. * represent statistical significance.

3.3. Impact of Beta 2 Adrenoreceptors from Peritumoral Tissues in Pancreatic Cancer

The patients stratified according to the immunoreactivity of beta 2 adrenoreceptors
in the peritumoral tissue were investigated using the Kaplan—-Meier survival analysis,
considering clinicopathological parameters. The median survival was 17.5 months in
B2A— women compared to 9 months in B2A+ women (HR = 3.811, 95% CI 1.925 to 7.545,
p = 0.0002), while in B2A— men, the median survival was 14 months in those with B2A—
and only 9 months in those with B2A+. There was no statistical significance of overall
survival in the case of men (HR = 1.318, 95% CI 0.7799 to 2.227, p = 0.3026). In terms of age,
the young B2A — patients had a median survival of 16.5 months compared to the young
B2A+ patients, where the median survival was only 8 months (HR = 2.125, 95% CI 1.208 to
3.739, p = 0.0089). The non-smoking patients B2A— (14.5 months vs. 9 months, HR= 2.050,
95% CI 1.161 to 3.620, p = 0.0134) as well as the patients with metastatic disease B2A—
(12 months vs. 8 months) had a better survival: HR =1.861, 95% CI 1.178 to 2.938, p = 0.0077).
No statistically significant differences were recorded in terms of B2A immunoreactivity
in patients with local disease and in patients who smoked. All these survival curves are
shown in Figure 5.
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Table 1. Baseline clinicopathological features depending on beta 2 adrenoreceptors (B2A) immunoreactivity.

B2A(-) B2A(+)
Variable Category Value Value p

<60 (n =59) 22 (37.29%) 37 (62.71%)

Age (years) 0.0021 *
>60 (n = 63) 41 (65.08%) 22 (34.92%)
Female (n = 53) 28 (52.83%) 25 (47.17%)

Gender 0.8564
Male (n = 69) 35 (50.72%) 34 (49.28%)
No (n=71) 40 (56.34%) 31 (43.66%)

Smoking history 0.2713
Yes (n =51) 23 (45.10%) 28 (54.90%)
Locally advanced (n = 27) 16 (59.26%) 11 (40.74%)

Disease status 0.5142
Metastatic disease (n =95) 48 (50.53%) 47 (49.47%)
Head (n = 61) 32 (52.46%) 29 (47.54%)

Location 0.9999
Others (n = 61) 31 (50.82%) 30 (49.18%)
Gl (n =26) 19 (73.08%) 7 (26.92%)

Tumor grading 0.0157 *
G2&G3 (n=96) 44 (45.83%) 52 (54.17%)

Lymphatic metastasis NO (n = 48) 29 (60.42%) 19 (39.58%) 0.1398

status N1 (n="74) 34 (45.95%) 40 (54.05%%) ’
Response to first-line Yes (n = 38) 25 (65.79%) 13 (34.21%) 0.0450 *
chemotherapy No (1 = 84) 38 (45.24%) 46 (54.76%) '

* p < 0.05 on Fisher’s exact test.

Figure 6 shows the Kaplan—Meier curves for overall survival depending on B2A
immunoreactivity and tumor location, tumor grading, regional lymphatic metastases, and
response to first-line chemotherapy. B2A— patients whose tumor was not located at the
level of the head of the pancreas had a better survival time (14 months vs. 9 months,
HR = 2.664, 95% CI 1.446 to 4.907, p = 0.0121), while patients with the tumor located at the
level of the head of the pancreas did not register different survival curves depending on
the immunoreactivity of B2A receptors (p = 0.2211). In terms of tumor differentiation, there
were no statistically significant differences according to B2A receptor immunoreactivity
in well-differentiated tumors, compared to moderately and poorly differentiated tumors,
where B2A — patients had a better survival time (14.5 months vs. 8.5 months, HR = 2.433,
95% CI 1.537 to 3.852, p = 0.0001). Additionally, in patients with regional lymphatic
metastases, there were no differences in survival compared to patients without regional
lymphatic metastases, where the median survival was 17 months in B2A— patients vs.
9 months in B2A+ patients (HR = 2.273, 95% CI 1.114 to 4.638, p = 0.0240). The response
to first-line chemotherapy did not influence survival according to B2A immunoreactivity,
compared to the absence of response to first-line chemotherapy, although the median
survival was only 9.5 months in B2A— vs. 8 months in B2A+ patients. Overall survival
was better in B2A — patients (HR = 2.441, 95% CI 1.462 to 4.077, p = 0.0006).
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history (E,F), and disease status (G,H). p value with Log-rank test. * represents statistical significance,
** represents very significant and *** represents extremely significant.
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Figure 6. Kaplan-Meier overall survival curves depending on location (A,B), tumor grading (C,D),
lymphatic metastasis status (E,F), and response to first-line chemotherapy (G,H). P value with
Log-rank test. * represents statistical significance, ** represents very significant and *** represents
extremely significant.
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4. Discussion

This study analyzed new perspectives of sympathetic neuronal alterations in pancre-
atic cancer. Firstly, a decrease in both the intratumoral sympathetic nerve fibers and the
density of beta 2 adrenoreceptors was observed, which was proportional to the decrease
in the degree of tumor differentiation. Moreover, an increase of beta 2 adrenoreceptors
was observed in the peritumoral tissue, while the density of sympathetic fibers did not
register a decrease or an increase, depending on tumor grading. Furthermore, the density
of peritumoral beta 2 adrenoreceptors was correlated with reduced survival of patients
with increased immunoreactivity for these receptors in the peritumoral tissue.

4.1. Alterations of Sympathetic Nerve Fibers

Our study revealed a significant decrease in pancreatic nerve fiber density in pancre-
atic cancer compared to the tumor microenvironment. The results were similar to those
described in 2021 by Ferdoushi et al. [3], who noted a reduction in the percentage of sym-
pathetic nerve fibers in tumors compared to sympathetic fibers in peritumoral nerves. In
our study, we did not calculate the nerve cross-sectional area, although we determined the
percentage of sympathetic nerve fibers in each nerve (% of the area of a nerve). Using this
method, we did not observe an influence on the overall survival at 5 years of follow-up for
the analyzed patients, except in the case of beta 2 adrenoreceptors, which also represents
the element of novelty in our study. These neuronal alterations highlighted in our study
could not be correlated with clinical outcomes due to their inhomogeneity. On the other
hand, the data existing in the literature are contradictory. Ceyhan et al. showed that
pancreatic sympathetic innervation was significantly altered in pancreatic cancer as well as
in chronic pancreatitis, along with parasympathetic innervation [4]. This alteration was
also highlighted in the case of intrapancreatic glial cells, a phenomenon that the authors
refer to as a “neural remodeling” that produces “pancreatic neuropathy” [4]. A similar
reduction in the intrapancreatic neural density and the number of nerves was observed in
pancreatic ductal adenocarcinoma by Iwasaki et al. [6]. Moreover, this study highlighted
that low intrapancreatic neural density in patients with pancreatic ductal adenocarcinoma
represents a negative prognostic factor [6]. There are also studies that have shown that
in the case of pancreatic cancer patients, an increase in neural density or the number of
nerves is recorded [6,15,16]. This information tells us that the innervation of pancreatic
cancer is still not well known, and research must continue to improve our understanding.
Additionally, there are differences in methodology regarding the studies in apparent oppo-
sition, as mentioned earlier. In general, it is accepted that intratumoral nerves have a lower
density towards the center of the tumor, where a desmoplastic stroma predominates [6].
These differences are attributed to an interaction between nerves, pancreatic neoplastic
cells, and stromal cells, such as cancer-associated macrophages and fibroblasts [17-20].
This intratumoral pancreatic neuronal alteration can also be explained by the invasion
capacity of pancreatic neoplastic cells; the exact molecular mechanisms that explain this
neoplastic intrapancreatic neuronal remodeling are unknown thus far [21]. Interestingly,
a recent study indicates that sensory neuronal ablation in a genetic model of pancreatic
ductal adenocarcinoma reduces cancer initiation and progression [22]. The involvement of
the autonomic nervous system in tumorigenesis has attracted the attention of researchers in
other types of cancer as well. Thus, Magnon et al. showed that surgical or chemical ablation
of the hypogastric nerves was associated with a reduction in tumorigenesis in a mouse
model of prostate cancer, proposing that postganglionic sympathetic neurons regulate
tumor initiation, while postganglionic parasympathetic neurons play a major role in tumor
progression. [23]. In another visceral cancer model, Zhao et al. highlighted that surgical
vagotomy decreases tumor progression in gastric cancer, increasing the effectiveness of
chemotherapy [24].
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4.2. Immunoreactivity of Beta 2 Adrenoreceptors

From a molecular point of view, the influence of the sympathetic nervous system was
also evaluated by analyzing the immunoreactivity of beta 2 adrenoreceptors in relation
to clinical outcomes. Similarly to the analysis of sympathetic nerve fibers, intratumorally,
we observed a decrease in the immunoreactivity of beta 2 adrenoreceptors, but without
correlations of this decrease with clinical outcomes, especially in relation to survival. It is
interesting that the intratumoral density of these receptors was also analyzed in other types
of cancer in which a correlation of the immunoreactivity of these receptors with negative
prognostic factors was observed, such as colon cancer [25], but sympathetic influences
correlated with poor prognosis were also highlighted in hepatocarcinoma [26] or stomach
cancer [27]. Increased peritumoral immunoreactivity of these receptors showed a corre-
lation with poor prognostic factors, such as overall survival at 5 years. It is well known
that beta 2 adrenoreceptors are members of the G protein-coupled receptor superfamily,
receptors that mediate the action of endogenous catecholamines in a wide variety of target
cells [28,29]. In short, the activation of these receptors stimulates cell proliferation by acti-
vating the cyclic adenosine monophosphate (c(AMP)/protein kinase A (PKA) pathways [28].
Moreover, recent studies suggest that the activation of beta 2 adrenoreceptors stimulates
the subsequent activation of Src and Ras tyrosine kinases via the mitogen-activated protein
kinase (MAPK) [30,31]. Thus, the activation of these kinases determines the transcrip-
tional activation of some genes involved in tumor proliferation and antiapoptotic signaling
cascades [32]. If the intracellular pathways mediated by beta 2 adrenoreceptors are well
known, the question that arises is where do the agonists of these receptors come from
in patients with pancreatic cancer? Do these patients have a higher level of endogenous
catecholamines during the evolution of the neoplastic disease, or could they have had high
levels of catecholamines even before the onset of this disease? Further functional studies
are needed to answer these questions.

4.3. Limitations of the Study

The main limitation of our study is that it is an observational, descriptive study which
was carried out retrospectively and which included a relatively small number of patients.
Additionally, these observations were not reproduced on an animal model of pancreatic
cancer. From a molecular point of view, not all intracellular signaling pathways were
analyzed; we only investigated the immunoreactivity of beta 2 adrenoreceptors in these
tissue samples, and we did not stimulate or inhibit them on normal pancreatic cell lines or
pancreatic neoplastic tissue.

5. Conclusions

Sympathetic nerve fibers undergo neuronal remodeling in pancreatic cancer. Intratu-
morally, this is also accompanied by a decrease in immunoreactivity for beta 2 adrenore-
ceptors, but lacks exact correlations with clinical outcomes. However, the increased im-
munoreactivity of beta 2 adrenoreceptors in pancreatic peritumoral tissue represents a poor
prognostic factor in pancreatic cancer. This observation highlights the role of the tumor
microenvironment in the progression of pancreatic cancer and may constitute a future
therapeutic target.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/cancers15113040/s1, Figure S1: Representative picture
with sympathetic fibers in pancreatic peritumoral nerves immunoreactivity for tyrosine hydrox-
ylase, 4x. Figure S2: Representative picturewith sympathetic fibers in pancreatic peritumoral
nerves immunoreactivity for tyrosine hydroxylase, 10x. Figure S3: Representative picturewith
sympathetic fibers in pancreatic intratumoral nerves immunoreactivity for tyrosine hydroxylase,
4x. Figure S4: Representative picture with sympathetic fibers in pancreatic intratumoral nerves
immunoreactivity for tyrosine hydroxylase, 10x. Figure S5: Representative picture with beta 2
adrenoreceptors (brown color) in pancreatic tumor tissue (the black arrow) and in peritumoral tissue
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(the white arrow), 4 x. Figure S5: Representative picture with beta 2 adrenoreceptors (brown color) in
pancreatic tumor tissue (the black arrow) and in peritumoral tissue (the white arrow), 10x.

Author Contributions: Conceptualization, E.-A.T., M.P. and C.C.V.; methodology, E.-A.T. and V.G;
software, E.-A.T. and 1.U; validation, E.-A.T., M.P. and C.C.V.; formal analysis, V.B.; investigation,
E.-A.T., M.P. and C.C.V,; resources, E.-A.T.; data curation, M.P. and I.U.; writing—original draft
preparation, E.-A.T. and M.P.; writing—review and editing, M.P. and A.-R.P; visualization, A.-M.C.;
supervision, C.C.V,; project administration, E.-A.T.; funding acquisition, E.-A.T. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by University of Medicine and Pharmacy of Craiova, Romania,
grant number 26/531/11/31.05.2022.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Ethics Committee of University of Medicine and Pharmacy of
Craiova, Romania (No. 225/20.12.2021).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding authors.

Acknowledgments: We thank Nicolae Daniel Pirici (Department of Pathology, University of Medicine
and Pharmacy of Craiova, Romania) for his help implementing the multispectral microscopy technique.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. National Cancer Institute. Available online: https:/ /seer.cancer.gov/statfacts/html/pancreas.html (accessed on 10 May 2023).

2. International Agency for Research on Cancer (World Health Organization). Available online: https://gco.iarc.fr (accessed on
10 May 2023).

3. Ferdoushi, A.; Griffin, N.; Marsland, M.; Xu, X,; Faulkner, S.; Gao, F; Liu, H.; King, S.J.; Denham, J.W.; van Helden, D.F,; et al.
Tumor innervation and clinical outcome in pancreatic cancer. Sci. Rep. 2021, 11, 7390. [CrossRef] [PubMed]

4. Ceyhan, G.O.; Demir, LE.; Rauch, U.; Bergmann, E; Miiller, M.W,; Biichler, M.W.; Friess, H.; Schifer, K.H. Pancreatic neuropathy
results in “neural remodeling” and altered pancreatic innervation in chronic pancreatitis and pancreatic cancer. Am. J. Gastroenterol.
2009, 104, 2555-2565. [CrossRef]

5. Renz, B.W,; Takahashi, R.; Tanaka, T.; Macchini, M.; Hayakawa, Y.; Dantes, Z.; Maurer, H.C.; Chen, X; Jiang, Z.; Westphalen,
C.B.; et al. B2 Adrenergic-Neurotrophin Feedforward Loop Promotes Pancreatic Cancer. Cancer Cell 2018, 33, 75-90.€7. [CrossRef]
[PubMed]

6. Iwasaki, T.; Hiraoka, N.; Ino, Y.; Nakajima, K.; Kishi, Y.; Nara, S.; Esaki, M.; Shimada, K.; Katai, H. Reduction of intrapancreatic
neural density in cancer tissue predicts poorer outcome in pancreatic ductal carcinoma. Cancer Sci. 2019, 110, 1491-1502.
[CrossRef] [PubMed]

7. Schorn, S.; Demir, LE.; Haller, B.; Scheufele, F.; Reyes, C.M.; Tieftrunk, E.; Sargut, M.; Goess, R.; Friess, H.; Ceyhan, G.O. The
influence of neural invasion on survival and tumor recurrence in pancreatic ductal adenocarcinoma—A systematic review and
meta-analysis. Surg. Oncol. 2017, 26, 105-115. [CrossRef] [PubMed]

8.  Liebl, F; Demir, LE.; Mayer, K.; Schuster, T.; D'Haese, ].G.; Becker, K.; Langer, R.; Bergmann, F.; Wang, K.; Rosenberg, R.; et al. The
impact of neural invasion severity in gastrointestinal malignancies: A clinicopathological study. Ann. Surg. 2014, 260, 900-908.
[CrossRef]

9. Bockman, D.E; Biichler, M.; Beger, H.G. Interaction of pancreatic ductal carcinoma with nerves leads to nerve damage. Gastroen-
terology 1994, 107, 219-230. [CrossRef]

10. Li, Z].; Cho, C.H. Neurotransmitters, more than meets the eye--neurotransmitters and their perspectives in cancer development
and therapy. Eur. J. Pharmacol. 2011, 667, 17-22. [CrossRef]

11. Jiang, SH.; Hu, L.P; Wang, X,; Li, J.; Zhang, Z.G. Neurotransmitters: Emerging targets in cancer. Oncogene 2020, 39, 503-515.
[CrossRef]

12. Kuwol, N,; Stojanovska, L.; Apostolopoulos, V.; Nurgali, K. Crosstalk between cancer and the neuro-immune system. J. Neuroim-
munol. 2018, 315, 15-23. [CrossRef]

13.  Stopczynski, R.E.; Normolle, D.P.; Hartman, D.J.; Ying, H.; DeBerry, ].]J.; Bielefeldt, K.; Rhim, A.D.; DePinho, R.A.; Albers, K.M.;
Davis, B.M. Neuroplastic changes occur early in the development of pancreatic ductal adenocarcinoma. Cancer Res. 2014, 74,
1718-1727. [CrossRef] [PubMed]

14. Biankin, A.V.; Waddell, N.; Kassahn, K.S.; Gingras, M.C.; Muthuswamy, L.B.; Johns, A.L.; Miller, D.K.; Wilson, P.J.; Patch, A.M.;

Wu, J.; et al. Pancreatic cancer genomes reveal aberrations in axon guidance pathway genes. Nature 2012, 491, 399-405. [CrossRef]
[PubMed]


https://seer.cancer.gov/statfacts/html/pancreas.html
https://gco.iarc.fr
https://doi.org/10.1038/s41598-021-86831-w
https://www.ncbi.nlm.nih.gov/pubmed/33795769
https://doi.org/10.1038/ajg.2009.380
https://doi.org/10.1016/j.ccell.2017.11.007
https://www.ncbi.nlm.nih.gov/pubmed/29249692
https://doi.org/10.1111/cas.13975
https://www.ncbi.nlm.nih.gov/pubmed/30776178
https://doi.org/10.1016/j.suronc.2017.01.007
https://www.ncbi.nlm.nih.gov/pubmed/28317579
https://doi.org/10.1097/SLA.0000000000000968
https://doi.org/10.1016/0016-5085(94)90080-9
https://doi.org/10.1016/j.ejphar.2011.05.077
https://doi.org/10.1038/s41388-019-1006-0
https://doi.org/10.1016/j.jneuroim.2017.12.016
https://doi.org/10.1158/0008-5472.CAN-13-2050
https://www.ncbi.nlm.nih.gov/pubmed/24448244
https://doi.org/10.1038/nature11547
https://www.ncbi.nlm.nih.gov/pubmed/23103869

Cancers 2023, 15, 3040 14 of 14

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Ceyhan, G.O.; Bergmann, F.; Kadihasanoglu, M.; Altintas, B.; Demir, L.E.; Hinz, U.; Miiller, M.W,; Giese, T.; Biichler, M.W.;
Giese, N.A_; et al. Pancreatic neuropathy and neuropathic pain--a comprehensive pathomorphological study of 546 cases.
Gastroenterology 2009, 136, 177-186. [CrossRef]

Ceyhan, G.O.; Schifer, K.H.; Kerscher, A.G.; Rauch, U.; Demir, LE.; Kadihasanoglu, M.; Bochm, C.; Miiller, M.W.; Biichler,
M.W.; Giese, N.A_; et al. Nerve growth factor and artemin are paracrine mediators of pancreatic neuropathy in pancreatic
adenocarcinoma. Ann. Surg. 2010, 251, 923-931. [CrossRef]

Haeberle, L.; Steiger, K.; Schlitter, A.M.; Safi, S.A.; Knoefel, W.T.; Erkan, M.; Esposito, I. Stromal heterogeneity in pancreatic cancer
and chronic pancreatitis. Pancreatology 2018, 18, 536-549. [CrossRef] [PubMed]

Helm, O.; Mennrich, R.; Petrick, D.; Goebel, L.; Freitag-Wolf, S.; Roder, C.; Kalthoff, H.; Rocken, C.; Sipos, B.; Kabelitz, D.; et al.
Comparative characterization of stroma cells and ductal epithelium in chronic pancreatitis and pancreatic ductal adenocarcinoma.
PLoS ONE 2014, 9, €94357. [CrossRef]

Zhan, H.X.; Zhou, B.; Cheng, Y.G.; Xu, ].W,; Wang, L.; Zhang, G.Y.; Hu, S.Y. Crosstalk between stromal cells and cancer cells in
pancreatic cancer: New insights into stromal biology. Cancer Lett. 2017, 392, 83-93. [CrossRef]

Hori, S.; Shimada, K.; Ino, Y.; Oguro, S.; Esaki, M.; Nara, S.; Kishi, Y.; Kosuge, T.; Hattori, Y.; Sukeda, A.; et al. Macroscopic
features predict outcome in patients with pancreatic ductal adenocarcinoma. Virchows Arch. 2016, 469, 621-634. [CrossRef]
Nishida, T.; Yoshitomi, H.; Takano, S.; Kagawa, S.; Shimizu, H.; Ohtsuka, M.; Kato, A.; Furukawa, K.; Miyazaki, M. Low Stromal
Area and High Stromal Microvessel Density Predict Poor Prognosis in Pancreatic Cancer. Pancreas 2016, 45, 593-600. [CrossRef]
Saloman, J.L.; Albers, KM,; Li, D.; Hartman, D.]J.; Crawford, H.C.; Muha, E.A; Rhim, A.D.; Davis, B.M. Ablation of sensory
neurons in a genetic model of pancreatic ductal adenocarcinoma slows initiation and progression of cancer. Proc. Natl. Acad. Sci.
USA 2016, 113, 3078-3083. [CrossRef]

Magnon, C.; Hall, S.J.; Lin, J.; Xue, X.; Gerber, L.; Freedland, S.J.; Frenette, P.S. Autonomic nerve development contributes to
prostate cancer progression. Science 2013, 341, 1236361. [CrossRef] [PubMed]

Zhao, C.M.; Hayakawa, Y.; Kodama, Y.; Muthupalani, S.; Westphalen, C.B.; Andersen, G.T.; Flatberg, A.; Johannessen, H.;
Friedman, R.A.; Renz, B.W,; et al. Denervation suppresses gastric tumorigenesis. Sci. Transl. Med. 2014, 6, 250ral15. [CrossRef]
[PubMed]

Ciurea, R.N.; Rogoveanu, I.; Pirici, D.; Tartea, G.C.; Streba, C.T.; Florescu, C.; Catalin, B.; Puiu, I.; Tartea, E.A.; Vere, C.C. B2
adrenergic receptors and morphological changes of the enteric nervous system in colorectal adenocarcinoma. World ]. Gastroenterol.
2017, 23, 1250-1261. [CrossRef]

Ciurea, A.M.; Gheonea, D.I; Schenker, M.; Mehedinteanu, A.M.; Tartea, G.C.; Vere, C.C. The Prognostic Correlation of Heart Rate
Variability at Diagnosis with Survival of Patients with Hepatocellular Carcinoma. Diagnostics 2021, 11, 890. [CrossRef]
Mehedinteanu, A.M.; Sfredel, V.; Stovicek, P.O.; Schenker, M.; Tartea, G.C.; Istratoaie, O.; Ciurea, A.M.; Vere, C.C. Assessment of
Epinephrine and Norepinephrine in Gastric Carcinoma. Int. ]. Mol. Sci. 2021, 22, 2042. [CrossRef] [PubMed]

Zhang, D.; Ma, Q.; Wang, Z.; Zhang, M.; Guo, K.; Wang, E.; Wu, E. 32-adrenoceptor blockage induces G1/S phase arrest and
apoptosis in pancreatic cancer cells via Ras/Akt/NFkB pathway. Mol. Cancer 2011, 10, 146. [CrossRef]

McGraw, D.W.; Liggett, S.B. Molecular mechanisms of beta2-adrenergic receptor function and regulation. Proc. Am. Thorac. Soc.
2005, 2, 292-312. [CrossRef]

Luttrell, L.M.; Ferguson, S.S.; Daaka, Y.; Miller, W.E.; Maudsley, S.; Della Rocca, G.J.; Lin, F; Kawakatsu, H.; Owada, K.; Luttrell,
D.K.; et al. Beta-arrestin-dependent formation of beta2 adrenergic receptor-Src protein kinase complexes. Science 1999, 283,
655-661. [CrossRef]

Vargiu, P; De Abajo, R.; Garcia-Ranea, J.A.; Valencia, A.; Santisteban, P.; Crespo, P,; Bernal, J. The small GTP-binding protein,
Rhes, regulates signal transduction from G protein-coupled receptors. Oncogene 2004, 23, 559-568. [CrossRef]

Hirsch, E.; Ciraolo, E.; Ghigo, A.; Costa, C. Taming the PI3K team to hold inflammation and cancer at bay. Pharmacol. Ther. 2008,
118, 192-205. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1053/j.gastro.2008.09.029
https://doi.org/10.1097/SLA.0b013e3181d974d4
https://doi.org/10.1016/j.pan.2018.05.004
https://www.ncbi.nlm.nih.gov/pubmed/29778400
https://doi.org/10.1371/journal.pone.0094357
https://doi.org/10.1016/j.canlet.2017.01.041
https://doi.org/10.1007/s00428-016-2026-6
https://doi.org/10.1097/MPA.0000000000000499
https://doi.org/10.1073/pnas.1512603113
https://doi.org/10.1126/science.1236361
https://www.ncbi.nlm.nih.gov/pubmed/23846904
https://doi.org/10.1126/scitranslmed.3009569
https://www.ncbi.nlm.nih.gov/pubmed/25143365
https://doi.org/10.3748/wjg.v23.i7.1250
https://doi.org/10.3390/diagnostics11050890
https://doi.org/10.3390/ijms22042042
https://www.ncbi.nlm.nih.gov/pubmed/33670813
https://doi.org/10.1186/1476-4598-10-146
https://doi.org/10.1513/pats.200504-027SR
https://doi.org/10.1126/science.283.5402.655
https://doi.org/10.1038/sj.onc.1207161
https://doi.org/10.1016/j.pharmthera.2008.02.004

	Introduction 
	Materials and Methods 
	The Type of Study 
	Patients and Tissues 
	Immunohistochemistry 
	Quantitative Analysis of Neural Tissue 
	Statistical Analysis 

	Results 
	Immunoreactivity of Tyrosine Hydroxylase and Beta 2 Adrenergic Receptors in Pancreatic Cancer and Peritumoral Tissues 
	Baseline Clinicopathological Features 
	Impact of Beta 2 Adrenoreceptors from Peritumoral Tissues in Pancreatic Cancer 

	Discussion 
	Alterations of Sympathetic Nerve Fibers 
	Immunoreactivity of Beta 2 Adrenoreceptors 
	Limitations of the Study 

	Conclusions 
	References

