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Abstract. Non‑melanoma skin cancer  (NMSC) is the most 
common form of cancer worldwide, comprising 95% of all 
cutaneous malignancies and approximately 40% of all cancers. 
In spite of intensive efforts aimed towards awareness campaigns 
and sun‑protective measures, epidemiological data indicate an 
increase in the incidence of NMSC. This category of skin cancers 
has many common environmental triggers. Arising primarily on 
sun‑exposed skin, it has been shown that ultraviolet radiation is, 
in the majority of cases, the main trigger involved in the patho-
genesis of NMSC. Aside from the well‑known etiopathogenic 
factors, studies have indicated that several neuroactive factors 
are involved in the carcinogenesis of two of the most common 
types of NMSC, namely basal cell carcinoma (BCC) and squa-
mous cell carcinoma (SCC), with the exception of penile SCC, 
for which a paucity of specific data on their pathogenic role 

exists. The complex interaction between the peripheral nervous 
system and target cells in the skin appears to be mediated by 
locally released neuroendocrine factors, such as catecholamines, 
substance P, calcitonin gene‑related peptide and somatostatin, 
as well as neurohormones, such as proopiomelanocortin and 
its derived peptides, α‑melanocyte‑stimulating hormone and 
adrenocorticotropin. All these factors have been, at least at 
some point, a subject of debate regarding their precise role in 
the pathogenesis of NMSC. There is also a significant body of 
evidence indicating that psychological stress is a crucial impact 
factor influencing the course of skin cancers, including SCC and 
BCC. Numerous studies have suggested that neuroendocrine 
factor dysregulation, as observed in stress reactions, may be 
involved in tumorigenesis, accelerating the development and 
progression, and suppressing the regression of NMSC. Further 
studies are required in order to elucidate the exact mechanisms 
through which neuroactive molecules promote or inhibit cuta-
neous carcinogenesis, as this could lead to the development of 
more sophisticated and tailored treatment protocols, as well as 
open new perspectives in skin cancer research.
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1. Introduction

The skin is both a physical barrier between the host and the 
environment, as well as an immunological gatekeeper destined 
to optimally fulfill the needs of the host. Thus, the interactions 
between the external factors and the internal environment of 
the skin significantly affect both skin homeostasis, as well as 
the incidence of skin pathologies (1).

Comprising basal cell carcinoma (BCC) and squamous cell 
carcinoma (SCC), together with a large number of rare tumors, 
non‑melanoma skin cancer (NMSC) is the most common form 
of cancer worldwide, encompassing 95%  of all cutaneous 
neoplasms and approximately 40% of all malignancies (2,3). 
Despite growing awareness and sun‑protective measures, the 
incidence of NMSC has markedly increased over the past 
decades (4). Due to the current age shift in the population, 
mainly in developed countries, the incidence of NMSC may 
increase by an estimated 50% by the year 2030 (4,5).

BCC is the most frequently occurring form of skin cancer 
(80%  of all skin cancers), accounting for one third of all 
cancers per year (6,7). While BCCs rarely exhibit an unre-
strained behavior, SCCs are more aggressive and metastasize 
more frequently. SCCs represent over 20% of all cutaneous 
malignancies, and 14% of these tumors metastasize and are 
responsible for the majority of deaths due to NMSC (8‑13). 
Furthermore, SCC is the most frequently reported pathology 
of penile cancer (>95%); this is a rare malignancy accounting 
for 0.24% of all neoplasms among males in the United States 
with a significantly higher incidence (up to 20‑30-fold greater) 
in areas of Africa and South America, that usually arises from 
the epithelium of the inner prepuce or the glans, and it exists 
in several histological subtypes and shares a similar pathology 
with SCC of other origins (14‑16). As a direct consequence, 
NMSCs add a considerable financial burden to healthcare 
systems, significantly reducing the quality of life of patients 
and having a marked socio‑economic impact. Thus, continuous 
efforts are being made towards the identification of novel etio-
pathogenic mechanisms.

NMSCs have many common environmental triggers, 
some stimulating tumor development more than others. The 
major risk factors for NMSCs are chronic exposure to ultra-
violet radiation (UVR), the thinning of the ozone layer due 
to pollution, non‑specific immune suppression, the increased 
lifespan, protein patched homolog 1 (PTCH) gene mutations 
and fair skin (17). Human papilloma virus (HPV) infection is 
an important risk factor for penile SCC; viral DNA has been 
detected in 70‑100% of penile intraepithelial neoplasia and in 
30‑40% of invasive cancer tissue samples (15). HPV infection 
(particularly by high risk HPV types 16, 18, 31, 33, 35, 56 and 
64) is nowadays recognized as a major co-factor in penile SCC 
through oncogenes and tumor suppressor genes  (p53, pRb, 
p16) (16,18). Nevertheless, it is now clear that apart from the 
HPV‑induced pathway (through which up to 50‑80% of penile 
SCC cases arise), a non‑HPV‑induced pathway represents a 
divergent molecular pathway accounting for penile carcinogen-
esis related to several risk factors, such as chronic inflamation 
and specific mediators (16,19).

The fact that NMSC arises mostly on sun‑exposed areas 
(with the exception of penile SCC) has highlighted the crucial 
role of UVR in the pathogenesis of NMSC. The effects of UVR 

exposure include DNA alteration, epidermal inflammation 
and hyperplasia, creating favorable conditions for the develop-
ment of cutaneous malignancies (20‑22). UVR is the principal 
cause of the occurrence of NMSC. Due to the interaction of 
the external environment with the internal mechanisms of the 
human organism, factors that influence the functions of the 
human body also affect the appearance and/or progression of 
precancerous lesions (23,24). Thus, an underactive and poor 
performing immune system causes these lesions to rapidly 
appear and develop, while a strong immune system may 
prevent the appearance and development of NMSC (23,24). 
The immunosuppressive‑inducing effects of UVR are primarily 
cited as conditioning a permissive tumor microenvironment for 
BCC and SCC. Several studies have confirmed that the immune 
system has a significant influence on the development of skin 
tumors, by creating a microenvironment favorable for carcino-
genesis. However, these effects may be insufficient to induce 
carcinogenesis  (25‑29). Moreover, various neuroendocrine 
stimuli may potentiate and maintain a chronic state of inflam-
mation, promoting tumorigenesis (Fig. 1) (30‑33). Importantly, 
the function of the skin as a peripheral neuroendocrine organ 
has been well established. Thus, signals of cutaneous origin but 
related to the neuroendocrine system may trigger cascades of 
responses addressed at maintaining local and global homeo-
stasis. The neuroendocrine function of the skin is performed by 
cells of mesenchymal, neural crest, bone marrow and epithelial 
origin that are compartmentally arranged into endocrine units 
localized at the epidermis, dermis and adnexal structures. 
These cells produce the respective hormones and express the 
corresponding receptors, suggesting that the main interactive 
mechanisms within the distinct cutaneous domains are of both 
autocrine and paracrine capacity (34). Moreover, cutaneous 
nerve fibers provide additional levels of communication with the 
release of neuropeptides at dermal or epidermal levels. The true 
endocrine component of the cutaneous neuroendocrine system 
is thus represented by those humoral signals that can directly 
enter the circulation  (35). Therefore, the skin can generate 
signals to produce rapid or slow responses at local or systemic 
level. These signals counteract the environmental insults and/or 
internal functions. Thus, the skin can be characterized as a 
sensor for external or internal factors, which are subsequently 
translated by the cutaneous neuroendocrine system into humoral 
or neural signals and dispatched to local or distant coordinating 
centers (35).

Various studies have suggested a link between 
neuroendocrine factors and skin carcinogenesis in the two 
most common types of NMSC, BCC and SCC, with the 
exception of penile SCC, for which a paucity of specific 
data on their pathogenic role exists. A complex interaction 
between nervous system and target cells, such as keratinocytes, 
melanocytes, Langerhans cells (LCs), mast cells, endothelial 
cells and inflammatory infiltrate cells has been previously 
described in skin. This interaction appears to be mediated by 
locally released neuroendocrine factors encompassing classic 
neurotransmitters, neuropeptides and neurohormones (36‑39). 
The mechanisms through which neuroendocrine factors 
influence mucocutaneous physiopathological processes 
are extremely complex, involving the dysregulation of the 
dynamic balance between the nervous, endocrine and immune 
systems  (40). While NMSCs are highly immunogenic, the 
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action of neuroendocrine factors, when combined with other 
appropriate factors, such as UVRs, may result in either the 
development of SCC or BCC (30,31).

The aim of this review was to provide an overview of the 
neuroendocrine factors role in the initiation and/or promotion 
of NMSC (with a focus on SCC and BCC) in relation to envi-
ronmental factor exposure.

2. Stress

Psychological stress is involved in the onset or aggravation 
of numerous skin pathophysiological processes (37‑39,41,42). 
In addition, a significant body of evidence suggests that 
stress is a crucial impact factor influencing the course of skin 
cancers (38,43‑45). Neuroendocrine factor dysregulation, as 
observed in stress reactions, may be involved in the modulation 
of tumorigenesis, accelerating the development and progres-
sion, and suppressing the regression of cancer.

Chronic stress. Alterations in the functionality of the immune 
system and promotion of tumor development (46) have been 
proven to represent the long-term effects of chronic stress expo-
sure. Even without any obvious impact on the general health 
status, a moderate but chronic stress factor seems to lead to 
a substantial increase in skin cancer susceptibility in affected 
individuals. Moreover, the negative impact of stress factors 
on clinical, cellular and molecular parameters adding up to 
immunosuppression can be observed for months, even after the 
stressors have ceased their activity (31).

Studying skin tumor development in rat models, 
Saul et al (31) demonstrated that stressed mice exposed to UVB 
radiation developed skin malignancies in a shorter timeframe 
and that the stressed study group reached 50% tumoral incidence 

earlier than the non‑stressed control group. Another study by 
Parker et al (47) demonstrated accelerated tumor development in 
an extended chronic stress model, in which stress factor admin-
istration began 2 weeks prior to UVR exposure. Furthermore, 
as previously demonstrated, stressed mice exhibit reduced 
values of interferon  (IFN)‑γ, CCL27/CTACK  (expressed 
predominantly in the skin and responsible for T cell recruit-
ment) (48), CD3ε (considered an important indicator of T cell 
infiltration) and interleukin  (IL)‑12p40 gene expression, 
as well as a reduced CD4+ cell count and an increased number 
of CD25+ suppressor cells in peritumoral infiltrates. IFN‑γ, 
which promotes tumor recognition and destruction (49), is an 
essential mediator of IL‑12-related antitumoral effects (50), and 
promotes tumor suppression (51). The authors hence concluded 
that chronic stress increases UVB‑induced cutaneous SCC 
in their rat model, primarily by suppressing type 1 cytokine 
production and increasing T suppressor cell count  (51). 
Furthermore, it has been shown that basal corticosterone levels 
in stressed mice remain higher than those in the control group 
for almost 7 months following the cessation of stress factors (51). 
Importantly, higher morning corticosterone levels indicate 
a circadian rhythm disturbance, leading to immune function 
impairment (52), accelerated tumor progression (53‑55) and 
increased mortality (56).

Due to its immunosuppressive effect, chronic stress 
also creates a permissive environment for BCC tumorigen-
esis (30,31). Transplant patients, as well as patients receiving 
moderate doses of immunosuppressive therapies are more 
susceptible to developing BCC than the general population (57), 
since the immune system is central to BCC appearance and 
progression. Fagundes et al showed that patients with BCC 
who experienced a stressful event in the past year or who had 
been maltreated in childhood had a poorer antitumor immune 

Figure 1. The cutaneous neuroendocrine system in photo‑carcinogenesis. The image depicts the potential role of neuropeptides substance P (SP), calcitonin 
gene‑related peptide (CGRP) and nerve growth factor (NGF) as modulating agents of keratinocytes (KCs), mast cells (MCs), epidermal nerve fibers (ENFs), 
melanocytes (MEs) and Langerhans cells (LCs). Damage induced by the exposure to ultraviolet radiation (UVR) leads to chronic inflammation, immunosuppression 
and cell proliferation, thus promoting carcinogenesis.
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response (30). Of note, messenger RNA encoding for proteins 
expressed on immune cells, such as CD3ε, CD68, CD25 
and ICAM‑1 are indicators of a targeted anti‑BCC immune 
response. Patients who reported early childhood abuse had 
lower mRNA levels of CD3ε, CD68, CD25 and ICAM‑1, 
illustrating a tolerant microenvironment for tumor develop-
ment (30). The results from the study by Saul et al concerning 
SCC in mouse models could also be applicable to BCC, as both 
tumors are intensely immunogenic (31).

Two isoenzymes regulate cortisol activity in the skin, acti-
vating and, respectively, inactivating it: 11-β-hydroxysteroid 
dehydrogenase (11βHSDH)1 and 2 (32,58). In BCC, 11βHSDH1 
is decreased, while its counterpart is increased (32). Of note, 
11βHSDH2 is non-existent in healthy skin, but its expression 
is increased in proliferating basal cells in BCC and seborrheic 
keratosis (SK). One hypothesis is that local cortisol activation 
via 11βHSDH1 in keratinocytes plays a role in controlling local 
stress and repeated stimulation (32). 11βHSDH1 levels are low 
in BCC regardless of tumor differentiation, and may in fact 
induce cellular proliferation (33). Inhibition of 11βHSDH1 has 
been reported to activate epidermal cells hyperproliferation in 
murine models (58). Moreover, Terao et al found that 11βHSDH2 
was increased in BCC and SK, but not in SCC (33). According 
to these authors, 11βHSDH1 and 2 may modulate intracellular 
glucocorticoid levels, subsequently influencing keratinocyte 
proliferation, differentiation and inflammation (33).

Chronic stress induces cellular mediated immune 
suppression (59), which plays a major role in NMSC‑related 
tumoral surveillance. A reduction in the peritumoral CD4 
lymphocyte population has been reported during chronic stress 
exposure, thus supporting the hypothesis according to which 
SCC susceptibility is mediated through the suppression of 
T cell activity (60,61). Other studies have shown that long-term 
stress suppresses another tumor, eliminating NK cells, which 
leads to tumor metastasis in experimental models (62,63).

Acute stress. As opposed to chronic stress, which acts as an 
immunosuppressant, acute stress reactions during immune acti-
vation or antigen exposure induce a redistribution of circulating 
immune cells towards organs, such as the skin, subcutaneous 
tissue and local lymph nodes (59,64,65), thus enhancing both 
innate and acquired immunity  (59,65‑70). This augmented 
immune response can also increase antitumoral activity against 
immunoresponsive malignancies, during tumoral immuno-
therapy or during surgery.

Due to the immunogenicity of SCC, studies have been 
carried out starting from the hypothesis that acute stress prior 
to UVR exposure would enhance the immune response and 
potentiate resistance to SCC development. Dhabhar et al (71) 
studied the immunomodulatory effects of short-term stress 
exposure in a murine model and found that the exposed to acute 
stress study group exhibited an increased expression of chemo-
kine related genes, such as CTACK/CCL27, RANTES, IL‑12 
and IFN‑γ for up to 8 months, larger numbers of infiltrating 
T cells (both CD8+ and CD4+) and a reduced SCC incidence 
at 4 months. These results suggest that acute stress increases 
chemokine gene expression and T cell trafficking following 
UVR exposure, while it also enhances cellular immunity.

Considering the relevance of these findings in relation to 
the discovery of novel mechanisms of antitumoral response 

activation, the intrinsic immune and non‑immune mechanisms 
through which short-term stress during UVR exposure reduces 
future tumor burden need to be further elucidated.

3. Neuroactive mediators

Neurotransmitters. Whereas some studies suggest that 
neuroactive molecules influence the risk for developing malig-
nancies (initiation phase), others have suggested that neuroactive 
compounds also affect progression, once disease is established.

Under stressful conditions, sympathetic nerve fibers release 
additional epinephrine and norepinephrine (NE), which have 
been previously shown to increase IL‑6 and reactive oxygen 
species production, thereby promoting cancer cell survival and 
proliferation (72,73). Moreover, in vitro studies have proven 
that cancer cell survival and proliferation can be successfully 
inhibited by incubation with adrenergic receptor  (AR) 
antagonists (74,75).

Following skin injury, basal keratinocytes migrate into the 
wound to initialize re‑epithelialization, critical in wound repair 
and barrier function rehabilitation. Keratinocytes express high 
levels of β‑ARs, without expressing other types of ARs, and 
they are also capable of synthesizing epinephrine (76,77).

One explanation for the relative lack of studies and therefore 
knowledge in this particular area, is probably the difficulty in 
preserving and demonstrating neurotransmitter expression in 
cutaneous NMSC skin biopsies coupled with the inexistence of 
adequate antibodies for such conditions of fixation.

As early as the 1950's Winkelmann (78) reported the pres-
ence of nerve fibers in close proximity to BCC cells; however, 
this author did not believe in the existence of a solid functional 
association between these nerve fibers and BCC proliferation. 
Current evidence indicates that several tumor cell lines express 
β‑ARs and that catecholamine hormones may influence 
tumorigenesis via these receptors (79‑85). Catecholamines are 
able to modulate the expression of vascular endothelial growth 
factor (VEGF) and matrix metalloproteinases (MMPs); thus, 
they can regulate various facets of tumor progression, such as 
proliferation, angiogenesis and metastasis (79,86‑89).

MMPs and tissue inhibitors of metalloproteinases (TIMPs) 
are known for their role in extracellular matrix remodelling 
in both physiological and pathological processes, and several 
cytokines possess the ability to influence their expression (90). 
When collagenolytic MMPs are activated, they degrade 
the peritumoral matrix, thereby aiding in BCC and SCC 
microenvironment remodelling (91). Yang and Eubank (92) 
studied the effect of neuroendocrine alteration on MMP and 
TIMP expression. Using a blister chamber wound model on 
UVB-exposed human forearm skin, they reported that the 
activation of the hypothalamic‑pituitary‑adrenal (HPA) and 
sympathetic‑adrenal medullary (SAM) axes indeed modulate 
MMP levels. Their results revealed a positive correlation 
between NE plasma levels and MMP‑2 levels, and a negative 
association between plasmatic cortisol levels and MMP‑2 levels. 
These data indicate that the release of NE associated with the 
sympathetic nervous system can modulate MMP levels (93). 
Dumas et al  (94) also reported an increased expression of 
MMP‑9 and MMP‑2 in SCC versus BCC, which in conjunc-
tion with the reduced expression of type IV collagen, led the 
authors to conclude that this could be a possible explanation to 
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the significantly enhanced aggressive behavior of SCC when 
compared to BCC (95).

A recent study by Peterson et al investigated the role of the 
nervous system in somatic cancer (96). The authors examined 
the role of cutaneous nerve fibers in a model of spontaneous 
BCC following the genetic deletion of PTCH1 and found that 
tumors developed mainly in touch domes and bulge regions of 
hair follicles, although not in the interfollicular epidermis. In 
their study, they disclosed the presence of mRNA for the three 
hedgehog ligands in the dorsal root ganglia, the location of 
sensory neurons that project to the skin, and thus hypothesized 
that the loss of sensory‑derived signaling mediators, which 
inhibit the hedgehog pathway may be a driving factor for carci-
nogenesis.

There is also evidence supporting the direct involvement 
of peripheral nerve fibers in cutaneous epithelial cell homeo-
stasis in reports showing the progressive loss of Merkel cells 
following denervation (97,98). BCC, an epidermal tumor, is 
also lined with Merkel cells.

In a previous study, PTCH1 wild-type mice had consider-
ably fewer Merkel cells and significantly fewer tumor cells in 
touch dome-derived tumors in contrast to the sham‑lesioned 
contralateral side, five weeks after denervation (96). Based on 
this observation, the authors suggested denervation as a poten-
tial therapeutic tool, not only for BCC, but also for Merkel cell 
malignancies (96). Nevertheless, other authors have suggested 
that, even though Merkel cell tumors display phenotypes 
similar to native Merkel cells, they still arise from skin stem 
cells, and as such are susceptible to influence from cutaneous 
innervation (99). The one compelling finding of this previous 
study was that surgical or chemical ablation of nerve fibers 
significantly reduced or slowed BCC progression.

Bernabé et al (72) examined the effects of stress hormones 
on SCC cell lines (SCC9, SCC15 and SCC25) and found that 
not only can stress‑related mediators (NE and isoproterenol) 
enhance the production of the pro‑angiogenic cytokine, 
IL‑6, in these cell lines, but that these cells are also capable 
of producing IL‑6 by themselves and, without stimulation, 
these levels being already detectable at 1 h. The authors noted 
that concentrations of IL‑6 secreted by these cells, even by 
non‑stimulated cells, are within the range expected to have 
biological activity. Similarly to the effects of IL‑6 expression, 
in this study, treatment with NE at physiological stress levels 
(10 µM) induced direct proliferation in SCC9 and SCC15 cell 
lines, demonstrating constitutive expression of β1‑ and β2‑ARs 
in the tested cell lines (72).

Another neurotransmitter‑related enzyme, acetylcholines-
terase (AChE) is found in sites where acetylcholine (Ach) acts 
as a neurotransmitter (e.g., cholinergic synapses or myoneural 
junctions). Furthermore, this enzyme has frequently been used 
as a marker for Ach activity. Iyengar, demonstrated AChE 
activity on the melanocyte cell membrane in hyperpigmented 
skin lesions such as pigmented BCC and lichen planus (100), 
but the study did not associate AchE/Ach with any specific 
function or mechanism involved in carcinogenesis.

Neuropeptides. When skin is exposed to harmful 
stimuli, including UVR, the unmyelinated c‑fibers and 
myelinated Ad‑fibers of sensory nerves release various neuro-
peptides (101,102), most importantly calcitonin gene‑related 

peptide (CGRP), substance P (SP) (103,104) and nerve growth 
factor  (NGF), thereby initiating an inflammatory process 
comprising cutaneous vessel dilation, increased vascular perme-
ability, plasmatic extravasation and edema (105,106) which may 
promote tumorigenesis. The most important neuropeptides are 
discussed below:

i) Calcitonin gene‑related peptide. CGRP is a 37‑amino‑acid 
neuropeptide which exists in two isoforms (a‑ and b‑) differing 
by a single amino‑acid, and is widely expressed in both the 
central and peripheral nervous systems (107). CGRP‑containing 
nerve fibers in the skin are closely associated with LCs (108). 
Apart from being a potent vasodilator and immunomodulator, 
CGRP increases cAMP levels in T cells, participates in chemo-
taxis, inhibits proliferation, and inhibits the production of IL‑2 
and the expression of TNF‑α, TNF‑β and IFN‑γ. It stimulates 
IL‑10 and downregulates IL‑1β expression in macrophages. 
Furthermore, it also impedes antigen presentation by LCs, as 
shown in murine models (102,108,109), hindering a crucial step 
in anti‑tumoral immune response initiation.

Studying the effects of UVB exposure on rat skin, 
Gillardon et al (110) demonstrated that an inflammatory dose 
of UVB caused the release of SP and CGRP from terminals of 
cutaneous sensory nerve fibers, leading to a temporary decrease 
in the skin's content of neuropeptides during the first 6 to 12 h 
following exposure. Nevertheless, as the authors pointed out, 
the level of CGRP increased again and the cutaneous content of 
CGRP exceeded the control levels at 48‑72 h post‑UVR expo-
sure. This suggests an increase in the synthesis and transport of 
neuropeptides into the area of UVR-induced inflammation (111). 
Niizeki et al found similar immunosuppressive effects by intra-
dermal injections of CGRP and acute UVR exposure, which 
could both be prevented by pre-treatment of mice with a specific 
CGRP antagonist, namely CGRP 8‑37 (112). Furthermore, the 
authors reported a reduced number of cutaneous LCs after 
CGRP or UVR exposure. This suggests a possible impact in 
skin carcinogenesis (113).

During the identification of intracellular mechanisms 
significant for the transduction of the mitogenic message of 
neuropeptides, much of the research has focused on cAMP, 
mainly due to the demonstration of increased cAMP synthesis 
and its association with the early events following the mitogenic 
stimulation of various cell systems (114).

Takahashi  et  al  (115) demonstrated the stimulation of 
cAMP formation by CGRP in an in vitro study using primary 
cultured normal human epidermal keratinocytes (NHEKs) and 
a human SCC cell line, HSC‑1. The authors noted that CGRP 
induced a rapid and notable increase in the intracellular accu-
mulation of cAMP in both cell lines. CGRP also significantly 
enhanced DNA synthesis and the growth of HSC‑1 cells in a 
dose-dependent manner. Intriguingly, the increase in intracel-
lular cAMP content following stimulation with CGRP was only 
6‑fold in the HSC‑1 cell line compared to an 8‑fold increase 
noted in the NHEKs. This result was attributed by the authors 
to different levels of receptors expressed on the cell membrane.

There are many conflicting in vivo and in vitro reports 
concerning the increase in the levels of cAMP in proliferating 
keratinocytes. Some authors have reported that the mediators 
increasing intracellular cAMP stimulate keratinocyte prolif-
eration (116,117), while others have observed an inhibitory 
effect of cAMP analogs on keratinocyte growth (118‑122). It is 
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important to take into account that none of the cAMP analogs 
or agents used to increase cAMP levels in those studies func-
tion specifically to increase intracellular cAMP levels (114). 
Thereby these results may be subjected to certain skepticism.

ii) Substance P. SP is an inflammatory molecule belonging 
to the tachykinin family, found in primary sensory neurons and 
afferent vagal sensory nerve fibers together with CGRP (123) 
Its cellular effects are mediated through neurokinin-1 
receptor (NK1-R), NK2‑R and NK3‑R of which NK1‑R has 
the highest binding affinity to SP (124). SP has been shown 
to be involved in local blood flow and vascular permeability. 
It induces lymphocyte proliferation and chemotaxis, increases 
immunoglobulin production, activates macrophages and favors 
the secretion of several pro-inflammatory cytokines, including 
IL‑1, IL‑6 and TNF‑α. As a consequence, among other impor-
tant processes, SP has been found to be involved in the regulation 
of sensorial perception and stress responses (125,126).

Over the past few years, we have witnessed an increasing 
interest in the role of SP in tumor development and progression. 
Indeed, it has been identified as a potent mitogen for certain 
epithelial premalignant lesions and cancer cellular lines, such as 
melanoma, glioma, retinoblastoma and neuroblastoma (127‑131). 
Hence, the SP/NK‑1R system may have a role to play in NMSC 
development, since SP may indeed be a universal mitogen in 
NK‑1R‑expressing tumor cell types.

Staniek  et  al  (132) noted that at high concentrations 
(104 and 105 M), SP was able to inhibit in vitro epidermal cell 
reaction responses by acting on LCs and T cells. As stated 
above, cutaneous sensory nerves contain SP and a considerable 
increase in SP immunoreactivity is detected following UVR 
exposure (133). Thus, there is indirect evidence suggesting that 
SP plays a role in UV‑induced inflammatory reactions (134).

When SP binds to NK‑1R, it activates certain members 
of the mitogen‑activated protein kinase intracellular 
signaling cascade, including extracellular signal regulated 
kinases 1 and 2 (ERK 1/2). These molecules then translocate 
to the nucleus and induce cell proliferation and protect the cell 
from apoptosis (135).

Brener et al (136) investigated the presence and distribu-
tion of SP and NK‑1R in SCC and their association with 
tumor proliferation. The authors demonstrated for the first 
time the expression of SP and NK‑1R in SCC, and reported 
a strong expression of both proteins, particularly SP, in all 
tissue compartments of the analyzed tumor samples. They also 
reported a direct and significant correlation between SP and 
NK‑1R expression in different tumor tissue compartments, 
thus suggesting that SP overexpression is accompanied by an 
increase in the expression of NK‑1R molecules, a phenomenon 
also demonstrated by other authors (135).

According to Weinstock et al (137), SP can also stimulate 
cell proliferation through the transactivation of EGFR. The 
connection between these functions and the SP/NK‑1R interac-
tions has led some authors to suggest that SP/NK‑1R may be 
associated with both cancer development and progression (135).

iii) Nitric oxide. Nitric oxide synthase (NOS) (along with 
CGRP and SP) is located in visceral afferent neurons in the lower 
thoracic tract dorsal root ganglion (138), and has been incrimi-
nated in neurogenic inflammation in murine models (139). This 
early observation led to the investigation of the effect of NOS 
on immunoreactivity in UVR-exposed skin and UV‑induced 

vasodilation (134). In the study by Gillardon et al (110), it was 
concluded that NO released from nerve endings following UVR 
exposure promoted post-liminary local immune suppression. 
Moreover, the authors noted the far from negligible contribution 
of inducible NOS from activated macrophages and neutrophils. 
Indeed, the inducible form of NOS (iNOS) is the isoform most 
consistently associated with neoplasia. When produced by 
immune cells, iNOS in turn leads to the production of large 
amounts of NO, pivotal in pathogen defense responses, cyto-
kine production and T helper lymphocyte expansion. On the 
other hand, the upregulation of iNOS has been characterized to 
act exclusively as a pathological mediator (140-145).

Rosbe et al (146) investigated the activity of NOS and the 
presence of NO in human SCC. They found iNOS activity 
in squamous epithelial cells throughout all the analyzed 
SCC tumor tissue, with the enzyme activity being highest in 
surrounding keratin pearls.

It has been found that iNOS is upregulated in cutaneous 
SCC  (147), but is downregulated in skin BCC, probably 
contributing to the lack of aggressive features displayed by the 
latter (148).

NO production by SCC cells is consistent with other 
evidence that NO may be a promoter of local tumor growth and 
metastasis by enhancing neovascularization. In two separate 
studies, Andrade et al (149) and Maeda et al (150) found that 
NOS inhibitors were able to reduce tumor blood flow. The 
morphology and sensitivity to vasoactive agents of these newly 
formed blood vessels seemed to differ from vessels in normal 
tissue, possibly explaining the presence of iNOS instead of 
endothelial‑NOS in mouse tumor capillaries.

Connelly et al  (151) studied the expression of iNOS in 
tissue samples of SCC and compared them to samples of 
dysplasia and normal controls. They reported 95% staining in 
SCC, 50% in dysplasia and 0% in normal epithelial controls 
with positive staining for iNOS only in SCC cells. They also 
detected a significantly higher production of NO in SCC cells 
compared to control cells. Their results localized iNOS to SCC 
tumor cells, and not to the region of inflammation within the 
stroma, thereby suggesting that the malignant cells are the 
source of iNOS.

One study also found plasma levels of NO compounds 
in patients with BCC to be significantly increased when 
compared to controls  (152). The authors hypothesized that 
increased plasma levels of NO in patients with BCC are the 
result of accentuated hyperkeratinization, hyperpigmentation, 
and keratinocyte proliferation and proposed that this increased 
production of NO may operate as a growth stimulator, having a 
potential mitogenic function, finally accelerating the prolifera-
tion of this type of NMSC cells (152).

NO may also play a role in tumor metastasis via the 
promotion of endothelial cell adhesion and vascular perme-
ability  (153). Even though it was hypothesized that tumor 
cells may use an iNOS‑mediated mechanism to adhere to the 
vascular endothelium and further penetrate vessel walls, thus 
gaining access to distant sites, some authors (154) have found 
an inverse correlation between NO and metastasis. Therefore, 
the complete role of NO in cancer metastasis remains to be 
fully elucidated.

iv) Somatostatin (SST). SST was first identified in 1973 as a 
growth hormone release‑inhibitor (155) with its main functions 
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involving the regulation of exo‑ and endocrine secretions, the 
modulation of motor activity and the inhibition of gastrin‑stim-
ulated gastric acid secretion (156). Several recent studies have 
suggested that SST can act as a tumor suppressor gene, and 
perform significant antitumor and antisecretory activities in 
various human malignancies both in vivo and in vitro (156‑158).

Through the inhibition of growth factors and hormones, 
the diminishing of vascularization and immune system regu-
lation, SST seems capable of suppressing tumor growth in a 
variety of cancers (159,160), including human pancreatic tumor 
cells (MIA PaCa‑2), breast cancer cells (MCF‑7) and small 
cell lung cancer cells (HCI‑H69) (160‑162). An epidermoid 
carcinoma cell line, A431, possesses a very high level of EGF 
receptors and exhibits an attenuation of cell proliferation in 
response to EGF (163). Mascardo and Sherline demonstrated 
rapid centrosomal separation and cell growth stimulation by 
EGF in mitogenically responsive cells (164).

Kamiya et al (165) examined the in vitro effects of SST‑14 
and its octapeptide analogue, SMS 201‑995, on the growth of 
A431 cells. The authors found that both SS‑14 and SMS 201‑995 
stimulated the growth of A431 cells, most probably affecting 
their inositolphosphatase metabolism. Moreover, these authors 
demonstrated the presence of high‑affinity receptors for SS in 
A431 cells (165). Of note, SS‑14 and SMS 201‑995 initiated a 
stimulatory effect in KB cells, another line of epidermoid carci-
noma cells, but not in the three tested squamous carcinoma cell 
lines, HSC‑2, ‑3 and ‑4. Even though these cell lines resemble 
the A431 and KB cell lines, they responded with a decrease 
in cell growth. It was concluded that the growth regulatory 
mechanism in the respective cell lines differs with respect to 
SST or that HSC cells may lack SST receptors (165).

As evidenced from the above, it has been well established 
that neurogenic inflammation and other various alterations of 
the microenvironment create a milieu conducive to carcino-
genesis. Intriguingly, stress alone can induce neurochemical 
changes that promote cell proliferation and carcinogenesis; 
however, there are also reports in which the use of other neuro-
modulators appears to create a tumor suppressive environment. 
This body of evidence thereby suggests that these neuroactive 
mediators affect the odds of developing skin cancers through 
their neuromodulatory effects.

Neurohormones. The skin's neuroendocrinological proper-
ties have been previously demonstrated, the cutaneous organ 
being capable of secreting thyroid‑stimulating hormone, 
oxytocin, growth hormones, and corticotropin‑releasing 
hormone (CRH) (32).

The proopiomelanocortin  (POMC) gene codes for the 
synthesis of a protein known as POMC, a precursor polypep-
tide with 241 amino acid residues, which is then enzymatically 
cleaved into a variety of biologically active peptides with 
different functions throughout the body. Among these neuropep-
tides, are adrenocorticotropin (ACTH), β‑lipotropin (β‑LPH), 
endorphins (α‑, β‑, γ‑endorphin) and melanotropins [α‑, β‑, 
γ‑melanocyte‑stimulating hormone (MSH)]  (166). These 
peptides bind to several proteins in various regions of the 
body, triggering the activation of several signaling pathways 
that control a number of important functions. It is worthwhile 
mentioning that the production of POMC is not limited to the 
pituitary gland, and it has been found in various other tissues, 

including the skin (167). More precisely, α‑MSH and ACTH 
can also be produced by keratinocytes (168).

The existence of a local stress response system in the 
skin, which is equivalent to the central HPA axis has been 
previously revealed (34,169‑172). It has also been confirmed 
that locally synthesized CRH can activate local CRH recep-
tors (CRHRs) (34,172). The discovery of CRHR in the skin 
suggests a potential CRH‑induced neuroendocrine cutaneous 
pathway (172‑175).

There are studies performed almost 20 years ago, incrimi-
nating CRH‑POMC axis‑related hormones in the pathology 
of malignant melanoma (MM), SCC and BCC alike (176‑179). 
Several studies have also suggested that UVR, the main 
carcinogen involved in the pathogenesis of NMSC, is capable of 
inducing the expression of CRH‑POMC axis‑related neurohor-
mones (170,180,181). Simultaneously, following UVR exposure 
or metabolic alteration, corresponding receptors are upregulated, 
such as melanocortin (MC)‑1 and MC‑5. Most receptors of the 
MC‑1 class, are located on the surface of keratinocytes, and 
recognize MSH and ACTH (182). MSH and ACTH act not only 
as skin pigmentation regulators, but also as immunosuppres-
sors (183) through the inhibition of specific IL‑1, TNF‑α and 
IL‑2 functions (184).

Kim et al (185) performed an immunohistochemical analysis 
of CRH, ACTH and α‑MSH expression in specimens from 
normal skin, melanocytic naevi, SK, actinic keratoses (AK), 
Bowen's disease, cutaneous T cell lymphoma (CTCL), BCC, 
SCC and MM. They reported CRH, ACTH and α‑MSH 
expression only in the upper epidermal layers in the normal 
skin, melanocytic naevus, SK, AK, Bowen's disease and CTCL 
samples. The expression of these neurohormones was generally 
weak or undetectable in benign and precancerous lesions, in 
CTCL and in normal controls. However, in the same study, 
BCC samples exhibited an intermediate expression of CRH 
while MM (80%) and SCC (70%) samples exhibited a strong 
immunoreactivity for CRH. It was thereby concluded that the 
CRH‑POMC axis‑related neurohormones strongly correlated 
with cutaneous malignancies, and that CRH appears to be a 
more specific biomarker for skin cancers when compared to 
ACTH or α‑MSH (185).

Luger  et  al  (186) tested human normal keratinocytes 
(HNKs) and A431 cells for their capacity to release α‑MSH 
by stimulating these cells with either the tumor promoter 
phorbol myristate acetate (PMA), IL‑1 or UVB radiation. The 
authors reported the spontaneous release of low amounts of 
α‑MSH by both HNK and A431 cells, which was significantly 
increased by stimulation with PMA, IL‑1 or UVB. Indeed, 
α‑MSH production by epidermal cells occurred between 
48 and 72 h following culture initiation and among several 
other tested cytokines, only IL‑1P proved to be effective in 
stimulating α‑MSH production by epidermal cells. Moreover, 
α‑MSH derived from epidermal cells was proven to be 
biologically active (186). Their results also showed that upon 
stimulation, normal and malignant keratinocytes produced 
melanotropins able to suppress the production and activity of 
the immunomodulating cytokine, IFN‑γ (186).

Arbiser et al (187) reported in vitro endothelial cell chemo-
taxis stimulation and in vivo stimulation of tumor growth and 
angiogenesis by CRH acting through CRHR. As a result, the 
authors inferred that CRH directly stimulates angiogenesis 
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via the CRHRs present on endothelial cells and suggested that 
the ectopic production of CRH in malignancies may promote 
angiogenesis.

These aspects underline the fact that CRH‑POMC peptides 
directly participate in UV‑related skin cancers. POMC 
peptides are produced in the skin under UVB stimulation, 
and therefore create a microenvironment favorable for NMSC 
progression  (177,188). Among the suggested mechanisms, 
authors have cited immunosuppression, the inhibition of 
antigen-presenting structures on keratinocytes, and cell prolif-
eration (177). It is unknown whether CRH‑POMC peptides 
initiate or simply promote skin cancer pathogenesis (185), but 
such peptides are most certainly associated with a higher rate 
of tumor growth (187).

4. Cellular neuro‑immune interactions

Numerous interactions have been identified linking the nervous 
system to various immune cells, including mast cells, neutro-
phils, macrophages and T cells (189,190). Mast cells however, 
appear to be the key players in modulating stress‑induced 
cutaneous inflammatory reactions (38).

As early as the 1990s, it has been shown  (191) that 
increased numbers of dermal mast cells highly correlate with 
UVR‑induced immune suppression, aggravated by the fact that 
UVR exposure increases dermal mast cell density (192,193). 
Ten years later, observational studies reported that high densi-
ties of mast cells correlate with a poor prognosis for various 
tumors, such as BCCs and SCCs, MM, colon cancer and 
lymphoma (194). There are in fact a number of studies that have 
shown mast cells to accumulate around skin cancers and create 
permissive microenvironments (26,195‑197).

UVR exposure indirectly activates dermal mast cells, 
supposedly through the activation of cutaneous nerve fibers, 
which release mast cell‑activating neuropeptides (198). Two 
mechanisms of mast cell activation by means of UVR expo-
sure are proposed: first a photoinduced isomerization of a 
photo‑receptor, trans‑urocanic acid  (UCA) and second LC 
antigen‑presenting dysfunction (188,199,200).

Thus, UCA is converted to cis‑UCA in the stratum 
corneum  (195,196). Cis‑UCA stimulates cutaneous sensory 
nerves to release neuropeptides (SP and CGRP) (195,201) and 
therefore mast cell degranulation. The other mechanisms refer 
to LC antigen‑presenting dysfunction due to ultrastructural 
modifications (195).

Furthermore, mast cell mediators function not only as 
stimulators of angiogenesis, but also as immunosuppres-
sors and promoters of extracellular matrix destruction and 
mitosis (195,202). Tumor‑associated mast cells are recruited via 
chemokines released from tumor cells. BCCs release stem cell 
factor that binds to the tyrosine‑kinase receptor c‑kit on the mast 
cell surface, thereby increasing the mast cell numbers around the 
tumor (197), and subsequently increasing dendritic cells numbers, 
leading to angiogenesis and collagenesis. Higher numbers of 
mast cells have been reported around BCCs and melanomas than 
around SCCs; however, the reason for this remains unclear (195). 
Mast cells are recruited preferentially around BCCs, independent 
of inflammatory infiltrate, with higher numbers observed around 
more aggressive tumors (203). Moreover, patients with a history 
of sporadic BCC have a high number of mast cells in non‑exposed 

skin, in contrast with control subjects (196). The factors that condi-
tion the number of peritumoral mast cells in BCC are unclear; 
however, it has been suggested that NGF, stem cell factor and 
VEGF may be involved (196,204). NGF also facilitates histamine 
release from mast cells (205). Histamine is a known key mediator 
of UVB‑induced immunosuppression (196). It limits T helper‑1 
lymphocyte expansion, but not T helper‑2 lymphocytes (206). It 
stimulates keratinocyte‑produced prostaglandin E2 that disrupts 
a cytokinic balance favoring IL‑10, an immunosuppressor, 
and IL‑12 (207), an immunostimulant that can induce DNA 
repair after UV damage (208). It also increases the number of 
suppressor T lymphocytes that produce IL‑10, leading to immu-
nosuppression via the apoptosis of antigen-presenting cells (195). 
Prostaglandin E2 can further stimulate angiogenic factor release 
from mast cells  (209). Creating a paracrine loop, histamine 
further stimulates keratinocytes to release NGF that in turn binds 
to mast cell surface to complete the circle (205).

Apart from histamine, mast cells secrete many other pro-
angiogenic factors, such as heparin, TNF‑α, TGF‑β, IL‑8 and 
VEGF. Peritumoral mast cells are a major source of VEGF, 
which leads to endothelial mitosis and vascular hyperper-
meability. This in turn permits the extravasation of other 
pro-angiogenic factors in the extracellular matrix, and tumoral 
cytokines, such s TGF alpha, a mitogenic polypeptide (195). All 
these cytokines stimulate VEGF production further (210).

Angiogenesis must be supported by extracellular matrix 
remodelling. Thus, mast cells release tryptase and chymase, 
two serine proteases that initiate matrix degradation and turn 
over (26,211). One study (211) showed that tryptase activity 
was increased >2‑fold in BCCs, while chymase‑positive cells 
exhibited partial enzymatic inactivity.

Some studies have reported a significant increase in dermal 
mast cell degranulation, in a number of SP immunoreac-
tive nerve fibers and contacts between mast cells and these 
nerve fibers, due to stress exposure (212,213). Stress‑induced 
degranulation seems to be dependent on CRH, but probably 
also involves SP and neurotensin. As opposed to anaphylactic 
reactions, stress does not provoke an explosive mast cell 
degranulation, but acts in a more silent manner, primarily 
inducing intragranular changes  (214). Căruntu  et  al  (38) 
examined the effects of acute and chronic stress on mast cell 
degranulation in glabrous and hairy mouse skin. In their study, 
the authors reported an amplification of mast cell degranula-
tion in hairy skin due to short‑term stress exposure, effect that 
continued with prolonged exposure to stress. By comparison, 
in glabrous skin, although acute stress intensely stimulated 
mast cell degranulation, the phenomenon subsided gradually as 
exposure to stress persisted (38).

The crosstalk between mast cells and sensory nerve fibers 
by means of increased NGF, neuropeptides and various other 
mediators, in photo‑damaged skin, may thus influence the 
higher prevalence of NMSCs in these individuals.

5. Conclusion and perspectives

In addition to the classic agents involved in the pathogenesis 
of NMSC, such as chronic UVR exposure, the thinning of the 
ozone layer through pollution, immunosuppression, an increased 
lifespan, PTCH gene mutations and fair skin, a large number 
of studies have incriminated various neuroactive factors in the 
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pathogenesis of NMSC. Furthermore, it has become obvious that 
the intricate interaction between the peripheral nervous system 
and cutaneous target cells (e.g., leukocytes, LCs and mast cells) 
is mediated through locally released neuroendocrine factors 
including catecholamines, SP, CGRP, SST, and neurohormones 
such as POMC and its derived peptides, alpha‑MSH and ACTH, 
all of which have been, at one time or another, the subject of scien-
tific dispute as to their precise role in the pathogenesis of NMSC.

A key function of physiological mediators released in 
short‑term stress reactions may be to ensure that the proper cells 
(e.g., leukocytes) are in the right place, at the right time, and 
that they are activated appropriately to be able to respond to the 
immune challenge posed by the stressor (e.g., pathogen inva-
sion of the host and UVR). Acute stress modulates immune cell 
distribution as an adaptive response responsible for enhancing 
immune surveillance and increasing the immune system's 
capacity to respond to challenges in various compartments 
(skin, mucosa, and epithelial linings of the gastrointestinal and 
genito‑urinary tracts) which constitute major defense barriers 
throughout the body. Thereby, the current body of evidence 
suggests that neurotransmitters and hormones released under 
acute stressful situations may increase immune surveillance and 
augment immune responses for potential or ongoing challenges.

Although acute stress seems to play a rather protective role 
in the context of carcinogenesis for the aforementioned reasons, 
chronic stress, acting through the plethora of neuropeptides, 
neurohormones and cytokines involved, leads to chronic immu-
nosuppression and, as a result, promotes a favorable environment 
for NMSC carcinogenesis. Further studies are needed in order 
to elucidate the exact mechanisms mediating beneficial versus 
harmful effects of stress mediated through the skin's neuroen-
docrine system, in order to translate the findings from bench to 
bedside. This field of research is very important, considering 
that stress has become an ubiquitous aspect of life and even 
though chronic stress, acting through the nervous, endocrine 
and immune systems, is thought to be among the etiological 
factors of various skin diseases (including NMSCs), acute stress 
is a fundamental survival mechanism that may very well be 
harnessed for immunoprotection. Additional studies are also 
required to define the precise processes through which neuroac-
tive molecules promote or inhibit cutaneous carcinogenesis, as 
this could lead to the development of more sophisticated and 
tailored treatment protocols, as well as open new perspectives in 
skin cancer research, including penile SCC, for which a paucity 
of specific data on the pathogenic role of neuroendocrine factors 
exists.
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