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| Abstract: Nerve growth factor (NGF) is protein discovered by Rita Levi Montalcini in the 1950s. It plays a crucial role in the development of nervous system.
NGF may be produced by a variety of cells even beyond nervous system. NGF modulate cell metabolism by binding to p75™™®and TrkA receptors. NGF is involved

in psychological processes and may be the possible therapeutical agent for diabetes, cancer and cardiovascular diseases, which will be described in the article.
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Historical background (7). Origin of NGF is hard to determine precisely, but
the richest source of NGF seemed to be anterior pitu-
Nerve growth factor (NGF) was discovered, as a first itary (8) and salivary glands (9). NGF is produced or
neurotrophin, in the 1950s by the Nobel prize winner stored by various type of cells such as astrocytes (10),
Rita Levi Montalcini. Firstly it was known as an impor- mast cells (11), lymphocytes T CD4+ (12), Schwan
tant factor for the embryonic development of peripheral cells (13), macrophages (14), platelets (15), smooth
nerves, nowadays we know innumerable properties of muscle cells (16) and other, it also circulates in blood
this molecule. Studies were conducted on chick em- serum. Although a role of NGF in physiology and de-
bryo, which had mouse sarcoma cells transplanted into velopment of the nervous system is well documented,
it. After this procedure, hyperinnervation was observed. there is growing evidence of the role of this peptide
Montalcini hypothesized that cancer tissue is releasing beyond neurons and in pathophysiology. NGF is linked
growth factor. Further studies proved her theory (1). with regulation of immunology response (12), learn-
Montalcini cooperated with Hamburger while conduct- ing processes (17), pain (18), Alzheimer disease (19),
ing her studies. In fact, Hamburger was the first one who psychiatric abnormalities such as schizophrenia (20),
noticed the NGF-like effect, but his interpretation was inflammatory colon diseases (21) and others physiologi-
not accurate (2). cal processes and disorders.
Nerve growth factor is not only linked to maintain-
Introduction ing homeostasis. Nowadays, we know that NGF plays
arole in the psychology of humans. NGF level in blood
NGF is a secreted protein, representative of neu- plasma is significantly higher in those individuals which
rotrophins. Except for NGF, the neurotrophin family are in a romantic relationship but for short period of
consists of brain-derived neurotrophic factor (BDNF), time (less than a year) (22). Other neurotrophins’ level
neurotrophin-3 (NT-3), neurotrophin-4/5 (NT-4/5) and changes were not observed (22), which suggests a mul-
neurotrophin-6 (NT-6). The molecular weight of NGF tifunction and primary role of NGF in metabolism. NGF
is 140kDa, and its gen is located on chromosome 1 (3). level is also raised in stressful situations (23). That is
As all neurotrophins, NGF is produced as a precursor why it can be called a ‘social molecule’.
proNGF and then cleavage to an active form (4). NGF The main aim of this review is to focus on the role of
consist of two a, one B, two Y subunits (a2BY2) and NGF in pathophysiology and its role as a potential cure
zinc anion(s). The B chain is associated with the activity for selected diseases with growing morbidity. Tumours,
of NGF, whereas Y has proteolytic activity. a chain does type 2 diabetes, and cardiovascular disease will be dis-
not present any enzymatic properties and is homologi- cussed further. These conditions were chosen subjec-
cal to Y subunit (3). tively but epidemiology and current knowledge status
NGF is involved in development, survival and pro- were taken in concern.
grammed death of neurons in both central (CNS) and
peripheral nervous system (5). Despite NGF is being Receptors and signaling
produced in CNS, mainly in hippocampus and cortex
(6), it cannot penetrate through blood-brain-barrier and Two types of NGF's membranous receptors: high-
intracerebral administration produces severe side effects affinity tyrosine kinase receptor (TrkA) and p75SNTR
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are known (7). p75NTR is a transmembranous glyco-
protein, member of the tumor necrosis factor (TNF) re-
ceptor superfamily (24). Trk superfamily includes not
only TrkaA but other receptors with kinase activity such
as TrkB and TrkC (25). NGF does not bind to TrkB and
TrkC receptors, but other neurotrophins do. Trk recep-
tors have only a trophic role, whereas p7SNTR has a
wide range of effects from tropism to programmed cell
death (24).

TrkA receptor is mainly activated by NGF or NT-3.
p75NTR is less specific and may be activated by any
neurotrophins (25). NGF dimer binds to TrkA dimer
with activation loop on the cell membrane (18). Releas-
ing binding activation loop activates tyrosine kinase
activity, which phosphorylates tyrosine in amino acids
residues (18). This process leads to phosphorylation of
intracellular proteins which are involved in transducing
the signal to the nucleus(18). The common signaling
pathway triggered by NGF involves Ras, phosphatidyl-
inositol-3-kinase (P13-K), phospholipase CY'1 and their
effectors (20,24-29) (Figure 1). TrkA receptor is linked
with cancer cell survival. It was shown that GW441756,
inhibitor of TrkA exerts antiprolifertaive effect on sar-
coma and prostatic cancer cells (30,31).

When TrkA receptors are absent, high doses of neu-
rotrophins induce cell apoptosis in oligodendrocytes,
smooth muscle cells, and neurons, by binding to p75N-
TR (4). However, this way of signaling is less effective
in comparison with other receptors of TNF superfamily
(4). p75NRT is a less known receptor. However stud-
ies performed with PD90780 have proven that the effect
of stimulation of p75NRT depends on co-expression of
TrkA (32). PD90780 is a non-peptide inhibitor of NGF
and p75NRT connection, but PD90780 do not influence
binding other neutrophines to p75SNRT (33). If p7SNTR
is the only neutrophine receptor of the cell, it triggers ap-
optosis. However if both TrkA, and p75NRT receptors
are present on the surface of the cell, p7SNRT receptor
triggers pro-survival signaling (32-34). This may sug-
gest superior role of TrkA receptor. However, scientific
data about p75NRT are inconsistent. It was proven that
presence of p75NRT inhibitor (TAT-PEPS) (35) pro-
motes axonal regeneration in damaged optic nerve (36),
but in other study it was shown that TAT-PEPS5 did not
have an impact on neurit outgrowth in PC12 cells (37).

NGF exerts its effects not only by influencing me-
tabolism but also by modifying gene expression. NGF

TRKA- tyrosine kinase receptor type A, p75"*Tlow affinity neurotropic receptor
4

PLOY- Cgamma, PIP,- i 5
IP5- inositol triphosphate, DAG — diacyloglycerol

PI3K- inositide 3-kinase, PIPy- i ol 345
MAPK - mitogen activated kinase, RAS - signalling protein

ELK1, CERB, NF-XB -~ transcription factors
INK- ¢-Jun N-terminal kinase.

Figure 1. Simplified scheme of NGF metabolic pathways.

post-transcriptionally regulates the level of tumor
growth factor B -1 (TGF B) by increasing gene transcrip-
tion and stability of transcript (24). Moreover, in PC12
cells (pheochromocytoma of the rat adrenal medulla),
by activation of MAPK, NGF also increases the level
of M4 muscarinic receptor’s mRNA (38). Role of NGF
in gene expression is poorly examined (only on PC12
cell line), further investigation should be done to fully
understand this process.

Intervention in NGF signaling pathways, as was
proven in several studies, may have potential clinical
application. For example three anti-NGF monoclonal
antibodies Tanezumab, Fulranumab and Fasinumab are
beneficial in chronic pain (39—42). In clinical trails all
of mentioned antibodies was effective in pain-reveling
in osteoarthritis (42). However, Ekman et al., have
proven that Tanezumab is a better pain reliever than
placebo, but worse than naproxen in osteoarthritis (39).
Contrarily Kivitz et al., have shown that Tanezumab is
a better analgesic than placebo and Naporxen in chronic
back pain (40). Tanezumab is also useful in treatment of
cancer and visceral pain, other anti-NGF antibodies do
not have this effect (42).

Neuronal and non-neuronal tumors

NGF plays an important role in neuronal and non-
neuronal tumors. For example NGF seems to be impor-
tant in suppression of neuroblastoma. Neuroblastoma is
aneoplasm which typically occurs in youth, and in high
stage is linked with poor prognosis (43). However, it
is proven that expression of NGF’s receptors TrkA and
p75NRT on tumor cells is good prognostic factor and
may led to spontaneous regression of the tumor (44).
Moreover, in in vitro studies conducted on SH-SY5Y
cell line it was shown that NGF via TrkA may trigger
TRAIL (TNF-related apoptosis including ligand) (45).
Typically apoptosis is triggered by NGF via p75NRT
receptor (24). Another tumor with proven connection to
NGF is glioblastoma, which is an aggressive and often
treatment-resistant neoplasm (46). It is proven that gli-
oma cells expresses TrkA receptor and produces NGF
(46). However role of NGF in this tumor is question-
able, Singer et al., have proven that NGF may induce
proliferation of glioma cells (47), whereas Weis et al.,
have shown that NGF may inhibit growth and promote
differentiation of glioma cells (48). In other study it
was shown that activation of TrkA receptor promotes
authophagy in human glioblastoma cells (46). Further-
more p75NRT receptor is thought to be essential for
proliferation of brain tumor cells (49). p75NRT recep-
tor is also involved in invasion of tumor (50,51). Last-
ly, in medulloblastoma which is an aggressive tumor
with poor treatment, the expression of TrkA receptor is
linked with good outcome, same as in neuroblastoma
(52). Ohta et al., have proven that TrkA receptor, af-
ter stimulation by NGF may trigger medulloblastoma
cells apoptosis (52). Similar result was obtained by Li
et al, however they proposed different mechanism of
cell death - macropinocytosis (53). Role of NGF in neu-
ronal tumors is enigmatic and the scientific data, as was
shown above are inconsistent. Thus it is impossible to
precisely determine role of NGF in central nervous sys-
tem tumors.
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Angiogenesis, defined as forming new vessels from
pre-existing ones, is crucial for the embryological de-
velopment of human. There are also physiological
processes in adults that include angiogenesis (e.g. for-
mation of corpus luteum). Nonetheless, it is its role in
pathology (e.g. cancer development) that is crucial. Un-
like "classical", well-described angiogenic factors, NGF
plays (yet) enigmatic role in angiogenesis (54). Several
studies have shown the importance of neurotrophins in
both cancer and non-cancer angiogenesis. Even though
all of them are almost equally important, only effects
linked with NGF will be shown below.

Angiogenesis is vital for tumor growth and metas-
tasis, as it appears that limited blood flow might be a
suppressing factor in those processes. Furthermore, it
is proven that tumor blood vessels have no innervation
and when cancer grows, a progressive loss of perivascu-
lar innervation is observed (55). Perivascular reinnerva-
tion caused by NGF is thought to be a suppressive factor
for prostatic cancer progression (56). Goda et al. con-
ducted studies which proved that NGF is a suppressive
factor to the growth of human prostatic cells (DU145
cell line) which have TrkA and p75NTR receptors.
However, NGF did not influence DU145 cells viability
(56). In nude mice infected with prostatic cancer, NGF
increased survival rate, even after discontinuity of the
therapy (56). In this particular case, it is more probable
that NGF exerts anti-cancer effects rather by promot-
ing smooth cell migration than through stimulating an-
giogenesis itself, but the evidence is unclear. NGF may
be a prospective therapeutic agent, though there is not
enough data to enunciate conclusion about the mecha-
nism of NGF actions.

Ovarian tissue is one of a few tissues in which an-
giogenesis in adult life is physiological; it is crucial for
regular changes in histology of female uterine tissue. In
epithelial ovarian cancer cells level of TrkA's mRNA is
significantly higher than in regular ovarian cells, where-
as there is no difference in the level of NGF's mRNA
(57). NGF increases the level of VEGF isoforms at a
dose-dependent rate (57). VEGF is a "classical" angio-
genic factor, which stimulates angiogenesis in most tis-
sues (54,57). NGF indirectly stimulates angiogenesis in
epithelial ovarian cancer, which stimulates the growth
of a tumor. Presence of TrkA receptors is a poor prog-
nostic factor in epithelial ovarian cancer (58).

NGF increases VEGF level in non-small cell lung
cancer as well, where its actions are similar to the ones

Table 1. Summary of role of NGF in tumors.

in epithelial ovarian cancer (59). Angiogenic effect of
NGF is also observed in breast cancer, where usage of
anti-NGF antibody decreases cancer cell-induced an-
giogenesis by half (60).

Epidemiology of that neoplasm is appalling. Given
that prostatic cancer is responsible for 8% (2nd most
common) of all men's cancer-caused deaths, and ovary
cancer for 5% (5th most common cause of neoplastic
women's deaths) further studies should be performed
(61). NGF-connected treatment of this types of can-
cer may save thousands of lives (in 2016 in US 40 360
people died of prostatic and ovary cancer (61) ). Re-
verse macroscopic effects of NGF in pathophysiology
are strong difficulties in preparing the studies and, later,
in the clinical application of findings. Therefore, in epi-
thelial ovarian cancer NGF is unwanted, contrarily to
prostatic cancer. However, there are some similarities.
Both in the prostatic and ovarian cell, which most often
undergoes the neoplastic transformation, physiologi-
cally the expression of TrkA receptors is poor or there
are no receptors at all (62). Notwithstanding we have
strong evidence on NGF effects, we stand in front of
yet unexplored field of studies. Complex further studies,
including clinical ones, should be performed, the main
goal is defining precise mechanism of NGF actions and
assessing its clinical usefulness.

Type 2 diabetes

Diabetes emerges as the most important metabolic
disease of XXI century because it caused the death of
1.5 million people in 2012 (63). The main symptom of
diabetes mellitus is an abnormally high level of glucose
in blood serum, which leads to severe consequences.
Since 1980, the worldwide population of sick ones grew
four times (from 108 million in 1980 to 422 million in
2014) (63). According to International Diabetes Federa-
tion, 642 million people will be suffering from diabetes
by 2040 (64). Apart from epidemiology, that disease is a
major economic problem. Treating diabetes and coping
with its complications consume 12% of world health ex-
penses (61). Prophylactics, proper treatment of diabetes
and preventing its complications will not only increase
the quality of people's lives but it also helps reduce
health expenses.

Dysfunction of pancreatic -cells is one of the several
pathomechanisms of diabetes. Variety of factors, such as
inflammatory cytokines or high glucose level in plasma,

Type of tumor Role of NGF or its receptors References
Neuroblastoma expression of p7SNRT and TrkA good prognostic factor 41
ambiguous role
Glioblastoma NGF may induce proliferation of the cells 44
NGF may inhibit growth and promote differentiation 45
expression of TrkA — good prognostic factor 49
Medullobastoma . . . .
NGF may trigger apoptosis or macropinocytosis 49, 50
Prostatic cancer perivascular reinervation caused by NGF suppresses cancer 53
L ) expression of TrkA is poor prognostic factor 55
Epithelial ovarian cancer . . . .
increased expression of TrkA than in non-cancer ovarian cells 54
Non-small cell lung cancer NGF increased level of VEGF 56
Breast cancer NGF is angiogenic factor 57
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Table 2. Summary of role of NGF in DM2.

Role of NGF or its receptors References
lower NGF level in the pancreas — apoptosis 62,63,65
decreased expression of TrkA, increased expression of p75SNRT 63
NGF may prevent neuropathy 67, 69
decreased NGF’s mRNA, NGF level — diabetic cystophaty 70,71

are thought to cause this process (65). Studies conduct-
ed on Sprague Dawley rats with streptozotocin-induced
diabetes has proven that NGF level in the pancreas is
significantly lower in diabetic rats and it is followed by
down-regulation of TrkA and increased expression of
p75NTR receptors (66). Opposite effects were observed
in CNS of diabetic rats. In hippocampus and pituitary
gland, on diabetic rats, amount of NGF is significantly
higher, in other parts of the brain level of NGF is either
higher, but without statistical significance, or there is no
change at all (66). Expression of TrkA receptors was
lower only in cortex and hypothalamus, same as in pan-
creas (66). Pancreatic B-cells are known for NGF syn-
thesis (67). Several studies have shown the correlation
between NGF level and Langerhans islet cells apopto-
sis. Decreased level of NGF induces apoptotic death in
pancreatic -cells not by influencing gene expression,
but by having an impact on metabolism (65,68). This
mechanism is relatively rapid (68). It is accomplished
by influencing enzyme inhibition of PI3-K and protein
kinase B, activation of c-Jun kinase and by reduction
of Bcl-XI1 protein (68). Enzymes ERK's, p38 mitogen-
activated kinase and protein called Bcl-2 were observed
and no changes happened (68). Moreover, blockage of
NGF pathways caused atrophy of insulin secretors (69).
Significant changes in NGF level is present in several
other diabetic tissues and organs.

One of the most common complications of diabe-
tes is neuropathy, which leads to severe complications.
Some studies have shown that axonal retrograde trans-
port is impaired in diabetic rats (70), which might be one
of the factors promoting neuropathy. NGF was thought
to be the prospective therapeutic agent in neuropathy.
Promising animals studies led to clinical trials. Unfortu-
nately, in phase 3 clinical trial, no positive effects were
observed (71). People were administered with thNGF in
a dose of 0.1 pg/kg three times a week, which was 30-
50 times less than animals' doses. This might be a prob-
able reason for failure. Perspective treatment should be
based not on the systematic administration of neurotro-
phins, but rather stimulating or inducing its synthesis.
Goss et al. used viral vector-mediated gene to treat dia-
betic neuropathy (72). Herpes simplex virus was used as
a vector (72). Expression of NGF was observed, which
prevented diabetic neuropathy in mice (72).

Both levels of NGF's mRNA and NGF itself are
lower in diabetic rats' bladders than in a control group
(73,74). Decreased NGF level is thought to cause dia-
betic cystophaty, a severe complication of diabetes. Im-
paired function of As and C type afferent nerve (parts
of the autonomic nervous system) function is the most
probable cause of cystopathy (74).

NGF might be a prospective therapeutic agent in
diabetes. Regretfully, there are severe difficulties to
be faced up. The major ones to be mentioned are short
half-life time (75) or not fully examined side-effects.

Biotechnology and genetic engineering may be answers
to this problem. Further studies should focus on clini-
cal application of NGF. Possible side effects should be
spotted and a way to eliminate it should be discovered.
More patient-friendly and long-lasting treatment will
be preferable. If we consider dramatic increase of new
cases of diabetes, more effective treatment is more than
necessary.

Heart disorders

One of the major problems in novel cardiology are
ischaemic heart diseases (e.g cardiac arrest), because
they are the main reason for heart muscle cells necro-
sis, which may lead to heart failure. NGF level in blood
plasma is significantly lower than in a control group in
patients with the acute coronary syndrome (76) and in
patients with congestive heart failure (77,78), which
made NGF interesting as a therapeutic agent. The heart
is extensively regulated by the sympathetic nervous sys-
tem, which acts by secretion of norepinephrine (NE).
Several cardiovascular diseases lead to ischemia of
heart. One of the reasons may be improper working of
the sympathetic nervous system. NGF seemed to be im-
portant but not fully examined factor in heart ischemia
and may be used in therapy for this disorders.

NGF improves cardiac function and decreases myo-
cardial apoptosis and fibrosis in a mouse model of is-
chemia/reperfusion injury of heart (79). NGF exerts its
effect by accelerating autophagic flux and attenuate pro-
tein ubiquitination in myocardial ischemic/reperfused
heart (79). On the animal model, both endogenously
and exogenously released, NGF protects sympathetic
cardiac innervation against ischemia (80). There are two
novel substances, which may protect neuronal cells, and
have positive effect in treatment of heart disorders. Lin
et al., have described two molecules with neuroprotec-
tive effect 2-(6-chloro-1H-indol3-yl)-5-(2-cyclopro-
pyl-1H-indol-3-yl)-3,6-dihydroxy-[ 1,4 ]benzoquinone
(1HS) and 2,5-dimethoxy-3-(7-fluoro-1H-indol-3-yl)-
[1,4]-benzoquinone (5ES) (81). They conducted stud-
ies on PC12 cells (pheochromocytoma) in which NGF
— dependent neuronal differentiation is proven (81). In-
terestingly 1HS (30 pM) is an activator of TrkA recep-
tor (its effect is equal to the 50% of the effect of 100
ng/mL NGF) (81). In absence of neurotrophines, PC12
cells undergo programmed cell death, but 1H5 via TrkA
receptor can protect cells from apoptosis (81). SE5 (30
uM), which activity is 200% of 100 ng/mL NGF. NGF
is a stronger TrkA activator than 1H5(81). Furthermore,
low doses of SE5 with presence of high doses of NGF
endorse neuronal differentiation in PC12 cells (81). It
seems that 1H5 and 5E5 may have positive impact on
sympathetic cardiac innervation in ischemic condition.
Described effects were present in non-toxic concentra-
tions of those molecules (81), however further evalua-
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Table 3. Summary of role of NGF in heart disorders.

Condition Role of NGF or its receptors References
Acute coronary syndrome decreased NGF’s plasma level 73
Congestive heart failure decreased NGF’s plasma level 74,75
) ) NGF protects sympathetic cardiac innervation 77
Ischemia/reperfusion o )
NGF inhibits neuronal and myocardial cells death 76,78
Heart failure decreased NGF level — reduction of sympathetic innervation 86

tion should be made.

NGF may be secreted from heart muscle cells, in
healthy human heart cardiomyocytes NGF is expressed
and released (77,82). NGF triggers PI3K/AKT prosur-
vival pathway (83). However, NGF level in the heart is
not constant. Studies conducted on animals have shown
that in rat's ventricles, a significant decrease in NGF
expression was observed from neonatal to young rats
and a significant increase from young to old rat (84).
Regardless of rat's age NGF expression is significantly
higher in ventricles than in atria (84). In some age group
in left part of the heart, NGF expression was signifi-
cantly lower than in the right one (84).

The connection between NGF and NE seemed to
be crucial for the understanding of heart disease. Some
studies have shown that norepinephrine decreases the
level of NGF and its mRNA in iris and brown adipose
tissue (24). But there are several studies which show an
opposite effect in fibroblast (85) and vascular smooth
muscle cells (86). In vivo studies conducted on dogs
and rats have shown that NE reduces NGF level in the
heart (87,88). Decreased adrenoceptor stimulation in
heart failure rats reduces NGF expression by the car-
diac parasympathetic neuron (78). Preclusive evidence
disenables forming a conclusion without performing ad-
vanced research.

Heart failure is one of the most life-threatening cardi-
ovascular disorder. It is an effect of myocardial damage
or/and cardiomyocytes loss (89). Proper heart rhythm is
an effect of interaction between sympathetic and para-
sympathetic nervous system on the heart. The mecha-
nism involved in this regulation is likely driven by par-
acrine releasing NGF (90). This opposite regulatory sys-
tem is impaired in congestive heart failure (CHF) (91).
Excessive activation of the sympathetic nervous system
is associated with greater risk of death as a complica-
tion of disease (92). The main reason for that condition
seemed to be the reduction of sympathetic innervation
density as an effect of decreased NGF level (89). Such
observation was made both on humans and animals. In
the experimental environment, NGF reduces incidence
by 50% and death by 65% in aristolochic acid-induced
heart failure (93). Studies conducted on larval zebrafish
have proven that NGF exerts its effect by stimulating
cardiomyocytes proliferation (93).

NGF is an important factor in several different
pathomechanisms of cardiovascular disorders such as
ischemia of heart muscle or cardiomyocytes apoptosis.
However, we should expand our knowledge, especially
in pathway signaling. Sympathetic and parasympathetic
innervation is closely related to NGF but is it all? Pre-
cise mechanisms of NGF actions are still unrevealed,
what made clinical trials and use of that molecule as a
drug impossible.

Conclusions

NGF — related processes are still being discovered. de-
spite we know a lot of them, we do not possess full un-
derstanding. The versatility of NGF actions made this
molecule interesting and important for translational
medicine. It may be the answer to many questions and
there is no doubt that understanding of NGF will help
in better understanding of human physiology and patho-
physiology.

Another important aspect is defining NGF level changes
in sick individuals in comparison with healthy ones. It
will help to choose NGF-dependent conditions. How-
ever, we should define if the NGF's level abnormalities
are the symptom or a cause of disease.

As it was shown, NGF plays a crucial, but not yet fully
revealed the role in maintaining homeostasis and in pa-
thology. Although we know NGF for almost 70 years, it
is still enigmatic. Unfortunately, as many other troph-
ic factors, NGF is present in a very low concentration
which makes it hard to detect. Moreover, NGF influ-
ences metabolism and gene expression, what makes de-
fining signaling pathways a formidable challenge.

Acknowledgements
The work was supported by Medical University of
Gdansk (ST-02-0046/07/259)

Interest conflict
We claim no conflict of interests.

Author’s contribution

Karol Steckiewicz- drafting the manuscript, revising
the manuscript, conception of work, acquisition of data,
data analysis and interpretation, critical review, final ap-
proval of the manuscript.

Ewelina Barcinska — critical review, revising the manu-
script, conception of work, final approval of the manu-
script.

Michal Wozniak — critical review, revising the manu-
script, conception of work, final approval of the manu-
script.

References

1. Levi-Montalcini R, Hamburger V. Selective growth stimulating
effects of mouse sarcoma on the sensory and sympathetic nervous
system of the chick embryo. J Exp Zool 1951;116:321-361.

2. Aloe L, Tirassa P, Lambiase A. The topical application of nerve
growth factor as a pharmacological tool for human corneal and skin
ulcers. Pharmacol Res 2008;57:253-258.

3. Wang W, Chen J, Guo X. The role of nerve growth factor
and its receptors in tumorigenesis and cancer pain. Biosci Trends
2014;8:68-74.

4. Lee R, Kermani P, Teng KK, Hempstead BL. Regulation of cell

Cell Mol Biol (Noisy le Grand) 2018 | Volume 64 | Issue 9

20



Karol P. Steckiewicz et al.

Nerve growth factor as a possible component of novel therapy.

survival by secreted proneurotrophins. Science 2001;294:1945—
1948.

5. Allen SJ, Watson JJ, Shoemark DK, Barua NU, Patel NK.
GDNF, NGF and BDNF as therapeutic options for neurodegenera-
tion. Pharmacol Ther 2013;138:155-175.

6. Mufson EJ, Kroin JS, Sendera TJ, Sobreviela T. Distribution and
retrograde transport of trophic factors in the central nervous system:
Functional implications for the treatment of neurodegenerative dis-
eases. Prog Neurobiol 1999;57:451-484.

7. Aloe L, Rocco ML. NGF and therapeutic prospective: what have
we learned from the NGF transgenic models? Ann Ist Super Sanita
2015;51:5-10.

8. Missale C, Boroni F, Sigala S, Buriani A, Fabris M, Leon A et al.
Nerve growth factor in the anterior pituitary: localization in mam-
motroph cells and cosecretion with prolactin by a dopamine-regulat-
ed mechanism. Proc Natl Acad Sci U S 4 1996,93:4240-4245.

9. Nam JW, Chung JW, Kho HS, Chung SC, Kim YK. Nerve
growth factor concentration in human saliva. Oral Dis 2007;13:187—
192.

10. Galve-Roperh I, Haro A, Diaz-Laviada I. Induction of nerve
growth factor synthesis by sphingomyelinase and ceramide in pri-
mary astrocyte cultures. Mol Brain Res 1997;52:90-97.

11. Leon A, Buriani A, Dal Toso R, Fabris M, Romanello S, Aloe L
et al. Mast cells synthesize, store, and release nerve growth factor.
Proc Natl Acad Sci U S A 1994;91:3739-3743.

12. Lambiase A, Bracci-Laudiero L, Bonini S, Bonini S, Starace G,
D’Elios MM et al. Human CD4+ T cell clones produce and release
nerve growth factor and express high-affinity nerve growth factor
receptors. J Allergy Clin Immunol 1997;100:408-414.

13. Taniuchi M, Clark HB, Schweitzer JB, Johnson EM. Expression
of nerve growth factor receptors by Schwann cells of axotomized
peripheral nerves: ultrastructural location, suppression by axonal
contact, and binding properties. J Neurosci 1988;8:664—681.

14. Heumann R, Lindholm D, Bandtlow C, Meyer M, Radeke MJ,
Misko TP et al. Differential regulation of mRNA encoding nerve
growth factor and its receptor in rat sciatic nerve during develop-
ment, degeneration, and regeneration: role of macrophages. Proc
Natl Acad Sci U S 4 1987;84:8735-8739.

15. Kawamoto K, Aoki J, Tanaka A, Itakura A, Hosono H, Arai H et
al. Nerve growth factor activates mast cells through the collaborative
interaction with lysophosphatidylserine expressed on the membrane
surface of activated platelets. J Immunol 2002;168:6412—-6419.

16. Freund V, Pons F, Joly V, Mathieu E, Martinet N, Frossard N.
Upregulation of nerve growth factor expression by human airway
smooth muscle cells in inflammatory conditions. Eur Respir J
2002;20:458-463.

17. Lukoyanov N V., Pereira PA, Paula-Barbosa MM, Cadete-Leite
A. Nerve growth factor improves spatial learning and restores hip-
pocampal cholinergic fibers in rats withdrawn from chronic treat-
ment with ethanol. Exp Brain Res 2003;148:88-94.

18. Molloy NH, Read DE, Gorman AM. Nerve growth factor in can-
cer cell death and survival. Cancers (Basel) 2011;3:510-530.

19. Tuszynski MH, Yang JH, Barba D, U H-S, Bakay R a. E, Pay
MM et al. Nerve Growth Factor Gene Therapy Activation of Neu-
ronal Responses in Alzheimer Disease. JAMA Neurol 2015;0626:1—
9.

20. Parikh V, Evans DR, Khan MM, Mahadik SP. Nerve growth
factor in never-medicated first-episode psychotic and medicated
chronic schizophrenic patients: Possible implications for treatment
outcome. Schizophr Res 2003;60:117-123.

21. Stanzel RDP, Lourenssen S, Blennerhassett MG. Inflammation
causes expression of NGF in epithelial cells of the rat colon. Exp
Neurol 2008;211:203-213.

22. Emanuele E, Politi P, Bianchi M, Minoretti P, Bertona M, Geroldi

D. Raised plasma nerve growth factor levels associated with early-
stage romantic love. Psychoneuroendocrinology 2006;31:288-294.
23. Alleva E, Branchi I. NGF: A social molecule. Psychoneuroendo-
crinology 2006;31:295-296.

24. Govoni S, Pascale A, Amadio M, Calvillo L, D’Elia E, Cereda C
et al. NGF and heart: Is there a role in heart disease? Pharmacol Res
2011;63:266-277.

25. Nakagawara A. Trk receptor tyrosine kinases: A bridge between
cancer and neural development. Cancer Lett 2001;169:107-114.

26. Caporali A, Emanueli E. Cardiovascular Actions of Neurotro-
phins. Physiol Rev 2011;89:279-308.

27. Garcia TB, Hollborn M, Bringmann A. Expression and signaling
of NGF in the healthy and injured retina. Cytokine Growth Factor
Rev 2017;34:43-57.

28. Marlin MC, Li G. Biogenesis and Function of the NGF/
TrkA  Signaling Endosome. Elsevier Ltd 2015 doi:10.1016/
bs.ircmb.2014.10.002

29. Bradshaw RA, Pundavela J, Biarc J, Chalkley RJ, Burlingame
AL, Hondermarck H. NGF and ProNGF: Regulation of neuronal
and neoplastic responses through receptor signaling. Adv Biol Regul
2015;58:16-27.

30. Montagnoli C, Pistilli A, Stabile AM, Rende R, Rambot- MG,
Spreca A et al. Anti-proliferative effects of GW441756 , a novel in-
hibitor of NGFreceptor tyrosine kinase a (TRKA), in human sar-
coma. IJAE 2010;115:supplement.

31. Stabile AM, Montagnoli C, Pistilli A, Rambotti MG, Pula G,
Rende M. Antiproliferative and proapoptotic effects of the TrK-in-
hibitor GW441756 in human myosarcomas and prostatic carcinoma.
Curr Signal Transduct Ther 2013;8:74-83.

32. Colquhoun A, Lawrance GM, Shamovsky IL, Riopelle RJ, Ross
GM. Differential Activity of the Nerve Growth Factor (NGF) Antag-
onist PD90780 [7-(Benzolylamino)-4,9-dihydro-4-methyl- 9-oxo-
pyrazolo[5,1-b]quinazoline-2-carboxylic Acid] Suggests Altered
NGF-p75NTR Interactions in the Presence of TrkA. J Pharmacol
Exp Ther 2004;310:505-511.

33. Spiegel K, Agrafiotis D, Caprathe B, Davis R, Dickerson M, Fer-
gus J et al. PD 90780, A NONPEPTIDE INHIBITOR OF NERVE
GROWTH FACTOR’S BINDING TO THE P75 NGF RECEPTOR.
Biochem Biophys Res Commun 1995;217:488=494.

34. Hefti FF, Rosenthal A, Walicke PA, Wyatt S, Vergara G, Shelton
DL et al. Novel class of pain drugs based on antagonism of NGF.
Trends Pharmacol Sci 2006;27:85-91.

35. Chacon PJ, Garcia-Mejias R, Rodriguez-Tebar A. Inhibition of
RhoA GTPase and the subsequent activation of PTP1B protects cul-
tured hippocampal neurons against amyloid [ toxicity. Mol Neuro-
degener 2011;6:14.

36. Uesugi N, Kimura Y, Yamashita T. Suppression of the p75 recep-
tor signal attenuates the effect of ephrin-B3 and promotes axonal re-
generation of the injured optic nerve. Cell Death Dis 2013;4:e557-7.
37. Tagliavacca L, Colombo F, Racchetti G, Meldolesi J. LICAM
and its cell-surface mutants: New mechanisms and effects relevant
to the physiology and pathology of neural cells. J Neurochem
2013;124:397-409.

38. Lee NH, Malek RL. Nerve growth factor regulation of m4
muscarinic receptor mRNA stability but not gene transcription
requires mitogen-activated protein kinase activity. J Biol Chem
1998;273:22317-22325.

39. Ekman EF, Gimbel JS, Bello AE, Smith MD, Keller DS, An-
nis KM et al. Efficacy and Safety of Intravenous Tanezumab for
the Symptomatic Treatment of Osteoarthritis: 2 Randomized Con-
trolled Trials versus Naproxen. J Rheumatol Published Online First:
1 October 2014.http://www.jrheum.org/content/early/2014/09/25/
jrheum.131294.abstract

40. Kivitz AJ, Gimbel JS, Bramson C, Nemeth MA, Keller DS,

Cell Mol Biol (Noisy le Grand) 2018 | Volume 64 | Issue 9

21



Karol P. Steckiewicz et al.

Nerve growth factor as a possible component of novel therapy.

Brown MT et al. Efficacy and safety of tanezumab versus naproxen
in the treatment of chronic low back pain. Pain 2013;154:1009—
1021.

41. Wang H, Russell LJ, Kelly KM, Wang S, Thipphawong J. Ful-
ranumab in patients with interstitial cystitis/bladder pain syndrome:
observations from a randomized, double-blind, placebo-controlled
study. BMC Urol 2017;17:1-8.

42. Chang DS, Hsu E, Hottinger DG, Cohen SP. Anti-nerve
growth factor in pain management: Current evidence. J Pain Res
2016;9:373-383.

43. Fell SM, Li S, Wallis K, Kock A, Surova O, Rraklli V et al.
Neuroblast differentiation during development and in neuroblas-
toma requires KIF1Bp-mediated transport of TRKA. Genes Dev
2017;31:1036-1053.

44. Dzieran J, Rodriguez Garcia A, Westermark UK, Henley AB,
Eyre Sanchez E, Triager C et al. MYCN -amplified neuroblastoma
maintains an aggressive and undifferentiated phenotype by de-
regulation of estrogen and NGF signaling. Proc Natl Acad Sci
2018;115:E1229-E1238.

45. Ruggeri P, Cappabianca L, Farina AR, Gneo L, Mackay AR.
NGF sensitizes TrkA SH-SY5Y neuroblastoma cells to TRAIL-in-
duced apoptosis. Cell Death Discov 2016;2:16004.

46. Hansen K, Wagner B, Hamel W, Schweizer M, Haag F, Westphal
M et al. Autophagic cell death induced by TrkA receptor activation
in human glioblastoma cells. J Neurochem 2007;103:259-275.

47. Singer HS, Hansen B, Martinie D, Karp CL. Mitogenesis in glio-
blastoma multiforme cell lines: A role for NGF and its TrkA recep-
tors. J Neurooncol 1999;45:1-8.

48. Weis C, Wiesenhofer B, Humpel C. Nerve growth factor plays a
divergent role in mediating growth of rat C6 glioma cells via binding
to the p75 neurotrophin receptor. J Neurooncol 2002;56:59—67.

49. Forsyth PA, Krishna N, Lawn S, Valadez JG, Qu X, Fenster-
macher DA et al. P75 Neurotrophin Receptor Cleavage By A- and
I'-Secretases Is Required for Neurotrophin-Mediated Proliferation
of Brain Tumor-Initiating Cells. J Biol Chem 2014;289:8067-8085.
50. Johnston ALM, Lun X, Rahn JJ, Liacini A, Wang L, Hamilton
MG et al. The p75 neurotrophin receptor is a central regulator of
glioma invasion. PLoS Biol 2007;5:1723-1737.

51. Wang LM, Rahn JJ, Lun XQ, Sun B, Kelly JJP, Weiss S et al.
Gamma-secretase represents a therapeutic target for the treatment of
invasive glioma mediated by the p75 neurotrophin receptor. PLoS
Biol 2008;6:2496-2511.

52. Ohta T, Watanabe T, Katayama Y, Kurihara J, Yoshino A, Ni-
shimoto H et al. TrkA expression is associated with an elevated
level of apoptosis in classic medulloblastomas. Neuropathology
2006;26:170-177.

53. Li C, MacDonald JIS, Hryciw T, Meakin SO. Nerve growth
factor activation of the TrkA receptor induces cell death, by
macropinocytosis, in medulloblastoma Daoy cells. J Neurochem
2010;112:882-899.

54. Nico B, Mangieri D, Benagiano V, Crivellato E, Ribatti D. Nerve
growth factor as an angiogenic factor. Microvasc Res 2008;75:135—
141.

55. Chamary VL, Robson T, Loizidou M, Boulos PB, Burnstock G.
Progressive loss of perivascular nerves adjacent to colorectal cancer.
Eur J Surg Oncol 2000;26:588-593.

56. Goda M, Atagi S, Amitani K, Hobara N, Kitamura Y, Kawasaki
H. Nerve growth factor suppresses prostate tumor growth. J Phar-
macol Sci 2010;112:463-466.

57. Campos X, Muiloz Y, Selman A, Yazigi R, Moyano L, Wein-
stein-Oppenheimer C et al. Nerve growth factor and its high-affin-
ity receptor trkA participate in the control of vascular endothelial
growth factor expression in epithelial ovarian cancer. Gynecol Oncol
2007;104:168-175.

58. Davidson B, Reich R, Lazarovici P, Nesland JM, Skrede M,
Risberg B et al. Expression and activation of the nerve growth fac-
tor receptor TrkA in serous ovarian carcinoma. Clin Cancer Res
2003;9:2248-2259.

59. Lu Q-L, Liu J, Zhu X-L, Xu W-J. Expression of nerve growth
factor and hypoxia inducible factor-1a and its correlation with an-
giogenesis in non-small cell lung cancer. J Huazhong Univ Sci Tech-
nolog Med Sci 2014;34:359-362.

60. Romon R, Adriaenssens E, Lagadec C, Germain E, Honder-
marck H, Le Bourhis X. Nerve growth factor promotes breast
cancer angiogenesis by activating multiple pathways. Mol Cancer
2010;9:157.

61. Siegel RL, Miller KD, Jemal A. Cancer statistics. CA Cancer J
Clin 2016;66:7-30.

62. Shibayama E, Koizumi H. Cellular localization of the Trk neuro-
trophin receptor family in human non-neuronal tissues. Am J Pathol
1996;148:1807—-1818.

63. World Health Organization. Global Report on Diabetes. 2016
doi:ISBN 978 92 4 156525 7

64. Diabetes Federation. Annual Report 2015 - International Diabe-
tes Federation. 2015http://www.idf.org/sites/default/files/IDF_An-
nualReport 2015 WEB.pdf

65. Gezginci-Oktayoglu S, Bolkent S. Ras signaling in NGF reduc-
tion and TNF related pancreatic cell apoptosis in hyperglycemic rats.
Apoptosis 2012;17:14-24.

66. Sposato V, Manni L, Chaldakov GN, Aloe L. Streptozotocin-in-
duced diabetes is associated with changes in NGF levels in pancreas
and brain. Arch Ital Biol 2007;145:87-97.

67. Rosenbaum T, Vidaltamayo R, Sanchez-Soto MC, Zentella A,
Hiriart M. Pancreatic beta cells synthesize and secrete nerve growth
factor. Proc Natl Acad Sci U S A 1998;95:7784-7788.

68. Pierucci D, Cicconi S, Bonini P, Ferrelli F, Pastore D, Matteucci
C et al. NGF-withdrawal induces apoptosis in pancreatic beta cells
in vitro. Diabetologia 2001;44:1281-1295.

69. Navarro-Tableros V, Sanchez-Soto MC, Garcia S, Hiriart M.
Autocrine regulation of single pancreatic cell survival. Diabetes
2004;53:2018-2023.

70. Lee PG, Hohman TC, Cai F, Regalia J, Helke CJ. Streptozo-
tocin-induced diabetes causes metabolic changes and alterations in
neurotrophin content and retrograde transport in the cervical vagus
nerve. Exp Neurol 2001;170:149-161.

71. Schwartz S, Adornato BT, Freeman R, Biton V, Rendell M,
Vinik A et al. Efficacy and Safety of Recombinant Human Nerve
Growth Factor in Patients with Diabetic Polyneuropathy A Rand-
omized Controlled Trail. JAMA Neurol 2000;284:2215-2221.

72. Goss JR, Goins WF, Lacomis D, Mata M, Glorioso JC, Fink DJ.
Herpes Simplex — Mediated Gene Transfer of Nerve Growth Factor
Protects Against Peripheral Neuropathy in Streptozotocin-Induced
Diabetes in the Mouse. Diabetes 2002;51:2227-2232.

73. Li Y, Shi B, Wang D, Wang P, Laudon V, Zhang J et al. Nerve
growth factor and substance P: Expression in a rat model of diabetic
bladder. Int Urol Nephrol 2011;43:109-116.

74. Sasaki K, Chancellor MB, Phelan MW, Yokoyama T, Fraser
MO, Seki S et al. Diabetic cystopathy correlates with a long-term
decrease in nerve growth factor levels in the bladder and lumbosa-
cral dorsal root Ganglia. J Urol 2002;168:1259-1264.

75. Poduslo JF, Curran GL. Permeability at the blood-brain and
blood-nerve barriers of the neurotrophic factors: NGF, CNTF, NT-3,
BDNEF. Mol Brain Res 1996;36:280-286.

76. Manni L, Nikolova V, Vyagova D, Chaldakov GN, Aloe L. Re-
duced plasma levels of NGF and BDNF in patients with acute coro-
nary syndromes. Int J Cardiol 2005;102:169—-171.

77. Kaye DM, Krum H. Drug discovery for heart failure: a new era
or the end of the pipeline? Nat Rev Drug Discov 2007;6:127-139.

Cell Mol Biol (Noisy le Grand) 2018 | Volume 64 | Issue 9

22



Karol P. Steckiewicz et al.

Nerve growth factor as a possible component of novel therapy.

78. Hasan W, Smith PG. Decreased adrenoceptor stimulation in
heart failure rats reduces NGF expression by cardiac parasympa-
thetic neurons. Auton Neurosci Basic Clin 2014;181:13-20.

79. Wang Z, Li H, Huang Y, Li R, Wang X, Yu L et al. Nerve growth
factor-induced Akt/mTOR activation protects the ischemic heart via
restoring autophagic flux and attenuating ubiquitinated protein ac-
cumulation. Oncotarget 2017;8:5400-5413.

80. Abe T, Morgan DA, Gutterman DD. Protective role of nerve
growth factor against postischemic dysfunction of sympathetic coro-
nary innervation. Circulation 1997;95:213-220.

81. Lin B, Pirrung M, Deng L, Li Z. Neuroprotection by small mol-
ecule activators of the nerve growth factor receptor. J Pharmacol ...
2007;322:59-69.

82. Hiltunen J, Arumde U, Moshnyakov M, Saarma M. Expression
of mRNAs for neurotrophins and their receptors in developing rat
heart. Circ Res 1996;79:930-939.

83. Caporali A, Sala-Newby GB, Meloni M, Graiani G, Pani E,
Cristofaro B et al. Identification of the prosurvival activity of nerve
growth factor on cardiac myocytes. Cell Death Differ 2008;15:299—
311.

84. Saygili E, Kluttig R, Rana OR, Saygili E, Gemein C, Zink MD
et al. Age-related regional differences in cardiac nerve growth factor
expression. Age (Dordr) 2012;34:659-667.

85. Furukawa Y, Tomioka N, Sato W, Satoyoshi E, Hayashi K, Fu-
rukawa S. Catecholamines increase nerve growth factor mRNA con-
tent in both mouse astroglial cells and fibroblast cells. FEBS Lett
1989;247:463-467.

86. Creedon D, Tuttle JB. Nerve growth factor synthesis in vascular
smooth muscle. Hypertension 1991;18:730-741.

87. Qin F, Vulapalli RS, Stevens SY, Liang C. Loss of cardiac sym-
pathetic neurotransmitters in heart failure and NE infusion is associ-
ated with reduced NGF Loss of cardiac sympathetic neurotransmit-
ters in heart failure and NE infusion is associated with reduced NGF.
2013;14642:363-371.

88. Kimura K, Kanazawa H, leda M, Kawaguchi-Manabe H, Mi-
yake Y, Yagi T et al. Norepinephrine-induced nerve growth factor
depletion causes cardiac sympathetic denervation in severe heart
failure. Auton Neurosci 2010;156:27-35.

89. Kaye DM, Vaddadi G, Gruskin SL, Du X-JJ, Esler MD. Reduced
myocardial nerve growth factor expression in human and experi-
mental heart failure. Circ Res 2000;86:E80-4.

90. Hasan W, Smith PG. Modulation of rat parasympathetic cardiac
ganglion phenotype and NGF synthesis by adrenergic nerves. Auton
Neurosci Basic Clin 2009;145:17-26.

91. Bibevski S, Dunlap ME. Evidence for impaired vagus nerve ac-
tivity in heart failure. Heart Fail Rev 2011;16:129-135.

92. Kaye DM, Lefkovits J, Jennings GL, Bergin P, Broughton A, Es-
ler MD. Adverse consequences of high sympathetic nervous activity
in the failing human heart. J Am Coll Cardiol 1995;26:1257-1263.
93. Lam NT, Currie PD, Lieschke GJ, Rosenthal NA, Kaye DM.
Nerve Growth Factor Stimulates Cardiac Regeneration via Car-
diomyocyte Proliferation in Experimental Heart Failure. PLoS One
2012;7. doi:10.1371/journal.pone.0053210.

Cell Mol Biol (Noisy le Grand) 2018 | Volume 64 | Issue 9

23



