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Expression of Trophic Peptides and Their Receptors in Chromaffin

Cells and Pheochromocytoma

Erwan Thouénnon - Alice Pierre - Laurent Yon - Youssef Anouar

Abstract Pheochromocytomas are catecholamine-pro-
ducing tumors arising from chromaffin cells of the adrenal
medulla or extra-adrenal location. Along with catechola-
mines, tumoral cells produce and secrete elevated quanti-
ties of trophic peptides which are normally released in a
regulated manner by the normal adrenal medulla. Among
these peptides, the amounts of pituitary adenylate cyclase-
activating polypeptide (PACAP), adrenomedullin (AM),
and neuropeptide Y (NPY) are particularly high. These
peptides can exert endocrine, paracrine or autocrine effects
in numerous cell types. In particular, they have been shown
to be involved in cell proliferation and survival, catechol-
amine production and secretion, and angiogenesis. Some
of these processes are exacerbated in pheochromocy-
tomas, raising the possibility of the involvement of trophic
peptides. Here, we review the expression levels of NPY,
PACAP, and AM and theirs receptors in chromaffin cells
and pheochromocytomas, and address their possible
implication in the adrenal medulla tumorigenesis and
malignant development of pheochromocytomas.
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Introduction

Pheochromocytomas are neuroendocrine tumors arising
from chromaffin cells of the adrenal medulla or extra-
adrenal locations. These tumors exhibit impaired control of
peptide and hormone biosynthesis and secretion, resulting
in an exacerbated production of these factors (Thouénnon
et al. 2007). In particular, the main clinical symptoms
indicating the occurrence of a pheochromocytoma are
provoked by excessive release of catecholamines, dopa-
mine, norepinephrine, and epinephrine, into the blood-
stream. Along with catecholamines, pheochromocytomas
produce and secrete numerous peptides. These peptides are
also secreted along with catecholamines in physiological
conditions, in order to participate in homeostatic regula-
tions. Thus, peptides, such as neuropeptide Y (NPY) and
adrenomedullin (AM), play an important role in the stress
response (Edvinsson et al. 1983; Shimosawa and Fujita
2005). Other peptides, such as pituitary adenylate cyclase-
activating polypeptide (PACAP) can act as neurotrans-
mitters in chromaffin cells (Lamouche and Yamaguchi
2003; Payet et al. 2003). In addition, these peptides can
also act locally as trophic factors. In particular, NPY, AM,
and PACAP have been shown to be involved in hormone
production and secretion, as well as proliferation, survival
or differentiation of numerous cell types (Shimosawa and
Fujita 2005; Dumont and Quirion 2006; Vaudry et al.
2009). In pathophysiological conditions, alteration of NPY,
AM, and PACAP expression, production and regulated
secretion may lead to potential paracrine, autocrine or
endocrine defects. Although these peptides have been
extensively studied in different tumors, such as brain
tumors, breast carcinomas, prostate cancer, and neurobl-
astomas, their roles in pheochromocytomas, where they are
present in very high quantities, remain poorly understood
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(Garcia-Fernandez et al. 2004; Moretti et al.
Nakamura et al. 2006; Ruscica et al. 2007).

In this review, we focused on the expression of NPY,
PACAP, and AM and their receptors in adrenal medulla,
and benign and malignant pheochromocytomas. We also
described their effects on chromaffin cells and pheochro-
mocytes, and how they could possibly be involved in
adrenal gland tumorigenesis and pheochromocytoma
metastasis.

2006;

NPY

NPY is a 36-amino acid peptide originally isolated from
porcine brain (Tatemoto et al. 1982). This neuropeptide
acts as a co-transmitter, a neuromodulator and a neuro-
hormone, and plays an important role in numerous physi-
ological processes such as food intake, hormone secretion
or regulation of the immune system (Zukowska et al.
2003). NPY is also considered as a growth factor for sev-
eral cell types such as neuronal cells or smooth muscle
cells (Hansel et al. 2001; Pons et al. 2003). NPY is an
angiogenic factor able to stimulate the proliferation and
migration of endothelial cells, the formation of capillary
tubes and the revascularization of ischemic tissues (Lee
et al. 2003). Moreover, NPY has already been shown to be
involved in cell proliferation, angiogenesis, invasion, and
metastasization of endocrine-related tumors (Ruscica et al.
2007).

In human and other mammalian species, high concen-
trations of NPY have been found in the brain and the
sympathetic nerve system, including adrenal medulla
(Allen et al. 1983). In the latter tissue, NPY concentrations
are higher than those measured in the adrenal cortex in all
studied species (Allen et al. 1983; de Quidt and Emson
1986).

NPY is co-secreted with norepinephrine and exerts a
strong vasoconstrictor effect on cardiovascular system
vessels, making this peptide an actor of the stress response
(Edvinsson et al. 1983).

So far, six receptors, Y1, Y2, Y3, Y4, Y5, and y6, have
been described as NPY receptors. In human, the y6
receptor is a pseudogene, coding for a non-functional
truncated protein (Rose et al. 1997). Moreover, there is
some confusion regarding the human Y3 receptor, fre-
quently described as a putative and uncharacterized
receptor (Fetissov et al. 2004; Larhammar and Salaneck
2004). However, a recent update of the National Center for
Biotechnology Information (NCBI) website clarified the
situation: the Y3 receptor does not seem to bind human
NPY but exhibits a strong affinity to stromal cell-derived
factor 1 (SDF1) chemokine. The Y3 receptor was thus
renamed CXC chemokine receptor 4 (CXCR4), in

accordance with the chemokines receptor nomenclature
(Bleul et al. 1996).

In the human adrenal medulla, the receptors Y1, Y2, Y4,
and Y5 are expressed and functional, indicating that NPY
exerts autocrine effects in this tissue (Cavadas et al. 2001;
Korner et al. 2004; Spinazzi et al. 2005). The expression of
the CXCR4 in this tissue has not been shown.

Few studies have reported on the effect of NPY on
chromaffin cells. In human and murine chromaffin cells in
primary culture, NPY is able to stimulate catecholamine
secretion (Cavadas et al. 2001, 2006). It has also been shown
that NPY treatment of rat or bovine chromaffin cells in
primary culture is able to inhibit cholinergic agonist-induced
catecholamine secretion (Hexum and Russett 1989; Shi-
moda et al. 1993). Strikingly, the opposite effect has been
observed when the adrenal gland was perfused (Hexum and
Russett 1989). In addition to its role in the regulation of
catecholamine secretion, NPY is also able to act upstream, at
the level of catecholamine biosynthesis, as shown by tyro-
sine hydroxylase (TH) overexpression observed in rat
adrenal medulla in which NPY has been injected (Hong et al.
1995). Moreover, a simultaneous treatment by ATP and
NPY enhanced TH serine 31-phosphorylation, which would
stabilize this enzyme (Luke and Hexum 2008).

In human pheochromocytomas, the existence of
NPY-producing cells and high NPY concentrations have
been reported (deS Senanayake et al. 1995). These high
intra-tumoral quantities of NPY can be explained by a
strong expression of the gene, associated with an efficient
maturation of the precursor (O’Hare and Schwartz 1989;
Thouénnon et al. 2010). In pheochromocytoma patients,
plasma NPY concentration is often elevated, particularly
when the tumor is malignant. However, the percentage of
patients with elevated plasma NPY levels is similar for
benign and malignant tumors (Grouzmann et al. 1990). In
tumoral tissue, NPY expression has been shown to be
lower in malignant compared to benign pheochromocyto-
mas (Thouénnon et al. 2010), although the differences were
not found statistically significant in another study who also
compared the two tumor subtypes (deS Senanayake et al.
1995; Thouénnon et al. 2010). In a subtype of hereditary
pheochromocytomas associated with mutation of the von
Hippel-Lindau gene, it has been shown that the expression
level of NPY was significantly lower than in other hered-
itary and sporadic pheochromocytomas (Cleary et al.
2007). Together, these observations suggest that NPY
levels are high but variable in pheochromocytoma and that
this peptide could be differentially produced by different
tumor subtypes.

We showed the expression of all NPY receptors in
almost all studied benign and malignant pheochromocyto-
mas, with no differences between benign and malignant
tumors. Despite the fact that this expression was very



weak, we cannot exclude the possibility of an autocrine
effect of NPY in these tumors, given the elevated amounts
of the peptide produced by pheochromocytomas (Thouén-
non et al. 2010).

Altogether, these data suggest that NPY could act in an
autocrine manner on catecholamine production and secre-
tion and therefore participates in pathophysiological
mechanisms involved in these tumors. Interestingly,
although NPY does not seem to be involved in the prolif-
eration or apoptosis of PC12 cells, arguing against a role of
this peptide in chromaffin cell transformation, it has nev-
ertheless been shown that NPY could participate in tumoral
growth by stimulating neoangiogenesis (Kitlinska et al.
2005; Kitlinska 2007).

PACAP

PACAP is an ubiquitous neuropeptide of 27 or 38-amino
acid involved in numerous physiological functions (Vaudry
et al. 2009). In rat, several studies showed the expression of
the PACAP gene and the occurrence of peptide immuno-
reactivity in fibers innerving the adrenal medulla (Nielsen
et al. 1998). Other studies showed the presence of PACAP
in chromaffin cells of several mammalian species and in
human fetal chromaffin cells (Breault et al. 2000).

Numerous in vitro and in vivo studies showed that
PACAP acts as a neurotransmitter in order to regulate
catecholamine secretion by chromaffin cells in physiolog-
ical and pathophysiological conditions (Lamouche and
Yamaguchi 2003; Payet et al. 2003; Isobe et al. 2004).
These effects of PACAP on catecholamine secretion are
associated with increased expression of TH, dopamine
f-hydroxylase, and phenylethanolamine N-methyltransfer-
ase (PNMT) genes, concomitantly with increased activity
of these enzymes (Tonshoff et al. 1997; McKenzie and
Marley 2002). However, immunolabeling of TH and
PNMT enzymes is similar in PACAP knock-out and wild-
type mice, suggesting that the peptide does not exert an
important role in the maintenance of the catecholaminergic
phenotype of chromaffin cells and in the development of
the adrenal medulla (Hamelink et al. 2002).

PACAP also stimulates the expression and secretion of
several neuropeptides such as VIP, galanin, the brain
natriuretic peptide or enkephalins (Babinski et al. 1996;
Lee et al. 1999; Guillemot et al. 2006a). Moreover, it has
been shown that treatment of bovine chromaffin cells by
PACAP leads to increased expression and secretion of
secretogranin II and its derived peptides secretoneurin and
EMG66 (Guillemot et al. 2006b).

In the rat pheochromocytoma PC12 cell line, PACAP is
able to stimulate catecholamine secretion, to inhibit cell

proliferation and to induce differentiation toward a sym-
pathetic phenotype through molecular pathways similar to
those activated by nerve growth factor (Grumolato et al.
2003). In these cells, PACAP also exerts protective effects
against ceramide, ff-amyloid or hydrogen peroxide-induced
stress (Ghzili et al. 2008). In addition, the neuropeptide
also stimulates gene transcription of TH and PNMT
enzymes, the vesicular monoamine transporter 1, the
vesicular acetylcholine transporter and chromogranin A
and B, but inhibits the expression of secretogranin II
(Grumolato et al. 2003).

In human intra- and extra-adrenal pheochromocytomas,
a PACAP-like immunoreactivity has been found in all
studied tumors (Takahashi et al. 1993; Fahrenkrug et al.
1995). In half of pheochromocytoma cases, this immuno-
reactivity was high as compared to cortical or adrenal
medulla (Takahashi et al. 1993). Isobe et al. (2003) showed
that PACAP was expressed in 24 out of 30 studied tumors.
In intra-adrenal pheochromocytomas, this expression was
strongly correlated to those of TH and PNMT genes and to
intra-tumoral epinephrine concentrations, suggesting that
PACAP may regulate the expression of the genes encoding
catecholamine-synthesizing enzymes. In a set of 25 benign
and malignant pheochromocytomas and paragangliomas,
we also showed the wide expression of PACAP, which was
detected in 24 of these tumors. However, we did not
observe significantly different expression levels between
benign and malignant pheochromocytomas (Thouénnon
et al. 2010). In this pheochromocytoma cohort, we also
showed that the levels of PACAP and NPY were correlated
and that PACAP was able to increase the expression of
NPY in PC12 cells (Fig. 1; Thouénnon et al., unpublished
data). This observation suggests that PACAP could exert
direct trophic effects but could also exert indirect effects
through stimulation of the expression of other trophic
peptides.

PACAP exerts its effects by binding to VIP/PACAP
receptors (VPAC1-R and VPAC2-R) and the PACAP-
preferring receptor (PAC1-R). In chromaffin cells, PAC1-R
is the predominant receptor but VPAC2-R is also present
(Harmar et al. 2004). PACI-R has also been detected in
human fetal chromaffin cells (Yon et al. 1998). PACI-R is
involved in the effects of PACAP on peptide and cate-
cholamine biosynthesis in the adrenal medulla (Ghzili et al.
2008).

We showed the expression of the PACI receptor in all
studied pheochromocytomas whereas that of VPACI-R
and VPAC2-R mRNAs was only detected in half of them.
Moreover, mean PACI1-R expression levels were about
20-fold higher than those of VPACI1-R and VPAC2-R. This
high expression of PAC1-R is in line with the data reported
in a previous study showing that PAC1-R mRNA is found
in 83% of tumors among a set of 43 pheochromocytomas
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Fig. 1 Correlation between expression levels of PACAP and NPY in
a set of 25 pheochromocytomas (a) and effect of treatment of PC12
cells with PACAP on NPY expression (b). a This study performed by
real-time PCR shows that PACAP and NPY expression were

and paragangliomas (Reubi et al. 2000). Another study
showed the expression of PACI-R in only 63% of the
pheochromocytomas and paragangliomas analyzed, but this
lower rate could be explained by the use of a less sensitive
technique (Isobe et al. 2003). These results indicate that
PACI-R is the main receptor potentially mediating auto-
crine/paracrine effects of PACAP in pheochromocytomas.
Interestingly, PACI1-R is involved in the proliferation of
several tumoral cells and is the receptor mediating the
neuroprotective effects of PACAP (Dejda et al. 2008).
Altogether, these data suggest that PACAP, through its
PACI1 receptor, could play an important role into the
pathophysiology of pheochromocytomas. PACAP may
exert trophic and anti-apoptotic effects on tumoral cells
and, may increase the biosynthesis and secretion of cate-
cholamines and other trophic peptides in these tumors.

AM

AM is a 52-amino acid peptide originally isolated from
a human pheochromocytoma, which exhibits a high
sequence homology with calcitonin gene-related peptide
(CGRP) (Kitamura et al. 1993). AM is also present at high
concentrations in the adrenal medulla, is secreted in the
bloodstream and exerts hypotensive effects, acting on
vasodilatation and increasing diuresis and sodium secretion
in urine (Shimosawa and Fujita 2005). AM also possesses a
proliferative and anti-apoptotic actions on some cell types
(Malendowicz et al. 2003; Uzan et al. 2008).

In primary cultures of bovine chromaffin cells, it has
been shown that AM is stored in dense core vesicles and
released along with catecholamines upon stimulation
(Kobayashi et al. 2001a). Moreover, there is an increase
in AM and concomitant catecholamine secretion when

significantly correlated in human pheochromocytomas. ** P < 0.01;
r=0.5631. b A 48-h treatment of PC12 by PACAP significantly
increased NPY expression. ** P < 0.01

these cells are under hypoxia conditions (Kobayashi et al.
2003).

So far, three AM receptors, also exhibiting affinity for
the CGRP, have been found: the adrenomedullin receptor
(ADMR), the receptor dog cDNA 1 (RDC1), and the cal-
citonin receptor-like receptor (CRLR) linked to the
receptor activity-modifying proteins 1, 2 or 3 (RAMP1-3).
CRLR association with RAMP2 or 3 allows formation of a
receptor displaying higher affinity for AM than for CGRP,
while association with RAMPI1 results in the opposite
effect (Kobayashi et al. 2001b). In rat adrenal medulla,
CRLR and ADMR receptors are exclusively detected in
noradrenergic cells, while AM is mainly detected in
adrenergic cells, suggesting a paracrine role for this peptide
(Renshaw et al. 2000).

Treatment of rat or human chromaffin cells with AM
provokes catecholamine secretion (Mazzocchi et al. 1999).
However, this effect has not been observed in primary
cultures of bovine chromaffin cells (Kobayashi et al.
2001b). In addition, in dog, injection of AM in the adrenal
gland does not influence the secretion of catecholamines,
even if a stimulation of the splanchnic nerve or an injection
of acetylcholine is performed at the same time (Masada
et al. 1999). These results indicate that AM could have a
role in the exocytosis of catecholamines from chromaffin
cells in some species but not in others.

In human pheochromocytomas, we were able to detect
AM expression in all of the 25 tumors analyzed, without
differences between benign and malignant tumors. We
observed that AM exerts anti-apoptotic effects on human
pheochromocytomas in primary culture and on PC12 cells
(Thouénnon et al. 2010). Moreover, although no data is
available for pheochromocytomas, numerous studies
showed the overexpression of AM by several cell lines
during hypoxia conditions. This overexpression is associated



with a role of AM in angiogenesis, including tumoral angi-
ogenesis (Zudaire et al. 2003).

We also detected very low ADMR and CRLR mRNA
levels in all tumors analyzed. Moreover, expression of
RAMP2 and 3 was also very weak, exhibiting 2- to 12-fold
lower levels than RAMPI1 expression levels, which sug-
gests that in pheochromocytomas CRLR/RAMP associa-
tion is more likely forming a receptor with affinity towards
CGRP. On the contrary, RDC1 expression in these tumors
was very high, showing 20- to 30-fold higher levels than
those of ADMR and CRLR, indicating that RDCI is likely
the receptor mediating AM effects in pheochromocytomas
(Thouénnon et al. 2010). Moreover, RDC1 is overexpres-
sed in malignant pheochromocytomas, and down-regula-
tion of its expression in PC12 cells reduced the number of
cells (Thouénnon et al. 2010). Interestingly, RDCI1 has
already been shown to be overexpressed in several cancers
and to be associated with the malignant behavior of tumors,
i.e., invasiveness, survival, proliferation, and neoangio-
genesis (Miao et al. 2007; Wang et al. 2008). In addition,
Autelitano et al. have shown that the effects of AM on
vascular smooth muscle cells and cardiac myocytes may
involve RDC1 (Autelitano 1998; Autelitano and Tang
1999). Although no study has shown an association
between RDC1 and angiogenesis in pheochromocytomas,
it is interesting to note that expression levels of this
receptor and those of the vascular endothelial growth factor
are strongly and significantly correlated in a set of 13
pheochromocytomas (Fig. 2; Thouénnon et al., unpub-
lished data).

Altogether, these data strongly suggest that AM and its
RDCI1 receptor could participate in the tumorigenesis of
chromaffin cells, supporting neoangiogenesis or allowing
tumoral cell survival. Moreover, overexpression of RDC1
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Fig. 2 Correlation between the expression levels of RDC1 and
VEGF in a set of 13 pheochromocytomas. This study performed
by real-time PCR showed that DC1 and VEGF expression were
strongly and significantly correlated in human pheochromocytomas.
*#* P <0.01; r = 0.7637

in malignant pheochromocytomas suggests a role for this
receptor into tumor metastasis.

Conclusion

There is growing evidence that several peptides may play
an important role in the pathophysiology of pheochromo-
cytoma. Peptides such as NPY, PACAP, and AM may act
on catecholamine release but also on cell survival and
growth, representing thus with their receptors valuable
targets in order to design new therapeutic tools for the
management of these neuroendocrine tumors.
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