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Peptide analogues targeting various neuropeptide receptors have
been used effectively in cancer therapy. A hallmark of adrenocor-
tical tumor formation is the aberrant expression of peptide recep-
tors relating to uncontrolled cell proliferation and hormone over-
production. Our microarray results have also demonstrated a
differential expression of neuropeptide hormone receptors in
tumor subtypes of human pheochromocytoma. In light of these
findings, we performed a comprehensive analysis of relevant
receptors in both human adrenomedullary and adrenocortical
tumors and tested the antiproliferative effects of peptide ana-
logues targeting these receptors. Specifically, we examined the
receptor expression of somatostatin-type-2 receptor, growth hor-
mone-releasing hormone (GHRH) receptor or GHRH receptor splice
variant-1 (SV-1) and luteinizing hormone-releasing hormone
(LHRH) receptor at the mRNA and protein levels in normal human
adrenal tissues, adrenocortical and adrenomedullary tumors, and
cell lines. Cytotoxic derivatives of somatostatin AN-238 and, to a
lesser extent, AN-162, reduced cell numbers of uninduced and
NGF-induced adrenomedullary pheochromocytoma cells and adre-
nocortical cancer cells. Both the splice variant of GHRH receptor
SV-1 and the LHRH receptor were also expressed in adrenocortical
cancer cell lines but not in the pheochromocytoma cell line. The
GHRH receptor antagonist MZ-4–71 and LHRH antagonist Cetro-
relix both significantly reduced cell growth in the adrenocortical
cancer cell line. In conclusion, the expression of receptors for
somatostatin, GHRH, and LHRH in the normal human adrenal and
in adrenal tumors, combined with the growth-inhibitory effects of
the antitumor peptide analogues, may make possible improved
treatment approaches to adrenal tumors.

targeted therapy � tumor endocrinology � aberrant receptors �
cytotoxic peptide derivatives

The over-expression or aberrant expression of G protein-coupled
receptors for neuropeptides in human adrenal tissue has been

linked to adrenal tumor formation and excessive hormone produc-
tion (1, 2). This includes ectopic receptors for gastric inhibitory
polypeptide, ghrelin, luteinizing hormone, IL-1, and corticotro-
phin-releasing hormone (3, 4), as well as altered activity of eutopic
receptors for vasopressin (V1-AVPR) and serotonin (5-HT4) (5–7).
Cell transplantation studies inducing the expression of some of
these receptors have resulted in the formation of hyperplastic
adrenal tissues (2). The identification of these receptors may make
possible pharmacological interventions as an alternative approach
to adrenalectomy. Furthermore, peptide hormone receptors have
been detected in adrenocortical cancers as well as in malignant
pheochromocytomas (PHEO) (3, 8, 9), a potentially important
observation in as much as the therapeutic options for both of these
malignancies are limited (10).

The elucidation of specific molecular characteristics of tumor
cells facilitates the development of potential targeted therapies.

Modern targeted anticancer drugs include antibodies against
surface structures on malignant cells and conjugates consisting
of receptor-specific ligands linked to toxins, radionuclides, and
chemotherapeutic agents (11). The much higher intratumoral
concentrations of such antineoplastic drugs, compared with the
surrounding tissue, are expected to result in a greater antitumor
efficacy and reduced systemic toxicity. This approach might also
help to overcome the chemoresistance shown by some malignant
cell types (12).

Several targeted cytotoxic hormone analogues have been
synthesized by Schally et al. to yield new classes of antineoplastic
agents (13). These compounds include the cytotoxic analogues
of bombesin (AN-215), of somatostatin AN-238 and AN-162, of
luteinizing hormone-releasing hormone (LHRH) AN-152, AN-
207, and others, synthesized by coupling doxorubicin or 2
pyrrolinodoxorubicin (2-pyrrolino-DOX) (AN-201) to the re-
spective hormone analogues (14, 15). A possible role in the
therapy of benign and malignant PHEO (16), as well as in
treating tumors in patients with other endocrine malignancies
(17, 18), was suggested for somatostatin analogues. Of particular
interest is the finding that somatostatin is capable of inhibiting
cell proliferation in a large variety of cell types through inter-
actions with G protein-coupled receptors. This regulatory effect
makes somatostatin and its analogues potentially important
agents in cancer cell growth regulation (19, 20).

The octapeptide somatostatin analogues display high affinity
to somatostatin-type (sst) 2 and sst5, moderate affinity to sst3,
and poor affinity to sst1 and sst4 (21). Immunoreactive growth
hormone-releasing hormone (GHRH) is present in several
tumors, including carcinoids, pancreatic cancers, small-cell lung
cancers, and endometrial tumors. Adrenal adenomas and PHEO
have also been reported to secrete GHRH (22). Additionally
LHRH and its receptors have been demonstrated in a number of
malignant human tumors, including those of the breast, ovary,
endometrium, and prostate. Although analogs of somatostatin
and LHRH have been successfully used in the treatment of
various types of malignancy, no consistently effective therapy is
currently available for inhibiting proliferation and metastasis in
adrenal tumors.

Previous studies from our laboratories have shown that pep-
tide analogues, which are conjugated to chemotherapeutic
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agents, such as doxorubicin, have less toxicity and are more
effective in a variety of endocrine, as well as nonendocrine
tumors, than free cytotoxic compounds. Furthermore, our anal-
ysis of a huge PHEO microarray database with 70 benign and 20
malignant metastatic specimens has shown that up to 89% of
genes were under-expressed in malignant primary tumors as
compared to benign tumors (23). Interestingly, further detailed
analysis of this database also revealed a differential expression
of neuropeptide hormone receptors in subtypes of human
PHEO. In this study we have analyzed the expression of the
respective receptors in human adrenal tumors and tumor cell
lines, focusing on the sst2 and the GHRH-receptor, including its
splice variant SV-1, which is known to be present in various
human malignancies (24). We also examined the expression of
the LHRH-receptor. We then tested the targeted cytotoxic
somatostatin analogues AN-162 and AN-238, the octapeptide
somatostatin analogue RC-160, the GHRH antagonist MZ-4–
71, and the LHRH antagonist Cetrorelix for effects on growth
in cell culture.

Results
Oligonucleotide Microarray Analyses of PHEO Subtypes. Tumors
were classified and analyzed for differentially regulated genes in
the following subgroups: benign vs. malignant, adrenergic vs.
noradrenergic, primary tumor vs. metastases, and von Hippel–
Lindau (VHL) vs. multiple endocrine neoplasia, type 2A
(MEN2A). The expression of receptors for sst1 to -5 and GHRH
differed significantly in PHEO specimens of our patients’ cohort
(23). Microarray data demonstrated relevant expression of sst2,
-4, and -5, as well as GHRH-R. Interestingly, the expression of
GHRH-R was significantly lower in malignant vs. benign PHEO,
as well as in the primary tumors compared to metastases. In
addition, GHRH-R expression was also lower in noradrenergic
vs. adrenergic PHEO. Sst5 showed variable expression, depend-
ing on the genetic background of the PHEO and its biochemical
activity, with higher expression in VHL compared to MEN2 and
in noradrenergic compared to adrenergic PHEO. We concen-
trated on the expression of sst2, GHRH SV-1-R, and LHRH-R
during our subsequent analysis (Table 1).

mRNA Expression of Neuropeptide Receptors in Adrenal, Medullary,
and Cortical Specimens and Cell Lines. To confirm the microarray
data, mRNA of PHEO and related cell lines was investigated by
RT-PCR, using adrenal cortex and related tumors and cell lines
for comparison. Sst2 was expressed in the normal adrenal cortex
and in adrenal tumors of both the cortex and medulla, as well as
in SW-13 adrenocortical tumor cells (Table 2) and PC-12
pheochromoytoma cells (Table 2). GHRH-R was detected in
benign and malignant PHEO, whereas SV-1-R was found in the
highly malignant SW-13 adrenocortical tumor cell line (Table 2).
The receptor for LHRH was expressed in normal adrenal gland,
in cortical adenoma, and in the SW-13 cortical tumor cell-line
(Table 2). While sst2 and GHRH-R were expressed in malignant

tumors of both the medulla and the cortex, LHRH-R appeared
to be limited to cortical tumors (Table 2).

Immunohistochemistry Demonstrates the Expression of sst2-Protein
in Normal Adrenal, Adrenal Tumors, and in the SW-13 Adrenocortical
Cancer Cell Line. In addition to mRNA expression of sst2 receptor,
sst2 protein was detected by immunohistochemistry. Normal
adrenal medullary tissue (Fig. 1 A) did not immunostain for sst2.
The tissue from human PHEO, however, abundantly expressed
sst2 in both benign (Fig. 1B) and malignant tumors (Fig. 1C).
Furthermore, cells of the PC-12 adrenomedullary tumor cell line
also immunostained for sst2 (Fig. 1D). Normal adrenal cortex
(Fig. 1E), cortical adenoma (Fig. 1F), cortical carcinoma (Fig.
1G), and the SW-13 malignant tumor cell line (Fig. 1H) were all
positive for sst2.

Ultrastructural Analysis of Tumor Cell Lines Before and After Incuba-
tion with Somatostatin Analogues. The steroidogenic potential of
SW-13 cells is very limited and ultrastructural analysis of SW-13
cells showed primarily cristae-like mitochondria and ample
rough endoplasmic reticulum under normal culture conditions.
The human SW-13 cell is thus a suitable in vitro model of an
undifferentiated malignant adrenocortical tumor (Fig. 2D).
These cells express sst2 (Fig. 2A), GHRH-R (Fig. 2B), and
LHRH-R (Fig. 2C). PC-12 cells demonstrated the morphology
typical of PHEO cells, with a reduced number of large, dense
core vesicles as compared to normal adrenal chromaffin cells
(Fig. 4B). These cells express sst2 (Fig. 4A). Treatment of the
SW-13 adrenocortical cancer cell line with RC-160 (Fig. 2E) did
not lead to major apoptotic events, but cells exhibited swollen
mitochondria lacking the typical tubulovesicular cristae and
showed amorphous inclusions, as well as the disruption of
nuclear and mitochondrial membranes, indicating primarily a
necrotic mode of cell death. In contrast, the treatment of PC-12
PHEO cell line with AN-238 (Fig. 4C) induced characteristic
apoptotic changes, indicated by shrinking of the cytoplasm away
from the cell wall, apoptotic bodies, internucleosomal DNA

Table 1. Oligonucleotide microarray: Differential expression of neuropeptide hormone receptors in human PHEO subtypes

Gene symbol Gene ID

Malignant (all) vs.
benign

Primary malignant
vs. benign

Primary malignant
vs. metastases

Adrenergic vs.
noradrenergic MEN2 vs VHL

Direction P-value Direction P-value Direction P-value Direction P-value Direction P-value

sst2 6752 0.65972 0.85655 0.23083 0.80935 0.51129
sst4 6754 0.78704 0.65491 0.61670 0.99411 0.38928
sst5 6755 0.20848 0.43863 0.32459 2 0.00000 2 0.00042
GHRHR 2692 0.06917 2 0.01745 2 0.00041 1 0.02035 0.65040
GHRHR* 2692 2 0.01466 2 0.00336 2 0.00009 0.29209 0.45467

Direction of difference indicates higher (1) or lower (2) expression in the first compared to second tumor subtype
*GHRHR SV 1

Table 2. mRNA expression of neuropeptide hormone receptors
in the normal adrenal, adrenal tumors, and adrenal tumor
cell lines

sst2 GHRHR/SV-1-R LHRHR

Normal adrenal medulla – – �

Normal adrenal cortex � – �

Benign PHEO � � –
Malignant PHEO � � –
Adrenocortical adenoma � – �

Adrenocortical carcinoma � – –
Adrenomedullary PC-12 tumor

cells
� – –

Adrenocortical SW-13 tumor cells � � �
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fragmentation, and condensation of the cytoplasm, while retain-
ing mitochondria and endomembrane structure. Interestingly,
there was a conspicuous increase in filopodia in the treated cells,
suggesting further membrane alterations.

Effects of Somatostatin RC-160 Analog and Antagonists of GHRH and
LHRH in SW-13 Cells. The somatostatin analog RC-160 had a
significant effect on growth and survival of SW-13 human
adrenocortical cells under proliferative culture conditions (10%
FCS). In control cultures, the percent-confluence continually
increased from a starting value of 20 � 2% to 27 � 3% on day
2, to 32 � 4% and 34 � 5% on days 4 and 6, respectively. The
presence of RC-160 in the culture medium resulted in a statis-
tically significant fall (P � 0.05) in the percent-confluence of
cultures to 13 � 3% on day 2, 12 � 5% on day 4, and 17 � 7%
on day 6. The effects of the GHRH antagonist MZ-4–71 on
proliferation of SW-13 tumor cells were also studied. In control
cultures, the percent-confluence continually increased from a
starting value of 27 � 3% on day 2 to 30 � 3% on day 4, to 34 �
5% on day 6. The presence of MZ-4–71 in the culture medium

resulted in a statistically significant reduction (P � 0.05) in the
percent-confluence of cultures to 10 � 4 % on day 2, 15 � 6 %
on day 4, and 19 � 7 % on day 6. The effect of the LHRH
antagonist Cetrorelix on growth and survival of SW-13 cells was
similarly studied. In control cultures, the percent-confluence
continually increased from a starting value of 27 � 3% on day

A

B
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D

E

F

G

H

Fig. 1. Immunohistochemical analysis. (A–D) Adrenal medullary tissue and
PC-12 cell line: (A) no sst2 expression was found in normal adrenal medulla; (B)
relatively weak sst2 staining was seen in benign PHEO; (C) more pronounced
sst2 receptor expression in malignant PHEO and (D) PC-12 cells. (E–H) Adrenal
cortical tissue and SW-13 cell line: (E) normal cortex is strongly immunostained
for sst2; (F) cortical adenoma, (G) cortical carcinoma, and (H) malignant SW-13
cells show even more pronounced sst2 expression (n � 3 for all tissues and cell
lines analyzed). (Scale bars, 20 �m.)
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Fig. 2. Receptors for sst2 (168 bp), SV-1 (121 bp), and LHRH (319 bp) are
expressed in SW-13 cells as shown by RT-PCR (A–C). (D and E) Ultrastructural
analysis demonstrates the morphology of an undifferentiated cell, with abun-
dant characteristic elongated cristae-like mitochondria, as well as ample
endoplasmic reticulum under normal culture conditions (D). (Scale bar, 3 �m.)
SW-13 cells (E) are used as a model for malignant adrenocortical tumors. Cells
treated with RC-160 exhibited swollen mitochondria, containing amorphous
inclusions, and showing disruption of nuclear and mitochondrial membranes,
indicating primarily a necrotic mode of cell death. (Scale bar, 0.1 �m.) DCV,
dense core vesicles; Mit, mitochondria; Nuc, nucleus.
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Fig. 3. Effects of somatostatin analogue RC-160, GHRH antagonist MZ-4–71,
and LHRH antagonist Cetrorelix on proliferation of human adrenocortical
carcinoma cells in culture. This figure illustrates changes in the percent-
confluence over 6 days incubation of SW-13 cell cultures under proliferative
culture conditions (10% FCS), with and without the addition of the peptides
MZ-4–71 and RC-160 (P � 0.05 for both) and for Cetrorelix (P � 0.01), relative
to control for each day.
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2 to 30 � 3% on day 4, to 34 � 5% on day 6. The presence of
Cetrorelix in the culture medium resulted in a statistically
significant fall (P � 0.01) in the percent-confluence of cultures
to 12 � 2% on day 2, to 10 � 1% on day 4, to 22 � 3% on day
6. (Data indicate the mean � SEM of 4 to 6 determinations from
2 separate experiments.) All compounds were added at day 0 at
a concentration of 10�6 M (Fig. 3).

Effects of the Somatostatin Octapeptide Analog RC-160 and Targeted
Cytotoxic Somatostatin Analogs AN-162 and AN-238 on Adrenomed-
ullary PC-12 Tumor Cells. The targeted cytotoxic somatostatin
analogs AN-238 and AN-162 significantly reduced the cell
number of uninduced and NGF-induced tumor cells by more
than 50% after incubation for 24 h; however, the noncytotoxic
analog RC-160 did not affect PC-12 cell numbers (Fig. 5A).
Furthermore, AN-238 had a strong proapoptotic effect on
uninduced and NGF-induced tumor cells, as demonstrated by a
highly significant caspase 3/7 activation to more than 250% (Fig.
5B) and a significant lactate dehydrogenase (LDH) release from
these cells to more than 150% of untreated control cultures after
24 h (Fig. 5C); however, AN-162 and RC-160 did not affect
caspase 3/7 activation nor LDH release under our experimental
conditions.

Discussion
In this study, we evaluated specific receptor-targeted chemo-
therapeutic peptide antagonists and agonists for their potential
future use in the antineoplastic therapy of adrenal tumors. As
with peptide receptor-targeted radiotherapy (25, 26) or gene-
transfer methods for up-regulation of tumor-associated receptor
expression, targeted chemotherapy represents a promising ap-
proach for delivering therapeutic compounds selectively to tu-
mor cells (27, 28).

Based on our microarray data (23), which demonstrated a
significant differential expression of neuropeptide hormone
receptors in human PHEO specimens, we performed a compre-

hensive analysis of the expression of relevant receptors in human
adrenal tumors and cell lines. Both adrenal tumor tissue and 2
adrenal tumor cell lines (PC-12 and SW-13) expressed receptors
for somatostatin, GHRH, or the SV-1 splice variant, as well as
for LHRH. The immunohistochemical staining of adrenal tissue
showed strong staining for sst2 in normal adrenal cortex, adre-
nocortical adenoma and carcinoma, as well as in the SW-13
adrenocortical cell line. Regarding the adrenal medulla, both

Nuc

DCV
Mit

B

sst2          NTCA

C

Filopodia

Apoptotic
bodies

Apoptotic
bodies

Nuc

Fig. 4. The somatostatin receptor subtype 2 (276 bp) is expressed in PC-12
cells as shown by RT-PCR (A). Ultrastructural analysis shows a relatively small
number of dense core vesicles, typical of chromaffin cells under normal culture
conditions (B). (Scale bar, 0.2 �m.) Incubation of PC-12 cells with AN-238 (C)
induces characteristic apoptotic changes, including shrinking of the cytoplasm
away from the cell wall, apoptotic bodies, internucleosomal DNA fragmen-
tation, or condensation of the cytoplasm while retaining mitochondria and
endomembrane structure. (Scale bar, 0.2 �m). DCV, dense-core vesicles; MIT,
mitochondria; NTC, no template control; Nuc, nucleus.
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Fig. 5. Effects of RC-160, AN-162, and AN-238 on uninduced and NGF (20
ng/ml)-induced PC-12 cells. (A) Cell-count measurements. AN-238 and, to a
lesser extent, AN-162 significantly reduced cell number of uninduced and
NGF-induced PC-12 cells after 24 h (n � 4). RC-160 did not affect PC-12 cell
number. (B) Apoptosis assays. AN-238 led to a highly significant activation of
caspase 3/7 activation after 24 h (n � 4). There was no effect of RC-160 and
AN-162. (C) Cytotoxicity assays. LDH release was significantly increased after
incubation with AN-238 for 24 h of induced or NGF-induced cells as compared
to control (n � 6) *P � 0.05, **P � 0.01, ***P � 0.001 as compared to control
for all assays.
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benign and malignant PHEO specimens were moderately pos-
itive for sst2, as were PC-12 PHEO cells; however, no sst2
staining could be detected in the normal adrenal medulla.

Recently, Unger et al. (16) obtained results similar in an
immunohistochemical determination of sst1, -2, -3, -4, and -5 in
various adrenal tumors. They were able to show that all benign
PHEO were positive for sst3, 29% were positive for sst1, -2, and
-5, while sst4 was not expressed. Regarding malignant PHEOs,
75% were positive for sst3, 13% and 38% positive for sst4 and
-5, respectively, while none of the malignant PHEOs expressed
sst1 or sst2. Most adrenocortical adenomas were positive for all
5 subtypes. Furthermore, a high expression of sst4 was found in
cortisol-secreting adenomas, while only very few cortical carci-
nomas exhibited somatostatin immunostaining. Whereas the in
vivo detection rate of somatostatin receptors by octreotide
scintigraphy is disappointingly low in benign PHEO, a much
higher sensitivity of 88% has been demonstrated in metastases
of malignant PHEO, exceeding the sensitivity of 123I-
metaiodobenzylguanidine scintigraphy (29). A recent study eval-
uated the effectiveness of the radiolabeled somatostatin ana-
logue [DOTA-Tyr (3)]-octreotide in patients with metastatic
paraganglioma and PHEO. Restaging 8 to 12 weeks after the last
treatment cycle revealed partial remission or minor response in
25% of patients and disease stabilization in another 46% (30).
Intriguingly, the binding of both octreotide and a universal
somatostatin analogue SOM230 to sst1 to sst3 and sst5 signifi-
cantly reduced cell viability in primary PHEO cell culture (31).

As a general rule, adrenocortical and adrenomedullary tumor
cells respond to somatostatin analogues. In our study, soma-
tostatin octapeptide RC-160 significantly reduced growth and
survival of SW-13 human adrenocortical cells under proliferative
culture conditions. Our ultrastructural analysis confirmed a
necrotic mode of cell death, rather than a proapoptotic mech-
anism. At the molecular level, RC-160 might have a strong
antiproliferative effect by promoting cell cycle arrest, as shown
in a recent study on Chinese hamster ovary cells (31).

In addition to somatostatin analogues, potential antitumor
effects of antagonists for GHRH and LHRH receptors were
tested in the SW-13 adrenocortical tumor model. Immunoreac-
tive GHRH receptor was also present in several other neoplasms,
including carcinoid tumors, pancreatic cell tumors, small-cell
lung cancers, and endometrial neoplasms. Furthermore, adrenal
adenomas and PHEO have been shown to secrete GHRH and
antagonists of GHRH were found to suppress the growth of
human cancer lines, including those from breast, ovary, uterine
endometrium, and prostate xenografted into nude mice (13, 19,
32). In addition, splice variants of GHRH-R have been detected
on numerous tumors and found to be distinct from the pituitary
GHRH receptors (24). These splice variants could mediate the
antiproliferative effects of GHRH antagonists on various can-
cers. In our study, we were able to demonstrate a significant
reduction of growth of SW-13 cells in culture. (Similar results
were obtained in the NCI 295R adrenocortical cancer cell line.)
The suppressive effect of GHRH antagonists on adrenal malig-
nancies are assumed to be mediated by a reduced production of
tumor growth factors, such as IGF1 and IGF2, as shown in
previous studies (20). To further analyze effects thought to be
mediated through GHRH signaling, we recently established an
orthotopic intra-adrenal transplantation technique for adreno-
cortical cells that could be of value in future studies (33).

Potent antagonistic LHRH analogues, such as Cetrorelix,
were recently found to interfere with mitogenic signal transduc-
tion of growth-factor receptors and related oncogene products
associated with tyrosine kinase activity in some tumors, partic-
ularly those of breast, ovary, and uterine endometrium (34). In
our study, Cetrorelix was found to significantly reduce the
percent-confluence of SW-13 tumor cells in culture under
proliferative conditions. Based on our data and those of other

groups, LHRH and GHRH appear to act as important tumoral
growth factors. We believe that blocking their receptors with
potent antagonists could provide new approaches to therapy of
endocrine tumors. Preclinical evaluation of antagonists of
GHRH could prove to be very important, as somatostatin
analogues do not adequately suppress GH and IGF1 levels in
patients with neoplasms potentially dependent on IGF1 (19).
The expression of GHRH and LHRH receptors, in addition to
somatostatin receptors in the human adrenocortical SW-13 cell
line, and the susceptibility of these cells to the specific antago-
nists Cetrorelix and MZ-4–71, indicate potential treatment
approaches for adrenocortical carcinoma. In support of this
possibility is a recent report, where both LHRH and GHRH
antagonists were found to be very effective in the inhibition of
prostate cancer (35).

In the normal adrenal medulla, no sst2 staining was found.
Because PHEO specimens and PC-12 cells showed pronounced
staining for sst2, it is not surprising that these cells respond to
somatostatin analogues. Interestingly, a recent study of Reubi et
al. (36) demonstrated that almost 90% of PHEO express sst2. We
could demonstrate that AN-238, and to a lesser extent AN-162,
reduced the number of uninduced PC-12 cells and of cells
induced with anti-apoptotic NGF; however, in these experiments
RC-160 was not effective in reducing PC-12 cell number. Be-
cause the number of PC-12 cells was significantly reduced by the
cytotoxic analogs, we evaluated whether AN-238 and AN-162
might increase apoptosis or necrosis of PC-12 cells. The hybrid
cytotoxic conjugate AN-238 led to a significant activation of
caspases 3/7 and a strong release of LDH from uninduced and
NGF-induced PC-12 cells, indicating an increase in apoptosis
and necrosis. Similarly, our ultrastructural analysis supported the
induction primarily of apoptotic pathways as the mode of action
for cell death induced by AN-238. However, there was little
effect of AN-162. Both compounds consist of the octapeptide
somatostatin analogues, but AN-162 is conjugated to DOX and
AN-238 to 2-pyrrolino-DOX (AN-201). AN-201 is 200 to 500
times more potent than DOX in vitro (37). In other studies, a
strong effect of AN-238, possibly mediated via its cytotoxic
radical AN-201, has been documented in many human and
rodent experimental cancer models, especially in neoplastic cells
with high mitotic activity (29, 37, 38). Furthermore, AN-238 has
been reported to significantly increase the number of cells
undergoing apoptosis (13). In agreement with the previous
findings on PC-3 human prostate cancer cells, our study provides
evidence that AN-238 leads to an increased number of apoptotic
PC-12 cells.

All together, our results raise hope for improved targeted
treatment strategies for adrenal diseases. An approach based on
antineoplastic therapy of specific molecular pathways or targeted
to receptors expressed by malignant cells, while leaving normal
cells unaffected, is promising (28, 39). Furthermore, differential
expression of somatostatin acceptors, GHRH receptor SV-1,
and LHRH receptors in various adrenal tumors may point to new
aspects of pathogenesis of these malignancies.

In conclusion, our studies show that normal adrenal cortex,
adrenocortical adenomas and carcinomas, and SW-13 adreno-
cortical tumor cells are strongly sst2 positive. SW-13 cells were
found to express receptors for GHRH SV-1 and LHRH. The
somatostatin analog RC-160 had a pronounced cytostatic effect
on SW-13 cells exposed to this agent during rapid cell growth.
We also demonstrated a significant effect of the GHRH antag-
onist MZ-4–71, as well as the LHRH antagonist Cetrorelix,
through a decrease in cell proliferation. In adrenomedullary
specimens, we could show the expression of sst2 in human PHEO
tissues and PC-12 tumor cells, although this was not found in the
normal adrenal medulla. The targeted chemotherapeutic agents
AN-238 and to a lesser extent AN-162 were effective in reducing
cell number, most likely through the induction of cell necrosis
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and apoptosis. Future in vivo studies on adrenal tumors in
rodents, and eventually in humans, are warranted to further
evaluate AN-238 and other tumor-targeted peptides for possible
therapeutic use. This generation of peptide analogues might lead
to improved therapy of various neoplasms considered untreat-
able by current therapeutic modalities, including rare but fre-
quently lethal adrenal tumors.

Materials and Methods
The tissue samples analyzed in this study were obtained from individuals in
whom an adrenocortical adenoma or benign adrenomedullary tumor was
detected at autopsy and specimens from patients with surgically removed
adrenal carcinoma or malignant pheochromocytoma, as demonstrated by
metastases. The cortical origin of the tumors was confirmed by immunohis-
tochemical staining against 17 alpha-hydroxylase, cytokeratin, vimetin, and
D11 protein. The medullary origin of tumors was confirmed by immunohis-

tochemical staining against synaptophysin and chromogranins. Adenomas
ranged in size between 1 and 5 cm and carcinomas between 4 and 19 cm. The
patients (mean age 56.3 years) had no history of autoimmune diseases (40–
42). Tumors from at least 3 different patients were analyzed for neuropeptide
mRNA and protein expression studies. All human samples were received from
the tumor centers in Essen, Dresden, and Düsseldorf, Germany, with the
protocols being approved by the local ethical committees. All other methods
and techniques are described in detail in the supporting information (SI)
Materials and Methods.
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