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Abstract

Opioid agonists (ethylketocyclazocine, etorphine, [p-Ala?,p-Leulenkephalin (DADLE), [p-Ala?, N-Me—Phe*—Gly-ol]enkephalin
(DAGO), [p-Ser?,Leublenkephalin-Thr® (DSLET) and morphine were found to inhibit the proliferation of human prostate cancer cell
lines (LNCaP, DU145, and PC3), in a dose-dependent manner. The 50% inhibitory concentrations (ICg,) were in the picomolar range. In
many cases, this effect was antagonized by the general opioid antagonist, diprenorphine, indicating the existence of specific opioid
binding sites. Saturation binding experiments with selective ligands and effectors showed no opioid sites on the LNCaP cell line, k; and
u sites on the PC3 cell ling, and «,, k3 and w sites on the DU145 cell line. In other cases, the opioid effect was not antagonized by
diprenorphine, indicating that the action of opioids might be mediated through other membrane receptors. Furthermore, casomorphin
peptides, issued from bovine apha- (apha-casein-90-95 and alpha-casein-90-96) and beta-caseins (beta-casomorphin and beta
casomorphin-1-5), and human al phag,-casein (alphag;-casomorphin and alphag,;-casomorphin amide) inhibited cell proliferation of human
prostate cell lines, also by a mechanism partly involving opioid receptors. As opioid neurons can be found in the prostate gland, and
casomorphin peptides might reach the gland through the general circulation, the above findings indicate a putative role of opioids in
prostate cancer cell growth. © 1997 Elsevier Science B.V.
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1. Introduction

Prostatic cancer is the second most common cause of
death from cancer in adult males and the leading cancer in
men over 75. Both genetic and exogenous factors are
probably important in prostate cancer development, but the
specific causes remain poorly understood.

Early stage disease is treated by eliminating the action
of endogenous androgens, either by the administration of
antiandrogens or by castration (Hanks et al., 1993). Unfor-
tunately, in most of the patients that experience disease
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progression, it is due to the development of an androgen-
independent tumor. Although there has been much re-
search on prostate cancer and the parameters involved in
its growth, development and progression, only few param-
eters have yet been identified, including endocrine re-
sponse, age and inheritance. In addition, an increasing
number of studies indicate that dietary factors, including
red meat and dairy products, perhaps through saturated fat,
increase the risk for prostate cancer (see Giovannucci,
1995, for a review). More detailed studies however, show
that the main risk factor related to an elevated risk for
prostate cancer is saturated fatty acids and a-linolenic acid
(Dupont et d., 1991; Le Marchand et al., 1994).
Histological prostate cancer is much more freguent than
the clinical disease. Comparing the histology of prostate
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sections from US veterans and those from other diseased
people, it becomes obvious that only 1-2% of al histolog-
icaly detected malignant foci will develop to clinicaly
relevant cancer (Carter et al., 1990a; Carter and Coffey,
1990; Boring et al., 1991). It is concluded that either
prostate cancer is a multistep disease, or that factors exist
in the prostate gland that control malignant cell prolifera-
tion (Carter et al., 1990b). Of these, neuropeptides are
considered to influence cancer cell replication and growth
(Gkonos et al., 1995; Noordzij et al., 1995). Opioid pep-
tides, and opiergic neurons were also found in the prostate
gland (Krieger et a., 1984; Tainio, 1995). In the present
work, we have investigated the role of opioid agonists in
prostate cell proliferation. We have used three established
cell lines, namely LNCaP, PC3 and DU145, with different
hormone sensitivity and expression of functional steroid
hormone receptors. We now report that opioid alkaloids
and peptides, as well as casomorphins, including alphag,-
casomorphin, recently isolated from human alphag;-casein
by our group (Kampa et al., 1996), decrease cell prolifera-
tion, acting, in most cases, through opioid binding sites.
Nevertheless, the interaction of opioid receptor agonists
with opioid receptors cannot explain the whole spectrum
of their antiproliferative activity.

2. Materials and methods
2.1. Cell cultures

Three human prostate cancer cell lines, LNCaP, PC3
and DU145 with different receptor profile for a series of
hormones and growth factors were used:

— LNCaP cdls were established from a lymph node
metastatic lesion of human prostatic adenocarcinoma
(Horoszewicz et a., 1983). It is a steroid hormone sensi-
tive cell line, containing high-affinity androgen
(Horoszewicz et al., 1983) and estrogen receptors (Morphy
et a., 1980). Functiona differentiation of the normal
prostate is preserved and cells produce prostatic acid phos-
phatase and the prostatic specific antigen (Papsidero et al.,
1981).

— The DU145 cell line is derived from a cerebrd
metastasis of an epithelial prostate cancer. They are hor-
mone-insensitive, not expressing androgen receptors and
therefore are not stimulated by androgens (Stone et al.,
1978).

— Findlly, the PC3 cell line is an epithelia cell line
derived from a bone marrow metastasis of a prostate
adenocarcinoma with low differentiation. It is insensitive
to the action of androgens even though it possesses an
androgen receptor. The loss of sensitivity to androgens is
due to a functional deficiency of the androgen receptor
(Kaighn et al., 1979).

The three cell lines LNCaP, PC3 and DU145, were
obtained at passages 53, 60 and 65, respectively. Cells

were routinely grown in RPMI medium, supplemented
with 10% heat inactivated fetal calf serum. They were
cultured at 37°C, in a humidified atmosphere of 5% CO,
inair.

2.2. Céll growth conditions

Cdlls were plated in 24-well ELISA plates, at an initial
density of 2 X 10* cells, with 1.0 ml medium per well. All
drugs were added to cultures one day after seeding (desig-
nated as day 0), in order to ensure uniform attachment of
cells at the start of the experiments, with the exception of
the LNCaP cell line in which drugs were added two days
after seeding. Cells were grown for a total of 4 days for
DU145 and PC3 cells and 6 days for LNCaP, with daily
change of the medium containing opioid drugs. All drugs
were dissolved from ethanolic stock solutions, shortly
before use, in growth medium (added volume, 10 wl of
drug per 10 ml of medium).

Cdl growth was measured with the tetrazolium salt
assay (Mosmann, 1973). Cells were incubated for 4 h at
37°C with the tetrazolium salt (3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyl tetrazolium bromide), and metabolically
active cells reduced the dye to purple formazan. Dark blue
crystals were dissolved in propanol. Absorbance was mea-
sured at 570 nm and compared against a standard curve for
known numbers of cells. All experiments were performed
in triplate, a minimum of three times.

Statistical analysis of the results was performed by
one-way analysis of variance (ANOVA) and Student’'s
t-test, in which the residual variance of the ANOVA was
used as a common estimate of the standard error. This
procedure is validated by the fact that the variance of the
individual point sets was rather homogeneous. For sig-
moidal fitting, we used automatic initial estimates, and
used a one-or-two site model, according to the significance
level of the estimated curve. Sigmoidal fitting was done
with the Origin v 4.1 package (MicroCal, Northampton,
MA, USA).

2.3. Opioid binding conditions

Ligand binding assays in whole prostate cancer cells
were performed as described in Hatzoglou et al. (1996a,b)
for breast cancer cell lines, after a brief acidification.
Briefly, cells were washed with 2 ml phosphate buffered
saline, and incubated for 3 min with 0.5 ml of glycine
buffer (50 mM, pH 3.0), at 4°C. Afterwards, the glycine
buffer was removed, the cells were washed twice with 3
ml phosphate-buffered saline, and processed for opioid
binding immediately. Initial experiments with breast can-
cer (Hatzoglou et al., 1994, 1995a,b, 1996a,b), as well as
with prostate cancer cell lines showed that this brief
acidification did not modify the viability of the cells, and
that the pH returned to 7.4 after the first wash with
phosphate-buffered saline. For saturation binding experi-
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ments in whole cells, about 10° cells/well were used.
Before binding, the cells were washed twice with 2 ml of
phosphate-buffered saline. Binding was performed in phos-
phate-buffered saline, in a total volume of 0.4 ml, contain-
ing radioactive opioid, without (total binding) or with
(non-specific binding) a thousand-fold molar excess of the
same unlabelled opioid and effectors (see below). At least
8—10 points, with different concentrations of radiolabelled
opioid (varying from 1 to 50 nM), were assayed in dupli-
cate. The cells were incubated for 2 h at room temperature
(18—-22°C). Experiments on opioid binding in the breast
cell lines (Hatzoglou et al., 1994, 1995ab, 1996a,b) and
prostate cell line showed that equilibrium was attained for
all ligands used (not shown). At the end of the incubation
period, the unbound radioactivity was eliminated by wash-
ing the cells twice with 2 ml cold buffer. Cells were
removed from plates with 0.4 ml 2 M NaOH, and mixed
with 4 ml scintillation cocktail (SigmaFluor, Sigma, St.
Louis, MO, USA). The bound radioactivity was counted in
ascintillation counter (Tricarb, Series 4000, Packard), with
60% efficiency for tritium. Binding was repeated at least
three times (in duplicate). Non-specific binding under the
conditions described ranged from 20 to 36%. The results
were analyzed with the Origin (MicroCal) v. 4.1 package,
using equations described by Munson and Rodbard (1980).

2.4. Specific conditions for differential detection of various
types of opioid binding sites

The conditions used for the differential detection of
various opioid sites were described in previous studies
from our group (Castanas et al., 1984, 1985a,b; Hatzoglou
et al., 19953, 1996a). Briefly, delta opioid sites were
detected with tritiated [p-Penicilamine?,p-
Penicilamine®Jenkephalin (DPDPE). Mu sites were de-
tected with the selective ligand, [p-Ala?, N-Me—Phe*~Gly-
ol]-Enkephalin (DAGO). The interaction of tritiated eth-
ylketocyclazocine with the «, site was calculated by per-
forming the binding in the presence of 5 wM [D-Al&?,D-
Leu®]enkephalin (DADLE). Under these conditions, we
and others have found that DADLE masks delta, u and «,
sites, on which ethylketocyclazocine could bind with high
affinity (Castanas et al., 1985a,b). Finaly, diprenorphine
binding (reacting mainly with 8, u, x, and «, sites at
nanomolar concentrations) was performed under the same
conditions as for ethylketocyclazocine. The interaction of
the ligand with the k, site was estimated, in the presence
of 5 wM DADLE (see Castanas et al., 19854, for a detailed
description; Castanas et al., 1985h).

2.5. Radiochemicals and chemicals

[®H]ethylketocyclazocine (spec. act. 18 Ci /mmol) was
bought from New England Nuclear (Boston, MA, USA).
[*H]diprenorphine (spec. act. 29 Ci/mmol), [*HIDAGO
(spec. act. 60 Ci/mmol) and [*HIDPDPE (spec. act. 28

Ci /mmol) were from Amersham (Amersham, UK).

Unlabelled DAGO, DSLET and DADLE were from
Sigma. Ethylketocyclazocine was a gift from Sterling—
Winthrop. Diprenorphine and etorphine were from Reckitt
and Colman. Morphine and naloxone were from Fran-
copia. All casomorphin peptides (with the exception of
alphag, -casomorphin which was synthesized in our labora-
tory) and all chemicals were purchased from Sigma.

3. Results
3.1. Cell viability

After plating, we assayed the number and the viability
of cells for at least 4 days of culture for PC3 and DU145

cells and 6 days for LNCaP. We found that about 85—90%
of the total number of cells were attached after 24 h. Cell

-—m®— Diprenorphine =0

—e-— Diprenorphine = 10° M

1ed,

=

\\

1
Fe
o
i /
M

Number of cells (x 80 000)

D

0 10™0"0™10°10%10710°

0 10™0"10™0°10"10710°
Opioid Concentration (M)

Fig. 1. Effect of opioid agonists on cell proliferation of the LNCaP cell
line. Cells were incubated in the presence of the indicated concentrations
of opioids (EKC = ethylketocyclazocine; DADLE = [p-Ala?,b-
Leu®Jenkephalin; DSLET = [p-Ser?,Leu®]Jenkephalin, Thr®;, DAGO =[p-
Ala?,N-Me—Phe’ —Gly-ol]-enkephalin) for 6 days, in the absence
(squares) or in the presence (circles) of 107® M diprenorphine. Cell
growth was estimated by the tetrazolium salt assay, as described in
Section 2. Data presented are the means+ S.E. from three experimentsin
triplicate.
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Fig. 2. Effect of opioid agonists on cell proliferation of the DU145 cell
line. Cells were incubated in the presence of the indicated concentrations
of opioids for 4 days, in the absence (squares) or in the presence (circles)

of 1075 M diprenorphine. Abbreviations are presented in Fig. 1. Data
presented are the means+ S.E. from three experiments in triplicate.

viability was assayed routinely. Under our experimental
conditions, and for the period of time studied, there was no
apparent change of cell viability, under basal conditions, or
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Fig. 3. Effect of opioid agonists on cell proliferation of the PC3 cell line.
Cells were incubated in the presence of the indicated concentrations of
opioids for 4 days, in the absence (squares) or in the presence (circles) of
10-® M diprenorphine. Abbreviations are presented in Fig. 1. Data
presented are the means+ S.E. from three experiments in triplicate.

after the addition of opioid drugs or casomorphin peptides.
The cell number at day 4 for DU145 and PC3 cell lines
and day 6 for LNCaP was about 80000 since their prolifer-
ation doubling time was 34, 33 and 70—72 h, respectively.

Table 1
Effect of opioid agonists and antagonists on cell proliferation
Opioid LNCaP DuU145 PC3
ICg (M) max. inhibition (%) ICg (NM)  max. inhibition (%) ICgo (NM) max. inhibition (%)
EKC 0.0001 29
0.0037 72 0.1400 76 05990 49
+ Diprenorphine 0.1400 68 0.0012 20
1.0400 61 05000 31
Etorphine 0.1200 63 0.0051 48 0.0340 44
+ Diprenorphine  0.0350 65 0.0001 28 10.0000 37
DADLE 0.0007 73 0.6200 39 12.0000 45
+ Diprenorphine  0.0003 73 0.2200 20 55.0000 26
DSLET 0.1100 52 0.0496 38 > 10000 0
+ Diprenorphine  0.0023 65 2.4900 36 > 10000 0
Morphine 1.3000 70 0.0002 57 1700.0000 38
+ Diprenorphine  0.0066 74 0.0023 19 > 10000 9
DAGO 0.2700 60 0.0001 51 4.3000 43
+ Diprenorphine  0.0420 62 0.0082 31 > 10000 7

Table presents the ICg, of opioid agonists and antagonists calculated by sigmoidal fitting of data shown in Figs. 1-3.
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Fig. 4. Effect of the opioid antagonist, diprenorphine on the proliferation
of three human prostate cell lines. Cells were incubated in the presence of
the indicated concentrations of the opioid antagonist, diprenorphine, for 4
days (PC3 and DU145) and 6 days (LNCaP). Cell growth was estimated

with the tetrazolium salt assay, as described in Section 2. Data presented
are the means+ S.E. from three experiments in triplicate.

3.2. Effect of opioid receptor agonists and antagonists on
cell proliferation

As indicated in Section 1, opioid receptor agonists
decrease cell proliferation in various systems, including
breast cancer cells. In order to examine the effect of
opioids on cell proliferation, we chose the following opioid
receptor agonists, presenting different affinities for each
class of opioid receptors (Castanas et a., 1985a,b): DA-
DLE (& and u-opioid receptor agonist at nanomolar
concentrations), DSLET (5-opioid receptor agonist), eth-
ylketocyclazocine (presenting, at nanomolar concentra-

tions, a strong interaction with &, u, x; and , opioid
sites), etorphine (presenting a high affinity with 8, u, «,
and «, sites), and morphine as the prototype w ligand. As
shown in Figs. 1-3, al opioid agonists used produce
dose-dependent inhibition of cell proliferation, as follows:

(a) In the LNCaP cell line, al opioids used produced a
dose-dependent statistically significant (P < 0.001) inhibi-
tion of cell growth. The most potent opioid agonist was
etorphine (producing significant inhibition at 10~ M),
followed by DADLE, ethylketocyclazocine, DAGO,
DSLET and morphine (Fig. 1).

(b) In the DU145 cell line, only ethylketocyclazocine
produced a potent biphasic inhibition (P < 0.001) of cell
growth. All other opioids had minor effects (Fig. 2) (statis-
tical significance ranging from P < 0.03 to P < 0.04).

(c) Finaly, in the PC3 cell line, the most effective
opioid agonist etorphine (P < 0.001), followed by ethylke-
tocyclazocine, DAGO, DADLE and morphine, while
DSLET did not show any notable inhibition of cell growth
(Fig. 3).

All the above results are summarized in Table 1.

To establish an opioid receptor-mediated mechanism of
action of opiates, three criteria should be fulfilled:

(D It has to be dose-dependent. This was the case, as
reported here.

(2) Opioid antagonists must reverse the effect of ago-
nists. As shown in Figs. 1-3, the addition of diprenorphine
produced different effects in the three cell lines:

(a) In LNCaP cells (Fig. 1), diprenorphine reversed the
action of ethylketocyclazocine and etorphine, at concentra-
tions lower than 5x 10~° M. At higher concentrations,
the antagonistic effect of diprenorphine was blunted. On
the other hand, potentiation of the action of DSLET,
DADLE, DAGO and morphine was observed in the pres-
ence of 10°® M diprenorphine. These results indicate that
ethylketocyclazocine and etorphine might be at least 100
times more potent than diprenorphine. Furthermore, in the
case of the enhanced action of other opioids, their antipro-
liferative effect cannot be mediated by opioid receptors, or
conversely, endogenous opioids could mask opioid sites in
this cell line.

(b) An antagonistic effect of diprenorphine, on cell
proliferation of DU145 cells was observed only in the case
of ethylketocyclazocine (Fig. 2). In all other cases, the

Table 2
Mean cpm + SE from two different experiments in duplicate
Cell line PHIEKC [*H]diprenorphine
without acidification with acidification without acidification with acidification
LNCaP 0 0 0 0
DU145 171+ 9 204 + 22 150 + 17 375+ 15
PC3 262 + 22 1505 + 36 ND ND

Cells (10° /well) were incubated with 5 nM opioid agonists (ethylketocyclazocine and diprenorphine, approx. 100000 cpm) for 2 h at room temperature,

with or without 3 min acidification, as described in Section 2.
ND = not detected.
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effect of other opioids was minimal, and diprenorphine had
no effect.

(c) Finally, in the PC3 cell line (Fig. 3), diprenorphine
antagonizes the effects of all opioids having an effect on
cell proliferation.

The above results (especially those showing a potentia-
tion of the action of opioids in the presence of the antago-
nist), indicate that opioid antagonists might have a per se
inhibitory effect on cell proliferation, or conversely, that
the observed effect of opioids might not be mediated
through opioid receptors. We therefore assayed the effects
of diprenorphine on cell proliferation. Our results are
shown in Fig. 4. Diprenorphine had minor effects, at
concentrations higher than 108 M, on the LNCaP cell
line (a result which could explain the observations pre-
sented in Fig. 1, as we used the antagonist at 10°% M),
dose dependent inhibitory effects on the DU145 cell line,
and no effect on the PC3 line.

(3) Opioid binding sites must be present on the cells
(presenting an affinity compatible with the effect of opi-
oids). We therefore tested for the presence of opioid
binding sites on the three cell lines.

3.3. ldentification of opioid binding sites in human pro-
static cancer cell lines

In several tissues, the detection of binding sites is
difficult, due to the coexistence of their endogenous lig-
and, which could mask these sites (Castanas et a., 1985a,b;
Hatzoglou et al., 1996c). We have developed a specific
technique, for such cases. This technique involves brief
acidification of membranes or cells, eliminating the en-
dogenous ligand, thus making possible the detection of the
totality of binding sites (Hatzoglou et a., 1994, 19953,
1996¢). Table 2 shows the results of acidification on the
binding of opioids in the three cell lines. As indicated, in
the LNCaP cell line, no interaction of the opioid ligands
was found, before or after acidification. In the DU145 and
the PC3 cedll line, on the contrary, enhancement of opioid
binding was found when [3H]diprenorphine and [3H]ethyl-
ketocyclazocine (two almost universal opioid ligands, see
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Fig. 5. Effect of casomorphin peptides on the proliferation of the LNCaP
cells. Cells were incubated in the presence of the indicated concentrations
of different casomorphins as shown, for 6 days, in the absence (squares)
or in the presence (circles) of 10°% M diprenorphine. Cell growth was
estimated by the tetrazolium salt assay, as described in Section 2. Data
presented are the means+ S.E. from three experiments in triplicate.

Section 2) were the opioid ligands used, respectively. This
result indicates that endogenous opioids must be synthe-
sized and secreted by cells as was previously reported for
prostatic tissue (Krieger et al., 1984). We have therefore
performed the identification and characterization of opioid
sites after acidification of cells.

Table 3 presents the results of the identification and

Table 3
Characterization of opioid binding sites in three human prostatic cell lines
LNCaP DU145 PC3 Detected sites
EKC Ky 17.74 nM K4 3.13nM 8, My Ky, Ky
0 37200 sites/cell 12100 sites/cell
EKC + DADLE K4 16.8 nM K4 3.13nM Kq
0 36000 sites/cell 11200 sites/cell
Diprenorphine Kq 6.0 nM 8, M, Ky, K3
0 12100 sites/cell 0
Diprenorphine + DADLE Kq 5.7nM K3
0 11500 sites/cell 0
DAGO K4 0.19nM Ky 24nM m
0 650 sites/cell 950 sites/cell
DPDPE 0 0 0 1)
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Fig. 6. Effect of casomorphin peptides on the proliferation of the DU145
cells. Cells were incubated in the presence of the indicated concentrations
of different casomorphins as shown, for 4 days, in the absence (squares)
or in the presence (circles) of 108 M diprenorphine. Cell growth was
estimated with the tetrazolium salt assay, as described in Section 2. Data
presented are the means+ S.E. from three experiments in triplicate.

characterization of opioid sites by ligand binding experi-
ments. We found that:
(1) In the LNCaP cell line, none of the opioid ligands

used, showed any specific opioid binding, indicating the
absence of opioid binding sites. This result was further
confirmed by testing opioid binding on cell membrane
preparations, with or without acidification (not shown).

(2) In the DU145 cell line, [*HIDPDPE show no spe-
cific binding, ruling out the existence of 6 opioid sites.
[*H]ethylketocyclazocine showed the existence of a low-
affinity binding site (K, 17 nM), which presented a «,
selectivity, as it was insensitive to the addition of DADLE
(36000 sites/cell). Furthermore, a «, selective opioid site
was detected, as [*H]diprenorphine specific binding was
not modified by the addition of 5 .M DADLE (K, 6 nM,
12000 sites/cell). Finaly, [*HIDAGO identified a low
concentration of high affinity u opioid sites (K, 0.19 nM,
650 sites/cell).

(3) Finally, in the PC3 cell line, only «; (K, 3.1 nM,
11000 sites/cell) and u (K4 2.4 nM, 1000 sites/cell)
were detected.

The above results confirm that the majority of opioid
agonists used might act mainly through « opioid recep-
tors, in the case of DU145 and PC3 cell lines. On the
contrary, the effect of opioids on the LNCaP céll ling, is
apparently not mediated through opioid sites.

3.4. Effect of casomorphin peptides on cell proliferation

In the present study, we have used six different caso-
morphin peptides. Two of these peptides (a-casein 90-95,
—Arg—-Thr-Leu-Gly—Tyr—Leu—, and 90-96, —Arg—Thr—
Leu—Gly-Tyr—-Leu—Glu-), are fragments of bovine a-
casein (Loukas et al., 1983), while B-casomorphin (Tyr—
Pro—Phe-Va-Glu-Pro-lle) and B-casomorphin 1-5
(Tyr—Pro—Phe—Pro—Gly) derive from bovine beta-casein
(Brantl et al., 1979; Lottspeich et al., 1980; Meisel, 1986).

Table 4
Effect of casomorphin peptides on cell proliferation
Opioid LNCaP DU145 PC3
ICg (NM)  max. inhibition  1C5, (NM) max. inhibition  1Cg, (NM) max. inhibition
(%) (%) (%)
a-casein 90-95 0.0064 30
0.9400 59 137.0000 57 6.9200 47
+ Diprenorphine 3.9000 48 0.0028 55 0.3700 39
a-casein 90-96 0.1900 40 0.0002 49 > 10000.000 9
+ Diprenorphine 3.8000 30 0.0002 50 0.1300 24
B-casomorphine 0.6200 52 0.0001 52 0.0960 30
+ Diprenorphine 0.0038 50 > 1000.000 5 1700.0000 23
B-casomorphine 1-5 0.0650 50 1000.0000 0 0.1900 13
+ Diprenorphine 0.3900 30 0.0520 39 52000 29
ag -casomorphine 1000.0000 45 0.0092 64 8.8000 19
+ Diprenorphine 0.0021 31
46.0000 42 65.0000 63 39.0000 15
ag -casomorphine-NH , 3.1000 59 12000 46 3.2000 36
+ Diprenorphine 0.0021 59 420.0000 39 350000 23

Table presents the ICg, of opioid agonists and antagonists, calculated by sigmoidal fitting of data shown in Figs. 5-7. In cases in which two numbers are

shown, fitting was better when performed on a two-site model.
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Fig. 7. Effect of casomorphin peptides on the proliferation of the PC3
cells. Cells were incubated in the presence of the indicated concentrations
of different casomorphins as shown, for 4 days, in the absence (squares)
or in the presence (circles) of 107% M diprenorphine. Cell growth was
estimated with the tetrazolium salt assay, as described in Section 2. Data
presented are the means+ S.E. from three experiments in triplicate.

Finally, ag,-casomorphin (Tyr—Va—Pro—Phe—Pro) and its
amide, proposed by our group as very potent opioid pep-
tides (Kampa et a., 1996) are derived from human
alphag,; -casein.

Figs. 5—7 and Table 4 show the effects of casomorphin
peptides on cell proliferation. In details we have found:

(1) In the LNCaP cell line, a-casein-derived peptides
(90-95 and 90-96), as well as B-casomorphin 1-5, pro-
duce a dose-dependent and (partially) reversible inhibition
of cell growth. On the contrary, -casomorphin, and ag;-
casomorphin amide produce a dose-dependent inhibition of
cell growth, which was potentiated by the addition of the
antagonist. Finally, ag,-casomorphin had no effect at con-
centrations from 10712 to 10~ M.

(2) In the DU145 cell line, B-casomorphin, ag-
casomorphin and «g,-casomorphin amide, produce a re-
versible inhibition of cell growth. a-casein 90—96 produce
an inhibition of cell proliferation, not reversed by diprenor-
phine, while the antiproliferative action of «-casein 90-95
and B-casomorphin 1-5 was enhanced by the antagonist,

indicating the involvement of other receptors, different
from opioid sites.

(3) Findly, in the PC3 cdll line, only the antiprolifera-
tive action of B-casomorphin, ag,-casomorphin and its
amide was reversed by diprenorphine, while the action of
other casomorphins was null (a-casein 90-96) or en-
hanced by the addition of the antagonist.

The above results are summarized in Table 4.

4. Discussion

Various neuropeptides have been found in the human
prostate, including somatostatin, neuropeptide Y, vasoac-
tive intestinal polypeptide, and substance P (Gu et a.,
1983). These peptides are proposed to be neuromediators,
playing a possibly important role in prostate physiology.
Nevertheless, opioid peptide involvement in prostate tu-
mors remains controversial. Indeed Gu et al. (1983) have
reported no enkephalin immunoreactivity in sections of
human prostate, while Krieger et al. (1984) have found
B-endorphin, as well as other POMC-derived peptides in
rodent prostate, and Tainio has shown Leu—enkephalin
innervation of the adult human organ (Tainio, 1995). In
fetal prostate, a tissue possibly related to the neoplastic
organ, Jen and Dixon (1995) showed by immunohisto-
chemistry, that Met- and Leu—enkephalin-specific nerve
fibers, associated with smooth muscle bundles, were de-
tectable between weeks 13 and 26 of gestation in the
human. In a detailed immunohistochemical study, Crowe
et al. (1991) found many neuropeptides, including Met-
and Leu—enkephalin in autonomic ganglia, which are very
abundant in all regions of the human prostate. Peptidergic
neurons have been proposed as possible regulators of
tumor growth (Noordzij et al., 1995), influencing cancer
cell replication (Gkonos et al., 1995). Findly, it was
reported that the opioid-receptor agonist bremazocine, by a
central action, inhibited the growth of the transplanted rat
tumor, Dunning R3327H, which did not contain specific
opioid receptors agonist (Reubi, 1985), while opioid recep-
tors of the &, u-, and «-type have been characterized in
one case of embryonal prostate rabdomyosarcoma (Zagon
et al., 1987), which did not contain Met—enkephalin or
B-endorphin immunoreactivity. In other systems, sharing
similar hormone dependence, as is breast cells, we
(Hatzoglou et al., 1996a,b) and others (Maneckjee et al.,
1990) have shown that opioid agonists decrease cell growth,
interacting with opioid (Maneckjee et al., 1990; Hatzoglou
et a., 1996a) and somatostatin receptors (Hatzoglou et al.,
1995b). Furthermore, casomorphins, peptides derived from
the limited proteolysis of «- and B-bovine or human
caseins, interact with both opioid and somatostatin recep-
tors, and decrease cell proliferation (Hatzoglou et al.,
1996h; Kampa et al., 1996).
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In view of the above results, we have now investigated,
the possible implication of opiocids in the proliferation of
three prostate cancer cell lines. Our results, presented in
Figs. 1-4 and Table 1, show that, in most cases, opioids
decrease cell growth. Nevertheless, there were distinct
patterns for each opioid inhibition in the three cell lines, in
relation to the existence and the affinity of opioids for their
binding sites. Three conditions should be fulfilled in order
to demonstrate a receptor-mediated action:

(1) A dose-dependent action. This was observed for the
great majority of opioid agonists used. Furthermore, in
most cases, the observed effect was obtained at low con-
centrations, comparable with the affinity of opioids for the
binding sites detected (compare Tables 1 and 3).

(2) Reversal of this action by the addition of an excess
of opioid antagonists. In the case of the three prostate cell
lines used, diprenorphine presented two distinct patterns:
either it reversed opioid action, indicating an opioid site-re-
lated phenomenon, or it potentiated the agonist effect,
indicating mediation of the opioid action through other
membrane receptors on which opioid agonists and antago-
nists could bind. Indeed, as found for breast, some opioids
could act through somatostatin receptors (Hatzoglou et al.,
1995b) which could be found on the surface of cells. It
was reported that prostate cells also possess somatostatin
binding sites (Tatoud et a., 1995) which play an inhibitory
role in cell proliferation. We are investigating a possible
somatostatin—opioid interaction on prostate cell lines. Fi-
nally, opioid antagonists may have a specific inhibitory
effect on cell proliferation, as shown in Fig. 4 and report
for other experimental tumors or cell lines (Aylsworth et
a., 1979; Zagon and McLaughlin, 1981, 1983; Kikuchi et
al., 1987; Hatzoglou et ., 1996a).

(3) Specific opioid binding sites could be found on the
membrane of cells. As indicated in Table 3, opioid sites
were found in most cases. It is interesting that opioid-re-
lated inhibition of cell growth is achieved at concentrations
comparable with the affinity of opioid binding sites. An-
other interesting finding presented in Table 2, is that, in
order to identify opioid binding sites, we had to acidify the
cells. As reported previousy (Hatzoglou et al., 1994,
19954, 19960¢), this acidification can dissociate endogenous
ligands from their binding sites, permitting detection of the
totality of binding sites. Possible production of endogenous
opioids by prostate cell lines in culture is now under
investigation.

Analysis of the results shown in Figs. 1-4 and Tables 1
and 3, in relation with the prerequisites presented above
for a receptor-mediated action, shows the following:

(1) In the LNCaP cell line, the only opioid whose action
might be mediated by opioid receptors could be ethylketo-
cyclazocine. Indeed, only the ethylketocyclazocine antipro-
liferative effect is partialy reversed by diprenorphine. In
al other cases (etorphine, DADLE, DSLET, DAGO and
morphine) this action is either not affected by the antago-
nist, or is further potentiated. Detection of opioid binding

sites, on the contrary, did not reveal 8, u, or k (kq, K,
and «,) opioid sites on membranes or whole cells. This
apparent controversy is not due to saturation of existing
opioid receptors by endogenous opioids, as acidification of
cells or membranes did not produce different results (see
Table 2). A possible explanation might be the interaction
of opioid agonists and antagonists with another site differ-
ent from the classical opioid receptor, such as for example
the o (Vilner et al., 1995) or the ¢ site (Zagon et a.,
1989), or even the ‘orphan’ receptor described recently
(Heiber et al., 1995). All opioids tested were active on this
cell line. The most potent agents inhibiting cell prolifera-
tion were ethylketocyclazocine and DADLE, followed by
morphine, etorphine, DAGO and DSLET. We are currently
testing cross-interactions of opioids with other membrane
receptors.

(2) In the DU145 line, u, k; and k, opioid sites were
found. In contrast, no 6 or «, receptors were detected
(Table 3). This result was reflected by the ability of
opioids to inhibit cell growth. Indeed, all opioids (ethylke-
tocyclazocine, etorphine, DADLE, morphine and DAGO)
which act on these opioid receptors (Castanas et al.,
1985a,b), inhibited in a dose-dependent and reversible
manner cell proliferation. On the contrary, DSLET, an
agonist of the &-opioid site did not inhibit cell growth
reversibly. The antiproliferative effect of this agonist might
be mediated through other sites. The most active opioid-re-
ceptor agonist was ethylketocyclazocine, followed dis-
tantly by etorphine, DADLE and DSLET. It should be
noted that opioids are much more active on the LNCaP
than on DU145 cell line (see Table 1).

(3) In the PC3 line, we have detected only «,, and u
opioid sites (Table 3), explaining the reversible inhibition
of cell growth by ethylketocyclazocine, etorphine, DA-
DLE, DAGO and morphine (Fig. 3). On the contrary,
DSLET, acting on &-opioid sites, does not inhibit cell
growth at all.

It is interesting to compare the results found for the
three cell lines: As indicated above, the LNCaP cell line
possesses active androgen receptors, PC3 has a defective
steroid receptor, while DU145 has no steroid receptors.
The same pattern was found for the ability of opioid-recep-
tor agonists to inhibit cell growth. The spectrum of opioid
receptors found on cells follows the reverse pattern: Greater
diversity of opioid sites was found in the most undifferen-
tiated DU145 line, followed by PC3 and LNCaP. It is
therefore tempting to speculate that the emergence of
opioid receptors is accompanied by a more undifferenti-
ated and aggressive phenotype. Conversely, we have re-
cently found that, in breast cells, there is an interaction of
opioids and steroid receptors (Panagiotou et al., submitted).
Our results could therefore be explained if such a relation
also exists in the prostate. This is currently being investi-
gated in our laboratory.

In addition to possible local production of opioidsin the
prostate, as indicated above, these substances could reach
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the gland either from locally infiltrating cells (Kita et al.,
1992) or through the general circulation. In this latter case,
B-endorphin, which is the only endogenous opioid with a
sufficiently long haf-life (Scholar et al., 1987), could be
the endogenous ligand of the opioid sites found. In addi-
tion, other food-derived peptides with opioid activity could
also reach the prostate. Of these, casomorphins are possi-
ble candidates. Indeed, casomorphin peptides were found
to cross the intestinal barrier, and immunoreactive caso-
morphin peptides were detected in the blood after milk
ingestion (Tome et al., 1987; Mahe et al., 1989; Nyberg et
al., 1989). We have recently reported that, in breast cells,
casomorphin peptides can decrease growth by an interac-
tion mainly with opioid receptors (Hatzoglou et a., 1996b).
Therefore, in view of a possible physiological significance
of casomorphin peptides in prostate cancer control, we
have tested their effect on cell growth. Our results are
presented in Figs. 5—7 and Table 4.

Comparing the effects of opioids presented in Tables 1
and 4, it is obvious that casomorphin peptides have less
pronounced effects than opioid akaloids. This could be
due to a possible degradation of peptides in the culture
medium, to the masking of opioid sites by endogenously
produced opioid substances, or to a decreased affinity of
the peptides for opioid sites. This latter could not be
confirmed by our results. As indicated, the antiproliferative
effect of opioid alkaloids and casomorphin peptides is
exerted a very low concentrations, indicating that full
receptor occupancy might not be necessary for completion
of the biological effect. Taking into consideration the
opioid sites detected in the cell lines (Table 3), as well as
the reported casomorphin selectivity (Hatzoglou et al.,
1996h; Kampa et al., 1996), we propose that, in both the
DU145 and PC3 cell lines, the interaction of casomorphins
might be exerted through «, and «; sites, respectively.
On the contrary, the effect of «-casomorphins and B-
casomorphin 1-5, might be exerted through other sites,
different from opioid receptors.

As indicated above, major peptidergic innervation, in-
cluding opiergic nerves was found in the normal prostate.
These peptidergic neurons are proposed to exert, in addi-
tion to their neurotransmitter action, a possible role in
tumor regulation (Noordzij et al., 1995), influencing cancer
cell growth (Gkonos et al., 1995). The results of the
present study could therefore provide evidence for a puta
tive role of local or circulating opioids (casomorphins) in
the growth of prostate cancer cells.
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