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Age-dependent stimulatory effect of desipramine
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Abstract:

Although recent data may provide theoretical support for the preventive use of antidepressants in cancer patients, so far no study has
demonstrated the clinical benefits of such strategies in the general population of cancer patients [39, 41]. Moreover, an association
between antidepressant use and the risk of tumor promotion could neither be excluded nor established.

The aim of this study was to compare the effect of desipramine (a tricyclic antidepressant, TCA) and fluoxetine (a selective serotonin
reuptake inhibitor, SSRI) on tumor growth of the mouse B16F10 transplanted melanoma in “young” 6—9 month old and “aged”
18-23 month old male C57BL/6 mice. Drugs were administered daily at a dose of 10 mg/kg, ip, for two weeks and tumor cells were
inoculated 2 h after the last antidepressant administration. Control animals were treated with saline. Tumor growth was significantly
slower in aged than in young saline-treated control animals. Pretreatment with desipramine dramatically promoted metastasis for-
mation and increased mortality rate but inhibited primary tumor growth in young males. On the other hand, both antidepressants in-
creased primary tumor growth in aged animals, whereas metastasis was only moderately promoted. To determine the effect of
antidepressant drug pretreatment and tumor progress on some parameters of cell-mediated immunity (proliferative activity and cyto-
kine production by splenocytes) and angiogenesis, vascular endothelial growth factor (VEGF) and metalloproteinase (MMP)-9
plasma levels were established. The prometastatic effect of desipramine in young animals was connected with an increase of VEGF
and MMP-9 plasma levels.
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Introduction

Episodes of major depression affect more than 6% of
the general population. Tricyclic antidepressant drugs
and selective serotonin reuptake inhibitors (SSRI) like
fluoxetine, ameliorate the symptoms of depression in
the majority of patients. Antidepressants are pre-
scribed not only to treat depression but also for anxi-
ety disorders, attention deficit-hyperactivity disorder,
obsessive-compulsive disorder, panic disorder, bulimia
nervosa and chronic pain [39, 41]. One in 10 women
and 4 in 100 men are currently taking antidepressant
medications [47]. Antidepressants have potent analge-
sic properties when used alone or as potentiators of
narcotics. Some of them enhance sleep, appetite and
energy [24].

Some reports in the oncological literature have sug-
gested that antidepressants may be linked with tumor
induction and growth, raising concern about prescrib-
ing such medication on a regular basis. It remains to
be determined whether antidepressants alone can pro-
mote or reverse primary tumor growth and the forma-
tion of metastases.

Tumor metastasis (word “metastasis” from the Greek
for “change in position”) is the leading cause of mor-
tality in melanoma, as is the case for most malignant
tumors. Metastasis occurs in certain organs more fre-
quently than in others depending on the origin of the
primary tumor. BI6F10 melanoma tumor cells inocu-
lated subcutaneously (sc) show preferential metastasis
to the secondary lymphatic organs, liver and skin.

The invasion and metastasis of many tumor types,
including melanoma, have been connected with the
release of metalloproteinases (MMPs) by both tumor
and stromal cells (for review see Hofmann et al. [17]).
MMPs are Zn*'-endopeptidases that degrade base-
ment membrane and extracellular matrix (ECM) com-
ponents, which enables them to facilitate the migra-
tion, invasion and metastasis formation of tumor cells
[21, 30]. Two particular MMPs, MMP-2 and MMP-9,
were shown to be involved in melanoma progression
and metastasis, and their presence correlates with
poor prognosis [16, 26, 45].

In the present study, two well-known antidepres-
sant drugs, fluoxetine and desipramine, were used.
Fluoxetine hydrochloride (Prozac) belongs to the
class of SSRI and mediates its antidepressant action
through inhibiting serotonin reuptake transporters in
neurons. Fluoxetine is among the most commonly

1114 Pharmacological Reports, 2009, 61, 1113-1126

used antidepressants due to its efficacy, safety and tol-
erability and is the first choice for the treatment of de-
pression, bulimia nervosa and obsessive-compulsive
disorder. Desipramine is a well-known tricyclic antide-
pressant (TCA) that has been used for the treatment of
clinical depression for almost five decades. This drug
inhibits the reuptake of noradrenaline much stronger
than that of serotonin.

Neoplastic disease is largely a disease of old age
and because of a constantly rising percentage of aged
individuals in the population, a study of the effect of
antidepressant drugs on cancer progression in aging
subjects seems to be particularly important. Although
aging constitutes the major cause for the development
of most neoplastic diseases, tumors in aged people are
characterized by a lower degree of aggressiveness
than in young patients. It seems, therefore, that the
age of the host may influence both tumorigenesis (en-
hancing effect) and tumor progression (inhibitory in-
fluence) [12, 13]. Since most of experimental cancer
research has been performed on young animals, it
may not faithfully reflect human disease. The studies
performed by Doin et al. [12] showed an important
role of experimental splenectomy in the modulation
of cancer progress, although spleen-produced cancer
modulators were not studied.

In Europe, the incidence of melanoma malignum is
about 1% in men and 1.8% in women. The frequency
of its occurrence has increased much faster than other
cancers [10]. The aim of this work was to evaluate the
effect of chronic antidepressant treatment on neoplas-
tic pathology in young and aged C57BL/6 males. For
that purpose, we evaluated the effect of a two-week
treatment with desipramine or fluoxetine before the
inoculation of tumor cells on B16F10 melanoma
growth in young and aged C57BL/6 male mice. In ad-
dition, since an involvement of the spleen in the
modulation of tumor progress has been postulated, we
also analyzed the effect of antidepressant pretreat-
ment on cell mediated immunity in these animals.
Specifically, we examined the macrophage and B-cell
or T-cell proliferative responses to the selective mito-
gens, lipopolysaccharide (LPS) or concanavalin (Con
A), respectively, and the splenocytic production of the
following anti- and pro-tumoral cytokines: interleukin
(IL)-4, IL-6, IL-12p40, interferon (IFN)-y, tumor ne-
crosis factor (TNF) and vascular endothelial growth
factor (VEGF). The serum levels of VEGF and MMPs
were also established.
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Materials and Methods

Cell culture

The B16F10 mouse melanoma cell line was obtained
from ATCC (Manassas, VA, USA). Cells were cul-
tured in the Department of Experimental Neuroendo-
crinology, Institute of Pharmacology, Polish Academy
of Sciences, Krakéw, Poland. B16F10 cells grew in
monolayers, adherent to the bottom of culture flasks
filled with RPMI 1640 supplemented with 10% of fe-
tal calf serum, penicillin and streptomycin. The cul-
tures were maintained at 37°C in 5% CO,. Cells were
harvested in the exponential growth phase at 80%
confluence, briefly exposed to 0.05% trypsin solution
and mixed by pipetting to obtain a homogeneous cell
suspension. The cell suspension was centrifuged,
washed once with phosphate buffered saline (PBS)
and resuspended in PBS at a concentration of 2 x 100
cells per ml. Cell viability was determined by trypan
blue exclusion. Only single-cell suspensions with
95% viability were used for inoculation.

Animals

The experiment was performed on 6—8-month-old and
19-23-month-old male C57BL/6 mice, hereafter re-
ferred to as “young” or “aged”, respectively, that were
bred in the Department of Experimental Neuroendo-
crinology, Institute of Pharmacology, Polish Academy
of Sciences, Krakow, Poland. Animals were housed
up to five per cage, at 22°C and 40% humidity under
a 12 h light-dark cycle, with free access to water and
standard food.

Six- to nine-month-old animals were called “young”
by analogy with human population, since people around
30 years old are still considered “young”.

Experiment

The experiment was performed on 30 “young” and 30
“aged” animals. “Young” and “aged” animals were
divided into three groups of ten animals per group,
and the mice received daily intraperitoneal injections
of desipramine (10 mg/kg, Research Biochemicals In-
ternational, USA), fluoxetine (Lilly Laboratories,
USA) or saline (Polpharma S.A., Poland) for 14 days.
Three hours after the last injection of saline or an anti-
depressant drug, mice were inoculated sc with 3 x 10°

B16F10 cells suspended in 0.15 ml of PBS into the
left flank region. Tumor growth was monitored for 23
days in “young” and 35 days in “aged” males. Tumor
growth was assessed every two or three days by meas-
uring the average perpendicular tumor diameter using
the formula (width)? x length x 0.52.

At each time point, mean tumor volume was com-
pared between the treatment groups and the control
group using a two-tailed Student’s #-test. The level of
statistical significance was set at p < 0.05. The sur-
vival rate was assessed by counting the surviving
mice every day.

Young animals and aged animals were killed by
cervical dislocation 23 and 35 days after tumor cells
inoculation, respectively. The spleen, thymus, lungs,
heart, liver, kidneys, adrenals, testes, gastrointestinal
tract, peritoneal cave, skeletal muscles and skin were
removed from each animal, and the number of mela-
notic nodules was counted under a dissecting micro-
scope. On the basis of this inspection, each organ was
scored as either containing a metastatic nodule or be-
ing free of microscopic tumors. The percentage of or-
gans positive for metastasis was calculated for the to-
tal number of surviving mice in each group (metasta-
sis incidence). The metastasis development index was
determined for each organ as follows: the number of
recorded metastases per organ was multiplied by the
average surface percentage occupied by metastatic
tissue per organ. The metastatic development index
was based on a metastatic diameter measurement us-
ing an eye reticle calibrated with a stage micrometer.
To avoid subjective influences on the microscopic
study of metastases, the recordings were made in
a blinded fashion. Paired and multiple organs were
considered as single organ sites, so that the calculated
incidence values and the metastasis development indi-
ces included both or all of the organs, respectively,
within an animal.

Proliferative response of splenocytes to mitogen
stimulation in vitro

The measurement of the proliferative response of
spleen cells was previously described by Kubera et al.
[23]. Briefly, 4 x 10° splenocytes per ml were stimu-
lated with 2.5 pg/ml of Con A or 5 pg/ml of LPS. The
cells were incubated in 96-well plates at 37°C in a final
volume of 0.2 ml for 72 h. Cell proliferation was deter-
mined by adding 10 pl (0.5 pCi) of 3H-thymidine per
well (ICN Pharmaceuticals, USA; SpA 6.7 Ci/mmol)
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16 h before the end of the incubation. The cultures
were harvested with an automatic cell harvester (Sca-
tron, Norway), and H-thymidine incorporation was
estimated with a liquid scintillation counter (Beckman
LS 6500).

Determination of cytokines

Mouse splenocytes were tested for their ability to pro-
duce IL-4, IL-6, IL-10, IL-12p40, TNF-a., I[FN-y and
VEGF. Splenocyte suspensions were seeded at a con-
centration of 4 x 10 cells/ml in 24-well Corning tis-
sue culture plates, and were then stimulated with
a Con A solution (2.5 pg/ml) or remained unstimu-
lated. Cell-free supernatants were collected 48 h later
and stored at —20°C. VEGF levels were also estimated
in plasma. All of the enzyme-linked immunosorbent
assays (ELISA) were based on monoclonal-monoclonal
antibody pairs and were performed using DuoSet
ELISA Development Kits (R&D Systems, Inc, Min-
neapolis, USA). The viability of cells was checked
with trypan blue.

Gelatin zymography

Zymography was performed as described previously
[22]. Briefly, plasma samples were first normalized
for protein concentration. Then, the samples were
electrophoresed in 10% SDS-polyacrylamide gels
containing 1% porcine gelatin, (Sigma-Aldrich) under
non-reducing conditions. The gels were washed twice
in 2.5% Triton X-100 (15 min each) and developed
overnight at 37°C in an incubation buffer (50 mM
Tris-HCI, pH 8.0, 5 mM CaCl,, 0.02% NaN3, 1 uM
ZnCl,). The gels were fixed and stained with 0.5%
Coomassie brilliant blue (Sigma-Aldrich) in acetic
acid/isopropanol/distilled water (1:3:6) and then
washed in equilibrating solution with 40% methanol,
10% acetic acid and 3% glycerol (all from Sigma-
Aldrich). Protein bands with gelatinolytic activity ap-
peared as clear lysis zones within the blue background
of the gelatin gel. The degradation of gelatin was
visualized under long wave UV light. A pre-stained
broad range molecular weight standard (Bio-Rad) was
used for gelatinase identification. Densitometric
analysis of protein bands was performed with the
UVISoft-UVIMap program (UVltec, Ltd.). The data
from the densitometric analyses are presented in
graphs in terms of relative intensity of gelatin lysis
zones.
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Statistics

The results were statistically assessed by analysis of
variance (ANOVA). Multiple post-hoc differences were
checked by means of Fisher’s least significant differ-
ence test (p = 0.05).

Results

Tumor development in young and aged animals
pretreated with antidepressants

To assess the effect of antidepressant drug pretreat-
ment on the growth rate of BI6F10 melanoma, solid
tumor volumes were measured every two or three days
over 23 days in young animals and over 35 days in old
animals (Fig. 1A, B). The wet weights of these tumors
were estimated after sacrifice of the animals on days
23 and 35 in young and old animals, respectively (Fig.
1C, D). Experiments were first performed on old ani-
mals, in which tumor growth did not induce death of
any of the control saline pretreated animals. In con-
trast, 10% and 20% of the desipramine and fluoxetine
pretreated animals died during the 35 days after tumor
cell inoculation, respectively (Fig. 2B). Inoculation of
tumor cells into young animals induced much more
rapid primary tumor growth in vehicle-treated control
animals (Fig. 1A, C) threatening the breakage of skin
continuity in some animals on 23rd observation day.
Moreover, 60% of desipramine-pretreated young ani-
mals died during the first 20 days after sc tumor cell
inoculation (Fig. 2A), which is why we decided to
sacrifice all surviving young animals on day 23 after
tumor cell inoculation.

The primary solid tumor growth in all six groups
increased progressively with time (r > 0.63; p <0.001),
reaching its maximum mean size on day 23 in young
animals and on day 35 in aged animals (Fig. 1A, B).
Primary solid tumors grew faster in young compared
with aged saline-treated control animals. Tumor
volume and weight were almost three times lower in
old control males than in young control males despite
the fact that the tumors grew 12 days longer in old
animals than in the young (Fig. 1A-D).

Desipramine and fluoxetine pretreatment inhibited
the growth of primary solid BI6F10 melanoma tu-
mors in young animals by 66% and 43%, respectively,
(although the effect was statistically significant only
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young mice

for desipramine) and induced an opposite effect in
aged animals in comparison to vehicle-treated age-
matched controls. In desipramine-pretreated animals,
primary solid tumors were two times bigger in aged

Tab. 1. Organ distribution and growth of metastases after injection of
murine B16F10 melanoma cells into antidepressant drug-pretreated
young male C57BL/6 mice

Vehiculum Desipramine Fluoxetine
MI* AMDI*™*  MI*  AMDI*™*  MI*  AMDI**

Spleen 25 0.8 100 80 429 7
Liver 0 0 50 16 286 5
Skeletal muscle 0 0 50 10 0 0
Skin 0 0 50 10 714 35
Gastrointestinal 0 0 50 15 286 7
tract
Peritoneal 0 0 50 70 286 7
cavity

* MI — metastasis incidence (each organ was scored either as con-
taining a metastatic nodule or as free of metastasis) is presented as
the percentage of animals with metastases sacrificed on day 35
(number of animals with metastases divided by the total number of
mice per group and multiplied by 100). ** AMDI — average metastasis
development index, the number of recorded metastases per organ
was multiplied by the percentage of surface occupied by metastasis
and divided by the number of animals with metastases in this particu-
lar organ [46]

aged mice

than in young animals, and a similar effect was observed
for fluoxetine-treated animals, although comparing the
weights and volumes of tumors can be only an estimate
because the experiment was considerably shorter for
young than for old animals (Fig. 1A-D).

We observed significant differences between
young and old animals in the development of metasta-
ses. Metastases developed in 100% of the desi-
pramine-pretreated young mice, in more than 70% of
fluoxetine-pretreated young mice and 12.5% of
saline-treated young mice. In contrast, in old animals
metastases were observed only in about 20% of desi-
pramine- or fluoxetine-pretreated animals and in none
of the control animals, despite the fact that the ani-
mals were examined for metastases 12 days later than
the young animals so the time of tumor development
in these animals was 35% longer than in young ani-
mals. The metastases were found in six of 11 different
organs. Data regarding the organ distribution and
growth of metastases after the injection of murine
B16F10 melanoma cells into antidepressant-pretreated
animals are presented in Table 1 for young animals
and in Table 2 for old animals. Fluoxetine pretreat-
ment induced metastases mainly in the skin and
spleen of young animals, whereas desipramine pre-
treatment induced metastases mainly in the gastroin-
testinal tract and peritoneal cavity.
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Tab. 2. Organ distribution and growth of metastases after injection of
murine B16F10 melanoma cells to antidepressant drug-pretreated
aged male C57BL/6 mice

Vehiculum Desipramine Fluoxetine
MI* AMDI**  MI* AMDI™*  MI*  AMDI**
Spleen 0 0 11 3 25 9
Liver 0 0 0 0 0 0
Skeletal 0 0 0 0 0 0
muscle
Skin 0 0 11 3 125 2

Gastrointestinal 0 0 22 3 25 9
tract

Peritoneal 0 0 22 3 25 9
cavity

* MI — metastasis incidence (each organ was scored either as con-
taining a metastatic nodule or as free of metastasis) is presented as
the percentage of animals with metastases sacrificed on day 35
(number of animals with metastases divided by the total number of
mice per group and multiplied by 100). ** AMDI — average metastasis
development index, the number of recorded metastases per organ
was multiplied by the percentage of surface occupied by metastasis
and divided by the number of animals with metastases in this particu-
lar organ [46]

The survival rate (Fig. 2A) showed that desipramine
pretreatment of young animals significantly shortened
their lifespan after tumor cell inoculation, which
supports the observation concerning the prometastatic
effect of desipramine in young animals.

Relative spleen and thymus weights

The mean relative spleen weights were significantly
lower in fluoxetine- but not in desipramine-pretreated
young mice (Fig. 3A), whereas in aged mice, both
fluoxetine and desipramine pretreatment decreased
relative spleen weight (Fig. 3B). Relative thymus

weight was not affected by repeated pretreatment with
desipramine and fluoxetine in either young or aged
animals in comparison to age-matched controls. On
the other hand, the mean thymus weights were more
than two times lower in aged than in young animals
(Fig. 3C, D).

Proliferative activity of splenocytes

There was no difference between desipramine-,
fluoxetine- and saline-treated mice or between young
and aged animals in terms of the proliferative activity
of splenocytes in response to Con A stimulation. The
proliferative activity of splenocytes in response to
LPS was significantly lower in young and aged
antidepressant-pretreated mice compared to control
mice (respectively, F(1,16) = 8.3, p < 0.05; F(1,33) =
6.66, p < 0.05). Post-hoc comparison revealed that
desipramine pretreatment of young mice and desipra-
mine and fluoxetine pretreatment of aged mice decreased
the proliferative response to LPS in comparison to the
appropriate controls by 23%, 38% and 22%, respectively.
There was also no difference in the proliferative
activity of non-stimulated splenocytes.

Lymphokine production by splenic lymphocytes

There were no differences between antidepressant-
and saline-pretreated aged mice in Con A-induced
and/or unstimulated IL-4, IL-6, IL-10, IFN-y, IL-
12p40 and TNF-a production by splenocytes ex vivo.
The production of IL-6, IL-10 and IL12p40 was de-
creased in Con A-stimulated splenocytes obtained
from desipramine-pretreated young animals by 34%,
52% and 28%, respectively, in comparison to saline-
treated young control mice (Fig. 4A, B, C). Fluoxet-
ine pretreatment decreased IL-12p40 production by
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100 100
. . 90 904
Fig. 2. Survival curves for young (A) 801 | 801

and aged (B) C57BL/6 mice pretreated
with desipramine or fluoxetine at a dose
of 10 mg/kg, daily for two weeks before
inoculation of B16F10 melanoma cells.
The young mice were monitored for 23

survival rate %
(o)
i
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n
o
.

days, whereas aged mice were moni- 304 . 30 .
. . = vehiculum = vehiculum
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0 T 0 : : : : ; ; ;
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tained from young C57BL/6 male mice 23 days after inoculation of
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fore inoculation of B16F10 melanoma cells. Ten animals were in-
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significance of differences between the means was calculated by
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VEGF plasma levels and production by splenic
lymphocytes

Figure 5 shows that desipramine and fluoxetine pre-
treatment significantly increased plasma levels of
VEGF in young animals by 57% and by 37%, respec-
tively. In aged saline-treated animals, the VEGF
plasma level was two times lower than that in saline-
treated young animals, and antidepressant pretreat-
ment did not change this level in a significant manner
(data not shown).

There were no differences between saline, desi-
pramine and fluoxetine in terms of Con A-stimulated
and unstimulated VEGF production by splenocytes
obtained from young and aged males.
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MMP-9 and MMP-2 activity in plasma

In young C57BL/6 mice, both antidepressants signifi-
cantly increased the plasma levels of the zymogen and
active forms of MMP-9 induced by melanoma inocu-
lation (Fig. 6A). Desipramine and fluoxetine en-
hanced the release of pro-MMP-9 by 17% and 40%
and increased active MMP-9 levels by 65% and 80%,
respectively. The release of pro-MMP-2 was en-
hanced only upon fluoxetine pretreatment, whereas
higher levels of active MMP-2 were detected after de-
sipramine administration in young mice (in both cases
by approx. 25%) (Fig. 6B). No significant differences
in the melanoma-induced plasma MMP-9 levels were
detected between control and antidepressant-treated
aged mice (Fig. 6C). Neither amount of pro-MMP-2
was altered in those animals by the drug pretreatment,
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Fig. 6. Gelatinase activity in plasma samples collected from young (A and B) and aged (C and D) C57BI/6 male mice inoculated with B16F10
melanoma cells. Some animals were additionally pretreated with either desipramine or fluoxetine. The levels of (A and C) pro-MMP-9
(zymogen) and active MMP-9 and (B and D) pro-MMP-2 and active MMP-2 are shown as the relative intensity of gelatin lysis zones in gels
according to densitometric analyses. # (zymogens) and & (active forms) at p < 0.05 vs. vehicle-treated control young animals. NS (not
significant)/# at p = 0.56. Representative gels for each treatment are shown at the top of the figure
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while the levels of MMP-2 were increased by fluoxet-
ine (by approx. 35%) but not by desipramine admini-
stration (Fig. 6D). Thus, when comparing both groups
of mice, we observed no significant effects of antide-
pressants on melanoma-induced MMP-9 synthesis in
aged mice, which is in contrast to young mice that
produced significantly more MMP-9 after desi-
pramine and fluoxetine pretreatment (Fig. 6A vs. 6C).
Moreover, while the plasma MMP-2 levels were simi-
larly increased by the drugs, in general the young
mice produced considerably more MMP-2 than the
aged animals (Fig. 6B vs. 6D).

Discussion

The main findings of the present paper are as follows:

1) There was a significant increase in metastasis
formation in young and aged animals chronically pre-
treated with desipramine and to lesser extent with
fluoxetine before induction of cancer process in com-
parison to vehicle-treated control mice; 2) the mortal-
ity rate was markedly increased in desipramine-
pretreated young but not aged animals with B16F10
melanoma; 3) solid primary tumor growth was sig-
nificantly decreased in aged saline-pretreated controls
in comparison to young saline-pretreated controls; 4)
solid primary tumor growth was significantly increased
in desipramine- and fluoxetine-pretreated aged animals
in comparison to saline-treated control animals; 5)
plasma levels of VEGF and the active form of MMP-9
(by 65-80%) were significantly elevated in desi-
pramine- or fluoxetine-pretreated young animals.

Metastasis results from several sequential steps in-
cluding: a) release of tumor cells from the primary tu-
mor; b) invasion into vascular or lymphatic vessels; c)
adherence of the metastatic cells to the endothelial
cells in affected organs; d) extravasation of tumor
cells out of the blood vessels; €) survival in the new
tissue environment; f) ultimately, the proliferation of
tumor cells following variable periods of tumor la-
tency in order to form deleterious secondary tumors.
Metastasis is the culmination of discrete sequential
steps — each of variable efficiency — leading to forma-
tion of secondary tumors [27].

It is not unlikely that antidepressant drug pretreat-
ment increases the number of metastases by increas-
ing implantation efficiency of melanoma cells and in-

hibiting the early host immune response against tumor
cells [34]. In experimental models of metastasis and
in drug-pretreated recipients of tumor cells, the first
few hours after the injection of tumor cells seem to be
critical for metastasis formation [5].

In the present study, desipramine specifically in-
creased the number of metastases in the gastrointesti-
nal tract. Although no other data on the influence of
TCAs on metastasis of the gastrointestinal tract have
been reported, it has been suggested that long-term
use of tricyclic antidepressants might be associated
with the initiation of tumors in this system. TCAs
have been shown to stimulate of cell proliferation in
the rat intestinal crypt epithelium and promote experi-
mental carcinogenesis in the rat colon [18, 44].

In the present study, fluoxetine, a serotonin reup-
take inhibitor, specifically increased the number of
metastases in the skin. The immune and vascular sys-
tems in the skin are traditional targets for bioregula-
tion by serotonin (5-HT) [31]. The mammalian skin is
both a site for the production of and a target for
bioregulation by 5-HT [29, 35, 36, 38]. The major
source of 5-HT in the skin is platelets, which release
biogenic amines upon aggregation. In addition, rodent
mast cells produce 5-HT as well as proteins that trans-
port 5-HT. Moreover, epidermal and dermal skin cells
express the enzymes required for the transformation
of tryptophan to 5-HT, and certain skin cells, such as
melanocytes, have been demonstrated to produce
5-HT. The rate of the synthesis of 5-HT from trypto-
phan can be enhanced by brain-derived neuronal
growth factor, cytokines and steroids. We may specu-
late that antidepressants indirectly, by stimulating
brain derived neurotrophic factor (BDNF) production
not only in the central nervous system but also in
blood cells, may increase skin serotonin synthesis.
Skin cells express functionally active, membrane-
bound receptors for 5-HT and proteins that transport
5-HT. For example, the presence of 5-HT,p receptors
was confirmed in the skin of C57BL/6 mice and in
mouse Cloudman S9I1melanoma cells [28, 37]. We
may speculate that fluoxetine as a SSRI increases the
level of 5-HT in skin blood vessels and in the extra-
cellular matrix of the skin by blocking the 5-HT by
platelets, mast cells or skin cells. On the other hand,
5-HT may enhance the permeability of skin vessels to
melanoma cells and may stimulate tumor cell prolif-
eration.

It is not unlikely that the mechanism for the
antidepressant-induced facilitation of metastasis in-
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volves the chemokine system. While leukocytes have
long been known to express specific sets of che-
mokine receptors that govern localization and tissue
specific migration, cancer cells have only recently
been shown to express these proteins. It has been es-
tablished that B16 melanoma cells may express such
chemokine receptors as CCR7, CXCR4 or CCR10.
On the other hand, lymphatic endothelial cells and
secondary lymphoid organs are both rich sources of
the chemokine CCL21 (a ligand for CCR7), lungs are
rich source of CXCLI2 (a ligand for CXCR4),
whereas keratinocytes in the skin constitutively pro-
duce CCL27 (a ligand for CCR10) [28]. We may
speculate that drug pretreatment increases CCL21 ex-
pression in lymphoid organs and CCL27 in the skin;
however, this assumption requires further study.

The present paper confirms the observation in hu-
mans and experimental animals that tumor growth is
slower in aging organisms than in young ones. With
regard to tumor progression, several factors may be
responsible for the slower growth rate and reduced
aggressiveness of neoplasms in the old, including:
a decreased proliferative capacity of senescent cells,
decreased activity of endocrine factors and growth
factors with age and reduced microvessel counts.
These factors lead to diminished tumor cell prolifera-
tion and increased tumor cell apoptosis [14], a de-
crease in DNA methylation and repair and a decrease
in immune system-dependent tumor growth enhance-
ment. In the present study, young and aged animals
were injected with the same tumor cells, so the effects
of the age of tumor cells should be excluded. Conse-
quently, the study should focus on the age-dependent
changes in immunity and plasma growth factor levels,
particularly those engaged in carcinogenesis.

In the present paper, antidepressant drug pretreat-
ment inhibited primary tumor growth in young ani-
mals but increased primary tumor growth in aged ani-
mals in comparison to age-matched controls. Most
other studies have focused on the effect of antidepres-
sants given after tumor cell inoculation in young ani-
mals. Only one study published recently by Frick et
al. [15] showed that chronic fluoxetine pretreatment
reduced solid tumor growth in young animals that
were subcutaneously injected with aggressive T-cell
lymphoma. However, contrary to the present study,
fluoxetine increased the survival of the mice [15].
Other studies performed in young animals have
shown that antidepressant treatment after the injection
of tumor cells either inhibited jejunal and colonic tu-
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mors in rats and xenografts of human colorectal and
prostate cancers in fluoxetine-treated athymic nude
mice [1, 44] or enhanced melanoma growth in mice
[7]. Studies involving the prolonged, two-year ad-
ministration of fluoxetine in the diets of mice and rats
also did not provide an unequivocal answer about the
pro- or antitumorigenic activity of antidepressants [4,
8, 41].

The promotion of carcinogenesis in animals receiv-
ing the drugs for two weeks prior to cancer cell inocu-
lation, characterized by aggravated metastasis forma-
tion, the drastically decreased survival rate of young
males and increased solid tumor size in aged animals,
can be attributed to an immunomodulatory effect of
the drugs and age-related immunity changes.

In the present study, the T cell-mediated immune
response, as measured by splenocyte proliferation and
Con A-stimulated cytokine synthetic capacity, did not
differ between young and aged animals despite a greater
than 50% drop in the thymus weight in the latter. The
decrease in thymus weight that occurs with age usu-
ally results in a reduction of T cell-mediated reactiv-
ity, which, on the one hand, should decrease the abil-
ity to eliminate cancer cells, and on the other, should
lower the production of pro-carcinogenic factors, like
cytokines, and proinflammatory and/or protective an-
tibodies. In the present study, besides a marked reduc-
tion in thymus weight, we observed no differences in
the immune parameters between young and aged ani-
mals, which indicated that peripheral immunity was
still efficient in aged animals (possibly resulting from
a constant stimulation with tumor antigens). We also
found that there was no effect of these factors on tu-
mor growth or the effect was opposite to that ex-
pected. The lack of a correlation between immune
system efficacy and cancer cell elimination has also
been observed in humans where a high T cell-
mediated antitumor immunity was preserved in the
periphery even during metastatic disease. The finding
points toward the model of concurrent evolution of
immunity and tumor escape and may indicate a high
level of activation of the mechanisms responsible for
cancer escape from immune system control [3].

We can speculate that the decreased tumor growth
in aged control animals results from a lowered release
of tumor growth-promoting agents from the amorphic
thymus, such as thymosin [9].

The LPS-induced proliferative response of B cells
was markedly impaired after antidepressant drug ad-
ministration in both young and aged animals, which
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could result, at least in young animals, from the re-
duced production of B cell-stimulating cytokines, like
IL-6 or IL-10.

Treatment of young animals with the drugs did not
influence spleen weight, while in aged animals tumor
growth stimulation by the drugs was connected with
a decrease in relative spleen weight. This finding may
suggest the reduced secretion of factors protecting the
organism from tumor growth.

Donin et al. [12] showed a protective role of the
spleen against B16 melanoma at all ages, and specifi-
cally a protective role of this organ for highly meta-
static melanoma in aged C57BL/6 mice, although the
authors did not identify the protective factors secreted
by this organ.

Regarding the possible mechanism of the antide-
pressant effects on immune system, it should be men-
tioned that desipramine and fluoxetine induce adap-
tive changes in central monoaminergic neurotransmis-
sion, which itself might modulate immune reactivity.
Lymphocytes and macrophages are innervated by the
sympathetic and parasympathetic nervous system, and
this innervation modulates immune reactivity. Im-
mune cells are known to have receptors for neuro-
transmitters and antidepressants. Therefore, the drugs
may modulate the activity of immune cells by acting
on these receptors. The effect of antidepressants on
the hypothalamic-pituitary adrenal (HPA) axis is also
noteworthy, since they promote the negative feedback
of cortisone and incapacitate the immunosuppressive
effect of the HPA axis. Antidepressants may also have
a direct effect on immune cells. Several in vitro stud-
ies have shown that antidepressants reduce the stimu-
lated production of pro-inflammatory cytokines (IFN-y
and TNF-a) and increase the production of the anti-
inflammatory cytokine IL-10. It has been established
that antidepressant drugs are effective in decreasing
natural killer (NK) cell activity. Moreover, fluoxetine
has been associated with several reported cases of the
reactivation of herpes simplex or zoster infection sug-
gesting that it can impair the function of the NK cells
in vivo [32]. We may speculate that in the present
study, chronic administration of antidepressant drugs
induced a significant impairment of NK cell activity,
which are then not able to eliminate melanoma cells.
For this reason, metastasis was increased in young and
aged mice and tumor weight was elevated in aged mice
compared to aged control mice.

It has been shown that NK cells are mainly impor-
tant in the elimination of tumor cells during the initial
phase after iv injection (first 24 h) [33, 34].

We cannot exclude the possibility that antidepres-
sant drugs, acting via a decrease in NK activity, may
increase the retention of tumor cells in several organs
during the first 24 h after injection. The B-adrenergic
agonists epinephrine and norepinephrine are the best
characterized factors known to modulate the activity
of NK cells in vitro and in vivo. NK cells express p2-
adrenergic receptors and the stimulation of these re-
ceptors results in inhibition of NK cell cytotoxicity in
vitro and in vivo [33, 48]. Moreover, it was shown that
chronic antidepressant administration induced a Th2
biased immune response and there was evidence that
a decrease of Th1/Th2 cytokine balance can reduce
NK cell activity [43].

In the present paper, Con A-stimulated splenocytic
production of IL-6, IL-10 and IL-12p40 was de-
creased and plasma levels of VEGF were increased 23
days after tumor cell inoculation in antidepressant
drug-pretreated young but not aged animals.

Interleukin 6 is a bifunctional cytokine that can dif-
ferentially affect the growth properties of melanoma
cells. Growth of early stage melanomas is inhibited
by endogenous IL-6. Transfection of IL-6 into B16
melanoma cells causes growth retardation by arrest-
ing the cell cycle at the G1/GO phase [42]. On the
other hand, advanced stage melanomas are not only
resistant to the antiproliferative effect of IL-6, but en-
dogenous IL-6 may behave as a growth stimulator for
the cells by acting on a specific receptor [42]. We may
speculate that the decreased growth of primary solid
tumors in young antidepressant-treated animals is the
result of the lack of the stimulatory effect of IL-6 in
advanced-stage melanoma cells present in this tumor.
Although we do not know the level of IL-6 at the time
of tumor cell inoculation in the animals treated with
the drugs for two weeks, if levels had been decreased
at that time we can assume that the inhibitory effect of
IL-6 on early stages of tumor growth was lacking.
Hence, we can speculate that the observed increase in
the number of metastases after antidepressant drug
treatment with concomitant suppression of primary
tumor growth in young animals may result from the
lowered IL-6 levels.

In our studies, we observed a decrease in IL-12p40
production by unstimulated splenocytes obtained
from desipramine-pretreated young animals and a de-
crease in IL-12p40 production by Con A-stimulated sple-
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nocytes obtained from desipramine- and fluoxetine-
pretreated young animals. 1L-12p40 is known to be
a component of the bioactive cytokines IL-12 and IL-
23, but it is not widely recognized as having intrinsic
functional activity. When it is considered, the cyto-
kine is an antagonist because the recombinant murine
IL-12p40 homodimer (IL-12p80) competitively binds
to the common receptor component IL-12Rb1 and
prevents IL-12-mediated inflammation from occur-
ring. In contrast to this negative regulatory role, it has
been suggested that IL-12p40 might have a pivotal
and independent early agonistic role in initiating the
immune response [11]. We may speculate that the in-
hibitory effect of desipramine and fluoxetine on IL-
12p40 production leads to the enhancement of the
pro-inflammatory and prometastatic effects of IL-
12Rb1-bound cytokines in comparison to the saline-
treated animals.

In the present paper, we documented the increase in
the IFN-y/IL-10 ratio in desipramine-treated young
animals. The IFN-y/IL-10 ratio in culture supernatants
is of critical importance for determining their pro- or
anti-inflammatory capacity, i.e., either activation
(IFN- y) or inhibition (IL-10) of monocytic and lym-
phocytic function [19, 20]. This observation suggests
a high activation of the pro-inflammatory response in
desipramine-treated young animals.

The basis of the relationship between the systemic
inflammatory response and metastasis is not clear, al-
though some studies have shown significantly en-
hanced serum levels of pro-inflammatory cytokines,
such as IL-1, IL-6 and TNF-a in metastatic patients
[2, 25]. In the present study, the ex vivo ability of sple-
nocytes to produce cytokines was only established in
animals that survived for at least three weeks from tu-
mor cell inoculation.

We can assume that these animals were character-
ized by a much lower cytokine level than animals that
died due to metastases or that an intensive production
of proinflammatory cytokines triggered an immuno-
suppressive mechanisms in the spleens of the survi-
vors. We can also assume that the drugs induce pro-
metastatic actions via a route that is independent of
the synthesis of proinflammatory cytokines.

The significant stimulatory effect of desipramine
and fluoxetine on serum VEGF levels in young ani-
mals can produce a significant pro-metastatic effect,
despite the fact that splenocytes are not a source of se-
rum VEGF and that splenocytes were observed to
show a tendency towards decreasing synthesis of this
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cytokine in young animals. The inhibitory effect on
VEGF production was established for extracts from
St. Johns wort (Hypericum perforatum), which have
antidepressant activity [6].

In vitro studies demonstrated a dose-dependent cy-
totoxic effect of antidepressant drugs on B16F10 cells
[40]. In the present study, however, the BI6F10 tumor
growth was stimulated in vivo. The drug can accumu-
late in the mice over a two-week treatment period, but
its destructive pro-angiogenic effect and destructive
influence on antitumor immunity likely prevails over
a potential cytotoxic effect of the drug on tumor cells.
We observed an entirely different effect of desi-
pramine and fluoxetine when the drugs were adminis-
tered after melanoma cell inoculation, with fluoxetine
showing a particularly strong anticancer action (paper
in preparation).

In summary, tumor growth was significantly
slower in saline-treated aged mice in comparison to
young saline-treated animals. Treatment with antide-
pressant drugs increased metastasis formation and
shortened survival in young and aged animals, al-
though significant results were obtained only for
desipramine-treated young animals. In young animals
pretreated with antidepressants before the induction
of cancer, some lymphocyte-dependent immunologi-
cal parameters were attenuated (e.g., proliferation of
B-cells, and production of IL-6, IL-10 and IL-12p40
by splenic T-cells), while the synthesis of angiogene-
sis/metastasis-related factors VEGF and MMP-9 was
increased. In aged animals, antidepressants increased
primary tumor growth and reduced the proliferative
activity of splenocytes in response to LPS to the same
degree as was observed for young animals but had no
effect on cytokine production.

In conclusion, the present study demonstrates the
prometastatic effects of both desipramine and fluoxet-
ine. The effect was age dependent and associated with
high VEGF and MMP-9 plasma levels in young anti-
depressant drug-pretreated animals. This study indi-
cated that antidepressants may have opposite effects
on solid tumor growth in young and aged animals and
may strongly promote this process in the latter group.
No correlation of these changes with immune system
activity in aged animals was observed. Although the
above results point to prometastatic effects of both de-
sipramine and fluoxetine, one should be very cautious
about applying these data to human clinical studies.
This study was performed on a specific strain of mice
using a particular melanoma cell line. Recently, we
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observed that desipramine pretreatment protected
Wistar rats from the metastasis of MADB 106 cells.
The mechanism of metastatic promotion by pretreat-
ment with antidepressants before tumor cell inocula-
tion is unknown, and this problem requires further ex-
amination of immunity and endothelial permeability
during antidepressant drug administration. This sug-
gestion may be particularly important for cancer pa-
tients taking antidepressants before surgical manipu-
lation because of an increased risk of cancer cell dis-
semination during surgery.
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