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Abstract. Evidence has been provided of the anti-
proliferative activity of certain antidepressants, mainly the
selective serotonin reuptake inhibitors (SSRIs). We tested
the effect of different antidepressants on cell viability and
proliferation of human colorectal carcinoma cell lines HT29
and the multi-drug resistant (MDR) LS1034. The SSRIs,
paroxetine and sertraline, induced a dose-dependent inhibition
of cell viability and proliferation in the two cell lines (ICs,
8-15 uM). When compared to cytotoxic agents e.g.
doxorubicin, vincristine and 5-fluorouracil, the SSRIs showed
comparable activity (HT29) or a superior effect (LS1034).
Using flow cytometry analysis, we found that the two SSRIs
arrested cells at the GO/G1 stage and stimulated DNA
fragmentation in a dose-dependent manner. The SSRIs (10
and 20 xM) increased caspase-3 activation. Western blot
analysis showed an increase after 24 h in c-Jun and a decrease
in the expression of the anti-apoptotic protein Bcl-2. The
results suggest a proapoptotic activity for the active SSRIs
accompanied by mitogen-activated protein kinase cascade
activation and Bcl-2 inhibition. In vivo, we used CD1 nude
mice xenografted subcutaneously with HT29 cells. On day 8,
after cell inoculation sertraline or paroxetine (15 mg/kg
x3/week i.p.) were administered to animals (6/group), which
were monitored weekly (for 5 weeks) for tumor volume and
body weight. At 5 weeks, the animals survived, with no
significant difference in body weight. Sertraline, though not
paroxetine, significantly inhibited tumor growth. Collectively,
our results suggest that the widely-used antidepressant,
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sertraline, possesses a potential anti-tumor activity, which
circumvents the MDR mechanism. Since SSRI therapy is
frequently indicated in cancer patients, the use of sertraline in
colon cancer patients with co-morbidity of depression seems
attractive.

Introduction

Colorectal cancer is the third most common cancer in men and
women. Patients (~20%) who have metastatic disease at the
time of diagnosis, proves fatal for 50% of them. New cases
(~780,000) are diagnosed worldwide every year (1,2). Therapy
includes surgery, radiotherapy and chemotherapy, mainly
fluoropyrimidines (3). Defects in apoptotic pathways are
common in cancer cells and play a role in tumor initiation and
progression. Bcl-2 and Bcel-X; are important members of a
family of proteins responsible for the dysregulation of
apoptosis (4,5), while the p53 tumor suppressor protein
inhibits cellular proliferation and induces cell cycle arrest
and apoptosis. Overexpression of Bcl-2 and increased
expression of the p53-mutated type have a role in the
prognosis of the disease (6,7). c-Jun NH2-terminal kinase
(JNK) is one of the subfamilies of mitogen-activated protein
kinases (MAPKS5s), that phosphorylates c-Jun. JNK activation
leads to the phosphorylation of c-Jun and cellular proteins
and those associated with apoptosis including Bcl-2 and p53
(8). Furthermore, the inactivation of JNK1 was suggested to
cause a resistance to cisplatin in ovarian cancer (9).
Moreover, the blockade of the MAPK pathway by extracellular
signal-regulated kinase (ERK) kinase (MEK) inhibitor was
reported to suppress human and mouse colon cancer tumor
growth in mice (10). Antidepressants are drugs used for the
treatment of depression, anxiety and certain behavioral
disorders. They are frequently prescribed for depression in
cancer patients. Previous reports from our and other
laboratories have shown that certain tricyclic antidepressants
(TCAs), e.g clomipramine and selected selective serotonin
reuptake inhibitors (SSRIs), such as paroxetine and
fluoxetine, exhibit, in addition to their psychotropic effect,
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anti-proliferative effects in experimental models (11,12). The
underlying mechanism of the anti-depressant-induced
apoptosis is unknown. Transcription factors that are
members of the MAPK pathway, play a critical role in the
activation of ‘death genes’ during apoptosis (13-15). In
glioma and neuroblastoma cell lines, we previously showed
that fluoxetine and paroxetine, though not imipramine and
mianserin, induced a rapid increase in p-c-Jun levels,
cytochrome c release from mitochondria and caspase-3
activation, suggesting the involvement of the MAPK pathway
in the proapoptotic process (12). The monocyclic SSRI
fluoxetine and zimelidine were shown to inhibit the
proliferation of prostate carcinoma cells (16). Clomipramine,
imipramine and citalopram were found to induce apoptosis
in myeloid leukemia HL-60 cells (17). In Burkitt lymphoma
cells, the SSRIs paroxetine, fluoxetine and citalopram
induced apoptosis accompanied by caspase activation and
reversed overexpression of Bcl-2 (18). Bel-2 is a protein,
which exerts an anti-apoptotic function and is overexpressed
in many forms of cancer and contributes to tumor
resistance. P53 is a tumor suppressor gene involved in
apoptosis; many tumors of various origins, including
colorectal cancer, are caused or at least associated with
mutations in this gene.

We recently demonstrated in healthy human lymphocytes,
that the SSRI, paroxetine, induced an immunosuppressive
effect with the inhibition of transcription factors and the
activator of transcription 3 (Stat3) and cyclo-oxygenase
(Cox-2). The latter are involved in cell proliferation and
maturation in neoplastic mechanisms (19). In line with these
findings, Rossetti ef al (20) reported that paroxetine, though
not venlafaxine induced a marked cytotoxic effect in a wide
variety of human and murine cell lines. Additionally,
paroxetine induced apoptosis in human osteosarcoma cells
and this effect was accompanied by the activation of p38
MAPK and caspase-3 pathways (21). In a recent epidemio-
logical study, a significantly reduced risk of colorectal cancer
was associated with a high SSRI daily intake, while no
protective effect was found for tricyclic antidepressants (22).
In contrast, a recent multicenter clinical trial with low-dose
sertraline (50 mg/p.o.) in patients with advanced cancer,
failed to show a beneficial effect on survival or quality of life
(23). One of the major obstacles in inducing responsiveness
in cancer cells is the existence of efflux transporter P-
glycoprotein (Pgp), which is linked to multi-drug resistance
(MDR) genes (24). It was found that several antidepressants
possess an inhibitory effect on Pgp at similar concentrations
as quinidine (25). In a recent study, we showed that the
neuroleptic agent thioridazine (a phenothiazine) was
efficient in inhibiting the proliferation of the mouse
melanoma MDR cell line (26). Another study provided
evidence that the SSRI antidepressant fluoxetine enhanced
responses to chemotherapy in xenografted mouse tumor
models, by the inhibition of the MDR extrusion pump Pgp
(27). Our study was undertaken with the aim of evaluating
the potential anti-tumor effects of sertraline and paroxetine
and determining the molecular mechanism underlying their
proapoptotic effect in two human colon carcinoma cell
lines: HT29 possessing mutated p53 and LS1034, which is a
pS53 negative tumor that presents MDR features (28,29)
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Materials and methods

Sertraline-Hcl was purchased from Topharman Shanghai,
China. Paroxetine-Hcl and fluoxetine-Hcl hydrochloride were
kindly donated by Perrigo Pharmaceuticals (Bnei Brak,
Israel). Cisplatin was obtained from Abic, Petah-Tikva,
Israel. 5-Fluorouracil (5-FU), clomipramine, doxorubicin,
Hoechst 33342, propidium iodide, trypsin, neutral red
reagent, dithiothreitol, Hepes and glycerol were purchased
from Sigma (St. Louis, MO, USA). Dulbecco's Modified
Eagle's Medium (DMEM), fetal calf serum, RPMI-1640
medium, penicillin, nystatin and streptomycin were
purchased from Biological Industries Ltd. (Kibbutz Beit
Ha'emk, Israel). Substrate Ac-DEVD-AMC was purchased
from Biomol Plymouth Meeting, PA, USA and caspase-3
inhibitor (Ac-DEVD-CHO) was obtained from Alexis
(Lausen, Switzerland).

Cells. The human HT-29 and LS1034 colon adenocarcinoma
cell lines were obtained from American Type Culture
Collection (Manassas, Virginia, USA). The HT-29 cells were
maintained in DMEM medium and the LS1034 cells in
RPMI-1640 medium supplemented with 10% (v/v) heat-
inactivated fetal bovine serum, 100 U/ml penicillin and 0.1 mg/
ml streptomycin in a humidified atmosphere of 95% air and
5% CO, at 37°C. Confluent cultures were washed with PBS,
detached with trypsin (0.25%), centrifuged and sub-cultured
in 96-well microtiter test plates.

Cell viability was measured using neutral red staining
(30). Cells were distributed in 96-well microplates (10,000-
20,000/well). Absorption of neutral red by lysosomes
causes the coloring of living cells. Quantitative analysis was
performed by a colorimetric assay (ELISA reader at 550 nm).
Viability was tested in cells treated with the antidepressants
or the cytotoxic agent (0-30 M) and compared to vehicle-
treated cells (saline and lactic acid 0.01-0.05%), which did
not modify basal cell viability. Results were expressed as %
of controls (vehicle-treated cells).

[’H]-thymidine incorporation. [*H]-thymidine incorporation
was measured in HT29 cells using 1 xCi/ml [*H]-thymidine,
after the determination of linear correlation between the cell
number and incorporation (31). Cells (10,000/well) were
treated with paroxetine, sertraline (10-30 M) or vehicle for
24 h, harvested and the incorporate radioactivity was
determined using a liquid scintillation counter.

Flow cytometry and cell cycle. The cell cycle was studied by
flow cytometric analysis of propidium iodide (PI)-stained
human HT29 cells (32). Cells were treated with sertraline or
paroxetine (7.5, 15 and 30 yM) for 24 h and analyzed by a
fluorescence activated cell sorter (FACS) (Becton Dickinson,
Mountain View, CA) equipped with an argon ion laser
adjusted to an excitation wavelength of 480 nM and with a
Doublet Discrimination Module (DDM). Lysis II (Becton
Dickinson) software was used for data acquisition and the
determination of apoptotic nuclear changes and cell cycle.

Fluorescence of Hoechst plus Pl-stained HT29 cells. Cells
were co-stained with DNA binding dyes Hoechst 33342
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(20 pg/ml) and PI (10 pg/ml) for 5 min at room temperature,
24 h after exposure to sertraline, paroxetine and doxorubicin or
saline. Cells were examined with a fluorescence microscope
with ultraviolet excitation at 340-380 nm. Intact nuclei of
control cells were detected by typical blue Hoechst
fluorescence, while cells undergoing apoptosis were
detected by fragmented nuclear red PI fluorescence (33).

Caspase-3 activity was measured in LS1034 cells by an
enzymatic fluorimetric method using a fluorigenic substrate
(Ac-DEVD-AMC) producing blue fluorescence detected at
a 360 nm wavelength (34). AMC was cleaved from the
substrate by caspase-3 (and caspase-3-like enzymes) and
produced a yellow-green fluorescence monitored by a
fluorimeter at 460 nm. The amount of the yellow green
fluorescence is proportional to the activity of the caspase-3
in the cell extract sample. LS1034 lysates were prepared by
Triton X-100 extraction 4 h after exposure to paroxetine
and sertraline (10 and 20 xM) as compared to the control
vehicle-treated cells. Whole cell lysates were added to a
buffer containing 100 M peptide substrate, 100 mM
HEPES, 10% glycerol, | mM EDTA and 10 mM dithiothreitol.
Measurements were determined in duplicates every 5 min for
75 min. The reaction was monitored after 45 min in the
presence of a specific caspase-3 inhibitor DEVD-AMC-CHO,
which was added to the reaction mixture in order to
ascertain the specificity of the enzyme.

Western blot analysis. Cell extracts (HT29 or LS1034) and
homogenates of HT29 tumors were extracted with a lysis
buffer (150 mM NaCl, 5 mM EDTA, 1% Nonidet P-40,
0.5% sodium deoxycholate, 1 mM Na,VO,, 200 mM Hepes
and 50 mM NaF). Cells were incubated for 60 min at 4°C.
The proteins were cleared by centrifugation at 14,000 x g for
20 min at 4°C. Protein concentration was determined by a
BCA kit (Pierce, Rockford, USA). A protein (50 pg) from
each sample was subjected to SDS-PAGE. Electroblotted
proteins were detected using antibodies: B-actin (Chemicon,
CA, USA) c-Jun, P-c-Jun, Bcl-2, p53 (Santa Cruz
Biotechnology, CA, USA). Detection was carried out by
horseradish peroxidase-conjugated goat anti-mouse or anti-
mouse antibodies and enhanced chemiluminescence (Super
Signal West Picochemiluminescent Substrate, Pierce, USA).
Densitometry of electropherograms was carried out by means
of a soft laser scanning densitometer (SLR-2D/1D; Biomed
Instrument Inc., USA).

Animal studies. Male CD1 nude mice aged 5-7 weeks were
purchased from Harlan, Jerusalem, Israel. The animals were
housed (3-4/cage) in an ammonia-free environment in a
defined and pathogen-free colony in controlled conditions
(temperature, light and humidity) and given food and water
ad libitum. After 7 days of acclimatization, animals were
divided into 4 groups (6/group). HT-29 human colon
carcinoma cells mixed in matrigel were s.c. injected on the
right flank of each athymic mice (2,000,000 cells/mouse)
(35). Therapy began on day 8 after cell inoculation
(sertraline, paroxetine or 5-FU 15 mg/kg i.p. each) twice a
week on the first three weeks, followed by three times a
week from the 3rd week, or with vehicle (DMSO 0.1%)
(0.1 ml/10 g BW). Tumors were measured with a digital
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caliper once a week. Tumor volume was determined using
the following formula:

Tumor volume = (shortest diameter)? x (longest diameter) x 0.5

Tumor volume was controlled weekly. At autopsy, tumors
were dissected and frozen (-70°C) until homogenates were
removed for protein determination by Western blot analysis.

Statistics. Determination of cell viability and proliferation was
performed using mean +SE of four determinations for each
point. The difference between the drugs' effect on tumor
volume of cancer animals was determined using the Student's
t-test and a difference of p<0.05 was considered significant.
In the FACS analysis, each point was the mean +SEM of 3
samples and in the caspase-3 analysis each point (taken every
5 min) is a mean of a duplicate.

Ethics. The study was approved by the Institutional Ethics
Committee for Animal Experimentation at Tel Aviv
University, Tel Aviv, Israel. Principles of Laboratory Animal
Care were followed (see NIH publication No. 85-23, revised
1985).

Results

Fig. 1A shows the comparative effect of different anti-
depressants at 0-30 #M: paroxetine, sertraline and fluoxetine
(SSRIs), clomipramine (TCA) and reboxetine (norepinephrine
re-uptake inhibitor) on cell viability (assessed by neutral red
staining) of the human colon carcinoma cell line HT29, 24 h
after drug administration. The results show that each of the
agents except reboxetine induced a dose-dependent decrease
in cell viability with a potency scale of: sertraline > paroxetine
> clomipramine > fluoxetine. ICs, range of 14.7-30.4 uM
(sertraline and fluoxetine, respectively).

Fig. 1B shows the comparative effect of the different
antidepressants at 0-30 xM as compared to 5-FU and
doxorubicin at equimolar concentrations on cell viability
(neutral red staining) of the human MDR colon carcinoma
cell line LS1034, 24 h after drug administration. The results
show that each antidepressant, except reboxetine, induced a
dose-dependent decrease in cell viability with a potency scale
of: sertraline > paroxetine > fluoxetine > clomipramine. ICs,
levels range from 13.1 to 33.3 M (sertraline and clomipramine
respectively), whereas the cytotoxic agents doxorubicin and
5-FU demonstrated very low or no activity (ICs, of 37.8 yuM
and >95 uM, respectively).

Fig. 2 presents the effect of sertraline and paroxetine
(0-30 uM) in HT29 cells as compared to the widely used
chemotherapeutic agents doxorubicin, vincristine and
cisplatin, at an equimolar concentration, on [3H]-thymidine
incorporation. The data show a dose-dependent decrease in
cell proliferation induced by sertraline and paroxetine (ICs,
15.8 and 12.4 uM, respectively). The three cytotoxic agents
induced a decrease in cell proliferation at 10 yM (resembling
paroxetine), followed by a plateau. The ICy, levels of the
cytotoxic agents were of 19.9 and 15.3 uM for cisplatin and
vincristin respectively, while doxorubicin had a higher
efficacy with ICy, <5 uM.
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Figure 1. (A) The effect of different antidepressants (5-30 M) on the viability of the HT29 cell line. (B) The effect of different antidepressants (5-30 M)
and cytotoxic drugs on the viability of the LS1034 cell line. Each point is the mean +/- SEM of 4 determinations. The results are expressed as % of controls
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Figure 2. The effect of sertraline and paroxetine as compared to cytotoxic
agents (10-30 xM) on [*H]-thymidine incorporation in HT29 cells. Each
point is the mean +SEM of 4 determinations.

Fig. 3 shows the fluorescence microscope images of
HT29 cells treated with paroxetine, sertraline and doxo-
rubicin (15 and 20 yM) for 24 h compared to vehicle
following staining with PI and Hoechst reagents. The figure
demonstrates a blue (Hoechst) fluorescence of intact nuclei
treated with vehicle. Red (PI) fluorescence presents
fragmented nuclei of cells undergoing mainly apoptosis. The
paroxetine and sertraline treated cells appeared with

increased red fluorescence especially of sertraline (20 uM),
supporting apoptotic cell death. Doxorubicin therapy resulted
in the disappearance of most of the cells in the field and a
view of debris, suggesting the combination of necrotic and
apoptotic cell death.

Fig. 4 shows the effect of sertraline (A) or paroxetine (B)
(7.5-50 uM for 24 h) on the cell cycle of HT29 cells using
flow cytometry analysis of Pl-stained cells. The results show
that the two agents caused a dose-dependent decrease in the
DNA synthesis (S) phase (34.8 vs 7.1% and 11.5% controls
vs paroxetine and sertraline 50 M, respectively) and
arrested cells in the subapoptotic GO/G1 phase (52.49 vs
82.57% and 79.56% controls vs paroxetine and sertraline
50 uM, respectively).

Fig. 5 shows the time course of the substrate cleavage of
cell extracts responding to caspase-3 following exposure of 4 h
to sertraline, paroxetine or vehicle. The reaction was
performed in LS1034. Sertraline and paroxetine, in a dose-
dependent manner, increased the activity of caspase-3, which
is a key factor in apoptosis induction. The specificity of the
effect is evidenced by the blockade of the increasing activity
of the enzyme shown with the addition of the caspase-3-
specific inhibitor DEVD-AMC-CHO.

Fig. 6A and B illustrates the expression of three key
proteins Bcl-2, p53 and c-Jun exposed to the antidepressants
for 24 h using Western blot analysis. Results show that in
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Figure 3. A fluorescence microscope image of PI (red fluorescence) + Hoechst (blue fluorescence) of HT29 cells treated with paroxetine, sertraline or
doxorubicin (15 and 20 #M). Blue nuclear staining indicates intact cells (controls) and red PI defined nuclear staining indicates apoptosis (paroxetine and
more potently sertraline). Undefined blue or red colors indicate debris of cells with mixed apoptosis and necrosis (doxorubicin).
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Figure 4. Flow cytometry of Pl-stained HT29 cells demonstrating cell cycle
after exposure of 24 h to paroxetine (A) or sertraline (B) each at 7.5-50 uM.
Each point represents the mean +SEM of 3 determinations.

HT?29 cells, SSRIs at 20 xM though not cisplatin decreased
the expression of the antiapoptotic proto-oncogene, Bcl-2.
When plotted by densitometry against actin (Table I), we
found a 40 and 60% decrease in the p53 expression for
sertraline and paroxetine, respectively. Moreover, in the

Table I. Densitometry (arbitrary units of blots protein/actin) of
c-Jun, P53 and Bcl2 in HT29 and LS1034 cell lines exposed to
paroxetine, sertraline or a cytotoxic drug (cisplatin or
doxorubicin) at 10 and 20 yM.

HT29 cell line
Drug (uM) c-Jun P53 Bcl2
Control 0.495 1.946 1.131
Paroxetine (10) 1.079 1.135 1.434
Paroxetine (20) 1.157 1.976 0.468
Sertraline (10) 1.166 1.097 0.994
Sertraline (20) 1.439 1.340 0.794
Cisplatin (10) 0.576 1.697 1.145
Cisplatin (20) 1.281 1.882 1.039
LS1034 cell line
Drug (uM) c-Jun P53 Bcl2
Control 0.722 1.161 1.757
Paroxetine (10) 1.088 0.464 1.185
Paroxetine (20) 1.185 0.633 1.114
Sertraline (10) 1.569 0.856 0.846
Sertraline (20) 1.251 0.549 0.755
Doxorubicin (10) 0.656 1312 0.537
Doxorubicin (20) 0.441 2.174 0.957

LS1034 cells, we found a decrease in Bcl-2 for paroxetine and
sertraline (20 M) (37 and 58% of controls, respectively) and
the same activity was registered with doxorubicin. In HT29
cells paroxetine and sertraline at 10 yM slightly decreased
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Figure 5. Caspase-3 activity in LS1034 cells exposed to sertraline or
paroxetine (10 and 20 yM) as expressed by increased blue fluorescence
(360 nm wavelength) induced by a substrate cleavage due to caspase-3
activity. Determinations were performed at 5 min intervals for 75 min. The
caspase-3 inhibitor was added after 45 min.

the expression of the mutated form of p53, whereas in the
LS1034 cells p53 (wild-type) expression was very weak and
tended to decrease with SSRIs and increase with doxorubicin.
Paroxetine and to a higher degree, sertraline (10 and 20 xM),
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markedly stimulated the expression of the MAPK protein c-Jun
in the two cell lines (2.3- and 2.9-fold vs controls for
paroxetine and sertraline at 20 uM, respectively). The same
effect was found in HT29 cells using cisplatin, though not in
the MDR cells LS1034 with doxorubicin, suggesting a
potential role for the c-Jun pathway in the development of
drug resistance.

The relationship between time and effect of sertraline,
paroxetine or 5-FU compared to vehicle on tumor growth
during five weeks of therapy in HT29-xenografted nude (CD1)
mice, as shown in Fig. 7A. The results show a delay in tumor
growth in the 2nd week only in the sertraline-treated mice.
Yet, after the 3rd week of therapy, no significant difference
was found in each of the tested groups. From the beginning
of the 3rd week and following exposure of the animals to
therapy three times weekly, we noted a sustained inhibition
in tumor growth in the sertraline-treated group, resulting in a
significantly lower tumor volume compared to controls after
5 weeks of therapy.

In terms of within group variation in tumor volume after
5 weeks, we found that in the control group 6/7 mice had a
large tumor (>500 mm?), only 1/6 had a large tumor in the
sertraline group and 4/6 and 3/6 mice had large tumors in the
paroxetine and the 5-FU-treated group, respectively (Table II).
Body weight gain did not differ between the different groups

HT 29
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Figure 6. Western blot analysis of Bcl-2, c-Jun and p-53 proteins in HT29 (A) and LS1034 cells (B) 24 h after exposure to paroxetine, sertraline or a cytotoxic
agent (cisplatin or doxorubicin at 10 and 20 #M). -actin was used as a control for the protein level.
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Figure 7. The in vivo data of CD1 nude mice treated i.p. with sertraline paroxetine or 5-FU beginning 8 days after cell inoculation. Tumor volume (A) and
body weight (B) were measured once a week. Each point is the mean £SEM of 6 animals.

Table II. Tumor volume variation in the different treatment groups after 5 weeks.

Tumor size
Drug Small <250 mm Medium <500 mm Large >500 mm P vs. control
Control 0 1 6
Sertraline 3 2 1 >0.03
Paroxetine 0 2 4
5-FU 0 3 3

(Fig. 7B) and each agent was well-tolerated. After autopsy,
tumors were dissected and homogenized individually and
lysates determined for c-Jun, Bcl-2 and p53. The results
(Fig. 8) demonstrate variability in the individual levels of each
protein. An increase in c-Jun was noted in the SSRI-treated
groups, while only 5-FU showed an increase in Bcl-2.

Discussion

Our results provide evidence that the widely used SSRIs,
paroxetine and sertraline, induce a marked inhibition of cell

survival, anti-proliferative activity and apoptosis in human
colon carcinoma cells possessing mutated or wild-type p53
expression (HT29 and LS1034, respectively). Sertraline
showed the most potent inhibition of viability of HT29 cells
with ICy, of 14.7 uM followed by paroxetine, clomipramine
and fluoxetine, while the noradrenaline reuptake inhibitor,
reboxetine, showed no effect on cell survival or apoptosis.
When compared to the anti-neoplastic agent doxorubicin using
the [*H]-thymidine incorporation test, sertraline and paroxetine
demonstrated a weaker anti-proliferative effect, yet their effect
was comparable to other commonly used cytotoxic agents such
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Figure 8. Densitometry analysis of c-Jun, Bcl-2 and p53 in individual
tumors dissected from a mouse cancer model (each column represents the
mean and SEM of 6 determinations).

as vincristine and cisplatin (Fig. 2). Conversely, in the MDR
human colon carcinoma LS1034 cells, the effect of the active
antidepressants was completely preserved with ICy, levels of
13.1 uM for sertraline, which was different from doxorubicin
and 5-FU, which showed mild or no activity. These results
imply that the active antidepressants operate by a mechanism
that circumvents MDR in colon cancer cells. The development
of resistance of cancer cells to drugs is related to the existence
of efflux transporter Pgp. Drug resistance can be circumvented
by agents that inhibit Pgp (36). With regard to the activity of
antidepressants on Pgp, it was found that several anti-
depressants including citalopram, fluoxetine, fluvoxamine,
paroxetine, reboxetine, sertraline and venlafaxine and their
major metabolites desmethylcitalopram, norfluoxetine,
paroxetine-metabolite and desmethylsertraline possess an
inhibitory effect on Pgp at similar concentrations as quinidine
(a classic Pgp inhibitor) in two models: cancer MDRI1 cells,
and a model for the blood-brain barrier. Sertraline,
desmethylsertraline and paroxetine were found to be most
potent (25). Moreover, Peer et al (27) provided evidence that
the antidepressant fluoxetine enhanced responses to
chemotherapy in syngeneic and in human xenograft mouse
tumor models, by the inhibition of the MDR extrusion pump
Pgp. The cytotoxic effect of the active SSRIs sertraline and
paroxetine was mediated by apoptosis, evidenced by the
activation of the caspase-3 enzyme accompanied by a dose-
dependent cell cycle arrest at the GO/G1 phase and a decrease
in the S phase. Caspase-3 is a key component involved in
apoptosis (34) and its levels appear to have a prognostic value
in colon cancer (37). We previously showed that the SSRIs
paroxetine and fluoxetine stimulated caspase-3 activity in
glioma and neuroblastoma cell lines (12) and a similar effect
on caspase-3 and cell cycle was found for the phenothiazines
class of the neuroleptics, suggesting a possible common
mechanism of action (33). With regard to the transcription
factors and oncogenes involved in the SSRIs-induced
apoptosis, we found that paroxetine and sertraline stimulated
the expression of c-Jun. These results support our previous
observation of early stimulation of p-c-Jun by paroxetine and
fluoxetine in rat glioma cells (12). The JNK pathway mediates
apoptotic death in response to a variety of stressful stimuli
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(14). In this study, we demonstrated a differential effect on
the c-Jun protein in the two cell lines induced by the
cytotoxic agents cisplatin and doxorubicin. Whereas in the
sensitive HT29 cells, the cytotoxic agent cisplatin induced an
increase in c-Jun, in the resistant line, LS1034, doxorubicin
did not modify it, suggesting a potential role of the MAPK c-
Jun pathway in the development of drug resistance. Yet,
additional comparative studies with several cytotoxic agents
in the two cell lines are needed to support this hypothesis.
Another study revealed proapoptotic effect of the cytotoxic
agent DMNQ-S52 in Lewis lung carcinoma cells by the
stimulation of JNK that triggered caspase-3 activation (38).
Furthermore, in our study we found increased c-Jun
expression in the ‘in vivo’ HT29 tumors. Other major genes
involved in apoptosis regulation are the anti-apoptotic Bcl-2
and its family members, and p53, the tumor suppressor gene,
which in its mutated type signals for defective apoptosis and
tumor progression in various types of cancers including most
types of colorectal cancer (6). The mutated p53 is
overexpressed in tumor cells and indicates an unfavorable
prognosis (39). P53 is mutated in HT29 cells and was
suppressed by the two SSRIs at 10 M though not with the
20 uM, suggesting a possible bell shape effect of the drugs on
mutated p53. However, it appears in its wild-type in the
LS1034 cell line where p53 is negative (28,29). In these MDR
cells, SSRIs tended to further reduce p53, while doxorubicin
increased its expression. Sertraline and paroxetine (at 20 M)
inhibited the expression of the anti-apoptotic protein Bcl-2 in
HT?29 and in the LS1034 cells, 24 h after exposure. A similar
effect was found by cisplatin in HT29 cells, although not by
doxorubicin in LS1034. In the cancer-bearing mice, no
significant effect was observed on the expression of either
Bcl-2 or p53 by the SSRIs due probably to the lack of
effective concentrations in the blood and to the high variability
seen in the animals.

Serotonin was previously reported to affect cell
proliferation, maturation and apoptosis in different cell types
including colorectal carcinoma and drugs such as fluoxetine
and citalopram, which were reported to retard the growth of
two out of three lines of human colonic tumors in immune-
deprived mice (40,41). Thus, the role of serotonin in drug
activity cannot be ruled out in the in vivo models. However,
the vast difference in the effect of various antidepressants,
each possessing the effective inhibition of the serotonin
transporter and our previous results showing the direct in vitro
effect of paroxetine on the gene expression of proteins and
transcription factors involved in cell proliferation in human
isolated T lymphocytes, suggests a serotonin-independent
direct proapoptic activity (19).

All in all our results are in line with recent data showing a
marked proapoptotic effect of certain antidepressants,
tricyclic and SSRIs, in different cell lines. The tricyclic
antidepressants imipramine and desipramine caused apoptosis
in HT29 cells accompanied by cell cycle arrest at the GO/G1
phase (42). Our results in xenografted nude mice show that
the antidepressant sertraline, though not paroxetine, induced
a significant inhibition of HT29 subcutaneous tumor volume
mainly from the 3rd week of therapy in male CD1 nude
mice. This effect was even more pronounced than that
produced by the same dose of 5-FU. When animals were
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divided into groups by their tumor volume, 6/7 control
animals presented big tumors (>500 mm?), while only 1 animal
in the sertraline group showed a big tumor mass and 3 revealed
small tumors (<250 mm?) (Table I). The drugs were well-
tolerated and there was no difference in body weight gain or
in general behavior in any of the groups. These data are in
line with a recent epidemiological study demonstrating that
the use of SSRIs at high doses up to 5 years before diagnosis
is associated with a decreased incidence (odd ratio 0.7) of
colorectal cancer (19). Long-term SSRI use was not
associated with the increased risk of ovarian cancer (43) and
of breast cancer (44). Yet, the use of sertraline (50 mg/day)
in patients with advanced cancer resulted in the failure of the
drug to improve symptoms, wellbeing or survival of these
patients (20). These results could be related to the low dose of
the drug and the advanced stages of the cancer.

Therapeutic doses of SSRI (including sertraline)
administered for depression and anxiety-related disorders
induce plasma concentrations of <1 M (45), which is a sub-
effective dose for anti-proliferative activity. We believe that
any modification of formulation or the use of higher doses
could potentially increase the efficacy of the active SSRIs in
the treatment of cancer. Since SSRIs are widely used to treat
cancer patients for depression (46), the selection of
antidepressants with anti-proliferative activity seems to offer
potential therapeutic benefits.
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