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Abstract A unique synergistic effect on platinum drug
cytotoxicity is noted in the presence of the tricyclic anti-
depressant desipramine. Desipramine is used for treating
neuropathic pain, particularly in prostate cancer patients.
The clinically used drugs cisplatin (cis-[PtCl,(NH3),]),
oxaliplatin [1,2-diaminocyclohexaneoxalatoplatinum(Il)],
and the cationic trinuclear agent BBR3464 [{trans-
PtCI(NH3), },-p1-(trans-Pt(NHz3),(HoN(CH,)6NH, )) 1 *7,
which has undergone evaluation in phase II clinical trials
for activity in lung and ovarian cancers, were evaluated.
Surprisingly, desipramine greatly augments the cytotoxic-
ity of all the platinum-based chemotherapeutics in HCT116
colorectal carcinoma cell lines. Desipramine enhanced
cellular accumulation of cisplatin, but had no effect on the
accumulation of oxaliplatin or BBR3464, suggesting that
enhanced accumulation could not be a consistent means by
which desipramine altered the platinum-drug-mediated
cytotoxicity. The desipramine/cisplatin combination resul-
ted in increased levels of p53 as well as mitochondrial
damage, caspase activation, and poly(ADP ribose) poly-
merase cleavage, suggesting that desipramine may synergize
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with cisplatin more than with other platinum chemothera-
peutics partly by activating distinct apoptotic pathways.
The study argues that desipramine may be a means of
enhancing chemoresponsiveness of platinum drugs and the
results warrant further investigation. The results emphasize
the importance of understanding the differential pharma-
cological action of adjuvants employed in combinations
with cancer chemotherapeutics.
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Abbreviations

c-DDP  Cisplatin

CI Combination index
HSA Human serum albumin

PARP  Poly(ADP ribose) polymerase
PBS Phosphate-buffered saline

PI Propidium iodide
Introduction

Cancer chemotherapy usually involves treatment with drug
combination regimens. Platinum-based drugs play an
important part as components of these regimens. Cisplatin
(c-DDP) is curative in testicular cancer, whereas oxalipl-
atin (Eloxatin) is recommended with 5-fluorouracil (FOL-
FOX) for treatment of metastatic colon cancer. The
pharmacological action of any drug must be monitored in
light of proposed combinations. The pharmacological
parameters affecting platinum drug cytotoxicity and anti-
tumor activity are generally accepted to be (1) the nature
and extent of target (DNA) binding, (2) the extent of
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platinum drug cellular accumulation, and (3) metabolizing
(destabilizing) interactions with sulfur-containing bio-
molecules such as human serum albumin (HSA) and
glutathione. Reduced cellular accumulation is consistently
being seen as a major cause of development of clinical
resistance [1, 2]. Cellular accumulation can be affected by
drug combinations and this point may be an important
feature in designing potential combination regimens for
new, emerging agents. In preclinical studies, the Raf
kinase inhibitor BAY43-9006 reduces cellular accumula-
tion of c-DDP and oxaliplatin [3], whereas, in contrast,
the 20S proteasome inhibitor bortezomib enhances c-DDP
accumulation by blocking the c-DDP-induced downregu-
lation of the hCTRI transporter in a concentration-
dependent manner [4]. Interestingly, the concomitant
administration of imatinib with c-DDP prevents c-DDP-
induced nephrotoxicity by inhibiting c-DDP renal accu-
mulation [5].

Adjuvant therapy with antidepressants is also common
standard of care for cancer patients [6]. People with cancer
are 3 times more likely than the general population and
almost 2 times more likely than other hospitalized medical
patients to develop major depression [7]. Untreated, this
can lead to decreased compliance with medical care as well
as increased psychological toll on the patient and the
patient’s family. Patients will also most likely be treated
with combination chemotherapy with a variety of anti-
cancer drugs. There is therefore an important need to

examine how the combination of an adjuvant drug interacts
with the chemotherapeutic agent—the combination may be
additive or antagonistic, where the drug interference can
result in decreased efficacy of the treatment. Recent dis-
cussion on the negative effect of antidepressants on
tamoxifen therapy in breast cancer patients highlights the
necessity to understand the pharmacological action of drug
combinations [8, 9]. The differential effects noted above on
cellular platinum accumulation, and hence efficacy, could
also extend to adjuvant therapies.

The choice of a specific antidepressant depends on a
number of factors, including the nature of the depressive
symptoms, medical problems present, and side effects of
the specific drug. Low doses of tricyclic antidepressants
can be especially useful as adjuvant pain medications in
patients with neuropathic pain syndromes. Desipramine
(Fig. 1) is one such tricyclic antidepressant and is impor-
tant for treating neuropathic pain from cancer chemother-
apy [10, 11]. It is also relevant as an inhibitor of organic
cation transport accumulation pathways, a possible mech-
anism for cellular accumulation of c-DDP [1, 12]. As such,
it was anticipated that desipramine might antagonize the
effects of c-DDP and oxaliplatin (Fig. 1), the side effects of
which are nephrotoxicity and neuropathy, respectively
[13]. The tumor cell line selected for study was human
colon HCT116. We also examined the preclinical drug
BBR3464 ([{trans-PtCl(NH3)2}z-u-(trans-Pt(NH3)2(H2N
(CH2)6NH2)2)]4+) because a survey of cytotoxicity across
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the National Cancer Institute tumor panel showed en-
hanced sensitivity of colon cancers to this drug [14]. This
article reports on the role of desipramine in modulating the
biological effects of platinum drugs and the unexpected
synergistic effect on cytotoxicity in the presence of the
antidepressant.

Materials and methods
Compound synthesis

BBR3464 and c-DDP were synthesized as previously
described [15]. Oxaliplatin and desipramine were obtained
from Sigma-Aldrich (St. Louis, MO, USA).

Cell culture conditions

The HCT116 colorectal carcinoma cell lines were a kind
gift from Bert Vogelstein (Johns Hopkins University,
Baltimore, MD, USA). HCT116 cells were cultured in
RPMI 1640 with 10% fetal bovine serum, 2 mmol/L L-
glutamine, 100 U/mL penicillin, 100 pg/mL streptomycin,
and 1 mmol/L sodium pyruvate (all from Biofluids,
Rockville, MD, USA) in humidified air with 5% CO,. For
the assays, cells were cultured in six-well plates at an initial
density of 7.0 x 10" cells per milliliter. Different con-
centrations of drugs were added to each well as indicated.
Total cells (adherent and nonadherent cells) were collected.
BBR3464, c-DDP, and oxaliplatin concentrations were
adjusted to achieve approximately 30-40% apoptosis after
72 h of treatment, allowing measurement of enhancement
or inhibition in the presence of the antidepressant.

Propidium iodide DNA staining and analysis
of apoptosis

Samples were fixed in a solution containing 35% 1x PBS
(vol/vol), 12.48% fetal bovine serum (vol/vol), and 52.52%
70% ethanol (vol/vol). The samples were then washed with
phosphate buffered saline (PBS), and stained with a solu-
tion containing 94% 1x PBS (vol/vol), 0.1 mg/mL RNase
A, 0.0001 M EDTA, and 0.04 mg/mL propidium iodide
(PI). The samples were stained for two hours. Samples
were then analyzed for subdiploid DNA content using a
FACScan flow cytometer (BD Biosciences, San Jose, CA,
USA). It is noteworthy that this protocol differs signifi-
cantly from the more common PI-based exclusion, which
only differentiates live versus dead cells. Through fixation
and RNase A treatment, we were able to detect intact
versus fragmented DNA, revealing discrete stages of the
cell cycle and the percentage of the population undergoing
apoptosis.

Assessment of mitochondrial membrane potential

Alteration in mitochondrial membrane potential (Ay/,,,) was
assessed by staining with 3,3’-dihexyloxacarbocyanine
iodide (Molecular Probes, Eugene, OR, USA]. 3,3'-Di-
hexyloxacarbocyanine iodide was added to 200 pL of cells
at 40 nmol/L final concentration. Cultures were incubated
for 30 min at 37 °C in a CO, incubator. The cells were
then washed twice with PBS and resuspended in 200 pL
PBS for flow-cytometric analysis using a forward and side
scatter gate sufficiently open to include apoptotic/dying
cells.

Assessment of caspase activation

Staining for active caspases was performed with caspase
kits (Immunochemistry Technologies, Bloomington, MN,
USA), as specified by the manufacturer. Cells were incu-
bated with a cleavable substrate that binds to the active
caspases 3 and 7. Substrate cleavage results in increased
fluorescence intensity, interpreted as caspase-positive cells.
The percentage of caspase-positive cells was measured by
flow cytometry.

Platinum accumulation assays

Cells were plated at 2.0 x 10° cells per milliliter. Platinum
drug was added in different concentrations alone or 60 min
after the addition of desipramine. After 8 or 16 h, cells
were harvested and washed twice with PBS. The cell pel-
lets were then dissolved in hot nitric acid, followed by the
addition of hydrogen peroxide and hydrochloric acid,
according to US Environmental Protection Agency proce-
dure 3050b (all volumes reduced by one tenth), and diluted
with Milli-Q water (Millipore, Billerica, MA, USA). Plat-
inum analysis was performed with a Vista-MPX simulta-
neous inductively coupled plasma optical emission
spectrometer (Varian, Palo Alto, CA, USA) at 265 nm.
Standards and the blank were prepared in the same way as
the samples.

Platinum drug binding to human serum albumin

A 0.33 mol/L solution of HSA and 1 mmol/L solutions of
c-DDP, oxaliplatin, BBR3464, and desipramine were made
up in PBS. The solutions were mixed in a stoichiometric
3:3:1 desipramine/platinum drug/HSA ratio. The controls
were the cDDP, oxaliplatin, and BBR3464 bound to HSA
in the absence of desipramine. Desipramine was added to
the HSA solution and the mixture was incubated for 1 h at
37°C. The platinum drugs were then added and 150-uL
aliquots were taken at O min, 30 min, 2 h, 6 h, 24 h, and
48 h. The samples were pipetted into filter tubes and

@ Springer



126

J Biol Inorg Chem (2012) 17:123-132

centrifuged for 10 min at 14,000 rpm. The liquid that came
through the filter was the free drug portion. The filter was
then flipped over, placed in another tube, and centrifuged at
1,000 rpm for 5 min to give the portion with drug-bound
protein. After the samples had been centrifuged, all por-
tions were digested with acid according to US Environ-
mental Protection Agency procedure 3050b (all volumes
reduced by one tenth) as described previously [15] and
were analyzed by inductively coupled plasma optical
emission spectroscopy.

Measurement of platinum accumulation in DNA

Cells were plated at 2.0 x 10° cells per milliliter. Platinum
drug was added in 160 pmol/L concentrations alone or
60 min after the addition of desipramine. After 36 h cells,
were harvested and washed twice with PBS. The DNA was
extracted using a DNeasy blood and tissue kit (QIAGEN,
Valencia, CA, USA) according to the manufacturer’s
instructions. The concentration and the purity of the
extracted DNA were calculated using a Nanodrop spec-
trophotometer and the 260 nm/280 nm absorbance ratio.
The samples were then digested with acid according to US
Environmental Protection Agency procedure 3050b (all
volumes reduced by one tenth) and were analyzed using an
820-MS axial simultaneous inductively coupled mass
spectrometer (Varian, Palo Alto, CA, USA).

Western blotting

Whole-cell lysates were blotted with a mouse monoclonal
antibody against human p53 (BD Bioscience), monoclonal
antibody against poly(ADP ribose) polymerase (PARP)
(Trevigen, Gaithersburg, MD, USA), and actin (Sigma),
and were subsequently resolved with secondary antibody
conjugated with horseradish peroxidase. Blots were treated
with ECL Western blotting detection reagents from GE
Healthcare, Amersham, Buckinghamshire, England. Band
intensity was measured by densitometry with an Eagle Eye
II system (Stratagene, La Jolla, CA, USA).

Colony formation assay

Cells were cultured (250-1,500 cells per well in a six-well
plate) and 12 h after plating, cells were treated with drugs
for 48 h. Afterward, the drug-containing medium was
carefully removed, the cells were washed once, and fresh
medium lacking drugs was added. Cells for colony for-
mation assays were cultured for an additional 10-14 days,
after which the medium was removed and cells were fixed
with methanol, stained with crystal violet, and counted
manually.
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Statistical analysis

Statistical analysis was performed using the ¢ test for two
data points using SysStat9 (SPSS, Chicago, IL, USA).
p < 0.05 was considered to be significant. The combination
index (CI) was calculated with Calcusyn from Biosoft
(Cambridge, UK) for synergy. The proportion of dead cells
was entered into the program, and the degree of synergism
was determined from the CI value according to the Chou
and Talaly [16] algorithms. A CI value of less than 1 shows
synergism, whereas a CI value greater than 1 shows
antagonism. When the CI value remains close to 1, addi-
tivity is indicated. The results given are the mean and the
standard error.

Results

Effect of desipramine on platinum-drug-induced
cytotoxicity: synergistic effects of desipramine

Desipramine surprisingly augmented the cytotoxicity of all
three platinum drugs studied (Fig. 2). The enhancement of
apoptosis in the presence of desipramine is time- and
concentration-dependent. The highest percentage of apop-
tosis was observed with desipramine at a concentration of
20 pmol/L in combination with BBR3464 or c-DDP, but
for oxaliplatin, the percentage of apoptosis peaked with
40 pmol/L desipramine (Fig. S1). At this latter concen-
tration, desipramine alone has very little effect on HCT116
survival, and this concentration was therefore used for
time-dependence studies. To determine the concentration
dependence, cells were treated with platinum drugs and
different concentrations of desipramine for 72 h, and the
percentage of apoptosis was measured by PI DNA staining.
The concentrations of the platinum drugs were chosen to
give approximately 30-40% apoptosis as single agents
after 72 h. In the case of c-DDP, the enhancement reached
a maximum at 48 h after treatment, where desipramine
increased the c-DDP-induced apoptosis from 27% to
approximately 80% (Fig. 2a). For oxaliplatin, a quantita-
tively smaller but significant increase in apoptosis from 49
to 76% was observed after 72 h of treatment in the pres-
ence of the antidepressant (Fig. 2b). The BBR3464/desi-
pramine combination at 72 h also showed a significant
increase to approximately 80% in comparison with that
induced by either desipramine or BBR3464 alone.

The combined apoptosis data were subjected to statis-
tical analysis (using Calcusyn, see “Materials and meth-
0ds”), and the CI was calculated for evidence of synergy
(Table 1). CI < 1 is indicative of synergy and below 0.3
there is strong synergy. When CI > 1, antagonism is
indicated and a CI of approximately 1 is considered



J Biol Inorg Chem (2012) 17:123-132

127

>

00 1 4 - control «
a0 4 -a - Desipramine Alona
B0 4 - c-DOP
% 70 4 =+ c-DDP +Desipramine
5 9
50
g w
R 307
20 4
10 .
0 e e e T DTS
0 20 40 60 80 100
Time (h)
B 100 ¢ - - contral
90 4 & - Desipramine Alone *

80 4 —=— Oxaliplatin
70 4 —a— Oxaliplatin +Desipramine
60 -
50 -
40 4
30 -
20 1
10 4

0= e = — _—.‘J-=._;.4_.=,s-.—_-'_,-:_'_:'__3_,

0 20 40 60 80 100
Time (h)

% Apoptosis

100 7 - - control "
90 4 —» - Desipramine Alone
- R34
80177 arons -Onsem
R +Uesipramine
70 4

60
50 -
40 -
30
20 -
10

9]

% Apoptosis

Time (h)

Fig. 2 Time-course dependence of the effect of desipramine on
platinum-drug-induced apoptosis in HCT116 colorectal carcinoma
cells. Subdiploid cell content was detected by propidium iodide DNA
staining. HCT116 cells were cultured with 10 pmol/L c¢-DDP,
30 pmol/L oxaliplatin, or 50 umol/LL. BBR3464, respectively, for
the indicated times in the absence and presence of 40 pmol/L
desipramine. Platinum drug concentrations were adjusted to achieve
approximately 20-30% apoptosis after 48 h, allowing measurement
of enhancement or inhibition. Platinum drugs were added to the
medium after 1 h of treatment with desipramine. Each point
represents the average (£ standard error of the mean, SEM) of three
independent experiments. Asterisks p < 0.05 when comparing cells
treated with and without desipramine, by Student’s ¢ test. All points
after 48 h have p < 0.05 for platinum drug with desipramine versus
platinum drug alone

indicative of an additive rather than a synergistic response
to the combination. The data showed strong synergy with
desipramine for all platinum compounds, with the strongest
synergy being observed for BBR3464. Again, note that all
platinum drug concentrations were first adjusted to achieve

approximately 30—40% apoptosis after 72 h of treatment,
allowing measurement of enhancement or inhibition. Sig-
nificantly low CI values were obtained independent of the
concentration of either agent used. The CI increased
somewhat with c-DDP concentration but always within the
mathematical index of synergy. Interestingly, at constant
c-DDP and BBR3464 concentrations, the CI value was
dependent upon the desipramine concentration. We noted
synergy with desipramine concentrations of 5 and 20 pmol/L,
plateauing thereafter for both platinum drugs, but a stronger
synergy with BBR3464 (Table 1). In contrast, the behavior
of oxaliplatin was somewhat different. The lower concen-
trations of desipramine (5-20 umol/L) yielded additive
rather than synergistic effects, but above 40 pmol/L (the
concentration which gave an optimal increase in apoptosis,
Fig. S1), the CI dropped dramatically and was essentially
independent of oxaliplatin concentration.

Mechanistic studies on the effect of desipramine
on platinum drug cellular accumulation and DNA
binding

To examine the possible mechanism(s) of the desipramine
effect, several assays were employed, including measure-
ment of HSA interactions, total cellular platinum accu-
mulation, and platinum-DNA binding, as well as the
effects of the platinum drug/antidepressant combination on
downstream signaling pathways.

Interactions with human serum albumin

Serotonin-specific reuptake inhibitors, which have become
first-line therapy for treatment of depression in cancer
patients, are strongly protein bound, and therefore consid-
eration must be given to their interaction with anticancer
agents [17]. Binding to HSA may also affect the cytotox-
icity and cellular accumulation of platinum drugs as well as
their structural integrity [18-20]. In a cell-free assay, the
presence of equimolar concentrations of desipramine did
not affect the binding of any of the platinum drugs to HSA
(Fig. 3). There are slight differences between c-DDP and
oxaliplatin at early time points, but overall the antide-
pressant drug does not affect binding of platinum drugs.
Simultaneous binding of both types of drug to albumin may
well still occur—the binding sites may simply be different.

Cellular platinum accumulation

Platinum drug cellular accumulation in HCT-116 colon
cancer cells was measured in cells treated with platinum
drug with and without desipramine (Fig. 4). Desipramine
surprisingly enhanced the cellular accumulation of c-DDP
more than twofold, but in contrast, neither oxaliplatin nor
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Table 1 Analysis of combinational therapy of platinum drugs and desipramine in vitro

PI DNA staining BBR3464* Des Apop CI c-DDP Des Apop CI Ox Des Apop CI

(72 h) (pmol/L) (umol/L) (%) (umol/L)  (umol/L) (%) (umol/L)  (umol/L) (%)

HCT116 WT

A 15 40 58 0.031 5 40 83 0.174 15 40 70 0.13
25 40 62 0.034 10 40 86 0.303 30 40 79 0.103
50 40 81 0.008 15 40 88 0422 45 40 87 0.051

B 50 5 41 0.46 10 5 50 0.922 30 5 52 1.035
50 10 48 0.233 10 10 67 0.602 30 10 54 0.917
50 20 87 0.003 10 20 84 0.343 30 20 48 1.508
50 40 81 0.008 10 40 86 0.303 30 40 79 0.103
50 50 87 0.003 10 50 86 0.303 30 50 86 0.046

Cytotoxicity was determined after 72 h of exposure to platinum drugs using propidium iodide DNA staining assay as described in “Materials and
methods.” The combination index was calculated by the Calcusyn program, and a value less than 1 indicated synergy. The table shows data from

three experiments per data point

PI propidium iodide, WT wild type, A constant desipramine concentration was used with different platinum drug concentrations; B constant
platinum drug concentration was used with different desipramine concentrations, Des desipramine, Apop apoptosis, CI combination index, c-

DDP cisplatin, Ox oxaliplatin
% As NOj salt

BBR3464 showed any difference in cellular accumulation
in the presence of the tricyclic antidepressant (4). The
somewhat higher accumulation of oxaliplatin relative to
c-DDP in human colon cancer cells at equimolar concen-
trations was confirmed [21]. Because of the more rapid
accumulation of BBR3464 at early time points, accumu-
lation for this agent was measured after 8 h, whereas a 16-h
time point was used for the mononuclear drugs. The overall
results did confirm the higher cellular accumulation of the
44 charged compound relative to the neutral c-DDP and
oxaliplatin at early time points [15, 22].

Cellular Pt—-DNA binding

Another important parameter for platinum cytotoxicity is
the extent of DNA binding. No enhancement of Pt—-DNA
binding was found for either c-DDP or oxaliplatin (Fig. 5).
Some increase was found for BBR34364 but, by itself, is
unlikely to explain the enhancement of cytotoxicity by the
antidepressant drug. Since cellular accumulation in the
presence of desipramine is only enhanced in the case of
c-DDP (Fig. 4a), there appears to be no direct correlation
between enhanced accumulation and the levels of Pt—-DNA
adducts.

Cellular and signaling effects of desipramine/platinum
drug combinations

To extend the findings on apoptosis, we examined the
impact of desipramine on specific apoptotic pathways,
beginning with changes in mitochondrial membrane
potential (Ay,,), which can lead to caspase enzyme acti-
vation. Desipramine/platinum drug treatment significantly
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altered Ay, increasing the percentage of cells showing
reduced Ay, by approximately 2 orders of magnitude
compared with those treated with c-DDP, oxaliplatin, or
BBR3464 alone (Fig. 6a). In a similar manner, desipramine
also increased caspase 3 activation in HCT116 carcinoma
cells treated with c-DDP, oxaliplatin, or BBR3464 addition
(Fig. 6b). In agreement with our apoptosis findings, the
effects on Ay, and caspase activation were most overt in
the desipramine/c-DDP combination, and were least when
desipramine was combined with oxaliplatin. Caspase acti-
vation can lead to the cleavage of survival/repair proteins,
including PARP. To complete the analysis of the mito-
chondrial and caspase pathways, we examined cellular
levels of cleaved PARP by Western blot analysis. Constant
platinum drug concentrations of 10 pumol/L were used for
all platinum drugs. As shown in Fig. 6¢c, desipramine sig-
nificantly enhanced PARP cleavage in HCTI116 cells
treated with c¢c-DDP, but did not alter PARP under other
conditions.

Platinum-drug-mediated p53 expression

Many apoptotic signaling pathways converge at the tran-
scription factor p53. p53 causes cell death in part by
inducing mitochondrial damage that activates the death
effector caspase enzymes [23]. Since all platinum drugs
have been argued to elicit apoptosis in certain cell lines via
a p53-dependent pathway [24, 25], pS3 levels were mea-
sured by Western blot analysis and quantified by densi-
tometry (Fig. 7). Interestingly, p53 levels in the presence of
desipramine alone were very low—in agreement with the
observation that although desipramine induces apoptosis in
a mitochondrial-dependent manner, HCT116 cells are not
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1:1 molar ratio. The drugs and HSA are in a 1:3 molar ratio. The
BBR3464 concentration is divided by 3 to reflect the trinuclear nature
of the drug

especially sensitive to this agent [26]. All three platinum
drugs induced measureable levels of p53, with oxaliplatin
having the most overt effect under these conditions. As
with PARP cleavage (Fig. 6¢), desipramine only enhanced
p53 stabilization in combination with c-DDP, and had little
or no effect when combined with BBR3464 or oxaliplatin.

Discussion

These results complement the published reports of inter-
ference of tamoxifen efficacy in breast cancer treatment by
antidepressants [8, 9, 27]. Tamoxifen is standard adjuvant
treatment for women with estrogen-receptor-positive breast
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Fig. 4 The effect of desipramine on platinum compound cellular
accumulation. HCT116 cells were treated with equimolar concentra-
tions (20 pmol/L) of c-DDP and oxaliplatin for 16 h and of BBR3464
for 8 h, with the indicated concentrations of desipramine. Cellular
platinum content was measured by inductively coupled plasma optical
emission spectroscopy as described in “Materials and methods.”
Each point represents the average (:SEM) of three independent
experiments. Asterisks p < 0.05 as compared with drug alone as
determined by the 7 test

cancer and is a preventative agent for women at high risk of
developing breast cancer. Studies have shown that three
antidepressants—paroxetine, fluoxetine, and bupropion—
may interfere with tamoxifen treatment by inhibiting the
action of CYP2D6, the principal metabolic enzyme that
converts tamoxifen into the active form endoxifen [8, 9].
Given the seriousness of these findings, it is imperative to
examine the generality of these findings across the anti-
cancer armamentarium. The results presented here show
that the tricyclic antidepressant desipramine augments the
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cytotoxicity of platinum anticancer agents. The reasons for
this interesting result, with potential clinical importance,
have been explored by examining the comparative phar-
macological action and cellular biology of the platinum
drugs in the presence and absence of the antidepressant.
Desipramine does not interact with either c-DDP or
[PtCl(dien)]C] (where dien is diethylenetriamine) as mon-
itored by "HNMR spectroscopy experiments.

It is worthy of note that desipramine has differential
effects on cellular accumulation of the platinum agents yet
enhances the cytotoxicity of all the platinum agents stud-
ied. Only the cellular accumulation of c-DDP is affected by
the presence of desipramine (accumulation was increased
2.7-fold by desipramine), which may explain the more
rapid kinetics of apoptosis seen (48 h for c-DDP vs. 72 h
for BBR3464 and oxaliplatin) (Fig. 4). It is plausible that
increased accumulation of c-DDP is due to a reduced
recycling of a potential c-DDP importer or perhaps inhi-
bition of an efflux transporter. Desipramine inhibits the
serotonin transporter and affects trafficking of transporters
such as f-adrenoreceptors [12, 28-30]. There is no con-
sistent effect upon Pt—-DNA binding with desipramine
treatment—only BBR3464 showed measurable increases in
the number of DNA adducts in the presence of desipra-
mine. It is noteworthy that the cellular pharmacological
action of BBR3464 differs from that of both c-DDP and
oxaliplatin, further emphasizing the distinctness of the
trinuclear structure in comparison with mononuclear drugs
[31, 32].

The kinetics of DNA binding and indeed cellular uptake
of all three platinum agents are different, and it is difficult
therefore to examine identical time points for both accu-
mulation and DNA platination assays. Nevertheless, the
results are consistent in that, unlike the tamoxifen case,
there is no direct correlation of cellular pharmacological
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action (plasma protein binding, cellular accumulation, and/
or cellular Pt-DNA binding) with the enhancement of
cytotoxicity by desipramine. Nevertheless, a biological
explanation for these results could lie in modulation of
Pt-DNA damage repair, and this feature is under further
investigation. Interestingly, p53 levels were significantly
enhanced in the desipramine/c-DDP combination over
those for the platinum agent alone. These findings suggest
that desipramine may synergize with c-DDP more than
with other platinum chemotherapeutics partly by activating
distinct apoptotic pathways. Desipramine itself induces
apoptotic cell death through both mitochondrial and
nonmitochondrial pathways in different colon carcinoma
cells [26, 33]. Notably, p53 induction in HCT116 cells by
desipramine is also not as significant as that caused by
platinum agents, and apoptotic cell death is considered to
occur primarily through disturbance of mitochondrial
function, although the sensitivity of HCT116 cells in
general is less than that of HT29 cells [26]. The molecular
mechanism of desipramine apoptosis is unlikely to be a
consequence of direct DNA modification, [26, 33], and
thus complementary signaling pathways may be activated
in the presence of both drugs. In this scenario, the role of
p53 may lie in enhancement of two pathways—one a
consequence of induction through direct DNA modification
and the second a multiple effect on signaling pathways
through the presence of p53, adding to the cellular stress.

The viability of HCT116 cells is not significantly altered
in the presence of up to 50 pmol/L. desipramine, [26],
suggesting that the results obtained here at the concentra-
tions used may have genuine pharmacological significance.
The optimal concentration of desipramine was within the
range of clinically relevant doses achieved in patients,
although there is some discrepancy in literature values—
free desipramine concentration in the serum has been
reported at approximately 9.5 pmol/L, [34], but toxicity
has been noted at 3.8 pmol/L [35].

In conclusion, an unexpected result is the synergistic
effect on cytotoxicity shown by desipramine. The tricyclic
organic compound, a safe and effective antidepressant used
as an adjuvant for cancer treatment, greatly augments the
cytotoxicity of platinum-based chemotherapeutics. In the
case of c-DDP, these effects correlated to some extent with
enhanced activation of the p53 mitochondrial death path-
way. The study is of high clinical relevance and argues that
desipramine may be a means of enhancing chemorespon-
siveness to platinum-based anticancer agents and that
desipramine warrants further investigation for its clinical
utility.

Finally, it is worthy of note that the mechanistic study of
drug combinations—either adjuvant agents or emerging
clinical candidates—may help to distinguish the cellular
pharmacological action and cancer biology of new potential
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Fig. 6 Effect of desipramine on downstream signaling pathways of
p53 activated by platinum drugs. a Effect on platinum-drug-induced
mitochondrial damage. HCT116 cells were cultured with 50 pmol/L
BBR3464, 10 pmol/L ¢-DDP, or 30 pmol/L oxaliplatin in the
absence or presence of 40 pmol/L desipramine for 72 h. Reduction
in mitochondrial membrane potential was assessed by staining with
3,3'-dihexyloxacarbocyanine iodide as described in “Materials and
methods.” b Effect of desipramine on platinum-drug-induced caspase
activation. HCT116 cells were cultured as in a. Cells were stained for
active caspase 3/caspase 7 as described in “Materials and methods.”

The data shown are the percentage of the population displaying active
caspase 3/caspase 7. Each point represents the average (+=SEM) of
three independent experiments. ¢ The effect of desipramine on
poly(ADP ribose) polymerase (PARP) expression in platinum-drug-
treated samples. HCT116 cells were precultured for 1h with
40 pmol/L desipramine before the addition of 10 pmol/L platinum
drugs for 24 h. The graph shows averages and standard deviations
from three measurements of PARP expression normalized to actin
loading control. Asterisks p < 0.05 when comparing cells treated with
and without desipramine, by Student’s 7 test
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Fig. 7 Effect of desipramine on p53 levels induced by platinum
drugs. HCT116 cells were cultured with 50 pmol/L. BBR3464,
10 pmol/L ¢-DDP, or 30 umol/L oxaliplatin in the absence or
presence of 40 pmol/L desipramine. p53 expression was detected by
Western blotting. The graph shows averages and standard deviations
from three measurements of PARP expression normalized to actin
loading control. Asterisks p < 0.05 when comparing cells treated with
and without desipramine, by Student’s 7 test

platinum agents in comparison with the clinical drugs.
Especially cellular accumulation may be affected by com-
bination treatments, and comparative study of new platinum
clinical candidates such as BBR3464 may further help to
distinguish their profile from the profiles of the clinically
used drugs.

These types of studies may help to identify unique
agents above and beyond data provided by cytotoxicity
assays.
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