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Interactions of doxycycline with chemotherapeutic agents
in human breast adenocarcinoma MDA-MB-231 cells

Faryar Foroodi?, Wilhelmina C. Duivenvoorden®® and Gurmit Sing

Commonly used chemotherapeutic agents for breast
cancer treatment include cisplatin, doxorubicin, and
paclitaxel. Unfortunately, these effective antiproliferative
agents are limited by their toxicities. Previously, we have
shown that doxycycline can substantially reduce tumor
burden in an animal model of breast cancer bone
metastasis. The purpose of this study was to examine the
effect of doxycycline in combination with chemotherapy.
Human breast adenocarcinoma MDA-MB-231 cells were
treated in vitro with each drug individually and in
combination with doxycycline. Cell survival was determined
using the clonogenic survival assay. Doxycycline in
combination with doxorubicin or paclitaxel yielded
therapeutic antagonism at all effect levels. Combinatory
treatment with cisplatin, however, yielded a biphasic
interaction, at low combinatorial doses, the effect

was quantified as nearly additive, whereas higher
doxycycline—cisplatin doses yielding greater than 50% cell
inhibition resulted in synergistic effects. Cell cycle profiles
were determined and showed that treatment with
doxycycline, cisplatin, and doxorubicin resulted in
Gi-phase, S-phase, and G,/M-phase arrests, respectively.
Upon addition of doxycycline to doxorubicin, the

G, /M-arrest characteristic of doxorubicin-only treatment

Introduction

Breast cancer is the most common cancer and the second
leading cause of cancer death in women in the Western
world, including North America. Despite recent advances
in early detection and the understanding of the molecular
basis of breast cancer biology, bone is the most frequent
site of metastasis in patients with advanced breast cancer,
occurring in approximately 70% of all cases. The clinical
consequences of osteolytic bone metastases often
associated with breast cancer include severe bone pain,
pathologic fractures, nerve-compression syndromes, and
hypercalcemia [1], because of dysregulation of normal
bone remodeling processes related to the presence of
metastases. Currently, there are no effective curative
treatment options for women with bone metastases.

In an animal bone metastasis model of human breast
cancer, we have shown that doxycycline (DCY) can
profoundly decrease the tumor burden in bone and
induce a substantial increase in bone formation [2]. DCY
belongs to the tetracycline family of antibiotics, which have
been shown to disrupt mitochondrial protein synthesis in
various mammalian cells [3,4] leading to proliferation arrest
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was abrogated, which may account for the observed
antagonism. Cells treated with doxycycline and cisplatin
showed a further increase in S-phase arrest, also observed
with cisplatin alone, which may be responsible for the
additive and synergistic effects on cell survival. We clearly
show that doxycycline in combination with paclitaxel or
doxorubicin treatment resulted in antagonism; however,
combining doxycycline with cisplatin led to synergistic
interactions at higher effect levels. The increased potency
of cisplatin may warrant dose reduction and thus decrease
toxicity in vivo. Anti-Cancer Drugs 20:115-122 © 2009
Wolters Kluwer Health | Lippincott Williams & Wilkins.
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in the G; phase of the cell cycle [5]. The multiple
biological effects exerted by tetracyclines, in addition to
their natural osteotropic property, make these antibiotics
ideal candidates to treat breast cancer patients who are at
risk of developing bone metastases [2,6].

Antiproliferative agents, such as cisplatin (¢s-diammine-
dichloridoplatinum, DDP), doxorubicin (adriamycin,
ADR), and paclitaxel (taxol, TAX), have long been used
to treat breast cancer. DDP and other platinum-based
drugs, such as carboplatin and oxaliplatin, are widely used
to treat breast, testicular, ovarian, lung, head and neck,
esophageal, and cervical cancer [7]. DDP preferentially
interacts with the N7 position of purine bases, resulting
in the formation of 1,2-intrastrand and 1,3-intrastrand
DNA adducts and, to a lesser extent, interstrand cross-
links [8], directly inducing cell death [89]. The
anticancer activity of ADR and other anthracyclines can
be most persuasively explained by their inhibition of
topoisomerase Il (topo II) [10,11]. Topo II catalyzes
topological rearrangements by forming a transient double-
strand break in  DNA essential to numerous
nuclear processes [12,13]. The inhibition of topo II in
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ADR-treated cells leads to a G,/M growth arrest, followed
by apoptotic cell death [11,14,15]. The primary cellular
target of TAX is the B-tubulin subunit of polymerized micro-
tubules, preventing microtubule disassembly [16,17]. As
the normal dynamic reorganization of the microtubules is
essential for cell proliferation, cells treated with TAX
arrest at the metaphase—anaphase transition of mitosis
[16,18]. Prolonged exposure to TAX induces apoptotic
cell death, an event considered to be a consequence of
the protracted arrest at the mitotic phase [19].

DDP, ADR, and TAX are effective antiproliferative agents,
but unfortunately cause severe toxicity to nontarget tissues
[20]. DCY shows cytostatic and cytotoxic effects toward
tumor cells [4,5,21] and may therefore be effective against
cancer cells in bone where concentrations of the drug may
reach sufficiently high levels. Little is known about the
therapeutic effects of DCY in combination with chemo-
therapy. The purpose of this study is to determine the
impact of DCY on cellular proliferation when adminis-
tered in combination with TAX, DDP, or ADR. To this
end, human breast adenocarcinoma MDA-MB-231 cells
were treated with DCY and the anticancer agents, indi-
vidually and in combination, and the clonogenic survival
and the cell cycle profiles were determined. The results
may suggest combinations of drugs with greater clinical
efficacy or combinations that should be used with caution.

Materials and methods

Cell culture

Mycoplasma-free human breast adenocarcinoma MDA-
MB-231 cells were obtained from the American Type
Culture Collection (Manassas, Virginia, USA) and
cultured in Dulbecco’s modified Eagle media (DMEM)
supplemented with 10% fetal bovine serum, 100 U/ml of
penicillin G sodium, 100 pg/ml of streptomycin sulfate,
and 0.25pg/ml of amphotericin B (all obtained from
Invitrogen, Burlington, Ontario, Canada) at 37°C, 5%
CO,, and humidified atmosphere.

Treatment

Stock  solutions of DCY hyclate (7.68 mmol/l;
Sigma-Aldrich, St Louis, Missouri, USA) and TAX
(Bristol-Myers Squibb, Montreal, Quebec, Canada) were
prepared fresh with MilliQ water and filter-sterilized
using a 0.2-pm syringe filter. Stock solutions of ADR
(Bedford Laboratories, Bedford, Ohio, USA) and DDP
(Sigma-Aldrich) were prepared freshly with media. Three
sets of drug combinations [DCY-TAX (60000:1),
DCY-DDP (384:1), and DCY-ADR (12000:1)] were
freshly prepared by serial dilution with media to reach
end concentrations ranging from 60 to 960 umol/l for
DCY, 1 to 16 nmol/l for TAX, 0.16 to 2.5 umol/l for DDP,
and 5 to 80 nmol/l for ADR.

Colony-forming assay
MDA-MB-231 cells (150/well) were seeded onto 6-well
plates in 2ml of medium and allowed to adhere by

incubating at 37°C and 5% CO, for 5h. The medium was
aspirated and replaced with 1ml of the appropriate drug
solutions in the medium (either alone or in combination) in
triplicate wells. Control wells were replenished with 1 ml of
medium. After a 24-h incubation period, the medium was
aspirated, followed by a gentle wash with phosphate-buffered
saline (PBS) and the addition of 2 ml of fresh DMEM to each
well. The plates were incubated for an additional 5 days, after
which the medium was aspirated and the colonies were
stained with 0.5% methylene blue in 70% methanol. Colonies
of at least 10 cells were counted and represent the cells
unaffected by drug treatment. The survival is expressed as a
percentage of the corresponding untreated controls (f,).
Experiments were repeated three times for each set of drug
combinations.

Analysis of the combinatorial response

The fraction of cells affected (f,=1-f,) for the
corresponding doses of each drug alone and in combina-
tion, carried out in triplicate, were averaged and analyzed
using CalcuSyn software Version 1.2 (Biosoft, Cambridge,
UK). CalcuSyn uses the median-effect principle to
calculate the potency of each drug, individually and in
combination, in addition to extrapolating the dose for any
given effect (and the effect for any given dose) [22]
according to the following equation:

fa/fu = (D/Dy)"

where D is the dose, D, is the dose required to achieve
50% effect (ICs), f, is the fraction affected by D, and  is
the coefficient of sigmoidicity of the dose—effect curve.
For m > 1, the dose—effect curve is sigmoidal; for m < 1, it
is negative sigmoidal; and for m =1, it is hyperbolic.
Median-effect analysis that yields a linear correlation
coefficient greater than 0.90 (> 0.90) shows that the
measured dose—effect data conform to the median-effect
principle and were included in the analysis. CalcuSyn
uses the extrapolated dose—effect data obtained from the
median-effect equation, in concert with the multiple-
drug effect equation, to generate combination index (CI)
values [22]. The CI was calculated based on the
assumption of mutually nonexclusive drug interactions.
Mean CI values from at least three experiments were
subjected to a Student’s #test to determine the
combination as synergistic (CI significantly lower than 1)
or antagonistic (CI significantly higher than 1).

Cell cycle analysis

MDA-MB-231 cells (5 x 105) were seeded into 100-mm
culture plates and were incubated at 37°C and 5% CO,
for 5 h. The medium was aspirated and replaced with 5 ml
of media containing appropriate drug concentrations.
Three sets of drug combinations were freshly prepared by
serial dilution with media. The control plate was replenished
with 5ml of DMEM. The plates were incubated for an
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additional 24h. The cells were washed with PBS and
subsequently trypsinized using 2% trypsin—-EDTA (Invitro-
gen). The cells were fixed in 70% ethanol in PBS and
incubated at 40°C for 1 h. The fixed cells were subsequently
washed with PBS and centrifuged at 2000 rpm for 5 min. The
cells were resuspended in propidium iodide staining solution
(50 pg/ml PBS) containing 0.5 mg/ml RNase A and incubated
in the dark at room temperature for 30 min [23]. The
fluorescence distribution of 2.5 x 10* cells was analyzed on an
Epics flow cytometer (Beckman Coulter, Fullerton, Califor-
nia, USA). The data were analyzed by the Cylchred Software
(Cardiff University, UK) to determine Gi-phase, S-phase,
and G,/M-phase populations. Data were tested for differ-
ences between means using a two-tailed Student’s #-test.

Differences were considered significant at P value of less
than 0.05.

Results

Single response

The dose—effect relationships for DCY and each of the
anticancer drugs (DDP, ADR, or TAX) were determined
by the clonogenic survival of MDA-MB-231 cells after
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24 h exposure and are presented in Fig. 1. The data were
subjected to the median-effect analysis to determine
potency (ICsg) and the linear correlation coefficient (7).
The ICsg (D,,) for each drug administered was calculated
using CalcuSyn software, along with the coefficient of
sigmoidicity (#) of the dose-response curves (Table 1).

Combinatorial response

The clonogenic survival of MDA-MB-231 cells was
measured after 24h treatment of the cells with
a combination of DCY and one of the three chemother-
apeutic drugs at concentrations equalling their approx-
imate IC,s, 1Csy, and IC;s values. The dose—effect
relationships were determined (Fig. 1d) and median-
effect analyses for all drug combinations were calculated.
The measured dose—effect data conformed to the
median-effect principle for all drug combinations, and
were therefore extended to generate CI values (Fig. 2).
Combined treatments are defined as antagonistic
(CI > 1), additive (CI = 1), and/or synergistic (CI <1).
In each case, the potency of DCY in combination with
TAX, ADR, or DDP was increased, showing that less DCY
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Dose-response curves of clonogenic survival of human mammary adenocarcinoma MDA-MB-231 cells after 24 h of treatment with (a) paclitaxel
(TAX) alone, and in combination with doxycycline (DCY) and (b) doxorubicin (ADR) alone, and in combination with DCY and (c) cisplatin (DDP) alone,
and in combination with DCY, and (d) DCY alone and in combination with each of the three anticancer drugs at the indicated ratios. The number of
colonies is represented as the percentage of treated over corresponding untreated control. Data represent means of at least three independent

experiments carried out in triplicate.
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Table 1
(TAX, DDP, or ADR) individually, and in combination for 24 h

Dose-effect analysis after treatment of human mammary adenocarcinoma MDA-MB-231 cells with DCY and anticancer agents

ICs0 (95% confidence interval)

Treatment
Drug Doxycycline (DCY) (umol/l)

Doxorubicin (ADR) (nmol/l)

Cisplatin (DDP) (umol/l) Paclitaxel (TAX) (nmol/l)

Single treatment 203.04 (183.16-225.07)

8.05 (6.60-9.82)

0.54 (0.42-0.71) 1.49 (1.02-2.19)

rym 0.96; 1.69 0.98; 2.67 0.97; 1.91 0.91;1.92
DCY-ADR combination 145.97 (121.55-175.30) 12.16 (10.13-14.61) - -

r;m 0.97; 1.76

DCY-DDP combination 106.78 (95.55-119.32) 0.28 (0.25-0.31) -

r;ym 0.98; 2.84

DCY-TAX

combination 110.57 (85.73-142.60) - 1.84 (1.43-2.38)
rym 0.96; 1.88

Median-effect analysis was carried out using the averaged survival data obtained from three separate colony forming assays and the linear correlation coefficient (r), and
the coefficient of sigmoidicity (m) were calculated for individual and combination treatments. For the combination, r and m are presented once with ADR, DDP, or TAX.

Fig. 2
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Combination index (Cl) plotted against the surviving fraction of
MDA-MB-231 cells (f,) after treatment with doxycycline (DCY) in
combination with each of the three anticancer drugs. Cl values
represent means of at least three independent experiments carried out
in triplicate. Combination treatments were determined to be synergistic
(#Cl significantly lower than 1) or antagonistic (*Cl significantly higher
than 1) by a one-sided ttest (P<0.05) using the mean Cl values.
ADR, doxorubicin; DDP, cisplatin; TAX, paclitaxel.

was needed to achieve 50% proliferative inhibition. The
ICsyp of DCY in combination with DDP decreased by
almost two-fold, from 203.04 to 106.78 umol/l. Similarly,
the potency of DDP, when given in combination with
DCY also increased, from 0.54 to 0.28 pmol/l. Conversely,
both ADR and TAX showed decreased potency when
combined with DCY, as indicated by an increase in their
combinatorial ICsy values. With respect to cytotoxicity,
DCY treatment in combination with TAX interacted
antagonistically, as the calculated CI values for all drug
combinations were considerably greater than 1. Similarly,
DCY and ADR also proved significantly less effective at
inducing MDA-MB-231 toxicity, as the CI values
for three out of four combinatorial doses indicated
antagonism (CI>1). The combination treatment of
DCY together with DDP, however, displayed a biphasic
response. The lower two DCY-DDP combinations,

corresponding to survival inhibition below 50%, yielded
a response suggestive of near additivity (CI = 1). The CI
value of the highest DCY and DDP dose was 0.55 and
significantly less than 1, thereby showing that these drugs
interacted synergistically (CI < 1) at higher dose—effect
levels.

Cell cycle analysis

The cell cycle profile of the MDA-MB-231 cells was
determined by flow cytometric analysis after 24-h
exposure to DCY and anticancer agents (DDP and
ADR) alone and in combination. The doses for individual
and combination treatments represented the approxi-
mate IC,s5, 1Csg, and IC;5 values, measured for each
drug administered alone. Flow cytometric analysis of
MDA-MB-231 cells treated with DCY showed a change in
the cell cycle distribution from the untreated control.
Cells treated with increasing doses of DCY showed
a sequential increase in Gy accumulation (Fig. 3a). MDA-
MB-231 cells treated with increasing doses of
ADR showed considerable accumulation of cells in the
G,/M phase of the cell cycle, and subsequently showed
a progressive decline in the Gi-phase and S phase
populations when compared with the control (Fig. 3b).
Interestingly, DCY and ADR combination treatment
relieved the pronounced G,/M arrest originally observed
with ADR only, consequently shifting the entire popula-
tion toward a cell cycle profile similar to DCY-only
treatment (Fig. 3c). DDP-treated MDA-MB-231 cells,
however, displayed a trend to accumulate in the S phase
with increasing concentrations (Fig. 3d). Compared with
DDP-only treatment, it was observed that DCY plus
DDP treatment further elevated the number of cells in
the S phase (Fig. 3e). Unfortunately, TAX-treated MDA-
MB-231 cells produced inconsistent results with regard to
their cell cycle profiles.

Discussion and conclusion

We have previously shown that DCY can profoundly
decrease the tumor burden in bone and induce a
substantial increase in bone formation in an animal model
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Effect of different treatments on the MDA-MB-231 cell cycle profile as determined by flow cytometric analysis. Treatment occurred with (a)
doxycycline (DCY) alone, (b) doxorubicin (ADR) alone, and (d) cisplatin (DDP) alone, and (c and e) their respective combinations. Values represent
means (% SD) of at least three independent experiments carried out in triplicate. Treatments resulting in subpopulations significantly differing from
their respective untreated controls (P<0.05) are indicated with an asterisk (*). Treatment with a combination of DCY and DDP resulted in a
statistically significant difference (P<0.05) compared with DCY alone for all combined doses and cell cycle phases, except for Go/M at the two
highest concentrations. Treatment with a combination of DCY and DDP resulted in a statistically significant difference in the cells in S and Go/M cell
cycle phases when compared with DDP alone for the combinations at the two highest concentrations. Treatment with a combination of DCY and
ADR resulted in a statistically significant difference compared with DCY alone for the combination at the highest concentration and at all cell cycle
phases, and for all combinations for the Gy/M cell cycle phase. Treatment with a combination of DCY and ADR resulted in a statistically significant
difference compared with ADR alone for the combinations at the two highest concentrations in all cell cycle phases, and for the G, cell cycle phase
at 125 pmol/I DCY and 5 nmol/l ADR.

of human breast cancer bone metastasis [2] and is an
effective cytotoxic agent in bone-metastatic cancer cells
m vitro [21]. The therapeutic effects of chemotherapy
agents, alone or in combination with DCY, were
determined using clonogenic survival of human breast
cancer MBA-MB-231 cells # wvitro. Our results are in
accordance with comparable studies using human breast
cancer cells  vitro. Treatment with ADR and TAX

resulted in ICsos of 8.05 and 0.15nmol/l, respectively,
which are close to reported 1Cs, values of 16 nmol/l [24]
and 2 nmol/l [25] found using human estrogen receptor-
positive breast cancer MCF-7 cells. Using human breast
cancer MDA-MB-468 cells, the ICsy of DDP amounted to
2 pmol/l after 1 h treatment [26], compared with the ICs
of 0.55pumol/l DDP obtained in this study, after 24h
treatment. Flow cytometric analysis of MDA-MB-231
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cells treated with DCY showed a significant change in the
cell cycle distribution from the untreated control cells.
The cells showed a dose-dependent increase in Gy
accumulation (Fig. 3a). This confirms previous studies
also showing a pronounced arrest in the Gy phase of the
cell cycle upon treatment with tetracyclines [5]. DCY is
known to disrupt the mitochondrial respiratory function,
consequently reducing cellular ATP production and
preventing cells from advancing beyond the Gy energetic
checkpoint [3,5].

MDA-MB-231 cells treated with increasing doses of ADR
showed significant accumulation in the G,/M phase of
the cell cycle, and a concomitant progressive decline in
the Gi-phase and S-phase populations when compared
with control cells (Fig. 3d), consistent with previous
reports [11,14]. The addition of DCY to the
ADR treatment relieved the pronounced G,/M arrest,
consequently shifting the entire population toward a cell
cycle profile similar to DCY-only treatment (Fig. 3e),
which may account for the strong antagonism observed
between DCY and ADR (Fig. 2). The cytotoxicity of topo
[I-targeting agents, including ADR, is specific at certain
stages of the cell cycle. These agents cause the greatest
strand breakage in the G,/M phase and the least in the G,
phase [11], most likely because of the cell cycle-
dependent expression of topo II, which is also highest
in the G,/M phase [27]. Therefore, it is feasible that the
increased accumulation at G; observed with DCY-ADR
cotreatment, relative to ADR alone, may be accompanied
with decreased levels of topo II expression, consequently
decreasing the extent of ADR-mediated DNA damage
and enabling greater cell survival. Further investigations
into the activity of topo Il enzymes and the extent of
DNA damage are, however, necessary to confirm this.
Alternatively, the antagonism observed upon addition of
DCY to ADR treatment (Fig. 2) may be a consequence of
the dynamics of topo II activity. Topo II relieves torsional
strain on DNA by cleaving double-stranded DNA,
passing a second double-stranded DNA segment
through the double-strand break to finally religate the
cleaved break, a catalytic process shown to be ATP
dependent [12,13]. Several studies have consistently
reported that the cytotoxicity of topo II poisons is
antagonized by inhibitors of respiration [28-31]. Thwart-
ing the formation of topo II-DNA cleavage complexes
reduces the cell killing potential of topo II poisons,
which is associated with the inhibition of the religation
step of topo II catalysis [13]. In accordance, it has been
reported that cells nearly devoid of ATP are almost
completely protected against single-strand DNA breaks
using several topo II poisons, including ADR [31].
Therefore, it is also possible that the inhibition of ATP
production by DCY exposure could have reduced the rate
of topo II activity, thereby abating the DNA-damaging
effects of ADR and vyielding an antagonistic drug
interaction.

DDP treatment resulted in a tendency of the cells to
accumulate in the S phase of the cell cycle
with increasing concentrations (Fig. 3b). Sorenson and
Eastman [32] showed that DDP-treated Chinese hamster
ovary cells proficient in nucleotide excision repair
pathway, exhibit inhibition of DNA synthesis and
accumulate in the S phase, whereas deficient cells show
a marked G,/M arrest. Therefore, the tendency of the
MDA-MB-231 cell population to accumulate in the S
phase after exposure to DDP suggests that MDA-MB-231
cells are proficient in nucleotide excision repair. Com-
pared with DDP-only treatment, we observed that the
addition of DCY to the treatment further elevated the
numbers of cells in the S phase (Fig. 3c). It is possible
that DCY may have sufficiently reduced ATP generation,
thereby impeding the energy-driven nucleotide excision
repair pathway from effectively removing DDP-DNA
adducts, and thus further disabling the cells’ ability to
circumvent this arrest. We speculate that increased levels
of accumulated DNA damage may account for the
enhanced anticancer effects of DCY and DDP combina-
tion treatment [9]. Alternatively, DDP-induced mito-
chondrial DNA [33] and electron transport chain damage
[34], in concert with inhibition of mitochondrial protein
synthesis by DCY, could be responsible for the additive
and synergistic drug interactions.

Combining DCY with the microtubule-stabilizing agent
TAX was less effective in decreasing MDA-MB-231 cell
survival than treatment with TAX alone. The drug
combination was defined as antagonistic (Fig. 2), even
though microtubule disassembly is a well-characterized
ATP-dependent process. Exposing cells to inhibitors of
metabolism reduces the available ATP pools, conse-
quently promoting tubulin polymerization and stabilizing
microtubules, resulting in mitotic arrest and apoptosis. It
has been shown that the addition of TAX to an energy-
deprived cell further suppresses microtubule dynamics
and enhances the anticancer effects of TAX [35,36]. The
debilitating effects of DCY on metabolism [3,5], in
combination with TAX, could act in accordance with
previous studies to synergistically inhibit cell survival.
However, we did not observe this effect, which could be
due to several factors, including the use of different cell
models and survival assays. In addition, DCY does not
strictly affect mitochondrial ribosomes to inhibit protein
synthesis, but also interacts with multiple other cellular
targets [37,38].

In this study, we clearly show that the potency of DCY
in combination with TAX, ADR, or DDP increased
considerably, as less DCY was required to achieve a given
degree of inhibition (Table 1). Similarly, the potency of
DDP measured in combination treatment had also
increased. Conversely, the potency of TAX and ADR, in
combination with DCY, experienced a marginal reduction.
Superficially, decreasing the dose of DCY in combination
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appears promising, even when antagonistically coupled
with TAX and ADR. Clinically, however, reducing the
dose for a particular degree of effect is primarily used to
alleviate drug-induced toxicities. As discussed earlier,
DCY is a well-tolerated drug and thus, reducing its dose
in combination chemotherapy is not a priority. Rather, the
more attractive alternative is to reduce the dose of
anticancer agents with narrow therapeutic indices, such
as TAX, ADR, and DDP [20]. Our results using breast
cancer cells 2 vitro show that DCY in combination with
TAX or ADR adjuvant therapy is not beneficial, as their
combinatorial outcome - antagonism and decreased
potency of TAX and ADR - is unfavorable. In contrast,
we also showed that DCY in combination with DDP
worked synergistically at higher effect levels. The
increased potency of DDP may warrant dose reduction
and thus decreased toxicity iz wvivo. Recently, when
cyclophosphamide, which is, like DDP, a DNA-alkylating
agent commonly used in the clinical management of
metastatic breast cancer [7], was used in conjunction
with DCY using MCF-7 cells, it was shown that DCY
potentiates both in-vivo tumor regression and the in-vitro
cytotoxicity of cyclophosphamide [39], suggesting that
a strategy using combination therapy may improve the
treatment of breast cancer. Similarly, this study observed
that the clonogenic inhibition of MDA-MB-231 cells
treated with DCY and DDP was nearly additive below
50% proliferative inhibition, with a shift to synergism
above this effect level (Table 1).

Because of the acute sensitivity of in-vitro clonogenic
survival assays, this study, like many others, was only
successful in assessing the effects of combination
treatments at relatively low doses. Clinically relevant
drug concentrations are 25-250nmol/l of ADR [10],
2—-12 pmol/l of DDP [40], and 5-200 nmol/l of TAX [41].
Therefore, to extrapolate from the current in-vitro
data, it needs to be taken into account that clinically
relevant concentrations of anticancer drugs are several
fold higher than the concentrations used in this study.
For instance, the highest measurable combinatorial
dose of 8nmol/l for TAX represents a mere 8% of the
upper effective plasma concentrations observed in
cancer patients [41]. Therefore, the antagonism observed
with DCY plus TAX or ADR may not accurately reflect
the interaction of these drugs iz vivo. The same logic
holds true for the additivity and synergy observed
upon DCY plus DDP treatment. In contrast, DCY is a
well-tolerated drug and pharmacological plasma concen-
trations can reach approximately 4.5 pmol/l [42]. These
levels can be expected to be at least several-fold higher
in bone, as tetracyclines have long been known to be
osteotropic. In the context of bone metastasis, it would
be more relevant to show the sensitivity of tumor
cells to concentrations of DCY achievable in the bone
combined with classical antiproliferative agents at steady-
state levels.

This study provides insight into drug interactions
occurring iz vitro that we are further exploring  vivo.
We have clearly shown that DCY in combination with
TAX or ADR treatment leads to antagonism; however, we
also show the evidence that DCY in combination with
DDP worked synergistically at higher effect levels. The
increased potency of DDP may warrant dose reduction
and thus decreased toxicity m vivo.
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