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Abstract
Canine malignant histiocytosis (MH) is an aggressive neoplasm of macrophages and dendritic
cells. It carries a poor prognosis due to the development of widespread metastasis and poor
sensitivity to chemotherapy. Thus, there is a large need for new treatments for MH. We
hypothesized that bisphosphonates might be useful to increase the effectiveness of cytotoxic
chemotherapy against MH. To address this question, we conducted in vitro screening studies using
MH cell lines and a panel of 6 chemotherapy and 5 bisphosphonate drugs. The combination of
clodronate with vincristine was found to elicit synergistic killing which was associated with a
significant increase in cell cycle arrest. Second, zoledronate combined with doxorubicin also
significantly increased cell killing. Zoledronate significantly increased the uptake of doxorubicin
by MH cells. Based on these findings, we conclude that certain bisphosphonate drugs may
increase the overall effectiveness of chemotherapy for MH in dogs.
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Introduction
Malignant histiocytosis in dogs, also known as histiocytic sarcoma, is a tumor that arises
from cells of the histiocytic lineage, including monocytes and dendritic cells 1-6. The disease
is more common in certain breeds of dogs, including Bernese Mountain Dogs, Flat Coated
Retrievers, and Rottweilers, suggesting a genetic component to disease susceptibility3, 7, 8.
However, the disease also occurs sporadically in other breeds of dogs as well as in mixed
breed animals. Malignant histiocytosis may develop as either a localized tumor, or may
instead present as widely disseminated disease4. However, even animals with initially
localized disease often develop distant metastases 7, 9. Therefore, in many cases traditional
tumor treatment modalities such as surgery or radiation therapy are often ineffective for long
term control of this neoplasm. Chemotherapy is usually administered to dogs with MH to
help prevent local or systemic recurrence of tumor10. The use of single agent chemotherapy
has been largely unrewarding for treatment of MH, as treatment responses are typically
incomplete and/or short-lived 7, 11, 12. Consequently, combined therapy is usually
implemented for the initial treatment of MH, including various combinations of prednisone,
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doxorubicin, lomustine (CCNU), and carboplatin10, 11, 13. Unfortunately, even with
aggressive treatment the disease is often fatal. In cases with disseminated disease the median
reported survival time is 2-4 months2, 4, 7, 8, 12.

The disseminated canine disease has its primary origins in the bone marrow, spleen, and
lung4, 7-9, 14. This clinical syndrome most closely resembles the human disease Langerhans
cell histiocytosis which can also be multisystemic and refractory to single agent
chemotherapy15-17. These patients are most often treated using vinca alkaloids in
combination with multiple immunosuppressive agents16, 17, 18. Zoledronate, an
aminobisphosphonate, has also been used for palliation in cases with bone involvement19.

Bisphosphonates have been studied extensively for their ability to deplete macrophages20-23.
Clodronate is a first generation, non aminobisphosphonate that is metabolized by osteoclasts
and macrophages into a non-hydrolysable ATP analogue24-26. The lack of ATP leads to
mitochondrial dysfunction and subsequent apoptosis of the cell26-28. Liposomal clodronate
has been used for efficient, systemic macrophage depletion in multiple rodent models29-33.
More recently it has been applied in multiple tumor models where it has been shown to be
very effective in depleting tumor associated macrophages34-38. Our laboratory has shown
that liposomal clodronate is able to kill MH cells in vitro and is a safe treatment that may be
efficacious for treatment of MH in dogs39, 40.

Newer generation bisphosphonates incorporate nitrogen into their structure and subsequently
work via a different mechanism of action41. These drugs inhibit the enzyme farnesyl
diphosphate synthase, which inhibits macrophages and tumor cells from protein prenylation.
This stops the cells from being able to activate signaling GTPases such as Ras, which leads
to subsequent apoptosis of the cell41-43. The amine ring containing bisphosphonate
zoledronate has been used extensively in the palliative treatment of bone metastases in
humans44-46. Recent work has shown that in addition to its effects on osteoclasts,
zoledronate can work synergistically with doxorubicin to kill tumor cells in vitro and
decrease tumor growth in vivo in multiple tumor types47-52. This drug has also been shown
to be very effective at killing tumor associated macrophages in mouse tumor models38.
Zoledronate has also been shown to be safe for administration in dogs53.

As MH is a tumor of macrophages and dendritic cells, we sought to determine if combining
bisphosphonates, drugs specific for macrophage killing, with traditional cytotoxic
chemotherapy would demonstrate synergistic killing of MH tumor cells.

Materials and Methods
Cell lines

The canine MH tumor cell line DH82 was obtained from the American Type Tissue
Collection (Gaithersburg, MD). The other two MH cell lines (designated MH-1 and MH-2)
were established from primary cultures of biopsies obtained from dogs with MH and were a
kind gift of Dr. Peter Moore (College of Veterinary Medicine, University of California-
Davis). In order to validate these cell lines, we have recently performed karyotypes and
stained them with canine specific antibodies to confirm their species origin. We have also
stained with antibodies such as CD45, CD11c, and CD18 in order to confirm that they are
most likely histiocytic in origin. All cell lines were maintained in MEM (minimal essential
medium, Invitrogen, Grand Island, NY USA) supplemented with 10% heat inactivated fetal
bovine serum (Hyclone, Logan, UT), non-essential amino acids, L-glutamine, sodium
bicarbonate, penicillin and streptomycin (Sigma-Aldrich, St. Louis, MO). The cell lines
were maintained at 37° C in a humidified atmosphere containing 5% CO2.
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Drug preparation, storage and initial screening
Stock solutions of all drugs were stored at -20°C. Working concentrations of each drug were
made by diluting stock solutions in sterile water. New working concentrations of each drug
were made prior to each analysis. The following drugs were initially screened alone, using
the concentration ranges given in parentheses, for their effects on DH82 cell viability using
the MTT assay as described below; dexamethasone (0.15-15 μg/mL), doxorubicin (0.002-2
μg/mL), chlorambucil (0.35-35 μg/mL), carboplatin (0.5-0.005 μg/mL), CCNU (0.15-1.5
μg/mL), vincristine (0.25-25 μg/mL), clodronate (0.5-50 μg/mL), zoledronate (0.02-2 μg/
mL), pamidronate (0.02-2 μg/mL), alendronate (0.02-1 μg/mL), and etidronate (0.02-2 μg/
mL). The dosages of these drugs that elicited 5-20% killing were used in subsequent
experiments. All bisphosphonates were tested with all chemotherapy drugs using the
optimized doses of each drug.

Cell viability assays
The cells previously diluted in MEM were pipetted into a 96 well flat bottomed plate using a
final volume of 100 μL/well to give a final number of four thousand cells/well. The cell
number plated per well was consistent for all cell lines used. The cells were allowed to
adhere for 24 hours. After this time, the cells were treated with chemotherapeutics alone,
bisphosphonates alone, or both in combination. Control cells were treated with sterile water
at the same volume used for the diluted drugs. The cells were incubated with the drugs for
72 hours prior to MTT analysis.

Cell viability was assessed using the MTT assay, as described previously54. Briefly, MTT
(Thiazolyl Blue Tetrazolium Bromide; Sigma-Aldrich) was added to wells containing live
cells and incubated for 2 hours at 37C. The cells and resultant tetrazolium bromide crystals
were then dissolved in a 0.1N HCl solution in isopropanol and the absorbance was
determined using an ELISA plate reader (Thermo Lab Systems, Salem NH) at 570 nm. Cell
viability was then calculated as the percent absorbance of the treated wells as compared to
the average absorbance of the untreated control wells, with the inverse of this value
representing the percent killing. To confirm the MTT results, a second set of cells was
treated exactly as described previously, then trypsinized, stained with trypan blue to exclude
dead cells, and counted using an electronic cell counter (Cellometer Nexcelcom Bioscience,
Lawrence MA). All drugs were obtained from Sigma-Aldrich with the exception of
zoledronate which was a kind gift from Novartis.

Apoptosis assays
Induction of apoptosis was quantitated using Annexin V and propidium iodide (PI) staining
and flow cytometry, as previously described55. Briefly, cells in triplicate wells were treated
with the indicated concentrations of drugs, alone or in combination, for 48 hours. The
negative control consisted of a population of untreated cells. A positive control included
cells incubated for 6 hours with 50 μg/mL camptothecin (Sigma-Aldrich, St. Louis MO).
Cells were then detached and washed prior to analysis of phosphatidylserine expression with
Annexin V. Cells were incubated with FITC-conjugated Annexin V, according to
manufacturer's directions (BD Biosciences, San Jose CA). Immediately prior to analysis by
flow cytometry, PI was also added to the cells to assess cell membrane integrity. Cells were
assessed using flow cytometry and data were analyzed using Summit software. The
percentage of cells in early or late apoptosis or necrosis was calculated as noted previously55

As a second measure of apoptosis, after cells were treated with drug combinations for the
indicated periods of time they were then treated using the SensoLyte® Homogenous AMC
Caspase-3/7 Assay Kit (AnaSpec, San Jose, CA), which was performed according to
manufacturers' recommendations. Briefly, MH cells were incubated in 0.2 μg/mL
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doxorubicin and 0.2 μg/mL zoledronate or 0.25 μg/mL vincristine and 5 μg/mL clodronate
for 48h. Cells were then removed from the incubator, and 50 μL of a dual caspase 3/7
substrate and lysis solution was added to each well (AnaSpec). Reagents were mixed by
shaking on a plate shaker for 180min at 200rpm. Fluorescence emission was determined at a
wavelength of 360/460nm, using an optical density reader (BioTek, Winooski VT). Assay
results were reported in relative fluorescence units. All reported results are representative of
at least three independent experiments. Similar results were obtained between the DH82,
MH-1, and MH-2 cell lines.

Cell Cycle Analysis and Doxorubicin Uptake
For determination of intracellular doxorubicin accumulation, cells were treated for 24 hours
with doxorubicin at a concentration of 0.2 μg/mL, zoledronate at a concentration of 0.2 μg/
mL, or with both doxorubicin and zoledronate at the above concentrations. The cells were
trypsinized and analyzed via flow cytometry to determine the innate mean fluorescence
intensity (MFI) of doxorubicin fluorescence, using flow cytometry.

For determination of cell cycle arrest, cells were grown in serum-free medium for 24 hours
to initiate cell cycle synchronization. The cells were then switched to complete cell culture
medium with 10% FBS and then either untreated or treated with vincristine at a
concentration of 0.25 μg/mL, with clodronate at 5 μg/mL, or with both drugs in
combination, for 48 hours. The cells were detached and washed twice and then resuspended
in 70% ice cold ETOH and frozen overnight. The cells were then washed and resuspended
in 250 μL extraction buffer and 100 μL PI-RNAse reagent (Sigma-Aldrich). The cells were
then analyzed via flow cytometry and the data were analyzed using Summit software (Dako
Colorado, Inc. Ft. Collins, CO) to determine cell cycle parameters. All reported results are
representative of at least three independent experiments. Similar results were obtained
between the DH82, MH-1, and MH-2 cell lines.

Statistical analyses
In experiments where the mean of more than two groups was compared, one way ANOVA
was used, followed by Tukey's multiple means comparison test. For comparison between
two groups, the Student's t-test was used. For synergy calculations treatment groups were
compared using a 2-way ANOVA, as described previously56. Bliss analysis was also used in
synergy calculations, as described previously57. For example, to determine whether the
addition of bisphosphonates to chemotherapy drugs synergistically enhanced cell killing, the
Bliss independence model was utilized. Briefly, Bliss synergy is derived by the following
equation: E (x,y) = E(x) + E(y) – E(x) × E(y)

For these comparisons E(x) is the fractional inhibition of bisphosphonates (clodronate (5 μg/
mL) or zoledronate (0.2 μg/mL) respectively) (between 0 and 1), E(y) is the fractional
inhibition of concentration y of vincristine (0.25 μg/mL) or doxorubicin(0.2 μg/mL)
respectively, and E(x,y) is the combined inhibition. Theoretical growth inhibition curves
were derived utilizing this equation, and standard deviations were estimated by error
propagation of experimental SD. Differences between treatment groups (Bliss theoretical vs.
experimental) were assessed using two-way ANOVA and Tukey's post-test. Statistical
analyses were performed using Prism5 software (GraphPad, San Diego, CA). Differences
were considered statistically significant for p values less than 0.05.
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Results
Bisphosphonates synergize with cytotoxic chemotherapy to kill MH cells in vitro

We conducted in vitro screens to determine whether aminobisphosphonates or non-
aminobisphosphonate drugs increased the activity of 6 commonly used chemotherapy drugs
against 3 different canine MH cell lines. The chemotherapy drugs were administered in vitro
at concentrations that elicited only 5-20% cell killing in order to allow the detection of
synergistic activity of the bisphosphonate-chemotherapy drug combinations. We found the
following drugs had activity against canine MH cells at the following drug concentrations:
dexamethasone (dex) (15 μg/mL), doxorubicin (dox) (0.2 μg/mL), lomustine (CCNU) (1.5
μg/mL) and vincristine (vinc) (0.25 μg/mL) (Fig. 1).

Next, these 4 chemotherapy drugs were evaluated for enhanced activity when combined
with the following concentrations of clodronate (5 μg/mL) and zoledronate (0.2 μg/
mL)41, 58, 59. The bisphosphonate drugs were also screened for activity alone against the
MH cell lines (Figs. 1 and 2). After incubation for 72 hours, the cells were analyzed for
viability using the MTT assay. With clodronate, we detected a significant (p < 0.0001)
interaction in terms of increased cell killing when clodronate and vincristine were combined,
while an interaction was not observed between clodronate and dexamethasone, doxorubicin,
or lomustine (Fig 1). A significant interaction (p <0.0001) in terms of increased MH cell
killing was also noted between zoledronate and doxorubicin, while no interaction between
zoledronate and dexamethasone, vincristine, or lomustine was observed (Fig 1). Similar
results were obtained using all three MH cell lines.

Two additional aminobisphosphonates (alendronate and pamidronate) were screened for
activity with doxorubicin and each showed a significant interaction (p <0.05) (Fig. 2). These
experiments were also repeated using two additional canine MH cell lines, designated MH-1
and MH-2. In all experiments, similar results were obtained with all three MH cell lines
evaluated (data not shown). In addition, since the MTT assay does not differentiate between
decreased metabolic activity and decreased cell number, we also assessed the effects of the
bisphosphonate and chemotherapy drug combinations on cell numbers by direct counting of
cells and confirmed that the results obtained using the MTT assay were indeed due to
decreased cell numbers, with control and single agent treated cells having cell counts greater
than 400,000 cells/mL and combination treated cells showing counts less than 200,000
cells /mL which was significantly (p = 0.04) reduced.

We next sought to determine whether the interactions between bisphosphonates and
cytotoxic chemotherapy drugs reflected truly synergistic interactions. To determine synergy,
two different statistical analyses were used. First, the effects on MH cell viability of
increasing concentrations of doxorubicin, with or without the addition of zoledronate (0.2
μg/mL), were evaluated. The results of the first analysis demonstrated a significant reduction
(p < 0.05) in the IC50 concentration of doxorubicin when combined with zoledronate (Fig.
3A). In addition, the combination of drugs induced synergistic killing as described below.
Similar experiments were done using increasing concentrations of vincristine with
clodronate (5 μg/mL). This combination also demonstrated a synergistic interaction (p <
0.05) (Fig. 3B).

As a second measure of synergistic interactions between bisphosphonates and chemotherapy
drugs, Bliss analysis was conducted as described in Materials and Methods. This analysis
also revealed a synergistic interaction between doxorubicin and zoledronate in combination
(p < 0.05), as well as between clodronate and vincristine in combination (p < 0.05). The
Bliss analysis however did not however support a synergistic interaction between
pamidronate and doxorubicin or between alendronate and doxorubicin, despite the fact that
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these drugs exhibited significant interaction via one way ANOVA. To further validate the
Bliss analysis, the data was also subjected to synergy calculations as described by Slinker,
using two-way ANOVA (Fig. 2)56. This analysis also revealed a significant interaction
between doxorubicin and zoledronate (p < 0.001) and between vincristine and clodronate (p
< 0.001). In contrast, an interaction between pamidronate and doxorubicin or between
alendronate and doxorubicin was not identified using two-way ANOVA. Therefore, we
concluded that based on multiple modeling approaches, there was strong evidence of
synergistic interactions between these drugs.

Combined bisphosphonate and vincristine or doxorubicin treatment increases MH
apoptosis

Experiments were conducted next to elucidate the mechanism(s) by which bisphosphonate
drugs increased killing of MH cells when combined with vincristine or doxorubicin. Canine
DH82 MH cells were treated with clodronate alone (5 μg/mL) or vincristine alone (0.25 μg/
mL), or both drugs together, and the effects on induction of apoptosis were assessed using
Annexin V and propidium iodine staining and flow cytometry. Treatment with the
combination of vincristine and clodronate induced a significant increase (p < 0.05) in the
percentage of apoptotic cells (Fig. 4). Similarly, a significant increase in MH cell apoptosis
was also obtained following treatment with combined doxorubicin (0.2 μg/mL) and
zoledronate (0.2 μg/mL) (p < 0.05) (Fig. 4).

The effects of combined treatment on induction of activated caspase 3/7 activity (a measure
of late apoptosis induction) was also assessed. When DH82 cells were treated with the above
mentioned concentrations of vincristine and clodronate in combination for 48 hours, there
was a significant increase in caspase 3/7 activity, compared to treatment with either drug
alone (p < 0.001) (Fig 4). The combination of zoledronate with doxorubicin at the same
concentrations as used in the Annexin V assay also generated a significant increase in
caspase 3/7 activity when compared to single drug treatment in DH82 cells (p < 0.001) (Fig.
4). Statistically significant results were also obtained using the MH-1 and MH-2 cell lines
(data not shown).

Treatment with clodronate enhances G2 cell cycle arrest induced by vincristine
We hypothesized that clodronate may potentiate vincristine's effect on the cell cycle, leading
to the observed synergistic interaction. Therefore, we assessed the effects of clodronate
treatment on induction of cell cycle arrest by vincristine. We found that addition of
clodronate (5 μg/mL) induced a significant increase in sub G1 and G2/M arrest in MH cells
treated with vincristine (0.25 μg/mL) (p = 0.015) (Fig. 5).

Treatment with zoledronate leads to an increase in intracellular doxorubicin accumulation
We did not see changes in the cell cycle when cells were treated with zoledronate in addition
to doxorubicin. Therefore, we assessed the effects of zoledronate treatment on the
permeability of MH cells to doxorubicin, using a fluorescence assay and flow cytometry.
Cells were treated for 24 hours with doxorubicin at a concentration of 0.2 μg/mL, with
zoledronate at a concentration of 0.2 μg/mL, or with both doxorubicin and zoledronate at the
above concentrations. Intracellular doxorubicin was then evaluated via flow cytometry. We
found that treatment with zoledronate resulted in a significant increase in doxorubicin
uptake by MH cells (p = 0.003), whereas treatment with other bisphosphonates did not. (Fig.
6). These results suggest that increased doxorubicin accumulation might account for the
increase in MH cytotoxicity observed following treatment with both zoledronate and
doxorubicin.
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Discussion
Malignant histiocytosis (MH) is a devastating disease in dogs, with short survival times and
poor response rates to treatment7, 8, 11, 12. These tumors often progress very rapidly in dogs
and MH is often highly resistant to chemotherapy, a phenomenon that is also observed in
humans with aggressive forms of a similar neoplasm known as Langerhans cell
histiocytosis16-18. Treatment with vinca alkaloids can be effective against Langerhans cell
histiocytosis in humans15, 16. These tumors can originate from the bone marrow in dogs and
humans and the bone marrow may also serve as a site for tumor recrudescence4, 7, 9, 14, 16.
Bisphosphonate drugs reach their highest concentrations in bone, which may allow this class
of drugs to reach effective concentrations against MH tumors involving bone
marrow 41, 53, 59, 60.

Our current study revealed that there were two novel drug combinations that might be
expected to have significant in vivo activity against canine MH. The first effective
combination was clodronate combined with vincristine, which induced a synergistic increase
in apoptosis of MH cells, presumably by increasing cell cycle arrest. Such a combination
might be particularly effective in dogs with bony involvement with MH. The concentrations
of clodronate and vincristine that were used in vitro are relevant to the concentrations of
drug achieved in vivo60, 61. The combination of clodronate with vincristine has the
additional advantage of being relatively inexpensive to use, although clodronate is not
licensed for use in the United States and would thus have to be obtained from foreign
sources for treatment of animals here.

While the exact mechanism of this synergistic interaction is not yet fully defined, we have
been able to show that the addition of clodronate to vincristine potentiates the effects of
vincristine on the cell cycle. We observed a higher percentage of cells in G2/M arrest when
treated with the combination of the drugs than with either drug alone. This indicates that
clodronate has a direct potentiating effect on the effects of vincristine, as this is the primary
anti-tumor mechanism of vincristine via effects on microtubules. As the primary effects of
clodronate inhibit ATP usage by the cell, our hypothesis is that clodronate disrupts
formation of actin filaments which are essential for successful cytokinesis. The combination
of vincristine and clodronate may affectively block both microtubules and actin filaments,
thus leading to an increase in G2/M arrest. Further studies are needed to confirm this
proposed mechanism.

We also found that zoledronate increased the activity of doxorubicin against canine MH
cells. The effects of zoledronate appeared to be mediated at least in part by increasing tumor
cell permeability to doxorubicin. Studies in non myeloid tumor cell lines in humans and
rodents have previously demonstrated a synergistic interaction between zoledronate and
doxorubicin, though the effects of zoledronate on doxorubicin uptake were not examined in
those studies 48-50. The mechanism for this increased uptake remains uncertain. The primary
effects of zoledronate on the cell are due to decreases in protein prenylation and subsequent
inactivation of small GTPases such as Ras. Therefore, the increased drug accumulation
could be due to decreased ability of the cells to metabolize doxorubicin secondary to
inhibition of these GTPases. Many tumors have upregulated Ras expression, and this
increase has been shown to directly protect tumor cells from doxorubicin induced
apoptosis62. Further studies will be needed to support this hypothesis.

More recent studies have shown that zoledronate has potent immunomodulatory effects in
addition to direct effects on tumor cells38, 51. In particular, zoledronate partially depletes
tumor associated macrophages (TAM), which in turn which leads to decreased tumor
angiogenesis and increased activation of anti-tumor immunity38, 51. Since TAM have also
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been shown to decrease the sensitivity of tumor cells to chemotherapy, depletion of TAM
using zoledronate could potentially augment the effectiveness of cytotoxic
chemotherapeutics in vivo by a mechanism independent of direct drug-drug interactions63.

Zoledronate has been administered previously to dogs with osteosarcoma for relief of
malignant osteolysis53, 58. In addition, the combination of zoledronate and doxorubicin has
been administered without apparent increased toxicity to dogs with advanced osteosarcoma
metastases (Fan, TM; personal communication). The levels of these drugs used in vitro are
relevant to the levels that can be achieved in the serum in vivo58, 64. Thus, combined
treatment with zoledronate and doxorubicin is feasible in dogs and should be investigated
further in dogs with MH.

The results of our in vitro studies reported here indicate that combined treatment with
selected bisphosphonates may increase the effectiveness of either vincristine or doxorubicin
for treatment of MH in dogs. In particular, the combination of clodronate with vincristine
may be indicated for animals with MH bony involvement, as clodronate reaches high
concentrations in bone, while zoledronate combined with doxorubicin may be beneficial for
treatment of visceral tumor metastases due to greater non-osseous tissue concentrations
achieved with zoledronate. In summary, our results provide the rationale behind additional
clinical evaluation of combined bisphosphonate and vincristine or doxorubicin
chemotherapy for treatment of dogs with advanced MH disease.
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Figure 1. Certain bisphosphonate and chemotherapy combinations elicit significantly increased
killing of canine MH cells in vitro
In (A), the effects of clodronate on chemotherapy-induced killing of canine DH82 MH cells
was assessed, using an MTT assay to assess tumor cell viability. Cells were treated with
chemotherapy drug alone (black), clodronate alone (white), or with the combination of
clodronate and chemotherapy drug (cross-hatch). In these assays, only the combination of
clodronate and vincristine demonstrated a significant positive interaction (* = p < 0.05), as
assessed by 1 way ANOVA with Tukey's post test. In (B), the effects of zoledronate on
DH82 MH cell sensitivity to killing with chemotherapy drugs were assessed, using a similar
approach as for (A). Cells were treated with chemotherapy drugs alone (black), zoledronate
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alone (white), or the two in combination (cross-hatch). The combination of zoledronate with
doxorubicin showed a significant positive interaction (* = p < 0.05), as assessed by 1 way
ANOVA with Tukey's post test. Cl = clodronate (5 μg/mL), Dex = dexamethasone (15 μg/
mL), Dox = doxorubicin (0.2 μg/mL), CCNU = lomustine (1.5 μg/mL), vinc = vincristine
(0.25 μg/mL), z = zoledronate (0.2 μg/mL).

Hafeman et al. Page 13

Vet Comp Oncol. Author manuscript; available in PMC 2013 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. Synergistic enhancement of MH cell killing by combinations of bisphosphonates with
vincristine or doxorubicin
Significant killing of MH cells was seen in A-D when bisphosphonates were combined with
chemotherapy as determined via MTT assay (A), DH82 MH cells were either untreated
(CTRL) or treated with clodronate (Clod) or vincristine (Vinc) or both in combination (Clod
+ Vinc) for 72 hours. In (B), the interaction between zoledronate (Zol) and doxorubicin
(Dox) was assessed. Similar experiments were done in (C) for the combination of
pamidronate (Pam) with doxorubicin and in (D) for the combination of alendronate (Alen)
and doxorubicin. (* = p < 0.05).
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Figure 3. Dose response curves for determination of drug interactions between zoledronate and
doxorubicin or between clodronate and vincristine
In (A), dose response curves were generated for DH82 cells treated with zoledronate,
doxorubicin, or zoledronate plus doxorubicin in order to compare drug interactions via Bliss
analysis. Cell viability was significantly reduced in cells treated with zoledronate (0.2 μg/
mL) and increasing doses of doxorubicin, compared to cells treated with zoledronate alone
(0.2 μg/mL) or increasing doses of doxorubicin alone, as assessed by Bliss analysis. In (B), a
similar analysis was conducted using DH82 cells treated with clodronate (5 μg/mL) alone,
with clodronate (5 μg/mL) plus increasing doses of vincristine, or with increasing doses of
vincristine alone. The viability of MH cells was found using Bliss analysis to be
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significantly reduced in cells treated with the combination of clodronate and vincristine. (* =
p < 0.05)

Hafeman et al. Page 16

Vet Comp Oncol. Author manuscript; available in PMC 2013 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4. Combined treatment with zoledronate and doxorubicin and clodronate and vincristine
results in increased MH cell apoptosis
DH82 cells were treated with clodronate (5 μg/mL) and vincristine (0.25 μg/mL), alone or in
combination, for 48 hours and cell apoptosis was assessed using Annexin V and propidium
iodide staining, as described in Methods. In (A), an increased percentage of Annexin V+

cells were noted in cells treated with the combination of two drugs, as assessed by flow
cytometry and depicted in these representative FACS plots. In (B), the mean percentage of
apoptotic cells was compared between MH cells treated with clodronate or vincristine alone
or in combination. There was a significant increase (* = p < 0.05) in the percentage of
apoptotic cells in the combination treated group, as assessed by ANOVA and Tukey's
multiple means comparison test. In (C), induction of apoptosis was also assessed by
measuring induction of caspase 3 and 7 activity, as described in Methods. Treatment of
DH82 cells with the combination of clodronate (5 μg/mL), vincristine (0.25 μg/mL), or both
induced a significant increase (*= p < 0.05) in caspase 3/7 fluorescence (AU, arbitrary
fluorescence units) as compared to untreated control cells or cells treated with one drug
only, as assessed by ANOVA. In (D), combined treatment with zoledronate (0.2 μg/mL) and
doxorubicin (0.2 μg/mL) induced a significant increase in the number of apoptotic MH cells,
as assessed by Annexin V and propidium iodide staining. In (E), the combined treatment
with zoledronate (0.2 μg/mL) and doxorubicin (0.2 μg/mL) resulted in a significant (p <
0.05) increase in caspase 3 and 7 activity in MH cells, compared to cells treated with either
drug alone, as assessed by ANOVA. Each of the experiments depicted were repeated
independently two additional times and similar results were obtained.
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Figure 5. Addition of clodronate to vincristine treatment increased cell cycle arrest in canine MH
cells
The effect of the addition of clodronate to vincristine-treated DH82 cells was assessed using
flow cytometry and cell cycle analysis. In (A), representative flow cytometry histograms are
displayed for cells treated for 48 hours with clodronate (5 μg/mL), vincristine (0.2 μg/mL),
or with both in combination. In cells treated with the combination of both drugs, there as a
notable increase in the percentage of DH82 cells exhibiting G2/M arrest (R3 = G2/M). In
(B), the mean percentages of cells in the G2/M stage of cell cycle progression were
calculated for untreated cells or cells treated with clodronate or vincristine, alone or
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together. A significant increase (* = p < 0.05) in cells in the G2/M stage was observed in
cells treated with clodronate plus vincristine, as assessed by ANOVA.
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Figure 6. Treatment with zoledronate increases doxorubicin uptake by DH82 cells
DH82 cells were treated with doxorubicin alone (0.2 μg/mL), or with zoledronate (0.2 μg/
mL) plus doxorubicin for 24 hours. The cells were then analyzed for intracellular
concentrations of doxorubicin using flow cytometry. In (A), representative dot plots of
doxorubicin fluorescence intensity for cells treated with zoledronate alone, doxorubicin
alone, or zoledronate plus doxorubicin are depicted. In (B), the mean percentage of
doxorubicin+ MH cells from triplicate wells treated with doxorubicin alone or doxorubicin
plus zoledronate was plotted. The percentage of doxorubicin+ cells was significantly
increased (* = p < 0.05) in the combination treated cells. In (C), the mean of the mean
fluorescence intensities (MFI) of doxorubicin expression by cells treated with doxorubicin
alone or doxorubicin plus zoledronate was plotted. The mean MFI of doxorubicin expression
was significantly increased (* = p < 0.05) in the combination treated cells. In (D), MH cells
in triplicate wells were treated doxorubicin alone or with zoledronate (Z), pamidronate (P),
alendronate (A), or clodronate (C) plus doxorubicin for 24 hours and the mean percentage of
doxorubicin+ cells was determined by flow cytometry. Only treatment with zoledronate
produced a significant increase (* = p < 0.05) in the percentage of doxorubicin+ cells, as
assessed by ANOVA.
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