
Abstract. Background: Treatment for advanced pancreatic
cancer is still very unsatisfactory. Treosulfan is an alkylating
agent used for conventional, as well as high-dose chemotherapy
regimens, whereby plasma concentrations over 500 μg/ml can
be achieved. We investigated the effects of treosulfan on
pancreatic cancer cell lines. Materials and Methods: Using
Panc-1, MIA PaCa-2 and Capan-2 cell lines, we investigated
the in vitro cytotoxicity of treosulfan-alone and in combination
with gemcitabine, 5-fluorouracil or irradiation. Results:
Treosulfan was potently cytotoxic against all pancreatic cancer
cell lines at all concentrations (1-100 μg/ml). Combination of
treosulfan and gemcitabine revealed strong synergistic effects
independent of the sequence of drug administration. Similarly,
synergism was observed with irradiation. Combination of
treosulfan and 5-fluorouracil revealed antagonism. Conclusion:
Treosulfan effectively kills pancreatic carcinoma cells in vitro
and has synergistic activity in combination with gemcitabine
and irradiation. These results warrant further investigation of
treosulfan in the treatment of pancreatic cancer.

Pancreatic cancer has an incidence of 10/100,000 per year and
makes up for 2-3% of all cancer cases. Each year, about 32,000
individuals in the United States and about 60,000 in Europe are
diagnosed with pancreatic cancer, the fourth most common
cause of cancer mortality (1). At the time of diagnosis of
pancreatic adenocarcinoma, about 10 to 20% of patients
present with disease confined to the pancreas and are eligible
for surgical resection while up to 90% of patients present with
locally advanced (30-40%) or metastatic (50-60%) disease (1). 

In patients with locally advanced disease, combined
radiochemotherapy [5-fluorouracil (5-FU) plus 35-40 Gy]
has been shown to be superior to radiotherapy (35-40 Gy)-

alone (2). Prior to approval of gemcitabine, 5-FU was the
standard-of-treatment. For the past decade, gemcitabine has
been considered the standard chemotherapy for patients with
locally advanced or metastatic disease, achieving a
significant improvement in clinical benefit as well as a five-
week gain in median survival compared to 5-FU (3). 

Over the past decades, several cytotoxic agents have been
investigated with none demonstrating superiority or
equivalence to gemcitabine. Due to the activity of gemcitabine
and 5-FU and their favorable side-effect profiles at active
doses (4-7), several studies have assessed the activity of these
drugs in combination to other cytostatic agents (6-12).
Combinations of gemcitabine and erlotinib, as well as
gemcitabine and capecitabine, have been reported to be
superior to single-agent gemcitabine (13, 14), although with
rather modest improvement of survival. With 5-year survival
rates of less than 4% for all stages of the disease, there is a
strong need for more effective drugs and stategies (8).
Recently, FOLFIRINOX (5-FU, oxaliplatin, irinotecan,
leucovorin) was demonstrated to improve overall survival from
6.8 months to 11.1 months compared to gemcitabine (15).

Treosulfan is an alkylating agent with activity in ovarian
cancer and other solid tumor types (16-18); as far as we are
aware of, effects on pancreatic carcinoma have never been
reported. For many years, treosulfan has been employed in
clinical use for conventional chemotherapy, as well as high-
dose, chemotherapy regimens whereby plasma
concentrations over 500 μg/ml are achieved (19).

The purpose of the present study was to examine the
cytotoxic effects of treosulfan-alone, and in combination
with gemcitabine, 5-FU or radiation, on human pancreatic
ductal carcinoma cell lines (PDCL). 

Materials and Methods

Panc-1 human ductal adenocarcinoma cells [purchased from the
American Type Culture Collection (ATCC)], were cultured in
Dulbecco’s modified Eagle’s medium with 4 mM L-glutamine and
10% fetal bovine serum. MIA PaCa-2 human ductal adenocarcinoma
(ATCC), cells were cultured in Dulbecco’s modified Eagle’s medium
with 4 mM L-glutamine supplemented with 10% fetal bovine serum
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and 2.5% horse serum. Capan-2 human ductal adenocarcinoma cells
(ATCC) were propagated in RPMI-1640 medium supplemented with
15% fetal bovine serum. All cell lines were obtained directly from the
ATCC and passaged in our laboratory for less than six months, thus
no further authentication of the cell lines was performed.

For cytotoxicity assays, the cells were plated at 1×104 cells/ml
grown in 100 μl volume per well of 96-well tissue culture plates. The
cells were left to adhere overnight and thereafter incubated with
different concentrations of treosulfan alone or in combination with
gemcitabine. The drug combination was added to the cell cultures
simultaneously or sequentially (the second drug added 12 h after the
first). After 72 h of incubation, Alamar Blue® solution (Serotec,
Oxford, UK) was added to the wells prior to further overnight
incubation. Absorbance was then measured on a spectrophotometer
(Labsystems, Helsinki, Finnland) and cell proliferation and
cytotoxicity of drugs were calculated according to manufacturer’s
instructions [Serotec (20, 21)]. In some experiments, proliferation and
cytotoxicity were also determined by using trypan blue exclusion and
cell counting with an improved Neubauer hemocytometer and cell
viability assessed by staining the cells with 7-amino-actinomycin D
(Calbiochem, Darmstadt, Germany; final concentration 200 μg/ml)
and Annexin-V and analyzing via flow cytometry using a FACS Scan
flow cytometer (BD Biosciences, San Jose, CA, USA).

Statistical methods. Comparison of the dose effects of treosulfan
was performed using the Wilcoxon rank-sum test. Analysis of IC50
values of treosulfan and the combinational effects of drug
combinations was performed with Calcusyn® software, (BIOSOFT,
Cambridge, UK) which utilizes the median effects method described
by Chou and Talalay (22), whereby a combination index (CI) of 1
indicates an additive effect, CI <1 indicates a synergistic effect and
CI >1 indicates an antagonistic effect of the drug combination.

Results
Cytotoxic effects of tresoulfan as a single agent. The cytotoxic
effect of treosulfan was investigated in three different cell
lines, Panc-1, Miapaca-2 and Capan-2. Treosulfan dose-

dependently reduced cell viabiltiy in all cell lines as measured
by the Alamar Blue assay (Figure 1). In all three cell lines
100 μg/ml treosulfan led to nearly 100% cytotoxicity. The
IC50 values for Panc-1, Miapaca-2 and Capan-2 cells were
3.6 μg/ml, 1.8 μg/ml and 2.1 μg/ml respectively. Since the
Alamar Blue assay does not allow differentiating between
inhibition of cell proliferation and cell death, the cytotoxic
effect of treosulfan was further investigated by flow
cytometry. Whereas in untreated controls an Annexin V-
negative/7-AAD-negative population was predominant,
treatment with 10-100 μg/ml treosulfan resulted in a strong
dose-dependent increase in the Annexin V-positive/7-AAD-
positive population, which represents late apoptotic and
necrotic cells (23). Trypan blue exclusion also confirmed that
treosulfan dose-dependently kills pancreatic carcinoma cells.

Synergistic effect of treosulfan and gemcitabine. The
combined effect of treosulfan and gemcitabine was studied
in Panc-1 and Miapaca-2 cell lines exposed for 72 h to
different concentrations of the drugs. The results show that
treatment with a combination of treosulfan (0.1-100 μg/ml)
and gemcitabine (0.001-1 μg/ml for Panc-1, 0.1-100 ng/ml
for Miapaca-2) led to enhanced cytotoxicity compared to
treatment with the single agents. Combination analysis
demonstrated that the drug combination treosulfan−
gemcitabine has a synergistic activity against Panc-1 cells
across all doses, with CI values ranging between 0.17 and
0.68 (Figure 2a). In Miapaca-2 cells, additive interaction was
observed at low doses (CI=1.03), while significant synergism
was observed at middle and high concentrations of the drugs,
with CI values ranging between 0.66 and 0.74.

In order to determine if synergism between the drug
combination of treosulfan and gemcitabine depends on the
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Figure 1. Dose-dependent cytotoxicity of treosulfan in Panc-1, Miapaca-2 and Capan-2 cells, as determined by Alamar blue assay. The cells were
seeded in 96-well tissue culture plates in a volume of 100 μl 1×104 cells/ml and allowed to adhere overnight. Then treosulfan was added at
concentrations from 0.1 to 100 μg/ml. After 72 h, Alamar blue was added to the wells prior to further overnight incubation. Absorbance was then
measured on a spectrophotometer and cell proliferation and cytotoxicity of drugs were calculated as described in Materials and Methods. Results
represent the mean values of 10 independent experiments each performed in triplicate.



sequence of application, Panc-1 cells were exposed to 10 μg/ml
treosulfan and 0.1 μg/ml gemcitabine in combination, whereby
the first agent was applied 12 h before the second agent, or
simultaneously. The results indicate that the drug combination
has enhanced cytotoxicity against PDCL irrespective of the
sequence of administration (Figure 2b).

Synergistic effect of treosulfan and irradiation. Panc-1 and
Mipaca-2 cells were exposed to irradiation (1-10 Gy) and
treosulfan (1-10 μg/ml) in combination, and as single agents.

Treosulfan enhanced the cytotoxic effects of irradiation in
both cell lines. The influence of irradiation on the effects of
treosulfan was dose-dependent. Analysis revealed that
combination of irradiation and treosulfan produced
synergistic and additive effects, depending on the
concentration of the drug. Analysis revealed synergistic
effects to additive combination for both Panc-1 and Miapaca-
2 cells, with CI ranging from 0.7 to1.1. Synergism between
treosulfan and irradiation was independent of the sequence
of application of the agents (Figure 3a and b). 
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Figure 2. Effects of treatment with treosulfan and gemcitabine, alone and in combination in Panc-1 and Miapaca-2 cells as determined by the
Alamar blue assay. The cells were seeded in 96-well tissue culture plates in a volume of 100 μl of 1×104 cells/ml and allowed to adhere overnight.
Then treosulfan (0.1 to 100 μg/ml) and gemcitabine (0.1 ng to 1 μg/ml) were added as single agents or in combination, whereby the first agent was
applied 12 h before the second agent, or simultaneously. After 72 h, Alamar blue was added to the wells prior to further overnight incubation.
Absorbance was then measured on a spectrophotometer and cell proliferation and cytotoxicity of drugs were calculated as described in Materials
and Methods. Results represent the mean values of five independent experiments each performed in triplicate. a: Dose−effect curve of treosulfan
alone, gemcitabine alone and the combination of treosulfan and gemcitabine. b: Dose−effect curve of treosulfan and gemcitabine applied
simultaneously, treosulfan applied 12 h before gemcitabine, and gemcitabine applied 12 h before treosulfan. 



Antagonistic effect of treosulfan and 5-FU. Panc-1 and
Miapaca-2 cells were exposed to treosulfan (1, 2.5, 5 μg/ml)
and 5-FU (0.1, 0.25, 0.5 μg/ml) in combination, and as single
agents for 72 h. In Panc-1 cells, the drug combination
treosulfan−5-FU had antagonistic interaction at intermediate
and high concentrations (CI=1.6-2.1), while the lowest
concentration resulted in moderate synergistic effects (CI=0.8).
In Miapaca-2 cells, antagonistic effects were observed at all
doses, with CI values ranging between 1.16 and 1.28. 

Discussion

The treatment outcome of patients with advanced pancreatic
cancer remains unsatisfactory with 5-year survival rates

reported to be less than 4% for all disease stages (8).
Gemcitabine is the standard-of-care for patients with
advanced disease. Marginal improvement in response and
survival has been achieved combining gemcitabine and
erlotinib, as well as gemcitabine and capecitabine (13, 14),
while more significant improvement has been achieved with
FOLFIRINOX (15). These currently disappointing data
emphasize the great need for better systemic treatments using
more efficient therapeutic regimes and drug combinations. 

Our study demonstrates, for the first time, that treosulfan
has potent activity against the pancreatic carcinoma cell lines
Panc-1, Miapaca-2 and Capan-2. The results show that
treosulfan is able to effective kill PDCL with 100%
cytotoxicity at concentrations below 100 μg/ml, which are
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Figure 3. Effects of treosulfan and irradiation alone and in combination with irradiation on Panc1 and Miapaca-2 cells as determined by Alamar
blue assay. The cells were seeded in 96-well tissue culture plates in a volume of 100 μl of 1×104 cells/ml and allowed to adhere overnight. Then
treosulfan (1 to 10 μg/ml) and irradiation (1 to 10 Gy) as single treatments or in combination, whereby the first was applied 12 h before the second,
or simultaneously. After 72 h, Alamar blue was added to the wells prior to further overnight incubation. Absorbance was then measured on a
spectrophotometer and cell proliferation and cytotoxicity of drugs were calculated as described in Materials and Methods. Results represent the
mean values of three independent experiments each performed in triplicate.  In a: Dose−effect curve of treosulfan alone, irradiation alone and the
combination of treosulfan and irradiation. b: Dose−effect curve of treosulfan and irradiation applied simultaneously, that of treosulfan applied 12
h before irradiation and of  irradiation applied 12 h before treosulfan.



easily achievable in standard chemotherapy. In high-dose
therapy regimens, serum treosulfan levels above 500 μg/ml
are detected (19). Moreover, the combination of treosulfan
and gemcitabine shows strong sequence-independent
synergism at all dose levels, a finding which would allow for
effective combination of the two drugs.

Combined treatment with treosulfan and irradiation also
resulted in sequence-independent synergistic or additive effects
depending on the dose level. Our findings suggest that
combining treosulfan with 5-FU may lead to antagonistic effects. 

The results of our study indicate that treosulfan-alone or in
combination with gemcitabine or irradiation could be an
effective regime in the treatment pancreatic cancer. The
observed synergism may help reduce toxicity while
maximizing antitumor effects. 

As in the case of other types of cancer, studies on the
chemosensitivity of pancreatic carcinoma are largely based
on in vitro investigations, but these results need to be viewed
cautiously. There is a large number of pancreatic cancer cell
lines with a great deal of diversity (24), only three of which
were examined in our study. Although our findings cannot be
extrapolated to predict in vivo effects, they establish the
foundation for studies in xenograft models and clinical trials
and should be considered relevant in supporting further
investigations of treosulfan in pancreatic carcinoma treatment.
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