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ABSTRACT

Neuroblastoma is the most common extracranial tumor in childhood. Outcome of
stage 4 disease remains poor and the development of novel therapeutic approaches
is thus urgently needed. Taurolidine (TRD), originally invented to avoid catheter
infections, has shown to exhibit antineoplastic activity in various cancers. The
growth of neuroblastoma cell lines is inhibited by TRD as recently demonstrated.
Further analysis disclosed a significant negative growth effect of TRD on the four
neuroblastoma cell lines SH-EP TET21N, SK-N-AS, SK-N-BE(2)-M17 and SK-N-SH.
Detected IC_, (51-274 pM; 48 h) are promising and correspond to clinically- achievable
plasma levels. Apoptosis was induced (76-86%; 48 h) in a time- dependent manner
mediated by a simultaneous activation of the intrinsic and extrinsic pathways. This
was confirmed by cleavage of caspases -3, -8 and -9 and abrogation of apoptosis by
pan-caspase inhibition. Application of TRD resulted in a significant enhancement of
cytotoxic drugs vincristine/doxorubicin (2/3 of 4 cell lines) making TRD a promising

candidate to be included in neuroblastoma therapy regimens in the future.

INTRODUCTION originally synthesized by Geistlich-Pharma. TRD was
initially used for its antiinflammatory and antimicrobial
Neuroblastoma, originating from sympathetic properties in the treatment of surgical and wound

nervous tissue, is the most common extracranial tumor
during childhood. Due to significant improvements in
therapy in the recent years 5-year survival rates for non-
high risk disease are good (>90%) [1]. However, stage 4
disease with distant organ metastases is highly common
at diagnosis.

At the same time, outcome remains poor despite
primary surgery and chemotherapy as well as intensive
treatment protocols including megatherapy followed by
blood stem cell transplantation, differentiation therapy, or
immunotherapy [2].

Therefore, the development of novel therapeutic
approaches for the treatment of neuroblastoma is one of
the main objectives in pediatric oncology [3, 4].

The drug taurolidine [bis(1,1-dioxoperhydro-
1,2,4-thiadiazinyl-4)methane] (TRD) is derived from
the aminosulfone acid taurine that is able to protect
mammalian tissue from oxidant-induced injury [5]. It was

infections as well as for preventing infections by central
venous catheters [6-8].

In recent years, substantial evidence was presented
for antineoplastic activities of TRD. Cell growth inhibition
and induction of apoptosis was achieved in vitro and in
vivo using animal models in such different tumors as
bladder carcinoma [9], colon cancer [10-12], epithelioid
cell sarcoma [13], esophageal cancer [14], fibrosarcoma
[10, 15], gallbladder cancer [16], glioblastoma [17, 18],
leiomyosarcoma [13], lung cancer [19], mesothelioma
[20], melanoma [21, 22], osteosarcoma [23], ovarian
cancer [19], pancreas carcinoma [10], prostate cancer [24]
and rhabdomyosarcoma [13].

In neuroblastoma TRD significantly inhibited the
cell growth of cell lines SK-N-BE(2)-M17 and SK-N-SH
[25]. However, the underlying mechanisms of TRDs mode
of action in neuroblastoma cells are unknown so far.

In the extrinsic pathway of apoptosis binding of
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specific ligands like TNF-a, TRAIL or FASL to so called
death receptors on the cell surface initiates the cytosolic
formation of complex II containing caspase-8 leading to
its activation and caspase-3 subsequently [26].

The intrinsic apoptosis pathway is activated by
a plethora of stimuli like viral infections, radiation or
treatment with cytotoxic drugs used in chemotherapy
[27]. In consequence, processes in the mitochondria
evoke a decrease in the mitochondrial membrane potential
(MMP), a release of cytochrome C and formation of a
complex called apoptosome containing apoptotic protease
activating factor 1 (Apaf-1) and caspase-9. The latter is
cleaved and in turn activates the effector caspase-3 thereby
initiating processes cumulating in apoptosis.

Promising results were obtained with TRD in
patients as well. A comprehensive clinical evaluation of
TRD is nevertheless missing so far. In one patient with
gastric cancer histological remission of the tumor growth
was reached. The patient however died from myocardial
infarction after occurrence of primary urothelial carcinoma
[28]. In stage IV melanoma patients TRD enhanced the
tolerability of high-dose interleukin 2 [29].

In two glioblastoma patients TRD was able to
significantly improve the quality of life with partial
remission of tumor burden [30]. No relevant toxicity was
detectable in patients therefore making TRD a promising
candidate for further research [28, 31].

Mechanistic analysis of TRD-mediated cell death in
cancer cells revealed apoptosis as the main mode of action.
Dependent on cell type and experimental setup decrease in
mitochondrial membrane potential, cytochrome C release
and cleavage of caspase-9 was detected characteristic for
the activation of the intrinsic pathway [14, 22, 24, 32,
33]. An activation of the death receptor initiated extrinsic
pathway with activation of caspase-8 was observed as well
[17,22, 33].

In the current study we, for the first time, present
detailed evidence that TRD significantly induces apoptosis
via activating the intrinsic and extrinsic pathways in
different neuroblastoma cell lines. TRD cooperates with
the cytotoxic drugs doxorubicin and vincristine that are
currently used in therapy regimens for neuroblastoma
making TRD a promising novel candidate for treatment of
this malicious and defying childhood disease.

RESULTS

Inhibition of Cellular Growth by Taurolidine in
Neuroblastoma Cell Lines

We first evaluated the growth of human
neuroblastoma cell lines (n=4) in the presence of

Table 1: Growth of Neuroblastoma Cell Lines is
Inhibited by Taurolidine in a Concentration-dependent
Manner. IC,, IC . and IC , values for dose-effect curves
were determined 24 h and 48 h following treatment. n.d.

= not determined.
Taurolidine (uM)

ICso IC7s ICqo
24h 48h 24h 48h 24h 48h
SH-EP TET21N 152 151 196 203 222 235
SK-N-AS 353 274 nd. 522 n.d. nd.
SK-N-BE(2)-M17 126 51 210 80 284 102
SK-N-SH 224 186 275 225 310 248

increasing amounts (0-500 uM) of taurolidine (TRD).
Cellular growth was inhibited by TRD in all cell lines.
Decrease in growth 24 h following treatment initiation was
seen with a minimal dose of 100 uM TRD (figure 1A).
The cell line SK-N-BE(2)-M17 was most sensitive with
an IC, of 126 pM, the IC, of the other cell lines varied
between 152-353 uM (table 1).

Analysis of cellular growth after 48 h of treatment
revealed a stronger impact of TRD in comparison to the
24 h time point as expected (figure 1B). IC, values were
between 51 uM (SK-N-BE(2)-M17) and 274 uM (SK-N-
AS) at 48 h (table 1).

Neuroblastoma Cells Undergo TRD-induced
Apoptosis

In order to evaluate if apoptosis is causal for the
TRD-induced decrease of cell growth neuroblastoma cells
were analyzed using flow cytometry.

In all cell lines TRD induced apoptosis characterized
by externalization of phosphatidylserine (Annexin
V staining) and PI uptake (figures 2A-B). Apoptotic
cells significantly increased (p < 0.05) in a time- and
concentration-dependent way with a maximum apoptosis
of 86% in the cell line SH-EP TET21N (500 puM TRD; 48
h) (figure 2B).

To generate additional evidence for TRD’s potential
to stimulate the induction of apoptosis in neuroblastoma
the cleavage of caspase-3 to its active fragment, a specific
feature of apoptosis, was determined [34].

Treatment with TRD caused a significant induction
of active caspase-3 in a concentration-dependent manner
(figure 3). Cleavage of caspase-3 was significantly
inhibited (p < 0.05) in three of four cell lines if cells
were additionally pre-treated with pan-caspase inhibitor
Z-VAD (figure 3) giving evidence that the impact of TRD
on apoptosis is mediated by upstream caspases activation.
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Figure 1: Inhibition of Cell Growth in Neuroblastoma Cell Lines by Taurolidine. Cells were treated with the indicated
concentrations of TRD and cell growth was determined after 24 h (A) or 48 h (B) using WST-1. Growth of povidone-treated cells was
defined as 100 %. Values represent the mean + SD of three to four independent experiments.
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Figure 2: Apoptosis Induction in Neuroblastoma Cell Lines by Taurolidine. Apoptosis induced by TRD was analyzed over
time. Cells were treated with the indicated concentrations of TRD and the proportion of apoptotic cells was determined by flow cytometry
(Annexin V and PI staining) after 24 h (A) or 48 h (B). Values represent the mean + SD of three independent experiments, *; p < 0.05.
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Taurolidine-mediated Apoptosis is Abolished by
Pan-Caspase-inhibition

For further characterization of the molecular
pathways involved in TRD-induced apoptosis specific and
pan-caspase inhibition was conducted.

Neuroblastoma cells were treated with TRD for
48 h and apoptosis was quantified by flow cytometry.
TRD-induced apoptosis was reduced by inhibition of
caspase-8 or caspase-9 in all four neuroblastoma cell lines
respectively (figure 4).

The apoptosis reduction was significant (p < 0.05)
using caspase-8 inhibitor in three of four cell lines and
with caspase-9 inhibitor in two of four cell lines.

Consistent with the former findings pan-caspase
inhibition, by irreversibly binding the active site of
activated proteases using Z-VAD, significantly (p < 0.05)
reduced the effect of TRD to basal levels in three of four
cell lines (figures 3 and 4).

Taurolidine Induces Activation of Intrinsic and
Extrinsic Apoptosis Pathways

After relevant inhibition of TRD-mediated apoptosis
was achieved by blockade of active caspases-8 and -9 the
effects of TRD on the activation of the in- and extrinsic
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Figure 3: Effect of Taurolidine on Effector Caspase-3
in Neuroblastoma Cell Lines. Activation of active
caspase-3 was determined by staining with FITC-DEVD-FMK
and flow cytometry 48 h after treatment with TRD and 100 pM
pan-caspase inhibitor Z-VAD. Values represent the mean £ SD
of three independent experiments, " (TRD 0 uM vs. 250 uM) and
£(TRD 250 pM +/- Z-VAD); p < 0.05.

apoptosis pathways was quantified by flow cytometry.

Treatment with TRD significantly induced (p
< 0.05) the formation of active caspase-8 and -9 in a
concentration-dependent way indicative for extrinsic
and intrinsic apoptosis in the cell lines SK-N-AS and
SK-N-BE(2)-M17 (figures 5A-B). The activation of
both caspases was significantly impeded with Z-VAD
pan-caspase inhibitor treatment in all cell lines with the
exception of SH-EP TET2IN (figures SA-B).

Apoptosis Induction of TRD in Combination with
Vincristine and Doxorubicin

The vinca alkaloid vincristine and the antracycline
doxorubicin are antineoplastic drugs commonly used for
neuroblastoma chemotherapy [3]. Thus, it was tested
if TRD has the potential to improve the effects of these
drugs.

All cell lines were susceptible for 25 nM vincristine
with an induction of apoptosis of 35-57% after 48 h (figure
6A). The combination of vincristine with TRD resulted
in an apoptosis induction of 35-79% and a significant
increase (p < 0.05) of the vincristine effect in the cell lines
SH-EP TET21N and SK-N-BE(2)-M17 (figure 6A).

Treatment of neuroblastoma cell lines with 250-500
nM doxorubicin effected an apoptosis induction between
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Figure 4: Influence of Caspase-inhibition on

Taurolidine-induced Apoptosis Induction. Neuroblastoma
cells were treated with the indicated concentrations of TRD and
100 uM caspase inhibitors. The proportion of apoptotic cells was
determined by flow cytometry and staining with Annexin V and
PI 48 h after treatment initiation. Values represent the mean +
SD of three independent experiments, * (TRD 250 uM + NC vs.
Z-IETD), T (TRD 250 uM + NC vs. Z-LEHD) and * (TRD 250
uM + NC vs. Z-VAD); p <0.05. NC = Negative control.
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Figure S5: Activation of the Extrinsic and Intrinsic Apoptosis Pathways in Neuroblastoma Cells by Taurolidine.
Activation of active caspase-8 (A) and caspase-9 (B) was determined by staining with FITC-IETD-FMK (C-8) or FITC-LEHD-FMK (C-9)
respectively and flow cytometry 48 h after treatment with TRD and 100 pM pan-caspase inhibitor Z-VAD. Values represent the mean + SD
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Figure 6: Effect of Taurolidine and Antineoplastic Drugs on Apoptosis Induction in Neuroblastoma Cells. Neuroblastoma
cells were treated with the indicated concentrations of TRD, vincristine (A)/doxorubicin (B) or a combination of both. Apoptotic cells were
determined by Annexin V and PI staining and flow cytometry 48 h post treatment initiation. Values represent the mean + SD of three
independent experiments, *; p < 0.05.
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25% and 50% (figure 6B). In all cell lines except SK-N-
BE(2)-M17 the combination of doxorubicin with TRD
resulted in a significant mutual enhancement (p < 0.05)
with an increase of apoptotic cells to 71-84%.

This results show TRD’s capability to support the
effect of cytotoxic drugs in neuroblastoma cell lines.

DISCUSSION

Taurolidine (TRD) is an innovative drug in
cancer therapy that demonstrated antiproliferative
and proapoptotic potential in vitro and in vivo in many
malignancies reaching from bladder to prostate cancer [9,
24].

To further establish the potential use of TRD for
neuroblastoma therapy detailed analyses of TRD’s impact
on regulation of apoptosis and the underlying pathways
were conducted.

For the first time we were able to show that treatment
of neuroblastoma cell lines with TRD significantly inhibits
cellular growth and induces apoptosis (figures 1 + 2).
Externalization of phosphatidylserine detected by Annexin
V staining significantly increased after TRD-treatment, a
specific cellular reaction in early apoptosis [35].

In the same way cells double positive for PI and
Annexin V were clevated. As PI uptake can either be a
consequence of necrosis or an indication for late stage
apoptosis a time-dependent increase of only Annexin
V-positive cells supports that apoptosis is the main mode
of action in TRD-mediated cell death in neuroblastoma
[36].

Furthermore, TRD treatment induced detachment,
round shaping, and shrinkage of the cells typical
morphological transformations of apoptosis [37].

Along with Annexin V-positivity the cleavage of
caspase-3 to its active fragment is a specific marker of
apoptosis [34]. In line with this, TRD significantly induced
active caspase-3 in neuroblastoma an effect which was
also shown in glioma and malignant pleural mesothelioma
(figure 3) [33, 38]. Almost complete abrogation of
caspase-3 activation by pan-caspase inhibitor Z-VAD
indicated that upstream caspases are involved in TRD-
mediated apoptosis (figure 3).

Inhibition of caspases-8 and -9 decreased apoptosis
induction and pan-caspase blockade reduced apoptosis to
almost basal levels. These findings indicate that intrinsic
(mitochondrial) and extrinsic (death receptor) apoptosis
pathways are involved (figure 4).

An induction of the mitochondrial apoptotic
signaling pathway was described for TRD in several
different malignancies. In melanoma, TRD led to
expression of the proapoptotic Bax and to inhibition of
the antiapoptotic Bcl-2 critical mediators of the intrinsic
pathway [22]. Bcl-2 was decreased in malignant pleural
mesothelioma following TRD-treatment too [33].

The effect of TRD on the intrinsic pathway was

further supported by a loss of mitochondrial membrane
potential and cytochrome C translocation to the cytosol
in glioma, leukemia and prostate cancer [24, 32, 38]. An
activation or upregulation of caspase-9 was detected in
models of esophageal and prostate cancer [14, 24].

TRD’s influence on the extrinsic pathway is less
well documented. TRD mediated antitumor effects
were postulated as in part being based on an increase
in Fas-ligand induced apoptosis in glioblastoma [17].
Upregulation of caspase-8 and the whole TNF-receptor
signaling was seen in squamous carcinoma giving thus
no direct evidence for pathway activity [14]. In prostate
cancer activation of caspase-8 following TRD treatment
was described but subsequent to activation of caspase-9
[24]. This indicates a cross-talk between both apoptosis
pathways as seen in other diseases [39].

As described, TRD-induced apoptosis in
neuroblastoma was dependent on caspases-8 and -9
(figure 4). Accordingly, activated caspases-8 and -9 were
significantly induced following TRD exposure in two of
four cell lines (figures SA-B). Significant differences in
caspase-dependency of TRD-mediated apoptosis would
be expected in neuroblastoma if caspase-8 is activated
subsequent to caspase-9 or vice versa [24, 40, 41]. No
obvious differences were observed and therefore an
independent activation of both caspases through TRD is
suggested.

TRD was tested in combination with different
cytotoxic drugs in order to evaluate its potential to
efficiently supplement classic treatment of neuroblastoma.
The antimitotic vinca alkaloid vincristine effectively
induced apoptosis in the treated neuroblastoma cell lines
(figure 6A). Cytotoxic therapy using vincristine was
further and significantly increased in the cell lines SH-EP
TET21N and SK-N-BE(2)-M17 (figure 6A).

The effects of the anthracycline doxorubicin with
the used doses were only moderate but were significantly
amplified in three of four cell lines if it was applicated in
company with TRD (figure 6B).

The capacity of TRD to cooperate with additional
other drugs used for neuroblastoma therapy would be
informative. Relevant insights could thus be obtained if
TRD’s impact on molecular level could be elucidated and
then be correlated to the modes of action of the cytotoxic
drugs and the observed effects of the combination
treatment.

In few other cancers TRD was tested along with
cytotoxic drugs. In malignant pleural mesothelioma
TRD effected a synergistically enhancement of cisplatin
[33]. Combination of TRD with a variety of drugs
in fibrosarcoma revealed only a synergistic effect
for mafosfamide and an unexpected antagonism for
doxorubicin and trabectedin [15].

Reasons for these adverse effects of some drug
combinations are unknown so far and could be important
hurdles for a transfer of TRD to clinical application for
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cancer treatment.

Using animal cancer models TRD showed a broad
spectrum of activity in vivo. Malignant mesothelioma,
melanoma, ovarian and prostate cancer were efficiently
reduced in mice [19, 20, 22, 24].

Comprehensive studies were conducted evaluating
TRD’s effect on colon cancer in a rat model revealing
inhibition of tumor growth and prevention of metastases
[42]. In Syrian hamsters TRD was potent in treatment of
pancreatic carcinoma [43].

Beside these promising results in different animal
systems some findings showed side-effects of TRD in
mice and rats. In a murine osteosarcoma model TRD was
not only ineffective in tumor reduction but also enhanced
the occurrence of metastasis and liver deformations which
was associated with a significant mortality of ~40%
[44]. In rat bladder carcinoma TRD also promoted tumor
growth [9].

Interestingly in both systems TRD was effective in
vitro and in vivo TRD concentrations (500-800 mg/kg)
were comparable with other surveys where a mortality of
10% in maximum was observed.

Obviously TRD has a rather small therapeutic index
if the negative effects of TRD in some settings are taken
into account.

Nevertheless, TRD is a promising novel drug with
increasing evidence of remarkable potency against cancer
growth in animal models.

In patients TRD was used as palliative option which
was well tolerated giving rise to the hope that TRD might
be an up-and-coming drug to support treatment and
enhance the clinical outcome of cancer [28-31].

Our results in neuroblastoma cell lines are promising
as well. The obtained IC,, of TRD at 48 h time point were
between 51-274 uM and hence in a range that is clinically-
achievable. Repeated intravenous application of TRD in
humans induced detectable plasma levels of 96 pg/ml (337
uM) [45].

The evaluation of TRD in a murine neuroblastoma
system recapitulating the significant effects that we
could show in vitro is therefore the consequential next
experimental step.

METHODS

Cell lines and cell culture

Neuroblastoma cell lines SH-EP TET21N, SK-N-
AS, SK-N-BE(2)-M17 and SK-N-SH were used. SH-EP
TET2I1N is a conditional, tetracycline-regulated MYCN
expression system established in the MYCN non-amplified
SH-EP neuroblastoma cell line [46]. Neuroblastoma cells
were cultured in RPMI 1640 medium supplemented
with 10% fetal bovine serum (both Life Technologies,
Darmstadt, Germany) and Penicillin/Streptomycin (10.000

U/ml / 10.000 pg/ml, Biochrom, Berlin, Germany). All
cells were cultivated at 37°C, 5% CO,-atmosphere and a
relative humidity of 95%.

Chemical compounds, biological reagents and
drugs

Taurolidine  (Taurolin®, Berlin-Chemie AG,
Berlin, Germany) working solutions were prepared
by dilution with PBS (Life Technologies, Darmstadt,
Germany) to designated concentrations. Povidone
(Polyvinylpyrrolidone,  Sigma-Aldrich,  Steinheim,
Germany) had a concentration of 5% in the undiluted
TRD and was dissolved with PBS to final concentration.
Cytostatic drugs were obtained from Sigma-Aldrich
(Munich, Germany). Inhibitors targeting caspase-8
(Z-IETD; FMK007) and -9 (Z-LEHD; FMK008) as well
as pan-caspase inhibitor (Z-VAD; FMKO001) were obtained
from R&D (Wiesbaden, Germany).

Cellular growth assays

Assays were performed with Cell Proliferation
Reagent WST-1 (Roche, Grenzach, Germany) according
to the manufacturer’s protocol. Cells were seeded in
phenol red- free culture medium in 96-well plates to
adhere overnight. TRD was added to the cells for an
incubation period of 24-48 h. To exclude povidone-related
effects in TRD-treated cells, it was added to controls in a
concentration equally to its concentration in the highest
used dosage of TRD. Following incubation with WST-1
for 2 h, absorbance was measured with an ELISA reader.
IC,,, IC., and IC , values were determined using in-house

50°
software (Microsoft Excel).

Detection of apoptosis by flow cytometry

Cells were seeded in cell culture medium in 24-well
plates to adhere overnight and then were treated with the
indicated reagents for 24 h to 48 h. They were harvested,
washed twice with PBS and resuspended in Annexin V
binding buffer (10 mM Hepes, 140 mM NacCl, and 0.25
mM CaCl,). Apoptosis was detected by Annexin V-FITC
(556419; BD Pharmingen, Heidelberg, Germany) and
propidium-iodide (PI) (I mg/ml in ddH,O; Invitrogen,
Darmstadt, Germany) staining and flow cytometry.

Detection of active caspases-3, -8 and -9

Cells were seeded in cell culture medium in 24-
well plates to adhere overnight and then were treated
with the indicated reagents for 48 h. Cells were harvested,
washed, aliquoted into FACS tubes and detection of
active caspases was performed using the Green Caspase-3
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(PK-CA577-K183-100; PromoKine), Green Caspase-8
(-K188-100) and Green Caspase-9 (-K189-100) Staining
Kits. Cells were stained with 1 ul FITC-DEVD-FMK (C-
3), FITC-IETD-FMK (C-8) or FITC-LEHD-FMK (C-9)
and incubated for 1h at 37°C. Cells were washed twice,
resuspended in wash buffer, kept on ice and active caspase
expression was measured using flow cytometry.

Statistical analysis

The amount of vital cells treated with TRD was
calculated as percentage to the amount of vital cells in the
control group (5% povidone). The software IBM SPSS
was used to perform the statistical analysis. Statistical
significance of differences between treatment groups was
determined using a Student t-test. A p-value < 0.05 was
regarded as significant.
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Précis

Development of novel treatment approaches for
high-risk neuroblastoma is urgently needed. Due to its
antimicrobial and antiinflammatory properties taurolidine
(TRD) is used to prevent catheter infections, but has shown
to have antineoplastic activity in different cancers as well.
In neuroblastoma cell lines TRD induced apoptosis via
activation of the extrinsic and intrinsic pathways. Effective
collaboration with antineoplastic drugs discloses TRD as
a promising candidate with the potential to be included in
neuroblastoma therapy regimens.

REFERENCES

1. Park JR, Bagatell R, London WB, Maris JM, Cohn SL,
Mattay KM and Hogarty M. Children’s Oncology Group’s
2013 blueprint for research: neuroblastoma. Pediatric blood
& cancer. 2013; 60(6):985-993.

2. YuAL, Gilman AL, Ozkaynak MF, London WB, Kreissman

10.

I1.

12.

13.

14.

SG, Chen HX, Smith M, Anderson B, Villablanca JG,
Matthay KK, Shimada H, Grupp SA, Seeger R, Reynolds
CP, Buxton A, Reisfeld RA, et al. Anti-GD2 antibody with
GM-CSF, interleukin-2, and isotretinoin for neuroblastoma.
NEnglJMed. 2010; 363(14):1324-1334.

Maris JM. Recent advances in neuroblastoma. NEnglJMed.
2010; 362(23):2202- 2211.

Simon T, Berthold F, Borkhardt A, Kremens B, De CB
and Hero B. Treatment and outcomes of patients with
relapsed, high-risk neuroblastoma: results of German trials.
PediatrBlood Cancer. 2011; 56(4):578-583.

Browne MK, Leslie GB and Pfirrmann RW. Taurolin,
a new chemotherapeutic agent. The Journal of applied
bacteriology. 1976; 41(3):363-368.

Koldehoff M and Zakrzewski JL. Taurolidine is effective in
the treatment of central venous catheter-related bloodstream
infections in cancer patients. International journal of
antimicrobial agents. 2004; 24(5):491-495.

Traub WH, Leonhard B and Bauer D. Taurolidine: in vitro
activity against multiple- antibiotic-resistant, nosocomially
significant clinical isolates of Staphylococcus aureus,
Enterococcus faecium, and diverse Enterobacteriaceae.
Chemotherapy. 1993; 39(5):322-330.

Willatts SM, Radford S and Leitermann M. Effect of the
antiendotoxic agent, taurolidine, in the treatment of sepsis
syndrome: a placebo-controlled, double-blind trial. Critical
care medicine. 1995; 23(6):1033-1039.

Abramjuk C, Bueschges M, Schnorr J, Jung K, Staack A
and Lein M. Divergent effects of taurolidine as potential
anti-neoplastic agent: inhibition of bladder carcinoma cells
in vitro and promotion of bladder tumor in vivo. Oncology
reports. 2009; 22(2):409-414.

Chromik AM, Daigeler A, Bulut D, Flier A, May C, Harati
K, Roschinsky J, Sulberg D, Ritter PR, Mittelkotter U,
Hahn SA and Uhl W. Comparative analysis of cell death
induction by Taurolidine in different malignant human
cancer cell lines. Journal of experimental & clinical cancer
research : CR. 2010; 29:21.

McCourt M, Wang JH, Sookhai S and Redmond HP.
Taurolidine inhibits tumor cell growth in vitro and in vivo.
Annals of surgical oncology. 2000; 7(9):685-691.

Nestler G, Schulz HU, Schubert D, Kruger S, Lippert H
and Pross M. Impact of taurolidine on the growth of CC531
coloncarcinoma cells in vitro and in a laparoscopic animal
model in rats. Surgical endoscopy. 2005; 19(2):280-284.

Karlisch C, Harati K, Chromik AM, Bulut D, Klein-
Hitpass L, Goertz O, Hirsch T, Lehnhardt M, Uhl W
and Daigeler A. Effects of TRAIL and taurolidine on
apoptosis and proliferation in human rhabdomyosarcoma,
leiomyosarcoma and epithelioid cell sarcoma. International
journal of oncology. 2013; 42(3):945-956.

Daigeler A, Chromik AM, Geisler A, Bulut D, Hilgert
C, Krieg A, Klein-Hitpass L, Lehnhardt M, Uhl W and

www.impactjournals.com/Genes&Cancer

467

Genes & Cancer



Mittelkotter U. Synergistic apoptotic effects of taurolidine
and TRAIL on squamous carcinoma cells of the esophagus.
International journal of oncology. 2008; 32(6):1205-1220.

27.

Green DR and Kroemer G. The pathophysiology of
mitochondrial cell death. Science. 2004; 305(5684):626-
629.

15. Harati K, Chromik AM, Bulut D, Goertz O, Hahn S, Hirsch 28. Braumann C, Winkler G, Rogalla P, Menenakos C and
T, Klein-Hitpass L, Lehnhardt M, Uhl W and Daigeler A. Jacobi CA. Prevention of disease progression in a patient
TRAIL and taurolidine enhance the anticancer activity with a gastric cancer-re-recurrence. Outcome after
of doxorubicin, trabectedin and mafosfamide in HT1080 intravenous treatment with the novel antineoplastic agent
human fibrosarcoma cells. Anticancer research. 2012; taurolidine. Report of a case. World journal of surgical
32(7):2967-2984. oncology. 2006; 4:34.

16. Jacobi CA, Peter FJ, Wenger FA, Ordemann J and 29. O’Brien GC, Cahill RA, Bouchier-Hayes DJ and Redmond
Muller JM. New therapeutic strategies to avoid intra- and HP. Co-immunotherapy with interleukin-2 and taurolidine
extraperitoneal metastases during laparoscopy: results of a for progressive metastatic melanoma. Irish journal of
tumor model in the rat. Digestive surgery. 1999; 16(5):393- medical science. 2006; 175(1):10-14.

399. 30. Stendel R, Picht T, Schilling A, Heidenreich J,

17. Stendel R, Scheurer L, Stoltenburg-Didinger G, Brock Loddenkemper C, Janisch W and Brock M. Treatment of
M and Mohler H. Enhancement of Fas-ligand-mediated glioblastoma with intravenous taurolidine. First clinical
programmed cell death by taurolidine. Anticancer research. experience. Anticancer research. 2004; 24(2C):1143-1147.
2003; 23(3B):2309-2314. 31. Gong L, Greenberg HE, Perhach JL, Waldman SA and Kraft

18. Stendel R, Stoltenburg-Didinger G, Al Keikh CL, Wattrodt WK. The pharmacokinetics of taurolidine metabolites in
M and Brock M. The effect of taurolidine on brain tumor healthy volunteers. Journal of clinical pharmacology. 2007,
cells. Anticancer research. 2002; 22(2A):809-814. 47(6):697-703.

19. Calabresi P, Goulette FA and Darnowski JW. Taurolidine: 32. Han Z, Ribbizi I, Pantazis P, Wyche J, Darnowski J and
Cytotoxic and mechanistic evaluation of a novel Calabresi P. The antibacterial drug taurolidine induces
antineoplastic agent. Cancer research. 2001; 61(18):6816- apoptosis by a mitochondrial cytochrome c-dependent
6821. mechanism. Anticancer research. 2002; 22(4):1959-1964.

20. Nici L, Monfils B and Calabresi P. The effects of taurolidine, 33. Opitz I, Sigrist B, Hillinger S, Lardinois D, Stahel R, Weder
a novel antineoplastic agent, on human malignant W and Hopkins-Donaldson S. Taurolidine and povidone-
mesothelioma. Clinical cancer research : an official journal iodine induce different types of cell death in malignant
of the American Association for Cancer Research. 2004; pleural mesothelioma. Lung Cancer. 2007; 56(3):327-336.
10(22):7655-7661. 34. Thornberry NA and Lazebnik Y. Caspases: enemies within.

21. Shrayer DP, Lukoff H, King T and Calabresi P. The effect Science. 1998; 281(5381):1312-1316.
of Taurolidine on adherent and floating subpopulations of 35. Vermes 1, Haanen C, Steffens-Nakken H and
melanoma cells. Anti-cancer drugs. 2003; 14(4):295-303. Reutelingsperger C. A novel assay for apoptosis. Flow

22. Sun BS, Wang JH, Liu LL, Gong SL and Redmond HP. cytometric detection of phosphatidylserine expression on
Taurolidine induces apoptosis of murine melanoma cells early apoptotic cells using fluorescein labelled Annexin V.
in vitro and in vivo by modulation of the Bel-2 family Journal of immunological methods. 1995; 184(1):39-51.
proteins. Journal of surgical oncology. 2007; 96(3):241-243. 36. Arndt-Jovin DJ and Jovin TM. Fluorescence labeling

23. Walters DK, Muff R, Langsam B, Gruber P, Born W and and microscopy of DNA. Methods in cell biology. 1989;
Fuchs B. Taurolidine: a novel anti-neoplastic agent induces 30:417-448.
apoptosis of osteosarcoma cell lines. Investigational new 37. Taylor RC, Cullen SP and Martin SJ. Apoptosis: controlled
drugs. 2007; 25(4):305-312. demolition at the cellular level. Nature reviews Molecular

24. Darnowski JW, Goulette FA, Cousens LP, Chatterjee D and cell biology. 2008; 9(3):231-241.

Calabresi P. Mechanistic and antineoplastic evaluation of 38. Stendel R, Biefer HR, Dekany GM, Kubota H, Munz
taurolidine in the DU145 model of human prostate cancer. C, Wang S, Mohler H, Yonekawa Y and Frei K. The
Cancer chemotherapy and pharmacology. 2004; 54(3):249- antibacterial substance taurolidine exhibits anti-neoplastic
258. action based on a mixed type of programmed cell death.

25. Luckert C, Eschenburg G, Roth B, Appl B, Reinshagen K Autophagy. 2009; 5(2):194-210.
and Bergholz R. Taurolidine specifically inhibits growth 39. Viswanath V, Wu Y, Boonplueang R, Chen S, Stevenson
of neuroblastoma cell lines in vitro. Journal of pediatric FF, Yantiri F, Yang L, Beal MF and Andersen JK.
hematology/oncology. 2014; 36(4):¢219-223. Caspase-9 activation results in downstream caspase-8

26. Ashkenazi A and Dixit VM. Apoptosis control by death activation and bid cleavage in 1-methyl-4-phenyl-1,2,3,6-
and decoy receptors. Current opinion in cell biology. 1999; tetrahydropyridine-induced Parkinson’s disease. The
11(2):255-260. Journal of neuroscience : the official journal of the Society

for Neuroscience. 2001; 21(24):9519-9528.
www.impactjournals.com/Genes&Cancer 468 Genes & Cancer



40.

41.

42.

43.

44,

Li H, Zhu H, Xu CJ and Yuan J. Cleavage of BID by
caspase 8 mediates the mitochondrial damage in the Fas
pathway of apoptosis. Cell. 1998; 94(4):491-501.

Luo X, Budihardjo I, Zou H, Slaughter C and Wang X. Bid,
a Bcl2 interacting protein, mediates cytochrome c release
from mitochondria in response to activation of cell surface
death receptors. Cell. 1998; 94(4):481-490.

Braumann C, Stuhldreier B, Bobrich E, Menenakos C,
Rogalla S and Jacobi CA. High doses of taurolidine inhibit
advanced intraperitoneal tumor growth in rats. The Journal
of surgical research. 2005; 129(1):129-135.

Kilian M, Gregor JI, Heukamp I, Braumann C, Guski H,
Schimke I, Walz MK, Jacobi CA and Wenger FA. Impact
of taurolidin and octreotide on liver metastasis and lipid
peroxidation after laparoscopy in chemical induced
ductal pancreatic cancer. Investigational new drugs. 2005;
23(2):157-164.

Arlt MJ, Walters DK, Banke 1J, Steinmann P, Puskas GJ,
Bertz J, Rentsch KM, Ehrensperger F, Born W and Fuchs

45.

46.

B. The antineoplastic antibiotic taurolidine promotes lung
and liver metastasis in two syngeneic osteosarcoma mouse
models and exhibits severe liver toxicity. International
journal of cancer Journal international du cancer. 2012;
131(5):E804- 812.

Stendel R, Scheurer L, Schlatterer K, Stalder U, Pfirrmann
RW, Fiss I, Mohler H and Bigler L. Pharmacokinetics
of taurolidine following repeated intravenous infusions
measured by HPLC-ESI-MS/MS of the derivatives
taurultame and taurinamide in glioblastoma patients.
Clinical pharmacokinetics. 2007; 46(6):513-524.

Lutz W, Stohr M, Schurmann J, Wenzel A, Lohr A and
Schwab M. Conditional expression of N-myc in human
neuroblastoma cells increases expression of alpha-
prothymosin and ornithine decarboxylase and accelerates
progression into S-phase early after mitogenic stimulation
of quiescent cells. Oncogene. 1996; 13(4):803-812.

www.impactjournals.com/Genes&Cancer

469

Genes & Cancer



