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Abstract Trans-ß-nitrostyrene (TBNS) has been reported
to be a potent inhibitor of protein phosphatases PTB1 and
PP2A and to display a pro-apoptotic effect even in multidrug
resistant tumour cells. Here we compared the anti-tumour
potential of TBNS with 5-fluorouracil (5-FU) as the stan-
dard chemotherapeutic agent for colorectal cancer in LoVo
cells. Resistance to 5-FU based therapy might be a conse-
quence of 5-FU’s delayed effect requiring long-term effective
concentrations in the tumour tissue. Thus, alternatives like
platin containing drugs with a more rapid effect have been
introduced recently.

Compared to 5-FU TBNS displayed a faster cytotoxic
and pro-apoptotic effect. A 50% decrease in viability was
observed already after 8 h with TBNS while 5-FU displayed
no significant effect before 48 h. DNA fragmentation and
caspase-3 assays confirmed the more rapid apoptotic effect of
TBNS. Since apoptosis affects individual cells these results
about a rapidly induced apoptosis were further studied on
a single cell level in microscopic assays of caspase-3 and
caspase-8 activation.

Adducts of trans-ß-nitrostyrene displayed an anti-tumour
effect comparable to TBNS which suggests the possibility of
creating adducts with optimised tissue targeting. Finally, the
calculation of a drug combination index displayed a syner-
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Brüderstr. 32,
D-04103 Leipzig, Germany

gistic effect for the combination of TBNS and 5-FU in Lovo
as well as in HT-29 and HCT116 colon cancer cells.
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Introduction

Almost 1 million patients are diagnosed with colorectal can-
cer yearly, and half a million deaths occur from this neo-
plasm annually worldwide [1]. Since the 1990s fluorouracil
plus leucovorin has been the standard therapy regimen as ad-
juvant chemotherapy, particularly in stage III colon cancer
[2]. But even with this treatment the results of chemotherapy
remain unsatisfactory. Standard agents used for colon cancer
produce objective response rates of < 40% [3]. Especially
patients with advanced colorectal cancer that is refractory to
5-FU based therapy have a very poor prognosis [4].

An established principle of chemotherapy for neoplasia
is that a multidrug strategy is frequently superior to single
agents. This concept is based on the view that resistance
to any single agent could be overcome by using multiple
agents with distinct mechanisms of action. An alternative
rationale for using combinations of anti-neoplastic agents is
the potential additive or synergistic cytotoxicity they could
engender [5].

Resistance to 5-FU based chemotherapy, especially ac-
quired resistance, might be a potential problem of 5-FU’s
delayed effect requiring long-term effective concentrations
in the tumour tissue [6–9]. Thus, the therapeutic regime was
changed for a better response rate from bolus to prolonged
infusions of 5-FU. In addition capecitabine, an oral prodrug
of 5-FU, was introduced recently to achieve more consistent
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drug levels [10, 11]. Furthermore alternatives like platin con-
taining drugs, e.g. oxaliplatin, or DNA-topoisomerase-I in-
hibitors, e.g. irinotecan, with a more rapid effect and a dis-
tinct mechanism of action were added to the therapy concept
[12–15].

Addition of these substances to the combination used in
chemotherapy of colon cancer has increased the primary
response rate but unfortunately the rate of acquired resis-
tance as well [16]. Thus, there is still a need to develop new
chemotherapeutic agents that could be added to the 5-FU
based therapy or that otherwise act in a completely different
way and could be given to refractory patients.

Apoptosis was found to be the main mechanism of the cy-
totoxic effect of chemotherapeutic agents [17, 18]. Charac-
teristic features of apoptosis are viability loss, DNA fragmen-
tation and membrane blebbing accompanied by sustained
membrane integrity that limits the loss of intracellular en-
zymes and avoids damage to the surrounding cells in contrast
to necrotic cell death [19, 20]. The caspase cascade plays a
central role in the process of apoptosis [21, 22]. There is
an extrinsic signalling way mediated by death receptor and
caspase-8 [23–25] and an intrinsic mitochondrial way medi-
ated by release of cytochrome c and activation of caspase-9
[26–28]. Both signalling cascades activate caspase-3 as the
key downstream enzyme [29].

Reversible phosphorylation of proteins on tyrosine, thre-
onine and serine residues is one of the key mechanisms in
cellular signal transduction [30]. Inhibitors of protein phos-
phatases have been shown in various reports to be cyto-
toxic and display an anti-tumour potential [31–33]. A mito-
chondrial pool of PP2A regulates the phosphorylation status
and activity of Bcl-2 family members. PP2A inhibition in-
duces Bcl-2 hyperphosphorylation, thus inhibiting its anti-
apoptotic activity and enhancing the apoptotic death pathway
[34–37]. Moreover activated caspase-3 cleaves the regula-
tory Aα subunit of PP2A, increasing its activity and effecting
a change in the phosphorylation state of the cell. Thus, there
is a link between caspases and signal transduction pathways
[38].

The blister beetle toxin cantharidin is a natural inhibitor of
phosphatases 1 and 2A and this ability correlates well with its
anti-cancer activity [39, 40]. Treatment with norcantharidin
results in an up-regulation of CD95 receptor and CD95 lig-
and on the cell surface of human colon cancer cells [41].
Furthermore several analogues of cantharidin have been de-
scribed as potential chemotherapeutic agents preferentially
affecting colon cancer cells [42, 43].

The limited availability of natural inhibitors of pro-
tein phosphatases urged for the investigation of synthetic
inhibitors. It has been reported that trans-ß-nitrostyrene
(TBNS) is a potent inhibitor of protein phosphatases PTB1
[44] and PP2A [45] and displays an associated pro-apoptotic
effect even in some multidrug resistant tumour cells [45, 46].

In the present study we examined viability loss and apop-
tosis parameters like DNA fragmentation, caspase-3 and -8
activity after treatment of LoVo colon cancer cells with the
experimental substance trans-ß-nitrostyrene in comparison
with the standard agent 5-fluorouracil. Finally, we evaluated
the effect of TBNS in combination with 5-FU by median
effect analysis to determine the potential of TBNS as a syn-
ergistic addition to a 5-FU based therapy in LoVo, HT-29
and HCT116 colon cancer cells.

Materials and methods

Materials

Trans-ß-Nitrostyrene was from Lancaster (Morecambe,
UK), 5-fluorouracil from Merck (Darmstadt, Germany), cis-
platin from Sigma-Aldrich (Deisenhofen, Germany) and
cantharidic acid from Biomol (Hamburg, Germany). Cell
culture reagents were from Ccpro (Neustadt, Germany)
and foetal calf serum from Biochrom (Berlin, Germany).
The caspase-3 substrate Z-DEVD-AFC was obtained from
Bachem (Weil am Rhein, Germany). Nitrostyrene derivatives
and adducts were synthesized as previously described [46].

Cell culture

LoVo colon adenocarcinoma cells [47] were maintained as
monolayer in Dulbecco’s modified Eagle’s medium supple-
mented with 8% foetal calf serum, streptomycin (100 mg/l),
penicillin (100000 U/l) and amphotericin B (250 µg/l) at
37◦C in 5% CO2.

Transfection

For stable transfection with plasmid DNA the calcium
phosphate-mediated transfer technique [48] was used. The
day before treatment 2 × 105 LoVo cells were cultured in
1.5 ml DMEM per well of a 6-well plate. The medium was
changed 2 h before the transfection procedure. H2O and
CaCl2 (2.5 M) were added to 10 µg DNA and the mixture
carefully transferred into double concentrated HBS (HEPES
buffered saline; 50 mM HEPES in 280 mM NaCl) so that a
fine precipitate appeared. After 30 min 150 µl of the mixture
were added to each well and the cells were incubated for 16 h
at 37◦C. For the shock procedure medium was sucked off, the
cells were washed with 1 ml PBS and then 0.5 ml glycerol
(20%) shocking solution was added for exactly 2 min. The
cells were washed again with PBS and incubated with 1.5 ml
DMEM for 24 h until the selection with 600 µg G418 per ml
medium was started. Plasmids used were pCaspase-Sensor
and pDsRed2-Bid from Clontech (Heidelberg, Germany).
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MTT viability assay

Cells (100 µl; 1 × 104 cells/well) were plated in 96-well
plates and cultured for 24 h in complete medium. Then 50 µl
medium with three times the concentration of the various fi-
nal drug concentrations was added for 8, 24 and 48 h. For
the exposure time experiments cells (1 × 104 cells/well in
100 µl) were treated for 2, 8 and 24 h with 50 µM TBNS
or 100 µM 5-FU. The medium was removed and substituted
with complete drug-free medium and viability was analysed
after 72 h. After addition of 10 µl MTT solution (5 mg/ml;
Sigma, Taufkirchen, Germany) cells were incubated for 2 h.
Then 100 µl 20% SDS in 0.02 N HCl was added and after
18 h of incubation MTT conversion was measured at 550 nm
using a Molecular Devices UV max microplate reader
[49].

Median drug effect analysis

For median drug effect analysis of the two-drug combina-
tion of TBNS and 5-FU we used serial concentrations of
TBNS and 5-FU at a fixed ratio (1:2). In MTT assays LoVo
(7500 cells/well), HT-29 (7500 cells/well) and HCT116
(4000 cells/well) colon cancer cells were tested. TBNS and
5-FU were added alone or together for 2 h (TBNS) or 24 h
(5-FU) respectively and incubation continued thereafter in
fresh medium. Finally after 72 h viability was determined.
The combined synergistic, additive or antagonistic effect of
the two-drug combination was analysed with the median
drug effect analysis according to the method of [50]. Com-
bination index (CI) values were expressed at each fraction
affected (Fa). CI < 1 indicates synergism, CI = 1 indicates
additivity, and CI > 1 indicates antagonism of the interac-
tion. The linear regression coefficient was greater than 0.95
in each case.

Analysis of DNA fragmentation

The day before treatment 7.5 × 105 cells per well were cul-
tured in a 6-well plate. After 24 h of treatment with various
drug concentrations the DNA fragments were isolated and
semiquantitatively evaluated according to the protocol de-
scribed in [51]. After neutral lysis of the cells with SDS,
proteins and genomic DNA were precipitated with a CsCl
solution and the DNA fragments in the supernatant were
isolated by using GFX columns (Pharmacia, Erlangen, Ger-
many). DNA fragments were separated by agarose gel elec-
trophoresis on a 1.6% NuSieve gel (FMC BioProducts, Rock-
land, USA). Ten microliters of sample were mixed with 3 µl
loading buffer containing orange G and loaded on the gels
(Gibco Life Tech, Eggenstein, Germany). Gels were run for
about 40 min at 90 V, stained with ethidiumbromide and
documented with the Biodoc system (Biometra, Göttingen,

Germany) after transillumination at 312 nm. The intensity of
the DNA-ladder pattern was scored visually by 4 indepen-
dent observers on a scale ranging from 0 to 4. The resulting
mean values were calculated from these individual evalua-
tions [51].

Caspase-3 assay

For biochemical analyses of caspase-3 activity 1.5 × 104

cells were cultured on glass slides in 150 µl medium per
well of a 12-well Flexiperm device (Vivascience, Göttingen,
Germany). After 24 h medium was changed and treatment
started. After the indicated periods of time the cells were
separated from the medium by centrifugation at 250 g for
10 min. The supernatants were sucked off and cells were
lysed on ice for 15 min in 95 µl of lysis buffer (10 mM
Hepes, 1% NP-40, 0.01 mM Digitonin, 2.6 mM Na-EDTA,
1 mM AEBSF and 10 mM DTT). Then 90 µl of the lysed
cells were transferred to a new 96-well plate, frozen in liq-
uid nitrogen and stored until further use at − 20◦C. After
thawing on ice 10 µl assay buffer (lysis buffer with a final
concentration of 25 µM z-DEVD-AFC) were added to each
well. The enzymatic reaction was run at 37◦C. The released
amount of AFC was repeatedly measured with a fluorome-
ter (Packard Bioscience, Boston, USA) at Ex = 440 nm and
Em = 515 nm. From the linear part of the increase in fluores-
cence the enzymatic activity was calculated and expressed
relative to the activity of the untreated controls.

For studying the involvement of upstream caspases in
caspase-3 (DEVDase) activation, LoVO cells (200000/well)
were plated on a 24 well plate. Cells were pre-incubated
for 1 h with pancaspase inhibitor VAD-fmk, caspase-8 in-
hibitor IETD-fmk and casapse-9 inhibitor LEHD-fmk, each
at 50 µM. Thereafter, cells were treated with TBNS (50 µM)
for 6 h and DEVDase activity measured in the lysate as de-
scribed above.

Immunoblots

LoVo cells (1.5 × 106) were plated on 10 cm plates the day
before the experiments. After incubation with or without
TBNS at a concentration of 50 µM cells were harvested and
lysed for 45 min on ice in a buffer containing 50 mM Tris,
150 mM NaCl, 0.1 % Triton X-100, 2 mM EDTA, 1 mM
AEBSF, 1 mM Na3VO4 and 50 mM NaF. Thereafter, protein
was measured in a sample with the bicinchonic acid method.
Proteins were separated on 15% (Bcl-XL) or 12% (pJNK)
SDS-polyacrylamide gels. Each lane contained 20 µg of
protein. Blotted proteins were probed with monoclonal an-
tibodies to either Bcl-XL or a phosphospecific antibody to-
wards JNK1 and 2 detecting phosphorylation on Thr183 and
Tyr185 in these kinases. Both antibodies were from Cell Sig-
naling (Danvers, USA) and used according to the company’s
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recommendations. Bands were visualized with the ECL
reagent (GE Healthcare, Freiburg, Germany).

Caspase-3 sensor fluorescence assay on a single cell level

To visualize the caspase-3 activity in individual LoVo cells,
these cells were stably transfected with the vector pCaspase-
Sensor (Clontech, Heidelberg, Germany). The activated
caspase-3 cleaves the cytosolic fusion protein and the EYFP
part translocates into the nucleus.

The day before treatment 1.5 × 104 cells were cultured on
a glass slide in 150 µl medium per well of a 12-well Flex-
iperm device. After the indicated period of time the cells were
fixated on the slide with 4% paraformaldehyde for 30 min and
washed twice with PBS. When the sample was dry 25 µl Mo-
biglow mounting medium (Mobitec, Göttingen, Germany)
was applied and the slide was sealed with a cover slip. For
visualisation an Axiovert 200 inverse fluorescence micro-
scope (Zeiss, Göttingen, Germany) was used with a 40 ×
oil immersion objective (overall enlargement 400 × ) and a
special filter set for GFP mutants with Ex = 470/20 nm and
Em = 505–530 nm. Pictures were taken with a CCD cam-
era (Hamamatsu, Herrsching, Germany) and analysed with
the image processing software Openlab 3.1. (Improvision,
Coventry, UK). To quantify the amount of marked nuclei 10
fields of vision were screened and labelled nuclei counted.
Results were presented relative to the untreated controls.

Red-Bid cleavage as caspase-8 activation assay on a single
cell level

For visualisation of caspase-8 like activity LoVo cells were
stably transfected with the vector pDsRed2-Bid (Clontech,
Heidelberg, Germany). After activation of caspase-8 the red
marked cleaved Bid translocates from the cytosol into the
mitochondria. The evaluation procedure was similar to that
described above, except that a filter set with Ex = 546/12 nm
and Em = 590 nm was used.

Results

Time-dependence of drug induced cell death in LoVo cells

In MTT viability assays all tested agents at 50 µM induced
a time dependent loss of viability (Fig. 1(A)). In contrast
to 5-FU TBNS decreased tumour cell viability already after
8 h with 48% remaining viable cells, whereas 5-FU did not
significantly decrease viability before 48 h (58% remain-
ing viable cells). Since platin derivatives like oxaliplatin are
used in the second line treatment or experimentally as ad-
dition to the first line treatment of colon cancer, we also
tested cisplatin (Cis) in LoVo cells. In the MTT test cisplatin
at 50 µM decreased viability after 24 h with 29% surviv-
ing cells, a level comparable to that observed with TBNS.

Fig. 1 Viability of LoVo cells.
(A) Time-dependent effect of
trans-ß-nitrostyrene (50 µM),
5-fluorouracil (50 µM) and
cisplatin (50 µM) and
cantharidic acid (50 µM) on
viability of LoVo colon cancer
cells after 8, 24 and 48 h. Each
bar represents the mean + SD
(n = 3). (B) Different exposure
times (2, 8, 24 and 72 h) to
trans-ß-nitrostyrene (50 µM)
and 5-fluorouracil (100 µM)
and their long-term effect after
72 h on viability of LoVo cells.
The broken lines indicate 50%
viability loss
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Fig. 2 DNA fragmentation
induced by trans-ß-nitrostyrene,
5-fluorouracil and cisplatin after
a 24 h treatment. Representative
gel out of three.
Semi-quantitative evaluation of
fragmentation intensity was
evaluated as described under
methods and scores are given on
the left side

The natural phosphatase inhibitor cantharidic acid decreased
viability after 8 and 24 h in a range comparable to TBNS,
whereas after 48 h with 15% remaining viable cells it seemed
to be slightly more effective when compared to TBNS.

To determine the role of exposure time and to compare
the efficacy cells were exposed to TBNS and 5-FU for 2,
8, 24 and 72 h and viability was analysed in MTT-tests
after 72 h (Fig. 1(B)). Already a 2 h treatment with TBNS
(50 µM) drastically decreased viability after 72 h with 30%
remaining viable cells, whereas 5-FU (100 µM) required
a 24 h exposure to reach a significant decrease of viable
cells (65% remaining viable cells) and only the permanent
treatment for the whole 72 h decreased tumour cell viability
in a comparable range to TBNS with 48% surviving cells.

DNA fragmentation and biochemical caspase-3 assays
as apoptosis markers on a multi-cellular level

To verify whether there was apoptosis or necrosis involved
in this process of cell death we examined apoptosis specific
DNA fragmentation (Fig. 2). The fragmentation of DNA in
discrete bands of about 200 bp or multiples of it is a common
marker of drug-induced apoptosis [52]. Treatment (24 h) with
TBNS (25 and 50 µM) resulted in distinct DNA ladders,
while after 24 h 5-FU treated cells revealed only a slight
difference to the control cells. As expected from the viability
test, after 24 h cisplatin displayed distinct DNA ladders with
both concentrations (25 + 50 µM) albeit intensity appeared
somewhat less than in TBNS treated cells.

Apoptosis specific DNA fragmentation is the result of
the preceding activation of caspases, especially of down-
stream effector caspases like caspase-3 [21]. Thus, the time-
dependent activation of caspase-3 was initially tested in a
standard fluorometric assay using the substrate z-DEVD-
AFC (Fig. 3). The effects of TBNS and 5-FU were com-

pared after 8, 16, 24 and 48 h. At 50 µM TBNS already
induced a 5.5-fold increase of caspase-3 activity after 8 h,
the maximum effect was reached after 16 h while after 24
or 48 h caspase-3 activity declined. On the other hand, treat-
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Fig. 3 Time-dependent activation of DEVDase (caspase-3 like activ-
ity) by trans-ß-nitrostyrene (50 µM) and 5-fluorouracil (100 µM) after
8, 16, 24, und 48 h. Each bar represents the mean + SD (n = 3)
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Fig. 4 Detection of caspase-3 activation by microscopic fluores-
cence assay after treatment with trans-ß-nitrostyrene (50 µM) and 5-
fluorouracil (100 µM). (A) Labelled nuclei are marked with an arrow.

(B) Time-dependent quantification of fluorescent nuclei. Each bar rep-
resents the mean + SD (n = 3)

ment with 100 µM 5-FU resulted only in a 2.5-fold increase
of z-DEVD-AFC cleavage after 24 h while finally at 48 h a
comparable and prominent 6.5-fold increase was detected.

Comparison of drug-induced caspase-3 activation
on a single cell level

Since drug-induced apoptosis is a specific process affecting
individual cells we established a microscopic caspase-3 as-
say using pCaspaseSensor transfected LoVo cells to examine
caspase-3 activity on the individual cell level. The activated
caspase-3 cleaves the cytosolic fusion protein and the EYFP
part was translocated into the nucleus. Thus, individual la-
belled apoptotic cells can be detected and counted with an
inverse fluorescence microscope (Fig. 4(A)). As expected
already after 8 h at 50 µM TBNS displayed a significant
activation of caspase-3 which could be detected by labelled
nuclei. This activity increased after 16 and 24 h while it
declined after 48 h. Treatment with 5-FU even at 100 µM
revealed no significant change after 8 h compared to con-
trol cells. Here a significant increase of caspase-3 activity
was detected after 24 h while an effect comparable to the
maximal TBNS effect was observed after 48 h.

To quantify the amount of cells with activated caspase-3
10 fields of vision were screened and labelled nuclei counted
(Fig. 4(B)). The effects of TBNS and 5-FU were compared
after 8, 16, 24 and 48 h. At 50 µM TBNS induced a 6-fold
increase of caspase-3 activity already after 8 h, while the
maximum was detected after 16 h. After 48 h the activity
declined at all concentrations. Whereas 5-FU displayed no
significant increase of caspase-3 activity after 8 and 16 h,
after 24 h a 5-fold increase at 100 µM was detected. After
48 h 5-FU finally reached an 11-fold increase of caspase-3
activity at 100 µM which was comparable to the maximal
effect observed with TBNS at 100 µM already after 16 h
(data not shown).

Early aspects of TBNS induced apoptosis including
evaluation of caspase-8 activation by TBNS and 5-FU
on a single cell level

Caspase-8 is a central part in the extrinsic signalling way of
apoptosis mediated by death receptors. Therefore, we also
established a microscopic caspase-8 assay using pDsRed2-
Bid transfected LoVo cells to verify whether caspase-8 might
be involved in apoptosis induced by trans-ß-nitrostyrene and
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Fig. 5 Early aspects of TBNS induced apoptosis. (A) Time-dependent
detection of caspase-8 activation after treatment of LoVo cells with
trans-ß-nitrostyrene (50 µM) and 5-fluorouracil (100 µM). Mitochon-
drial translocation of cleaved Bid-marker-protein is labelled with an
arrow. (B) Pre-incubation of LoVo cells with specific caspase inhibitors

can prevent caspase-3 (DEVDase) activation after 6 h of TBNS treat-
ment. Each bar represents the mean + SEM (n = 3). (C) Detection
of increased phosphorylation of JNK1 and JNK2 after 4 and 6 h of
incubation with TBNS (50 µM) and respective immunoreactivity of
Bcl-XL in LoVo cells

5-fluorouracil. After activation of caspase-8 the red marked
cleaved Bid translocates from the cytosol into the mitochon-
dria and thus the area around the nuclei will be labelled. We
compared the effects of TBNS at 50 µM and 5-FU at 100 µM
after 4, 8, 12 and 24 h (Fig. 5(A)). An activation of caspase-
8 could be detected with TBNS as well as with 5-FU. But
again there was a difference in the kinetics between both
substances as has been expected from the previous results.
Already after 4 h TBNS treated cells displayed a beginning
translocation of Bid into the mitochondria, this translocation
increased after 8 and 12 h whereas it seemed to decline after
24 h. In contrast, 5-FU revealed no significant change after
4 and 8 h. After 12 h a first beginning translocation was
detected that increased after 24 h.

In addition, the involvements of upstream caspases-8 and
-9 in TBNS action were shown by the use of specific cas-
pase inhibitors (Fig. 5(B)). The pre-incubation of LoVo cells
with 50 µM of pancaspase inhibitor VAD-fmk, caspase-8 in-
hibitor IETD-fmk and caspase-9 inhibitor LEHD-fmk com-
pletely prevented the raise of caspase-3 (DEVDase) activity
induced by treatment of cells with 50 µM TBNS for 6 h.

The incubation of LoVo cells with 50 µM TBNS for 4
and 6 h revealed at these early time points an increased
phosphorylation of stress activated kinases JNK1 and JNK2.
At the later time point this was accompanied by a decrease
in immunoreactivity for the anti-apoptotic protein Bcl-XL

(Fig. 5(C)).

Cytotoxic potential of TBNS adducts and derivatives

Furthermore we tested different nitrostyrene derivatives
and adducts in MTT viability assays to assess their cy-
totoxic potential (Fig. 6). Like TBNS its cystein adduct
(NS-Cys), its ascorbic acid adduct (NS-Asc) and its
2,4,6 triamino-pyrimidine adduct (TAP-NS) displayed a
concentration-dependent anti-tumour effect comparable to
trans-ß-nitrostyrene with only a slight decrease in potency.
All adducts decreased tumour cell viability with 35% re-
maining viable cells at 50 µM after 24 h. Changes in the
side chain with respect to differences in cytotoxic potency
revealed that 2-methyl-trans-ß-nitrostyrene (2-CH3-NS) dis-
played a somewhat higher potency (25% remaining viable
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Fig. 6
Concentration-dependent
cytotoxic effect after 24 h
treatment of LoVo cells with
trans-ß-nitrostyrene (TBNS) in
comparison to its adducts with
cystein, ascorbic acid and
2,4,6-triamino-pyrimidine and
the derivatives 2-methyl- and
2-bromo-nitrostyrene at 10 µM,
25 µM, 50 µM. Each bar
represents the mean + SD
(n = 3). The broken line
indicates 50% viability loss

cells at 50 µM) and 2-bromo-trans-ß-nitrostyrene (2-Br-NS)
a decreased potency in cytotoxicity (50% of cells remaining
viable at 50 µM) when compared to TBNS.

Evaluation of the combination of TBNS and 5-FU
by median effect analysis

Finally we tested the combination of TBNS and 5-FU in
MTT viablitiy tests (Fig. 7(A)). The cells were treated with
10 µM TBNS and 20 µM 5-FU, thus one fifth of the con-
centrations previously used. After 72 h TBNS and 5-FU de-
creased viability only slightly to a comparable degree (about
75% remaining viable cells) whereas the combination of
TBNS and 5-FU at a 1:2 ratio reduced viability of the LoVo
cells by 70%, which apparently was more than an additive
effect.

Figure 7(B) shows the subsequent median effect analysis
of TBNS in combination with 5-FU at a 1:2 ratio assuming
mutually non-exclusive interaction. Simultaneous exposure
of LoVo cells to TBNS and 5-FU yielded CI values of less
than 1 up to Fa < 0.8 and greater than 1 for Fa > 0.8. The
results indicate that there is a marked synergistic effect for
the combination of the two drugs over a cytotoxic range
when less than 80% of the cells are affected (Fa > 0.8), an
agonistic effect for Fa = 0.8 and a moderate antagonistic
effect for Fa > 0.8. In experiments with HT-29 and HCT116
colon cancer cells the combination of TBNS and 5-FU also
displayed synergism (Fig. 7(B)). Thus, three colon cancer
cell lines differing in many genetic aspects but all with a low

sensitivity towards 5-FU [7] responded rapidly to the new
agent and displayed synergism in a median effect analysis
when TBNS and 5-FU were used in combination.

Discussion

Colorectal cancer is the second leading cause of death from
cancer in western countries [53]. Despite recent additions
to the armoury of chemotherapeutic agents for colorectal
cancer treatment, the results of chemotherapy remain unsat-
isfactory. 5-Fluorouracil (5-FU) still represents the corner-
stone of treatment and resistance to its actions is a major
obstacle to successful chemotherapy. This resistance seems
to be a potential problem of 5-FU’s delayed effect requiring
the continuous presence of effective concentrations in the
tumour tissue [6–9]. Therefore alternatives like platin con-
taining drugs, e.g. oxaliplatin, with a more rapid effect [12,
13, 54] or oral fluoropyrimidines, e.g. capecitabine, provid-
ing a more constant drug level [11, 55], have been introduced
recently. Thereby the primary response rate has increased but
unfortunately the rate of an acquired resistance increased as
well [16]. Thus, new active agents reaching a faster accumu-
lation in the tumour tissue and showing less resistance than
5-FU are still urgently required.

In the present study we compared the anti-tumour ef-
fect and the potential of apoptosis induction of trans-ß-
nitrostyrene (TBNS) with the standard 5-fluorouracil in
LoVo colon cancer cells. Trans-ß-nitrostyrene induced in
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Fig. 7 Viability of LoVo cells
after 72 h exposure to
trans-ß-nitrostyrene (10 µM),
5-fluorouracil (20 µM) and the
combination of both agents (A).
Median effect analysis of the
interaction between TBNS and
5-FU (B). LoVo (filled
diamonds), HT-29 (open
squares) and HCT116 (open
circles) colon cancer cells were
exposed to TBNS (2 h) and
5-FU (24 h) as well as the
combination of both agents at a
ratio of 1:2. Viability was
determined after 72 h. CI is
plotted as a function of the
fraction of cells affected by the
cytotoxic effect (Fa). CI > 1
indicates antagonism, CI = 1
indicates additivity and CI < 1
indicates synergism

LoVo cells a much faster time-dependent loss in viability than
5-fluorouracil. Moreover we could show that this faster onset
of action is translated into improved efficacy of TBNS com-
pared to 5-FU. Already a 2 h treatment with TBNS decreased
viability after 72 h with 30% remaining viable cells, whereas
cells exposed to 5-FU required the whole 72 h treatment to
reach a significant decrease of viable cells (40% remaining
viable cells). Thus, exposure time towards TBNS could be
much shorter than towards 5-FU. This behaviour is in good
agreement with the high calculated octanol/water partition
coefficient of TBNS of about 200 [56] which suggest a rapid
and extensive intracellular accumulation of TBNS.

As expected from previous results in rat pituitary GH3

tumour cells [46] and in multidrug resistant HIT hamster
B-cells [45] TBNS behaved as a potent inducer of apoptosis
in LoVo colon cancer cells as well. We could confirm our
conclusions from the MTT viability tests with DNA frag-
mentation data as well as with biochemical caspase-3 assays
where trans-ß-nitrostyrene displayed much faster apoptotic
kinetics when compared to 5-fluorouracil.

These observations about a late anti-tumour effect of 5-
fluorouracil have also been reported [57], where 5-FU at
20 µM displayed still 50% remaining viable LoVo cells af-
ter 72 h. LoVo cells appeared to be less responsive towards
5-FU compared to SW620 and DLD-1 colon cancer cells.
LoVo cells displayed a lack of G2/M block and a loss of
S phase whereas SW620 and DLD-1 cells showed a rel-
atively higher sensitivity with a prolonged S phase and a
G2/M block. Accumulation in G1 phase and a significantly
decreased proportion of S phase after treatment with 5-FU

in colon cancer cells was described in [58] as well, here it
was postulated that 5-FU might act dose-dependently via
two different pathways: A G1/S phase cell cycle arrest and
apoptosis at 1000 ng/ml and a G2/M phase cell cycle arrest
with mitotic catastrophe at 100 ng/ml.

Cantharidic acid has been shown to be a selective inhibitor
of ser/thr phosphatases 1 and 2A [59], an effect which cor-
related well with the induction of cell death in tumour cells
[60]. The observation of a loss in LoVo cell viability by can-
tharidic acid comparable to TBNS confirmed data of [61].
Cantharidic acid treatment at 25 µM for 24 h (72 h) resulted
in 35% (85%) dead cells even in a doxorubicin-resistant
LoVo cell line displaying the MDR-phenotype [61].

Since apoptosis is a specific phenomenon of individual
cells [17, 18] and caspase-3 is one of the key enzymes in this
process [21, 22, 29] we established a microscopic caspase-3
assay using pCaspaseSensor transfected LoVo cells to ex-
amine caspase-3 activity in each individual cell. In this mi-
croscopic caspase-3 assay we could confirm and supplement
our results from the biochemical caspase-3 assay with an ear-
lier activation of caspase-3 by trans-ß-nitrostyrene compared
to 5-fluorouracil in LoVo cells. Especially at earlier time
points (8 h) and at lower concentrations (data not shown)
the new microscopic assay appeared to be more sensitive be-
cause it enabled us to detect the alterations in each affected
cell.

The early activation of caspase-3 by TBNS confirmed
the results of [46], where a prominent increase of caspase-3
activity after 6 h at 25 µM TBNS in GH3 cells has been
reported.
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Our observations about a later activation of caspase-3 by
5-FU compared to TBNS in colon cancer cells are consistent
with the reports of [62]. These authors reported a significant
increase of caspase-3 activity after 48 h in COLO 201 cells.
The observation that the Fas system might not be involved in
this activation of caspase-3 was suggested by the results of
[63] which revealed an activation of caspase-3 and 8 in LoVo
and WiDr cells without participation of the Fas signalling
way.

To clarify whether caspase-8 is involved in the induction
of apoptosis by 5-FU and TBNS we also established a mi-
croscopic caspase-8 assay using pDsRed2-Bid transfected
LoVo cells. The Bid protein is a pro-apoptotic member of
the Bcl-2 family and functions as a bridge between the in-
trinsic and extrinsic signalling way of apoptosis [64, 65].
After cleavage by activated caspase-8 the Bid fusion pro-
tein translocates from the cytosol into the mitochondria and
thus the area around the nuclei becomes labelled. For both
agents we could show that caspase-8 and Bid were involved
in the induction of apoptosis in a time-dependent pattern.
In accordance with its more rapid kinetics TBNS displayed
an activation of caspase-8 already after 4 h whereas 5-FU
revealed a first beginning translocation after 12 h.

It has been described that inhibition of the mitochon-
drial pool of PP2A induces Bcl-2 hyperphosphorylation, in-
hibiting its anti-apoptotic activity and enhancing the apop-
totic death pathway [34–37]. In addition, inhibition of PP1
and PP2A resulted in an upregulation of CD95 receptor and
CD95 ligand on the cell surface of human colon cancer cells
[41]. Thus TBNS might activate caspase-8 via mitochondrial
PP2A inhibition and enhancing the intrinsic pathway by in-
hibition of Bcl-2 and activation of Bid. Additional results
obtained by using specific caspase inhibitors revealed the
involvement of upstream caspases-8 and -9 in the activation
of downstream caspase-3 (DEVDase) early in TBNS ac-
tion (Fig. 5(B)). In addition, increased phosphorylation and
thus activation of stress-activated kinases JNK1 and JNK2
could be detected early in TBNS treated LoVo cells (Fig.
5(C)). Such activation has been reported during apoptosis
induction by PP2A inhibitors norcantharidin [66] and can-
tharidic acid [67] as well as with a synthetic inhibitor of PP2C
[67]. Activation of stress-activated kinase JNK was associ-
ated with some forms of drug-induced apoptosis [68]. Func-
tional aspects of the role of activated JNK in apoptosis were
provided by the results from [69]. These authors described
the affection of anti-apoptotic members of the Bcl-2 family
by JNK activation in mitochondrion-dependent apoptosis. In
the present paper increased phosphorylation of JNK1 and
JNK2 was observed after 4 and 6 h of TBNS treatment and
was accompanied by a decrease of the level of anti-apoptotic
Bcl-XL after 6 h. A down-regulation of anti-apoptotic mem-
bers of the Bcl-2 family has been reported to be important

in apoptosis induced by protein kinase inhibitors in B-cell
chronic lymphatic leukaemia cells [70].

Our results about an earlier caspase-8 activation compared
to the activation of caspase-3 in colon cancer cells treated
with 5-FU are in agreement with the results of [62] where an
increase of caspase-8 activity was shown after 10 h, whereas
an delayed activation of caspase-3 was observed after 48 h.

In addition, we tested different TBNS adducts and deriva-
tives in viability assays. Although these agents had lost their
double bond in the side chain which appeared to be neces-
sary for phosphatase inhibition [44] by the adduct forma-
tion they still displayed an anti-tumour effect comparable
to TBNS. Presumably this was achieved by time-dependent
liberation of TBNS [H. J. Steinfelder—unpublished results].
This observation suggests the interesting opportunity to cre-
ate certain adducts of TBNS as prodrug forms which by
chemical synthesis strategies could result in an optimised
tissue targeting of the agents. In this context [43] published
some interesting data on derivatives of the natural phos-
phatase inhibitor cantharidin. These derivatives displayed
a 10-fold higher anti-tumour potency in colon cancer cells
when compared to other tumour forms supporting the idea
that colon cancer cells might be especially sensitive towards
phosphatase inhibitors with optimised tissue targeting.

Combination chemotherapy is a classical approach to im-
prove chemotherapeutic efficacy in cancer patients compared
to treatment with a single agent. Since resistance to any sin-
gle agent could be overcome by using multiple agents with
distinct mechanisms of action, they could engender a poten-
tial additive or synergistic cytotoxicity [5]. Thus, we also
tested the combination of low concentrations of TBNS and
5-FU and observed a more than additive effect of the com-
bination. This observation prompted us to perform a more
detailed median effect analysis of TBNS and 5-FU combi-
nations according to [50]. These experiments revealed that
the simultaneous addition of TBNS together with 5-FU at a
1:2 ratio interacted synergistically (CI < 1) for Fa < 0.8 in
LoVo cells. Synergistic effects (CI < 1) were also observed
in HT-29 and HCT116 cells, two other colon cancer cell lines
displaying reduced sensitivity towards 5-FU alone [7]. These
observations suggest that the synergism between TBNS and
5-FU is independent of genetic differences between these
lines, e.g. p53 functional status, functional bax content and
deficiency or proficiency of DNA mismatch repair [7].

Conclusion

The presented data reveal that TBNS behaves as a fast and po-
tent pro-apoptotic agent in colon carcinoma cells. Compared
to 5-FU TBNS displayed a much earlier induction of apop-
tosis as measured by DNA fragmentation and caspase-3 and
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-8 assays on a single cell level. This faster kinetics with the
requirement of a shorter exposure time might be an impor-
tant advantage in comparison to 5-FU based chemotherapy
and might also help to prevent the development of resis-
tance towards 5-FU in a combinatory approach [6–9, 71].
Taken together, the possibility of creating similarly effective
adducts of TBNS with various partners as prodrugs and the
synergism of the two-drug combination of TBNS with 5-FU
suggests a potential of nitrostyrene based agents in tumour
therapy.
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