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Abstract. Colorectal cancer is the third most common cancer
and is associated with significant morbidity and mortality.
Epidemiological and animal studies indicate that regular
acetylsalicylic acid (aspirin) intake is associated with a
reduction in the incidence of colorectal cancer. Acetylsalicylic
acid (ASA) has also been shown to inhibit colorectal cancer
cell proliferation in vitro. The molecular basis for this specific
cytotoxicity is an area of considerable debate. To investigate
the toxicity of salicylates, the sensitivity of the DNA mismatch
repair proficient SW480 human colorectal cancer cell line to
four categories of compounds with varying degrees of structural
similarity to acetylsalicylic acid was tested. These compounds
were: i) salicylic acid analogues with substituents at the
5-position; ii) ASA analogues with extended chain lengths in
the acyl group; iii) vanillin (4-hydroxy-3-methoxybenzalde-
hyde; and iv) bis(2-carboxyphenyl) succinate (BCS) and
structurally similar derivatives thereof. It was found that
compounds with amino and acetamido substituents at the
salicylate 5-position were less toxic than ASA itself. Modifi-
cations to the length of the hydrocarbon chain in the acyl
groups of ASA analogues also marginally reduced toxicity.
Vanillin exhibited relatively limited toxicity against the
SW480 colorectal cancer cell line. Commercially available
and in-house synthesised BCS (diaspirin) were notably more
inhibitory to cell growth than ASA itself, yet retained
substantial specificity against colorectal cancer cell lines vs.
non-colorectal cancer cell lines. BCS and ASA were toxic to
SW480 cells through initiation of necrotic and apoptotic
pathways. Fumaroyldiaspirin and benzoylaspirin exhibited
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greater toxicity than ASA against the SW480 cell line. A
novel method for synthesis of BCS, a compound that has
erratic commercial availability, is described. We propose that
the anti-inflammatory and anticancer capacity of BCS and the
other analogues described herein is worthy of investigation.

Introduction

There is abundant epidemiological and experimental evidence
that regular ingestion of non-steroidal anti-inflammatory
drugs (NSAIDs) including aspirin (ASA) promotes colorectal
tumour regression and reduces the relative risk of developing
colorectal cancer (1-6). There is also substantial evidence that
ASA is specifically cytotoxic against colorectal cancer (CRC)
cells cultured in vitro (7). However, gastrointestinal and renal
disturbances preclude the universality of ASA as a chemo-
preventative agent, and so much effort has gone into the
synthesis of novel NSAID derivatives which retain anti-
neoplastic activities with minimal side effects (8).

Rather surprisingly, the molecular basis for the anti-
proliferative effect of NSAIDs, including ASA, in colorectal
cancer cells is deeply controversial, with a range of theories in
circulation (reviewed in ref. 9). Mechanistically NSAIDs can,
for example, i) inhibit cyclooxygenases (COX) (7,10), ii)
inhibit NF-xB (11,12), iii) activate NF-xB (13), iv) select for
microsatellite stability (14), v) down-regulate BCL-2 expression
(15), vi) up-regulate BAX (16) or XRCC3 expression (17), vii)
inhibit protein phosphatase 2A (18) and viii) induce expression
of the DNA mismatch repair proteins hMLHI1, hMSH2,
hMSH6 and hPMS2 in DNA MMR proficient cells, which
ultimately facilitates apoptosis (programmed cell death) (19).

To gain insight into ASA-based cytoxicity we sought to
investigate the capacity of several modified salicylates and
vanillin to inhibit the growth of SW480 CRC cells, as a prelude
to investigation of any possible structure/activity relationships.
The SW480 adenocarcinoma cell line is DNA mismatch
repair competent with a mutant p53 status [and is COX-2-
negative (20)] and is thus a good in vitro model for this purpose.
Salicylic acid derivatives modified at the 5-position or with
altered acyl group chain lengths were somewhat less toxic than
ASA; however, we found that bis(2-carboxyphenyl) succinate
and derivatives were significantly more toxic than ASA, and
this toxicity was noticeably greater in cell lines with CRC
origin.


https://www.spandidos-publications.com/10.3892/or.2011.1320

558

Table I. Properties of the alkanoyl salicylates prepared.
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X (Fig. 1B) mp [lit. value (Ref.)] (°C) Veoo/cm (acid; ester) Yield (%) M, expected/found*
CH,CO-acetyl 134-136  [135(25)] 1679; 1749 82 180.2/179.3
CH,CH,CO-propanoyl 88-91  [90-93 (26)] 1680; 1759 79 194.2/196.9
CH;(CH,),CO-butanoyl 78-81  [78-79 (26)] 1680; 1754 75 208.2/208 .4
CH,(CH,),CO-hexanoyl 72-75  [73-75 (26)] 1689; 1768 72 236.3/233.4

*Molar masses (M,) were determined by dissolving ~0.5 g of compound (weighed to 4 dp) in ethanol/water and titrating with standardised
0.1 M NaOH using phenolphthalein indicator. The primary standard was potassium hydrogen phthalate. Values shown are the means of at least

two separate determinations. mp, melting point; lit., literature.

Materials and methods

Chemicals and reagents. Aspirin, salicylic acid (2-hydroxy-
benzoic acid), MTT reagent [3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide], bis(2-carboxyphenyl) succinate
(BCS), 5-aminosalicylic acid (5-amino-2-hydroxybenzoic
acid), vanillin (4-hydroxy-3-methoxybenzaldehyde) and
DMSO (dimethyl sulfoxide) were purchased from Sigma-
Aldrich (Dorset, UK). Dulbecco's modified Eagle's medium
(DMEM) was from PAA Laboratories, and Leibovitz L-15
medium was from Sigma. All other reagents were obtained
from Sigma-Aldrich unless otherwise stated. Other chemicals
were synthesised in our laboratories using the methods
described. As BCS availability is intermittent we offer a
method for its synthesis.

Synthesis of materials. All infrared data provided were obtained
on the pure solids using a Genesis II ATR FTIR spectrometer.
High resolution mass spectra were obtained from the EPSRC
National Mass Spectrometry Service Centre, Swansea, UK.

N,O-diacetyl-5-aminosalicylic acid (DASA) (Fig. 1Aii).
5-Aminosalicylic acid (Fig. 1Ai) (15.3 g; 0.1 mol) was mixed
with glacial acetic acid (60 ml) and acetic anhydride (60 ml)
and refluxed for 4 h. The hot solution was then poured onto
ice/water (400 ml) and stirred thoroughly until the precipitate
was properly solidified. The mixture was then stored at 5°C
for 12-18 h. The resulting crude product was filtered under
vacuum and re-crystallised from aqueous ethanol. The yield
of white solid was 15.3 g (65%); mp 192-196°C [lit. 196-198°C
(24)], m/z (CI) 255.0976 (M + NH,*, C,;H;,NOsNH, requires
255.0975).

General method for synthesis of alkanoylsalicylate analogues
(Fig. IB). Salicylic acid (6 g; 0.0435 mol) in a 100-ml conical
flask was mixed with dry THF (35 ml) and pyridine (4 ml;
0.05 mol), and the solution was then stirred until the salicylic
acid had completely dissolved. The appropriate acid chloride
(0.0435 mol dissolved in 10 ml THF) was then added dropwise
to the rapidly stirring mixture at a rate necessary to maintain
the temperature at 35-45°C. After complete addition, the
mixture was stirred for a further 15-30 min. Ice-cold water
(40 ml) was added, and the mixture was stirred or triturated
until the crude product had completely solidified. More cold
water/ice was added when solidification was slow. The crude
solid was filtered and re-crystallised from aqueous ethanol,

aqueous methanol or ethanol/toluene to produce colourless
solids in every case. In this way samples of the analogues
[(Fig. 1B) X = i-v] were prepared. Yields, melting points,
purity criteria (M, by acid-base titration) and IR carbonyl
stretching frequencies are provided in Table I.

Bis(2-carboxyphenyl) succinate (BCS) (Fig. 1D). Salicylic acid
(27.6 g; 0.2 mol) was added to a 2-neck 250-ml Quickfit round
bottom flask fitted with a condenser, dropping funnel, silica
gel guard tubes and magnetic stirrer. Pyridine (16.1 ml; 0.2 mol)
was added through the dropping funnel, followed by dry THF
(75 ml; dried over anhydrous magnesium sulphate for 24 h).
The mixture was then stirred magnetically until the salicylic
acid had completely dissolved. A solution of succinyl chloride
(11.0 ml; 0.1 mol) in dry THF (25 ml) was then added dropwise
(over 20-30 min) with vigorous stirring. A mildly exothermic
reaction ensued and a precipitate was soon apparent. Additional
dry THF (up to 30 ml) was added when the slurry became too
thick to stir efficiently. The mixture was then stirred vigorously
for a further 1 h. The resulting mixture was then poured slowly
into ice-cold water (300-500 ml) which was rapidly stirred in
a I-liter conical flask. Stirring was continued (up to 1 h) until
the precipitated product was sufficiently crystalline to be filtered
with a Buchner apparatus. More cold water was added at this
stage when solidification of the product was slow. The crude
yield was 29.5 g (82%). The product was re-crystallised from
ethanol to produce a white solid. IR: v_y acid 1680/cm, vq_q
ester 1749/cm; mp: 169-171°C [lit. 160-165°C (21), 183-184°C
(22),178-180°C (23)],m/z (CI) 376.1030 (M + NH,*,C (H,,OsNH,
requires 376.1027). Our material, after re-crystallisation, gave
a negative phenol test with ferric chloride solution, and the
IR spectrum was essentially identical to the commercial
compound.

Benozylaspirin (Fig. 1E). Benzoylaspirin was prepared using
the method described for the alkanoylsalicylate analogues
(Fig. 1B) above, using benzoyl chloride as the appropriate acid
chloride. A longer reaction time (20-24 h) was allowed before
the addition of cold water. The yield of a crude white solid was
60-65%. The product was re-crystallised at 60-80°C in
petroleum ether to produce a white solid. IR: v._q acid 1697/
cm, Ve_q ester 1739/cm; mp: 130-132°C [lit. 131°C (S1)].

Fumaroyldiaspirin (Fig. 1F). Fumaroyldiaspirin was prepared
using the method described for bis(2-carboxyphenyl) succinate
(Fig. 1D) above. Succinyl chloride was replaced with fumaroyl
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chloride, and the crude yield was 71%. The product was
re-crystallised by dissolving in a minimum of boiling acetone
and then adding 60-80°C petroleum ether until the hot solution
became cloudy. Cooling produced a white solid. IR: v._q acid
1680/cm, v¢_q ester 1737/cm; mp: 190-192°C [lit. 178-180°C
(22)], m/z (CI) 374.0875 (M + NH,*, C,;H,,O4NH, requires
374.0870).

Cell culture. The human colorectal cancer SW480 cell line
was cultured in L-15 medium containing 10% FBS (PAA
Laboratories, Somerset, UK), supplemented with L-glutamine-
penicillin-streptomycin (Sigma). The U373 (astrocytoma,
grade I1I), MCF7 and MDA-MB-231 (both breast cancer) cell
lines were cultured in Dulbecco's minimal essential medium
(PA A Laboratories) with 10% FBS and L-glutamine-penicillin-
streptomycin. Cells were cultured at 37°C in a humidified
incubator with 5% CO, (apart from the SW480 cells, cultured
without CO,) and regularly passaged at ~80% confluency. Cell
lines were purchased from the European Collection of Cell
Cultures (Porton Down, UK).

Cell viability assay. Compounds were prepared as a stock
(0.5 M) in DMSO, prior to addition to the cells. Cell viability
was measured using the MTT assay (27) with modifications
(28). Briefly, 10* cells/well were cultured overnight, and the
medium was discarded and replaced with medium containing
the drugs at the required concentration and incubated for 24 h.
The medium was then replaced with 300 ul of (MTT) stain
per well, incubated for 3 h, and 200 ul of DMSO was added.
Incubation was carried out for 10 min at 37°C, and the absorbance
was recorded at 540 nm using a visible plate reader (Labsystems
Multiskan MS). Viability was reported as the percentage of
treated cells relative to the cells in the control wells. The values
are expressed as the mean from three independent experiments;
and unless stated, bars in the figures indicate +£SD.

Evaluation of Apo-TRACE accumulation in apoptotic cells.
The apoptotic potential of the compounds was tested in vitro
using the commercially available Apo-TRACE™ Apoptotic
Cell Staining Kit (Sigma-Aldrich), which utilises a small
non-toxic compound of the ApoSense family of compounds,
according to the manufacturer's instructions (29). Briefly, at
80-90% confluency, SW480 cells were incubated with either
1 mM aspirin, 0.5 mM BCS, carrier amounts of DMSO or
25 puM irinotecan for 24 or 48 h, and the medium containing
the drug was removed. The cells were washed and incubated
for 30 min in the dark, then washed with PBS, and stained with
250 ul/well of working medium B [75 pg/ml of Apo-TRACE
and 0.5 pg/ml of propidium iodide (PI)]. Cells were incubated
for 30 min in the dark, and washed with PBS and placed onto
adrop of VectaShield® mounting medium (Vector Laboratories
Inc.), prior to immediate epifluorescence microscopy.

Epifluorescence microscopy. Cells were visualised using an
Olympus fluorescence microscope (BX61; Olympus Optical,
UK), with UV illumination from a mercury lamp. Apo-TRACE
and PI staining were visualised with DAPI (excitation 350 nm;
emission 470 nm) and Texas Red (excitation 596 nm; emission
615 nm) filter sets, respectively. The accumulation of Apo-TRACE
in the cytoplasm of cells is a feature of apoptosis while nuclear
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PI (red fluorescence) staining is indicative of non-viable cells
and can reflect necrosis or secondary necrosis that results as a
consequence of apoptosis.

Quantitation of apoptosis. Apoptosis was measured using an
ELISA-based HT TiterTACS Assay Kit (Trevigen, Gaithersburg,
MD, USA), which detects DNA fragmentation. At 48 h, cells
were centrifuged, briefly washed in 1X PBS and fixed in 3.7%
(w/v) buffered formaldehyde solution for 7 min. Cells were
then washed with 1X PBS and post-fixed in 100% (v/v) methanol
for 20 min. Following the manufacturer's instructions, the
cells were permeabilised with Cytocin and incubated for
30 min, washed with dH,O and positive controls generated
using TACS-nuclease incubated at 37°C for 30 min. Cells
were then quenched with 3% (v/v) H,O, solution (92% methanol,
8% H,0,) and briefly incubated in 1X TdT labelling buffer.
Cells were then incubated with the labelling reaction mix [1X
TdT labelling buffer, TdT dNTP mix, Mn?*, TdT enzyme
(enzyme omitted for control samples)] for 1 h to label breaks
in DNA. Strep-HRP was added to each well and incubated
for 10 min before washing with 0.1% (v/v) Tween-20 in PBS.
TACS-Sapphire was then added to the wells to detect apoptotic
cells. The reaction was stopped with 2 N HCI after 30 min of
incubation in the dark, and the absorbance was read at 450 nm
using a Multiskan Ascent plate reader. The unlabelled controls
were suggested by the manufacturer and were samples in
which the TdT enzyme was omitted from the labelling reaction
mix; that is, to measure any non-specific binding of the
Strep-HRP. The negative control was cells treated with only
equivalent amounts of carrier molecule (DMSO).

Statistical analyses. Statistical differences were assessed by
ANOVA or the Student's t-test. For each test, P<0.05 was
considered statistically significant.

Results

Previously, it has been observed that only relatively minor
changes can be made to the structure of aspirin without a
significant loss of activity as demonstrated in a range of studies
related to the measures of aspirin activity such as inhibition
of oxidative phosphorylation or platelet aggregation (30,31).
Similarly the positional isomers of salicylic acid, namely
3-hydroxy and 4-hydroxy benzoic acid, have also been shown
to be inactive against rheumatic fever and animal inflammation.
While these observations are suggestive of a need to preserve
the ortho- relationship between the carboxylic acid (or substitute
function) and the phenolic -OH group or acetoxy group, the
situation is not particularly clear because of the many targets
that aspirin appears to affect and the likelihood that precise
structure-activity relationships will be target-dependent. We
therefore attempted to clarify which structural aspects are
important for preservation or enhancement of cell killing
properties. In doing this we investigated the effect of the
alkanoyl chain length in the phenolic ester moiety of aspirin
and also the effect of replacing part of the alkanoyl chain with
another aspirin moiety. The compounds utilised in this study
are illustrated in Fig. 1 and were purchased and/or synthesised
as indicated in Materials and methods. Properties of the alkanoyl
salicylates prepared are provided in Table I.
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Figure 1. Structures of compounds examined in this study. (A) Aspirin and
salicylic acid variants at the 5-position. (B) Aspirin variants with variable
alkanoyl chain length. (C) Vanillin (4-hydroxy-3-methoxybenzaldehyde).
(D) Bis(2-carboxyphenyl) succinate (BCS; PN508). (E) Benzoylaspirin
(Benzosalin, PN514). (F) Fumaroyldiaspirin (PN517).

The toxicity of salicylic acid (SA) derivatives was examined
in a preliminary screening using the SW480 colorectal cancer
cell line (Fig. 2); for clarity we indicated the effect of drugs at
a concentration of 1 mM. A commercially available derivative
of SA at the 5-position, 5-ASA (mesalazine), was tested as it is
a well-tolerated drug with no gastrointestinal toxicity and is
used in the treatment of inflammatory bowel disease. The
regular use of 5-ASA is also strongly protective against CRC
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development (32) and has been reported to improve replication
fidelity in cultured (HCT116) colorectal cells (33). 5-ASA was
found to exhibit similar toxicity to aspirin at lower concen-
trations (0.5-1 mM) but at higher concentrations (>1 mM),
was noticeably less cytotoxic than aspirin in the assay system
employed (Fig. 2A) (data not shown). 5-ASA was then modified
by diacetylation to produce N,O-diacetyl-5-aminosalicylic
acid (DASA) in an attempt to enhance cytotoxicity, but this
was found to little alter the toxicity vs. the parent compound
(Fig. 2A). It is worth noting that salicylate concentrations in
the low mM range are achievable physiologically with prescribed
doses of aspirin (34).

Vanillin (4-hydroxy-3-methoxybenzaldehyde) (Fig. 1C), a
naturally occurring compound found in the pods of Vanilla spp,
was found to significantly alter gene expression in the HepG2
human hepatocellular carcinoma cell line (35) and suppress
the invasion and migration of mammary adenocarcinoma
cancer cells (36). Vanillin also has anti-mutagenic properties
against spontaneous mutations in mammalian cells (37) and
although clearly does not possess the same functionality as
aspirin, it does have ortho-disposed hydrogen bond acceptor
and donor groups as well as the aldehyde carbonyl in lieu of
the carboxyl one. Vanillin exhibited weak toxicity against the
SW480 cell line as assessed in the MTT assay (Fig. 2A).
Intriguingly, bis(2-carboxyphenyl) succinate (BCS) (see
Materials and methods for the synthesis protocol) was noted
to be significantly more cytotoxic than ASA, vanillin, 5-ASA
and the DASA derivative. Similar results (Fig. 2A) were
observed for commercially available BCS (Sigma-Aldrich)
and for in-house synthesised BCS. By interpolation, for
experiments with a 24-h incubation, the ICs, of aspirin was
determined as ~1.0 mM, while that of BCS was <0.5 mM in
SW480 cells. By comparison vanillin had an ICs, value of
~2.5 mM (data not shown). This is in concordance with a
recent study investigating the toxicity of vanillin to the HT-29
human CRC cell line, where vanillin had a reported ICs, of

1001
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Concentration (mM)

Figure 2. Salicylic acid derivatives and vanillin were tested for their toxicity to the SW480 colorectal cancer cell line. (A) Cells were plated at a density of
10* cells/well in 96-well microtitre plates. Twenty-four hours after seeding, the cells were treated with the compound-containing culture medium for 24 h. The
anti-proliferative effects were measured by the MTT assay. All compounds were dissolved in DMSO. ASA, acetylsalicylic acid; DASA, N,O-diacetyl-5-
aminosalicylic acid; 5-ASA, 5-aminosalicylic acid; Vanillin, 4-hydroxy-3-methoxybenzaldehyde; BCS’, the commercially available form of
bis(2-carboxyphenyl) succinate (Fig. 1D). BCS was synthesised in-house according to the protocol described herein. Bis(2-carboxyphenyl) succinate
consistently exhibited greater toxicity to the cell line than related compounds. Mean + SD. (B) Cells were treated similarly with medium containing salicylates
with modified alkanoyl chain lengths, either C3, C4 or C6 (see structures in Fig. 1B). The toxicity of ASA is shown for comparison. Mean + SEM.
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Figure 3. The effect of ASA and BCS on the cell viability of colorectal and
non-colorectal human cancer cell lines. Each cell line was plated at a density
of 10* cells/well in 96-well microtitre plates. Twenty-four hours after seeding,
the cells were treated with culture medium with or without ASA or BCS"
(Sigma-Aldrich) for 24 h. The anti-proliferative effects were measured by the
MTT assay. BCS’, the commercially available form of bis(2-carboxy-phenyl)
succinate.

2.6 mM (38). For clarity we should state that SA is recognised
as the principal metabolite of aspirin (39). Salicylic acid per se
exhibited similar toxicity to ASA against the SW480 CRC cell
line in the concentration range of 0.5-1 mM (data not shown).
We then examined whether further extension of the acetyl
group - with a C3, C4 and C6 chain - significantly enhanced
the toxicity of salicylic acid in comparison to aspirin. Marginally
less toxicity than ASA was noted, indicating that further
extending the alkanoylsalicylate (Figs. 1 and 2B) chain length
does not appear to enhance the inhibitory effect of the parent
compound. The effect on cell viability of aspirin and these
chain-extended salicylates in the SW480 cells was not apparent
in a cell line derived from a brain tumour (U373 MG), even
over extended (up to 72 h) time periods (data not shown). This
indicates a specific sensitivity of colorectal cancer cells to
NSAID-‘like’ molecules. In addition, BCS - like ASA - while
notably toxic to the SW480 cells, exhibited substantially less
toxicity in the human MCF7 breast cancer and U373 glioma
cell line at a concentration of 1 mM (Fig. 3). The sensitivity of
cultured cells to NSAIDs was previously examined by Din
et al in some detail, who reported that a ‘considerable degree
of cell type specificity” of ASA was noted in colorectal cancer
cells vs. cells derived from breast, ovarian and endometrial
cancers (20, and references therein). Consequently, we tested
the toxicity of BCS in greater detail and controlled for any
toxicity associated with the carrier molecule (Fig. 4) by testing
for a dose-dependent decrease in cell viability. We observed
that the DNA mismatch repair incompetent HCT116 CRC cell
line was marginally less sensitive to BCS than the SW480 cell
line. A similar finding was previously reported with respect to
the response of these lines to ASA - with ICy, values of 1.48
and 2.71 mM - for SW480 and HCT116 cells, respectively
(20). By contrast, the breast cancer cell line MDA-MB-231
was found, even at relatively high concentrations, to be relatively
resistant to the growth inhibitory effects of BCS (Fig. 4C).
This evidence confirms that CRC cell lines are sensitive to
ASA-based compounds, and may suggest that the presence of
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Figure 4. Dose-response effect of in-house synthesised bis(2-carboxyphenyl)
succinate (BCS) on the viability of SW480 (A) and HCT116 (B) human colon
cancer cells and MDA-MB-231 breast cancer cells (C). Each cell line was
plated at a density of 10* cells per well in 96-well microtitre plates. Twenty-
four hours after seeding, the cells were treated with compound-containing
culture medium for 24 h. The anti-proliferative effects were measured by the
MTT assay. Note that the amount of DMSO added to check for carrier
toxicity itself was equal to that for DMSO for each relevant concentration of
the compound. “P<0.5, “P<0.05, “"P<0.005 (one-way ANOVA with Tukey's
multiple comparison test). Viability is relative to the controls with no drug
added to the medium and we included 100% viability at 0 mM of the drug
added for clarity.

a second nearby aromatic ring is beneficial to a binding
relationship in the cytotoxicity of salicylates. To pursue this
line of inquiry further, benzoylaspirin and fumaroyldiaspirin
were synthesised (Fig. 1, Materials and methods), and their
toxicity to the SW8O0 cell line was analysed. These compounds
exhibited substantially greater toxicity than aspirin (Fig. 5).
We examined whether the cell death/inhibition of proli-
feration induced by BCS occurred via the initiation of a necrotic
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Figure 5. The effect of benzoylaspirin and fumaroyldiaspirin on the viability
of the SW480 colorectal cancer cell line. Each cell line was plated at a
density of 10* cells/well in 96-well microtitre plates. Twenty-four hours after
seeding, the cells were treated with culture medium with or without the
compounds indicated at 0.5 mM for 48 h. The anti-proliferative effects were
measured by the MTT assay. The response to irinotecan (incubated at
25 uM) is included for comparison. Benzoylaspirin is denoted as PN514
and fumaroyldiaspirin as PN517. Results are plotted as the average of three
separate experiments, with each bar representing experiments performed
in triplicate + SEM (""P<0.005; one-way ANOVA with Tukey's multiple
comparison test).

or apoptotic pathway. In this regard, previous findings have
been rather contradictory for aspirin: in vitro studies have
suggested that while ASA inhibits CRC proliferation, this may,
(20,40) or may not (7,41), occur through induction of apoptosis,
or may occur as a consequence of the combination of both
pathways (16). We utilised a commercially available apoptotic
cell staining kit (Apo-TRACE) that responds to phospholipid

DEB et al: DIASPIRIN AND CYTOTOXICITY IN COLORECTAL CANCER CELLS

scrambling, a canonical feature of the apoptotic pathway. The
Apo-Trace compound accumulates in the cytoplasm of apoptotic
cells. End-stage apoptosis and death is characterised by
cells accumulating the Apo-Trace compound (N,N'-didansyl-
L-cystine) (29) and staining positively for PI. PI binds to
double-stranded DNA and can only permeate a compromised
plasma membrane thus staining only non-viable cells. The
DNA topoisomerase inhibitor irinotecan clearly promoted a
significant uptake of the Apo-Trace compound, as expected
for a drug associated with growth inhibition and apoptotic
induction (Fig. 6A) (42.43). In contrast, much less uptake of
the compound was noted with ASA or BCS (Fig. 6B and C),
suggesting that these salicylates activated the necrotic pathway
in the cell line tested. However, staining also suggestive of
apoptosis was consistently noted with both compounds (Fig. 6).
The carrier molecule (DMSO) used to dissolve the compounds
tested in this study did not induce cell death. To further
characterise the degree of apoptosis, semi-quantitative analysis
(Trevigen HT TiterTACS assay kit) confirmed the presence of
apoptotic cells in the treated cultures (Fig. 7), and indicated
that compounds containing two ring structures appeared to
induce a greater degree of apoptosis than the parent drug ASA,
under the conditions tested.

Discussion

Salicylates may be found as constituents of a normal diet (fruit
and vegetables) and, notwithstanding our ignorance of the
molecular pathways they activate in the gut epithelium, one
can reasonably infer that ingestion of such dietary salicylates
may contribute to the health of an individual by reducing
colorectal cancer incidence (39,44). In an effort to understand
the molecular basis of the growth inhibitory effect of ASA
against cancer cells we examined a number of derivatives of

Figure 6. Fluorescence imaging of cells incubated with cytotoxic compounds and stained with the Apo-TRACE cell staining kit. The colorectal cancer
SW480 cell line was incubated for 24 h with either 25 uM irinotecan (A), | mM ASA (B), 0.5 mM BCS (C) or the carrier molecule DMSO (D). Blue staining,

ApoTrace; propidium iodide counterstaining, red. Magnification x400.
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Figure 7. Quantitative analysis of apoptosis induction by aspirin analogues
in the SW480 colorectal cancer cell line. The SW480 cell line was incubated
with 0.5 mM aspirin, PN508 (BCS), PN514 (benzoylaspirin), PN517 (fumaro-
yldiaspirin) or 25 M irinotecan for 48 h and apoptosis was quantified
employing the Trevigen HT TiterTACS assay kit. Each bar represents + SEM
from three experiments performed in triplicate. Statistical analysis indicated

Aok

a significant increase (" P<0.005; one-way ANOVA with Tukey's multiple
comparison test) in treated cells compared to untreated cells.

salicylic acid. While this study did not directly provide
evidence to elucidate the mechanism through which toxicity
occurs, we identified a candidate molecule, BCS, which was
markedly more toxic than ASA yet retains a degree of speci-
ficity towards cells derived from colorectal cancers and thus
may prove useful to the study of this phenomenon (Fig. 2).
Why CRCs show a remarked sensitivity to these molecules is
unclear: however, it may potentially be an ‘Achilles heel’ and
to that end, worth pursuing further. Numerous molecular
pathways have been reported to be important with regard to
the toxicity of aspirin to colorectal cancer cells. For example,
it has been suggested that ASA up-regulates NF-kB expression
specifically in colorectal cells and this has been correlated
with apoptosis (20). However, other researchers have reported
that ASA inhibits NF-kB expression (11), and indeed NF-xB-
mediated suppression of GADD45a and GADD45y genes in
non-colorectal cancer cell lines has been found to be essential
for cancer cell survival (45).

In our opinion, the numerous pathways invoked for the
effect of ASA highlight our ignorance of the metabolic mana-
gement (which may be unique) by colorectal cells of salicylates.
What is clear is that ASA has pleiotropic effects and can
affect the cell cycle, cell proliferation, differentiation and cell
death. Further confounding our understanding of NSAID
toxicity is the apparently contradictory reports in the literature
of the cell death pathway activated by NSAIDs. Subbegowda
and Frommel reported that ASA did not induce apoptosis in
SW620 and HT-29 colorectal cancer cells as assessed by
Annexin V and PI staining utilising flow cytometry (46),
while Chan et al found that NSAIDs (sulindac sulfide and
indomethacin) induced apoptosis in HCT116 and SW480 cells
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at a low concentrations and exhibited non-specific toxic effects
at higher concentration (47). The induction of apoptosis was
determined by examination of nuclear condensation and
fragmentation, and exposure of phosphatidylserine groups on
the surface and Chan et al also proposed that apoptosis occurs
as a consequence of elevated arachidonic acid and ceramide
levels. In the present study (low concentrations of) ASA and
BCS largely exerted their toxicity via the necrotic pathway
(Fig. 6), although we did observe relatively low levels (in
comparison to exposure to irinotecan) of Apo-TRACE
compound-staining consistent with the activation of an
apoptotic pathway in SW480 cells. Quantitative analysis also
confirmed that apoptosis occurs in cells exposed to aspirin
and its derivatives, although the levels are somewhat modest
when compared to an induction by irinotecan. It is possible
that activation of apoptosis in a subset of cells may reflect a
sensitivity that is related to a specific stage of the cell cycle.
As the molecular basis of the toxicity of aspirin to CRC is
unclear, it is premature to speculate on the action of BCS
and PN514 (benzoylaspirin) and PN517 (fumaroyldiaspirin).
However, we question, based on the pleiotropic nature of path-
ways altered in cells exposed to NSAIDs whether BCS and
other derivatives (or indeed the ‘monomeric’ version, aspirin)
can alter the epigenetic status of cells by perturbing either the
histone deacetylases or DNA methyltransferases thus altering
transcription globally and ‘tipping’ the cells towards a necrotic
or apoptotic pathway. We also suggest that the anti-inflammatory
capacity of BCS, PN514 and PN517 should be determined and
speculate that the biological activities of these analogues with
two aromatic rings may in principle be useful towards the
understanding of the molecular basis for the toxicity of
saliclylate-based compounds in colorectal cancer cells.

With respect to the synthesis of novel anticancer drugs
based on salicylates, nitric oxide (NO)-releasing derivatives of
NSAIDs such as NCX4040 [2-(acetyloxy)benzoic acid 4-(nitro-
oxymethyl)phenyl ester] have been reported to be significantly
(2500- to 5000-fold) more potent in suppressing colon cancer
cell growth and in inhibiting NF-xB and the B-catenin/T-cell
factor signalling pathway in comparison to ‘traditional’ ASA
(48,49). NCX 4040 has recently been reported to have enhanced
antitumour efficacy vs. aspirin and acts as a sensitising agent
for the alkylating agent oxaliplatin, which is currently in use
as a therapeutic agent for colorectal cancer (50). We suggest
that modifying BCS may result in novel compounds that are
significantly and specifically more toxic than BCS itself to
colorectal cancer, and our laboratory is vigorously pursuing
this avenue of research. It is also conceivable that BCS (and its
derivatives) may have the capacity to sensitise colorectal
cancer cells to current and novel anti-colorectal cancer chemo-
therapeutic agents, and to that end we provide a simple method
for the synthesis of BCS to facilitate the investigation of this
hypothesis.
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