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BACKGROUND AND PURPOSE

Inflammation and reactive oxygen species are associated with the promotion of various cancers. The use of non-steroidal
anti-inflammatory drugs (NSAIDs) in cancer prevention treatments has been promising in numerous cancers. We report the
evaluation of NSAIDs chemically modified by the addition of a redox-active nitroxide group. TEMPO-aspirin (TEMPO-ASA) and
TEMPO-indomethacin (TEMPO-IND) were synthesized and evaluated in the lung cancer cell line A549.

EXPERIMENTAL APPROACHES

We evaluated physico-chemical properties of TEMPO-ASA and TEMPO-IND by electron paramagnetic resonance and cyclic
voltammetry. Superoxide dismutase-like properties was assayed by measuring cytochrome c reduction and anti-inflammatory
effects were assayed by measuring production of prostaglandin E, (PGE;) and leukotriene B4 (LTB4). MTT proliferation assay
and clonogenic assay were evaluated in the A549 lung carcinoma cell line. Maximum tolerated doses (MTD) and acute
ulcerogenic index were also evaluated in in vivo.

KEY RESULTS

MTD were: TEMPO (140 mg-kg™), ASA (100 mg-kg™), indomethacin (5 mg-kg™"), TEMPO-ASA (100 mg-kg™") and TEMPO-IND
(40 mg-kg™). While TEMPO-ASA was as well tolerated as ASA, TEMPO-IND showed an eightfold improvement over
indomethacin. TEMPO-IND showed markedly less gastric toxicity than the parent NSAID. Both TEMPO-ASA and TEMPO-IND
inhibited production of PGE, and LTB, in A549 cells with maximum effects at 100 ug-mL™" or 10 pg-mL™" respectively.

CONCLUSIONS AND IMPLICATIONS

The nitroxide-NSAIDs retained superoxide scavenging capacity of the parent nitroxide and anti-inflammatory effects,
inhibiting cyclooxygenase and 5-lipoxygenase enzymes. These redox-modified NSAIDs might be potential drug candidates, as
they exhibit the pharmacological properties of the parent NSAID with antioxidant activity decreasing NSAID-associated
toxicity.
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Abbreviations

TEMPO-NSAIDs as potential anti-cancer agents

5-LO, lipoxygenase 5; ASA, acetyl salicylic acid; DMSO, dimethyl sulphoxide; EPR, electron paramagnetic resonance;
LTB,, leukotriene By; MTT, 1-(4,5-dimethylthiazol-2-yl)-3,5-diphenylformazan; NHE, normal hydrogen electrode; NSAID,
non-steroidal anti-inflammatory drug; SOD, superoxide dismutase; TEMPO, 2,2,6,6-tetramethyl-1-piperidinyloxy;

TEMPOL, 4-hydroxy-TEMPO

Introduction

Non-steroidal anti-inflammatory drugs (NSAIDs) have been
used to treat numerous inflammatory conditions. Many con-
ditions such as arthritis and cancer require chronic adminis-
tration of NSAIDs for extended period of time. For example,
aspirin (acetyl salicylic acid, ASA) and selective inhibitors of
COX-2 such as celecoxib and rofecoxib have been shown to
reduce some types of cancer by over 50% when taken for an
extended period of time (Shishodia et al., 2004; Bastos-Pereira
et al., 2010). Although there are beneficial effects, the long-
term use even with COX-2 selective agents has problematic
side effects such as thrombosis (Dajani and Islam, 2008).

The unexpected cardiovascular side effects observed with
highly selective COX-2 inhibitors and the subsequent with-
drawal of rofecoxib (as Vioxx) have lead to the investigation
of other potential NSAIDs. Redox-modified NSAIDs have
emerged as potential therapeutic compounds reducing both
gut toxicity and thrombosis. Compounds such as the NCX
series, which are COX-inhibitory NO donors, opened up the
potential of NO-based NSAIDs (Del Soldato etal., 1999).
Recently, analogous NSAID NO donors have been developed
from the NONOate class of NO donors that exhibited benefi-
cial cardiovascular effects as well as abating gastro-intestinal
toxicity (Velazquez et al., 2005; 2007). Other NSAIDs have
been synthesized to release H,S and these derivatives have
also been shown to have lower gastric toxicity along with
beneficial effects in the cardiovascular system (Li et al., 2007).
Taken together, these compounds have potentially useful
properties under different conditions.

In addition to the NSAIDs, other compounds can be used
to treat inflammatory conditions. Antioxidants have been
shown over several decades to have marked beneficial effects
in numerous inflammatory diseases and particularly in oxi-
dative stress (Halliwell, 1991; Soule et al., 2007; Nakao et al.,
2009). The nitroxides have been shown to have such benefi-
cial effects. One agent, 4-hydroxy-TEMPO (TEMPOL) is a
superoxide dismutase (SOD) mimetic, as well as a powerful
antioxidant (Samuni et al., 1990; 1991) protecting against
oxidative stress from peroxides and radiation (Soule et al.,
2007). The electrochemical properties of this molecule make
it ideal for scavenging reactive oxygen species and abating
oxidative stress (Samuni et al., 2001). In vivo studies with
TEMPOL showed decreased ischaemia-reperfusion injury and
radiation-induced tissue injury, a decreased weight gain and
prevention of the induction of some cancers (DeGraff et al.,
1992; Cotrim et al., 2005; Patel et al., 2006; Moens et al.,
2008; Zhang et al., 2008; Samuni et al., 2010).

In this report, we have synthesized the nitroxide
derivatives of the NSAIDs aspirin (ASA) and indomethacin
(namely, 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO)-ASA
and TEMPO-IND) to yield compounds exerting the beneficial

effects of both the NSAID and the antioxidant. These TEMPO-
modified NSAIDs retained inhibition of COX while the
nitroxide portion of the compound scavenged superoxide
anion. In addition, we found that TEMPO-ASA was as well
tolerated as ASA while TEMPO-IND exhibited markedly lower
gastric toxicity than indomethacin. The coupling of NSAIDs
with the antioxidant nitroxide provides a new class of redox
NSAIDs.

Methods

Synthesis of TEMPO-NSAIDs

General. 4-hydroxy-TEMPO,  indomethacin and  O-
acetylsalicyloyl chloride were purchased from Sigma Aldrich
Chemical Company and used as received. Analytical TLC was
performed on silica gel plates with QF-254 indicator. Visual-
ization was accomplished with UV light, iodine and phos-
phomolybdic acid. Solvents for extraction and purification
were technical grade and used as received. All reactions were
performed in flame-dried glassware under an inert atmo-
sphere of dry argon. '"H NMR and C NMR spectra were
recorded in CDCl; using a Bruker Avance 300 MHz NMR
spectrometer. Chemical shifts are given in ppm (8); multi-
plicities are indicated by s (singlet), d (doublet), t (triplet), q
(quartet), m (multiplet) and b (broadened). Mass spectra were
obtained on an Agilent Technologies 1100 LC/MSD Trap
instrument.

TEMPO-ASA. Pyridine (0.45 mL, 5.50 mmol) was added to a
solution of 4-hydroxy-TEMPO (0.86 g, 5.00 mmol), and ace-
tylsalicyloyl chloride (1.09 g, 5.50 mmol) in CH,Cl, (6 mL) at
0°C. The solution was stirred at room temperature overnight
and the precipitate was removed by filtration. The filtrate was
washed with water (6 mL), 10% aq. NaHCO; (10 mL), 2 M aq.
HCI (10 mL) and water (6 mL). The CH,Cl, layer was dried,
filtered, concentrated and purified by silica gel chromatogra-
phy (7:3 hexanes : EtOAc, Ry = 0.39) to give an orange oil
(0.8 g, 48%). '"H NMR (CDClI; with 2 drops of TFA-d) 7.96 (d,
1H, J=7.0Hz), 7.60 (t, 1H, J=7.1 Hz), 7.33 (d, 1H, ] = 7.5),
7.19(d, 1H, J=7.5 Hz), 5.44 (bt, 1H, J=11.7 Hz), 2.37 (s, 3H),
2.42-2.00 (m, 4H), 1.54 (s, 6H), 1.46 (s, 6H); *C NMR 169.8,
163.36, 150.96, 134.59, 131.66, 126.25, 123.98, 122.68,
67.37,63.94, 41.74, 27.77, 20.7; MS: m/z, 335 [M+1]; Analysis
calculated for C;sH,4NOs: C, 64.65; H, 7.23, N, 4.19; Found: C,
64.73, H, 7.35, N, 4.20.

TEMPO-IND. Dicyclohexyl carbodiimide (DCC, 1.32g,
6.4 mmol) was added to a solution of indomethacin
(2.08 g, 5.8 mmol), 4-hydroxy-TEMPO (1 g, 5.8 mmol) and
4-dimethylaminopyridine (DMAP, 0.16g, 5.8 mmol) in
CH,CI; (45 mL) at 0°C. The mixture was allowed to warm to
rt and stirred overnight. The solvent was evaporated in
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vacuum and the residue was purified by silica gel chromato-
graphy (hexanes : EtOAc 7:3, Ri=0.36) to give an orange solid
(2.3 g, 84%). 'H NMR (CDCI; with 2 drops of TFA-d) 7.69 (d,
2H, J=8.7 Hz), 7.55 (d, 2H, ] = 8.4 Hz), 6.8-7.4 (m, 3H), 5.32
(bt, 1H, J = 11.4), 3.95 (s, 3H), 3.82 (s, 2H), 2.38 (s, 3H),
2.35-2.1 (m, 4H), 1.56 (s, 6H), 1.49 (s, 6H); *C NMR 174.08,
172.13, 155.83, 141.34, 137.83, 132.81, 132.06, 130.18,
120.74, 116.97, 116.20, 113.41, 113.03, 109.42, 69.81, 66.18,
57.29, 41.65, 30.56, 28.14, 20.47, 13.60; MS: m/z 512 [M+];
Analysis calculated for CpsH;,CIN,Os: C, 65.68; H, 6.30, N,
5.47; Found: C, 66.28, H, 6.52, N, 5.38.

Electrochemical analysis: cyclic voltammetry
Cyclic voltammetry measurements of the nitroxide-NSAIDs
were taken with an EG Potensiostat/Galvanostat Model 273A,
from AMETEK Princeton Applied Research (Oak Ridge, TN).
Measurements were made at room temperature in PBS or 50%
organic solvents, using the platinum auxiliary electrode and
Ag/AgCl (saturated KCI) reference electrode.

Electron paramagnetic resonance

Electron paramagnetic resonance (EPR) measurements were
made in a gas-permeable Teflon capillary tube of 0.81 mm
inner diameter, 0.38 mm wall thickness and 15 cm length
(Samuni et al., 2004). The capillary tube was folded twice, and
inserted in a narrow quartz tube, then placed in the cavity of
a Varian E-109 X-band spectrometer. The measurements were
done under aerobic conditions and at room temperature. EPR
parameters were: Field Set at 3355 G, Scan Range 10 x 10' G,
time constant: 0.128, Mod. Ampl. 0.5 x 10' H, RG: 8.0 x 107,
9.36 GHz microwave frequency, 100 kHz modulation fre-
quency and 10 mW microwave power.

Dismutation of superoxide anions (superoxide
dismutase (SOD) mimetic actions) by
nitroxide-NSAIDs

Superoxide anions were generated from the reaction of
hypoxanthine (500 uM) with xanthine oxidase (10 mU) in
PBS (pH 7.4, 25°C), containing the metal chelator diethylen-
etriaminepentaacetic acid (DTPA, 50 uM). The rate of super-
oxide formation was assessed by reduction of ferricytochrome
¢ (cyt ¢) (60 uM), measured at 550 nm (¢ = 21 000 M.cm™),
as previously described (Wasserman et al., 1980). A range of
concentrations (5-100 uM) of the nitroxide-NSAIDs were
used to scavenge superoxide.

Cell line and cell culture

The A549 cells (purchased from American Type Culture Col-
lection (ATCC), Manassas, VA) were grown in DMEM also
supplemented with 10% heat inactivated fetal bovine serum
and penicillin-streptomycin. The cells were maintained at
37°C in an atmosphere of 95% room air and 5% CO,. The
media was changed twice a week.

Proliferation assay

Cell viability was determined by wusing a standard
colorimetric assay with 1-(4,5-dimethylthiazol-2-yl)-3,5-
diphenylformazan (MTT). The cells were grown for 24 h in a
96-well cultured plate with cell density 5.0 x 10° cells per well
with 100 puL. of media. The cells were treated with different
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concentrations of individual compounds (0-300 uM) along
with the respective controls for 24 h. After that 10 uL of MTT
(Sigma-Aldrich, St. Louis, MO, USA) was added to the culture
media (5 mg-mL™, PBS) and incubated at 37°C for 3 h. The
culture medium was decanted and 100 uL. of DMSO was
added to each well to dissolve the formazan crystals. After
5 min of agitation at 37°C, the absorbance was measured at
590 nm using a Perkin Elmer HTS 7000 Bio Assay Reader.

Clonogenic survival assay

A standard clonogenic assay was performed to assess cell
survival. A549 cells were trypsinized and plated (1 x 10° cells
per dish) in 60 cm? culture dishes. The cells were incubated
for 24 h, and then treated with 30, 100 and 300 uM of
TEMPO-ASA or TEMPO-IND, and appropriate controls for
24 h. After treatment, the cells were washed with PBS,
trypsinized, counted and then plated for colony formation.
For each drug dose, the cells were plated in triplicates and
incubated at 37°C for 14 days. The colonies were stained with
Crystal violet and counted.

PGE; and leukotriene (LT)B4 ELISA assays

PGE, was measured by enzyme ELISA (Cayman Chemical, Ann
Arbor, MI). TEMPO-ASA and TEMPO-IND were dissolved in
DMSO at a concentration of 10 mg-mL™ for the in vitro
experiments. A549 cells in 24-well plates were treated with
the compounds for 30min then arachidonic acid
(20 ug-mL™") was added and the mixture incubated at 37°C for
5 min. The samples were frozen at —80°C, until assayed for
PGE,. A volume of 100 uL sample was added to EIA buffer
(900 pL). Routinely 25 uL of the diluted sample was then
added to a 96-well plate. The samples were incubated over-
night at 4°C. The plate was then washed five times (200 pL
each) with wash buffer and then Edman’s reagent (200 uL per
well) was added, according to the assay protocol. The absor-
bance at 450 nm was determined in an ELISA reader. Similarly,
production of LTB; from AS549 cells (treatment described
above) was measured using a ELISA assay kit (Cat no. 520111).
The assay was performed as described in the assay kit booklet.

Toxicity studies

All animal care and experimental procedures complied with
the Guide for the care and use of laboratory animal resources
(National Research Council, 1996) and were approved by the
National Cancer Institute Animal Care and Use Committee.
Female athymic nude mice were supplied at 6 weeks of age by
the Frederick Cancer Research Center, housed five per cage in
a climate-controlled environment. TEMPO-ASA, TEMPO-
IND, ASA and indomethacin were prepared in DMSO while
TEMPO was prepared in 5% DMSO/PBS pH 7.4. Each animal
was weighed individually on the day of the i.p. injection. A
range of doses were used to determine the maximum dose
tolerated (MTD) by the animals. Each animal was monitored
for up to 24 h; death was the end point of the experiment.

Anti-inflammatory assay and acute
ulcerogenesis assay

The in vivo anti-inflammatory activity was evaluated using
the carrageenan-induced foot paw oedema model (Winter
et al., 1962). TEMPO-IND and the reference drug indometha-



cin were tested at three different doses: 1, 5, 10 mg-kg™,
suspended in 1% methylcellulose solution and administered
orally (gavage) 60 minutes before carrageenan injection
(50 uL of 1% carrageenan). The paw volume was measured
(with a plethysmometer) before and 3 h after injection of
carrageenan. The percentage inhibition of inflammation
(control inflammation was oedema after treatment with
vehicle (1% methylcellulose) alone) was determined at the
tested doses and EDs, was calculated graphically from the
dose-response curve (R2 > 0.8).

For the ulcerogenesis assay (Winter et al., 1962; Velazquez
et al., 2005), TEMPO-IND (30 mg-kg™) and the reference drug
indomethacin (30 mg-kg™) were suspended in 1.2 mL of 1%
methylcellulose solution and administered p.o. The animals
were fasted for 24 h prior to drug administration. 6 h after
giving the drugs, the rats were killed, and their stomachs were
removed and kept on ice. A magnifier lens was used to deter-
mine the number and length of the ulcers observed in each
stomach. The severity of each gastric lesion was measured by
its greatest length in mm. The ‘ulcer index’ (UI) for each
compound was calculated by adding the total length in mm
of individual ulcers in each stomach, divided by the number
of animals in each treatment group.

Data analysis

Data are presented as means = SD or SE, as shown in the text.
Data were analysed by Student’s t-test or, where necessary, by
one-way ANOVA followed by Dunnett’s test for multiple
comparisons, using Prism (GraphPad Software, USA).

Materials

Dimethyl sulphoxide (DMSO), 1-(4,5-dimethylthiazol-2-yl)-
3,5-diphenylformazan (MTT), acetyl salicylic acid (aspirin),
indomethacin, TEMPO and TEMPOL were purchased from
Sigma-Aldrich (St. Louis, MO, USA).

Results

Synthesis

Figure 1 illustrates the chemical synthesis of TEMPO-ASA
and TEMPO-IND. Condensation of 4-hydroxy-TEMPO with
acetylsalicyloyl chloride gave TEMPO-ASA in 48% yield
and DCC-mediated coupling of 4-hydroxy-TEMPO with
indomethacin gave TEMPO-IND in 84% yield. NMR spectros-
copy, mass spectrometry and elemental analysis support the
structure of both products, as shown.

Physical properties

Beyond the biological properties, nitroxide-NSAIDs lend
themselves to characterization via different physical tech-
niques such as EPR and electrochemistry. Nitroxides, such as
TEMPO, have paramagnetic characteristics that can be exam-
ined using EPR (Monti etal., 1996). In Figure 2A, the EPR
spectra showed a triplet characteristic of this type of nitroxide
in both the ASA and indomethacin derivatives. These spectra
demonstrate that the integrity of the nitroxide was preserved
with the modification of the NSAID. Nitroxides have been
shown to be reduced by cells indicated by loss of the triplet.
Using this parameter, a single peak can be monitored to

TEMPO-NSAIDs as potential anti-cancer agents
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Figure 1
Synthesis of ASA (TEMPO-ASA, 1) and indomethacin (TEMPO-IND,
2) nitroxide conjugates.

obtain kinetic information of cellular and biochemical reduc-
tion rates (Swartz et al., 1986). In the presence of A549 cells
(Figure 2B) a rapid loss of the triplet was observed (monitored
at 3360 G) indicating reduction of these compounds, on
incubation with cells, with a half life (t;,) for TEMPO-IND of
~24 min and for TEMPO-ASA of ~2.4 min. The comparable
value for TEMPO was ~13 min. The different rates of reduc-
tion for these compounds are indicative of their rates of
cellular uptake and intracellular reduction.

Nitroxides undergo one electron reduction and oxidation,
which is at the heart of their antioxidant characteristics. In
Figure 3A, the cyclic voltammogram in PBS showed an oxi-
dation potential for TEMPO-ASA (Eox = 0.72 V vs. Ag/AgCl or
0.83 vs. NHE), similar to that for TEMPO (E,x = 0.622 V vs.
NHE, E;; = 197 mV) or TEMPOL (E,x = 0.810 V vs. NHE)
(Krishna et al., 1992). Cyclic voltammetry for TEMPO-IND
was performed in acetonitrile. Figure 3B shows the cyclic
voltammogram of this compound, the presence of 100 mM
tetrabutylammonium chloride (E,x = 1.312V vs. Ag/AgCl)
compared with TEMPO under the same conditions (E, =
1.0 V vs. NHE). The cyclic voltammograph for both TEMPO-
ASA and TEMPO-IND was reversible indicating stable one
electron oxidation, comparable to that of the parent nitrox-
ides. These results of the EPR and electrochemistry suggest
that both TEMPO-ASA and TEMPO-IND exhibited physico-
chemical properties characteristic of nitroxides.

SOD mimetic actions

Nitroxides have the capability to mimic superoxide dismu-
tase (SOD) thereby catalytically dismutate superoxide
(Krishna et al., 1996). The similarity of the electrochemical
behavior between compounds (1) and (2) and TEMPO suggest
that these might be capable of detoxifying O,". As described
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Figure 2

EPR and reduction rate of nitroxide-NSAIDs in A549 cells. (A) EPR of
TEMPO-ASA and TEMPO-IND: X-band EPR signal of TEMPO 200 uM
in buffer saline solution. Scan Range 8 x 10 G, time constant: 0.128,
Mod. Ampl: 1.25 x 10" H, Field Set: 3360 G; Receiving Gain (i) =
TEMPO (1.25 x 103) in PBS, (ii) = TEMPO-ASA (RG: 1.25 x 10%) in
PBS, (iii) = TEMPO-IND (RG: 1.25 x 10%) in PBS/10% DMF (upper
right: TEMPO-IND in 100% DMF, RG 8.0 x 10%), microwave power:
10 mV, microwave frequency: 9.36 GHz, modulation frequency:
100 Hz, at room temperature. (B) This graph shows the rapid uptake
of the nitroxides by A549 cells. The decay curves shows the reduction
of TEMPO to TEMPO-H and similar reduction of TEMPO-ASA (1) and
TEMPO-IND (2). X-band EPR: Scan Range 10 x 10" G, time constant:
0.128, Mod. Ampl: 0.5 x 10" H, Field Set: 3360 G; cell density 2.2 x
107 cells-mL™", 37°C.
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above, superoxide was generated by HX/XO and ferricyto-
chrome c¢ reduction was monitored at 550 nm. Increasing
concentration of TEMPO, compound (1), and (2) decreased
the reduction rate of ferricytochrome c characteristic of the
competition for superoxide. The solubility of these com-
pounds limited the use of higher doses (>200 mM) in
aqueous solutions for this test. The rate constant of these
compounds were calculated from the typical plot shown on
Figure 4. We obtained a rate of 1.00 x 10* = 0.06 M s
and 1.04 x 10* £ 0.08 M! s for compound (1) and (2)
respectively. Previous reports at pH 7.4 show a rate of
1.2 x 10° M 57! for TEMPO and 6.5 x 10* M s for TEMPOL
(Samuni etal., 1990; Krishna etal., 1992). These findings
show that nitroxide-NSAIDs can scavenge superoxide like
other nitroxides retaining the redox properties of nitroxides.

Inhibition of PGE, and LTB, production by
nitroxide-NSAIDs

The classical target for the NSAIDs is the COX-catalysed
production of PGs (Vane 1971; Vane et al., 1998). Here we
evaluated the nitroxide-NSAIDs as inhibitors of the synthesis
of PGE,. When the A549 cells were treated with TEMPO-ASA
or TEMPO-IND, the ICs, of PGE, production was 30 pug-mL™
(90 uM) for TEMPO-ASA and 10 pg-mL™" (19 uM) for TEMPO-
IND (Table 1A). Corresponding data with ASA, indomethacin
and TEMPO are shown in Table 1B.

Several modified NSAIDs target both PG and LT synthesis
(Martel-Pelletier et al., 2003). As nitroxides inhibit lipoxyge-
nase (Rachmilewitz et al., 1994), we evaluated the effects of
these nitroxide-NSAIDs on the production of LTB, by A549
cells. As seen in Table 2A, both TEMPO-ASA and TEMPO-IND
blocked LTB; formation, with ICs, values of ~30 uM for
TEMPO-ASA and of ~20 uM for TEMPO-IND. However, no
inhibition was observed for any of the parent compounds
(ASA indomethacin TEMPO) at concentrations up to 250-
600 uM (Table 2B). These results indicated that the nitroxide-
NSAIDs inhibited both COX and 5-LO in A549 cells.
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Measurement of physical properties. Cyclic voltagram of nitroxide-NSAIDs. (A) Measurements were done under the following conditions: TEMPO
and TEMPO-ASA (1) in PBS in the presence of 10 mM tetrabutyl ammonium chloride. (B) TEMPO and TEMPO-IND (2) in acetonitrile in the
presence of 10 mM tetrabutyl ammonium chloride, under aerobic conditions at room temperature. Reference: (Ag/AgCl), working electrode: glass
carbon, auxiliary electrode: platinum, sweep scan 100 mV.
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SOD mimetic effects of TEMPO-NSAIDs. Superoxide generation was
assessed by Hypoxanthine/Xanthine Oxidase system, 500 uM and
10 mU respectively and 60 uM of ferricytochrome c in PBS (pH 7.4,
25°C /DTPA, 50 uM). The initial rates of cyt ¢ "' generation were
monitored spectrophotometrically at 550 nm determined in, the
presence (V) and absence (Vo) of nitroxide in varying concentrations
(5-100 uM); (¢) TEMPO, (A) (TEMPO-ASA, 1), and (C0) (TEMPO-
IND, 2). The data were plotted according to the equation:
Vo/V =1 + (Knitroxide/scavenger X [Nitroxide])/ (ke % [cyt c]) as described
in Samuni et al.,, 1990. The data points were fitted using a linear
regression analysis, which gave correlation coefficients of 0.97, 0.98,
and 0.97 for TEMPO and compounds TEMPO-ASA and TEMPO-IND
respectively.

Cell viability and proliferation assays

NSAIDs have been used to induce cytotoxicity and reduce
proliferation in lung tumour cells (Choy and Milas, 2003;
Liao et al., 2005). To assess the effectiveness and toxicity of
the nitroxide-NSAIDs in cancer cells, we used two assays (i)
proliferation assay with MTT and (ii) a clonogenic assay. As
shown in Figure 5, A549 cells were incubated with the com-
pounds for 48 h. There was inhibition of proliferation by
both TEMPO-ASA and TEMPO-IND but not with the parent
compounds (TEMPO, ASA and indomethacin) alone. Similar
results were obtained in the clonogenic assay where the cells
were exposed for 24 h to the compounds and showed
increased cell death with TEMPO-ASA and TEMPO-IND, com-
pared with the parent compounds (Figure SB). Both assays
suggested that the nitroxide-NSAIDs were anti-proliferative
for lung adenoma cells.

Toxicity studies, anti-inflammatory assays
and ulcerogenic index
In Table 3 is the summary of the maximum tolerable dose
(MTD) for these drugs when injected i.p. in nude mice.
TEMPO showed a MTD of 140 mg-kg', which was similar to
that of other nitroxides such as TEMPOL (275 mg-kg™) (Hahn
etal., 1992). The MTD of TEMPO-ASA was similar to that of
ASA.; However, TEMPO-IND had an eightfold higher MTD
(decrease in toxicity), compared with its parent compound
indomethacin. The addition of the nitroxide abates the tox-
icity of these new modified NSAIDs.

Subsequently, anti-inflammatory and ulcerogenesis
assays were performed with TEMPO-IND compared with

TEMPO-NSAIDs as potential anti-cancer agents
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Cell proliferation and clonogenic assays. (A) Proliferation assay of
A549 cells after 48 h treatment with nitroxide-NSAID. The mean
values of 18 determinations for each individual culture. Absorbance
measured at 590 nm, cell density of 5 x 10® cell per well. Values
(proliferation fraction) were obtained by dividing the average of the
measurements of each treatment (TEMPO, ASA, indomethacin (IND)
TEMPO-ASA (1), TEMPO-IND (2)) by the average of control cultures.
(B) Clonogenic survival assay of A549 after 24 h treatment with
TEMPO, ASA, indomethacin (IND) TEMPO-ASA (1), TEMPO-IND (2).
Colonies were counted after 2 weeks of seeding the cells. The mean
values of experiments in triplicate are shown, P < 0.05, t-test.

indomethacin and are summarized in Table 4. Results from
the anti-inflammatory assay showed that TEMPO-IND was
about 15% more potent (EDso = 3.2 mg-kg™"), compared with
indomethacin (EDsy = 4.2 mg-kg™'). Based on this, we also
evaluated the ulcerogenic side effects of TEMPO-IND using
an acute model in rats. The chemical modification of
indomethacin with the nitroxide antioxidant moiety
(TEMPO) significantly reduced the UI for TEMPO-IND almost
ten-fold, compared with that of the parent drug indometha-
cin (Table 4). These results demonstrate that the addition of
the antioxidant moiety TEMPO to the parent indomethacin
may have improved the anti-inflammatory activity of
TEMPO-IND but clearly decreased the gastric toxicity associ-
ated with the parent compound.
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Table 1A
Inhibition of PGE; production by A549 cells by TEMPO-NSAIDs

Dose TEMPO-ASA TEMPO-IND

(ng-mL™") % (PGE; pg-mL™") % (PGE; pg-mL™)

0 100 (282 + 32) 0 100 (282 + 32) 0

1 82 (230 = 10) 3 78 (220 + 30) 2

3 81 (227 + 2) 9 66 (187 =+ 37)**

10 71 (200 = 10)** 30 49 (140 =+ 40)** 20

30 50 (142 + 32)%* 90 36 (102 + 22)** 60

100 29 (82 = 8)** 300 27 (77 = 2)** 200
Table 1B

Inhibition of PGE; production by A549 cells by TEMPO, ASA and indomethacin

PGE-2

Concentration Indomethacin

(ng-mL™") % (PGE; pg-mL™) uM
0 100 (42 = 3) 0 100 (42 = 3) 0
10 107 45 = 7) 55 50 21 £ 3) 28
100 23 (10 = 2)** 555 12 5 = 1)*= 280

(PGE; pg-mL™)

100 (42 = 3) 0
133 (56 = 10) 64
123 (52 = 8) 640

The values shown in the Tables are the means + SD of three determinations. PGE, was measured in supernatant from A549 cells incubated
with 20 uM arachidonic acid for 5 min. % represents the %:control production of PGE;, in pg-mL™ **P < 0.001, ANOVA.

Table 2A
Inhibition of LTB, production by A549 cells by TEMPO-NSAIDs

Dose TEMPO-ASA TEMPO-IND
(ng-mL™) % (pg-mL™) % (pg-mL™)

0 100 (46.6 = 0.3) 0 100 (46.6 = 0.3) 0
0.01 98 (45.9 = 0.3) 0.03 96 (44.5 = 0.3) 0.02
0.1 95 (44.2 = 0.3) 0.30 76 (35.4 = 0.3)* 0.20
1 91 (42.5 = 0.3) 3.00 66.5 (31.0 = 0.3)* 2.00
10 51 (23.6 = 0.3)* 30.00 62.8 (29.3 = 0.3)* 20.00

Table 2B

Inhibition of LTB4 production by A549 cells by TEMPO, ASA and indomethacin

(LTB, pg-mL™)

Dose Indomethacin

(ng-mL™") (LTB4; pg-mL™") UM % (LTB,; pg-mL™) UM
0 100 (100 = 1) 0 100 (100 = 1) 0
10 64 (64 = 13) 55 100 (100 = 10) 28
100 62 (62 = 5)** 555 82 82 £ 9) 250

100 (100
100 (100 +
100 (100 +

1+

1) 0
2) 64
1) 640

The values shown in the Tables are the means + SD of three determinations. PGE, was measured in supernatant from A549 cells incubated
with 20 uM arachidonic acid for 5 min. % represents the %:control production of PGE; in pg-mL™ **P < 0.001. ANOVA.
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Table 3

Determination of maximum tolerated dose of TEMPO-NSAIDs and
parent compounds

Molecular Maximum
weight tolerated
Compound (g-mol™) dose (mg-kg™)
TEMPO 156.25 140
ASA 180.15 100
TEMPO-ASA 334.39 50-100
Indomethacin 357.30 5
TEMPO-IND 512.02 40

The maximum tolerated dose was determined in female athymic
nude mice (n=5 per group). Different dose ranges for each drug
(given i.p.) were used: TEMPO: 140, 150, and 160 mg-kg™,
ASA: 50, 75, and 100 mg-kg™', indomethacin: 5, 7.5, and 10
mg-kg~', TEMPO-ASA: 50, 75, and 100 mg-kg™', and TEMPO-
IND: 20, 40, and 50 mg-kg™'. The animal was monitored for 24
h after injection, death was the end point of the experiment.

Table 4

Anti-inflammatory activity and ulcerogenic index (Ul)

Anti-inflammatory

Compound EDs, mg-kg™’
Indomethacin 4.2 34.1 £ 23
TEMPO-IND 3.2 3.6 = 1.3*

The anti-inflammatory EDs, values were calculated graphically
from dose-response curves of evaluated drugs (TEMPO-IND and
indomethacin) at doses of 1, 5, 10 mg-kg™, in groups of 4 rats,
(R2 >0.8).

The Ul was determined at a single dose (30 mg-kg™) of either
indomethacin or TEMPO-IND, given orally 6h before assessment
of gastric damage, in groups of 4 rats. Values shown are means =
SEM. *P < 0.05, significantly different from indomethacin.

Discussion and conclusions

Numerous diseases associated with inflammation have
increased oxidative stress and inflammatory mediators such
as PGs and LTs. Diseases such as arthritis showed an improve-
ment in the health of the patient when NSAIDs are used for
prolonged periods of time at high doses and, more recently,
NSAIDs have been in clinical trials for cancer (Ulrich et al.,
2006; Liao et al., 2007). However, chronic use of these drugs
can lead to a significant risk of thrombosis, increasing the
likelihood of stroke and heart attack in addition to the risk of
developing gastric and small intestine ulcers, sometimes fatal
(Dajani and Islam, 2008; Martinez-Gonzalez and Badimon,
2007). A classic example is indomethacin. It has been shown
to be an effective and a potent anti-inflammatory drug;
however, the side effects such as gastric ulceration have
limited its use (Suleyman et al., 2010). In our data, the gastric
toxicity of indomethacin was much reduced by the nitroxide

TEMPO-NSAIDs as potential anti-cancer agents

compound TEMPO-IND. These results are analogous to those
of Rachmilewitz et al., (1994) who found TEMPOL to abolish
gastric toxicity induced by indomethacin or ASA. In our
experiments (see Table 2B), it was surprising that the TEMPO-
NSAIDs were able to inhibit LTB, production from arachi-
donic acid, whereas neither TEMPO nor the parent NSAIDs
were inhibitors at much higher concentrations. This addi-
tional finding is a potentially important property of this type
of NSAID in that both COX and 5-LO pathways of arachi-
donic acid metabolism were inhibited.

Studies of the chemical properties of these nitroxide-
NSAIDs showed that the reduction potential of these com-
pounds was similar to the parent TEMPO compound and
they exhibited similar EPR spectra. However, in the presence
of cells the nitroxide moiety was readily reduced indicating
that these compounds could penetrate into cells and behaved
similarly to nitroxide. Additionally, the nitroxide-NSAIDs
scavenged superoxide anion, comparably to TEMPO and
TEMPOL (rate constants ~10°M™.s') (Samuni etal,
1990;Krishna et al., 1992). The addition of the NSAID moiety
did not alter the chemical properties of the nitroxide group,
which is important for further biophysical studies.

All these findings clearly suggest that the modifications of
these NSAIDs with the nitroxide moiety provide several
advantages, including a decreased gastric toxicity, with no
loss of anti-inflammatory potency, relative to indomethacin.
The NSAID and nitroxide moeities in these compounds are
linked through an ester bond but they could be linked with
other bonds (R-groups) to lower toxicity and increase anti-
inflammatory activity. These ester prodrugs have activity
either as the intact compound or after cleavage by esterases to
their respective individual components. Other ester prodrugs
require cleavage by esterases of one or both the components.
For example, the NO-NSAIDs require NO release through
cleavage of the compound to the NSAID and the NO donor
component to abate gut toxicity (Kaza et al., 2002; Rigas et al.,
2003). Other bifunctional nitroxides have been developed
which act as SOD mimetics and NO donors (Haj-Yehia and
Nassar, 2002; Dhanasekaran et al., 2005; Jiang et al., 2009).
The nitroxide-NSAIDs described here exert a double action,
abating both oxidative stress and inflammatory processes
making them potentially suitable for treatment of cancer as
well as other diseases.
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