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Phospho-sulindac (PS; OXT-328) prevents colon cancer in mice, especially when combined with difluoromethylornithine

(DFMO). Here, we explored its metabolism and pharmacokinetics.

EXPERIMENTAL APPROACH

PS metabolism was studied in cultured cells, liver microsomes and cytosol, intestinal microsomes and in mice.

Pharmacokinetics and biodistribution of PS were studied in mice.

KEY RESULTS

PS undergoes reduction and oxidation yielding PS sulphide and PS sulphone; is hydrolysed releasing sulindac, which
generates sulindac sulphide (SSide) and sulindac sulphone (SSone), all of which are glucuronidated. Liver and intestinal
microsomes metabolized PS extensively but cultured cells converted only 10% of it to PS sulphide and PS sulphone. In mice,
oral PS is rapidly absorbed, metabolized and distributed to the blood and other tissues. PS survives only partially intact in
blood; of its three major metabolites (sulindac, SSide and SSone), sulindac has the highest Cn.x and SSone the highest t;,5;
their AUCo_24n are similar. Compared with conventional sulindac, PS generated more SSone but less SSide, which may

contribute to the safety of PS. In the gastroduodenal wall of mice, 71% of PS was intact; sulindac, SSide and SSone together
accounted for <30% of the total. This finding may explain the lack of gastrointestinal toxicity by PS. DFMO had no effect on
PS metabolism but significantly reduced drug level in mouse plasma and other tissues.

CONCLUSIONS AND IMPLICATIONS
Our findings establish the metabolism of PS define its pharmacokinetics and biodistribution, describe its interactions with
DFMO and largely explain its gastrointestinal safety.

Abbreviations

BNPP, bis(4-nitro-phenyl)-phosphate; DFMO, difluoromethylornithine; HLM, human liver microsome; PS, phospho-
sulindac; RLC, rat liver cytosol; RLM, rat liver microsome; SSide, sulindac sulphide; SSone, sulindac sulphone; Trx,
thioredoxin; UGT, UDP-glucuronosyltransferase
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Introduction

Inflammation is emerging as a pathophysiological mecha-
nism that is central to seemingly disparate diseases, such as
cardiovascular and rheumatologic disorders, cancer and neu-
rodegenerative conditions, including Alzheimer’s disease
(Mantovani et al., 2008). The appreciation of the unifying
role of inflammation in human diseases has led to the evalu-
ation of nonsteroidal anti-inflammatory drugs (NSAIDs) in
their prevention (Cuzick et al., 2009). For example, aspirin
and sulindac prevent colon cancer in interventional human
studies (Debinski et al., 1995; DiSario etal., 1997; Baron,
2009; Lanas and Ferrandez, 2009).

The application of NSAIDs to cancer prevention is ham-
pered by two serious limitations: (i) their suboptimal efficacy,
which is less than 50% (Kashfi and Rigas, 2005); and (ii) their
side effects, which makes their long-term use problematic. For
example, significant side effects are seen with sulindac,
including gastrointestinal (up to 20% of the patients), CNS
(up to 10%), skin rash and pruritus (5%), and transient eleva-
tions of hepatic enzymes in plasma (Roberts and Morrow,
2001). There have been two main responses to these limita-
tions. First, several groups have tried to modify NSAIDs to
enhance their efficacy and/or safety. Nitric oxide-donating
NSAIDs and the amide derivative of sulindac represent two
such approaches (Rigas, 2007; Rigas and Williams, 2008;
Piazza et al., 2009). Second, there have been efforts to develop
combination strategies that include a conventional NSAID.
The most successful combination includes sulindac and dif-
luoromethylornithine (DFMO), which reduced by 69% the
recurrence of adenomas in humans at risk for sporadic colon
adenomas (Meyskens et al., 2008). DFMO inhibits ornithine
decarboxylase, which catalyses the rate-limiting step in
polyamine synthesis, whereas sulindac stimulates polyamine
acetylation and export from the cell. The end result is
reduced intracellular polyamine levels leading to suppressed
growth of cancer cells (Gerner and Meyskens, 2004; Gerner
etal., 2007).

Prompted by the efficacy of the sulindac/DFMO combi-
nation and by the considerable side effects of conventional
sulindac, we synthesized phospho-sulindac (PS; OXT-328) in
which a linker molecule bridges the conventional NSAID to
the diethylphosphate moiety (Figure 1D). PS is more effica-
cious compared with conventional sulindac when used in
both colon cancer prevention and treatment (Mackenzie
etal.,, 2010). In particular, in Min mice, a model of colon
cancer in which mice develop numerous polyps in the small
and large bowel, PS combined with DFMO prevented 90% of
tumors (Mackenzie et al., 2010). When evaluated as an anti-
inflammatory agent in an arthritis model, PS demonstrated
strong anti-inflammatory effects, essentially reversing joint
inflammation and oedema (Huang et al., 2011). The safety of
PS has been documented in several preclinical models,
including nude mice, Min mice and rats. When compared
directly with conventional sulindac, the gastrointestinal tox-
icity of PS was similar to that of the vehicle control group
(Mackenzie et al., 2010).

Given the promising performance of PS against cancer
and inflammation, its effective combination with DFMO, and
its apparent safety, we studied its metabolism, pharmacoki-
netics (PK) and biodistribution in mice. In addition, we exam-

ined the effect of DFMO on the metabolism and
pharmacokinetics of PS. Our results establish the metabolic
pathways of PS in vivo and in vitro, its pharmacokinetics and
biodistribution in mice, reveal a potentially important phar-
macokinetic interaction with DFMO, and provide an expla-
nation for its gastrointestinal safety.

Methods

Cell culture

SW480 and HT-29 colon cancer cells were grown as
monolayers as recommended by ATTC. Cell growth was
determined using the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay (Promega,
Madison, WI, USA) following the manufacturer’s
instructions.

HPLC analysis

The HPLC system consisted of a Waters Alliance 2695 Sepa-
rations Module (Milford, MA, USA) equipped with a Waters
2998 photodiode array detector (328 nm) and a Thermo
Hypersil BDS C18 column (150 x 4.6 mm, particle size 3 um).
The mobile phase consisted of a gradient between solvent A
[formic acid, CH;CN, H,O (0.1:4.9:95 v/v/v)] and solvent B
(CH3CN) at a flow rate of 1 mL-min™" at 30°C. We applied
gradient elution from 30 to 100% solvent B from 0-6 min,
and it was maintained at 100% solvent B until 8 min.

LC-MS/MS analysis

The LC-MS/MS system consisted of Thermo TSQ Quantum
Access (Thermo-Fisher) triple quadrupole mass spectrometer
interfaced by an electrospay ionization probe with an Ulti-
mate 3000 HPLC system (Dionex Corporation, Sunnyvale,
CA, USA). Chromatographic separations were achieved on a
Luna Cis column (150 x 2 mm), and the mobile phase con-
sisted of a gradient from 10 to 95% CH;CN.

PS metabolism by liver and

intestinal microsomes

PS was preincubated at 37°C for 5 min with a NADPH-
regenerating solution (1.3 mM NADP*, 3.3 mM D-glucose
6-phosphate, 3.3 mM MgCl, and 0.4 U-mL" glucose-6-
phosphate dehydrogenase) in 0.1 M potassium phosphate
buffer (pH 7.4). The reaction was initiated by the addition of
liver microsomes (protein concentration 0.5 mg-mL™') or
intestinal microsomes (protein concentration 0.25 mg-mL™)
and samples were maintained at 37°C for various time
periods. At the end of each of the incubations, 0.3 mL ali-
quots were mixed with 0.6 mL of CH;CN, vortexed and then
centrifuged for 10 min at 12 000x g, as described previously
(Gao et al., 2005). The supernatants were analysed by HPLC.

PS metabolism by rat and human

liver cytosol

PS (100 uM) was preincubated at 37°C for 5 min with 10 mM
dithiothreitol in 0.1 M Tris buffer (pH 7.4). The reaction was
initiated by the addition of liver cytosol (protein concentra-
tion 2 mg-mL™") and samples were maintained at 37°C for
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various time periods. At the end of each of the incubations,
0.3 mL aliquots were mixed with 0.6 mL of CH;CN, vortexed
and then centrifuged for 10 min at 12 000x g. The superna-
tants were analysed by HPLC.

PS metabolism by cultured human colon and
breast cancer cells

To study the metabolism of PS, SW480 human colon cancer
cells were seeded in 6-cm plates at a density of 10° cells-cm™
in 4 mL of culture media and allowed to attach for 24 h. PS
was added to the medium (final concentration 100 uM) and
incubated with the cells for 6 h. The cells were subsequently
washed three times with cold PBS and lysed using sonication.
CH3CN was added to extract PS and its metabolites from the
cells, and the extracts were analysed by HPLC.

We also studied the metabolism of PS by MDA-MB-231
human breast cancer cells in which the expression of thiore-
doxin (Trx) was stably knocked down using interference RNA
(short hairpin RNA).

Pharmacokinetic studies in mice

All animal care and experimental procedures were approved
by the Institutional Animal Care and Use Committee at
Stony Brook University. PS or sulindac was administered as
a single treatment by gastric gavage to 5-week-old female
BALB/C mice weighing approximately 20 g (Charles River
Laboratories, Wilmington, MA, USA). Mice were killed at
various time points after drug administration, and blood
was collected and immediately centrifuged. The resulting
plasma was deproteinized by immediately mixing it with a
twofold volume of CH;CN. PS and its metabolites were
analysed by HPLC as described earlier.

Pharmacokinetic parameters in plasma were determined
by non-compartmental pharmacokinetics data analysis using
Pharmacokinetics Solutions 2.0 software (Summit Research
Services, Montrose, CO, USA). The pharmacokinetic param-
eters determined include maximal plasma concentration
(Cmax), time to reach maximal plasma concentration (Tmay),
elimination half life (t;,) and the area under the
concentration-time curve (AUC).

Tissue distribution study

At the times shown, the heart, liver and kidney of the mice
given PS were collected, homogenized and sonicated in
PBS. PS and its metabolites were extracted by adding a
twofold volume of CH3;CN. After centrifugation for 10 min at
12 000x g, the supernatants were analysed by HPLC.

To determine the levels of PS and its metabolites in the
wall of the stomach and duodenum, we harvested these two
organs in toto after washing away their contents with PBS,
three times and with 10% DMSO in PBS, twice, to remove
gastric contents and PS that might be adsorbed on the gas-
troduodenal mucosa. Control experiments revealed that the
10% solution of DMSO did not damage the mucosa and
removed, quantitatively, any adherent PS following its oral
administration.

Statistical analyses
Results, obtained from at least three independent experi-
ments, were expressed as mean * SEM and analysed by one-
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way ANOVA followed by the Tukey test for multiple
comparisons. P < 0.05 was considered statistically significant.

Results

PS metabolism by liver and

intestinal microsomes

Our initial approach to the metabolism of PS was to deter-
mine its transformation by liver microsomes, which represent
an enriched source of the major metabolic enzymes that, in
general, render xenobiotic drugs more polar and, therefore,
easier to eliminate from the body (Bajrami et al., 2009). Such
oxidative drug metabolism is the principal means of drug
clearance.

As shown in Figure 1, the metabolism of PS by rat liver
microsomes (RLMs) generates three metabolites, PS sulphone,
sulindac (the parent compound) and SSone. Sulindac and
SSone were identified by comparing their chromatographic
retention time and UV spectra to those of authentic com-
pounds. PS sulphone was identified by LC-MS/MS analysis.
The mass spectrum of PS sulphone showed a [M+Na]* ion at
m/z 602.8 (Figure 1B), which was further fragmented at its
carboxyester and phosphotriester bonds to generate m/z 355
and 427 respectively (Figure 1C). This fragmentation pattern
has also been observed for other phospho-NSAIDs such as
phospho-ibuprofen (Xie etal.,, 2011), indicating that the
fragmentation at ester bonds is common for phospho-
compounds. The identification of PS sulphone was also
supported by its UV absorption spectrum that is identical to
that of SSone; the linker-phosphate moiety of PS did not
obviously contribute to its UV absorption. Likewise, PS and
PS sulphide also have essentially the same UV spectrum as
sulindac and SSide respectively (data not shown).

These findings, indicating oxidative and hydrolytic
transformations of PS, suggest two metabolic pathways
(Figure 1D). First, PS is oxidized to form PS sulphone, which
can be then hydrolysed to produce SSone. Second, PS can be
hydrolysed to produce sulindac, which can be then oxidized
to produce SSone. Therefore, PS sulphone and sulindac are
intermediate products in the metabolic transformations of PS
by RLM, with SSone being the final product.

As shown in Figure 2A, the metabolism of PS by RLM was
rather rapid. About 75% of PS was consumed within 10 min
after the initiation of the reaction, and its conversion to
metabolites was almost complete 40 min later, when only
~2% of PS remained in the reaction mixture. Consistent with
this result, levels of SSone, the final product, steadily
increased reaching a plateau at ~40 min. The two intermedi-
ate products, sulindac and PS sulphone, shared a similar
kinetic behavior because both of these metabolites were pro-
duced from PS and both can be converted to SSone. The levels
of sulindac and PS sulphone increased rapidly during the first
10 min of the reaction, indicating that initially the produc-
tion of sulindac and PS sulphone from PS was dominant due
to the high concentration of PS. With the PS level decreasing
rapidly, the formation rate of sulindac and PS sulphone from
PS decreased, leading to the steady decrease of the levels of
sulindac and PS sulphone during the later phase of the reac-
tion. Mouse liver microsomes gave results similar to those of
RLM (data not shown).
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Figure 1

Metabolism of PS by rat and HLMs. (A) HPLC profile of PS and its metabolites generated by RLM 10 min after PS was incubated with RLM. PS and
its metabolites were extracted and fractionated by HPLC. (B) MS spectrum of PS sulphone fraction collected from HPLC. (C) MS/MS spectrum of
the major fragment ions of the PS sulphone ion. (D) Metabolic transformations of PS by liver microsomes.

As drug-metabolizing enzymes differ between species in
isoform composition, expression and catalytic activity (Liu
etal., 2010), we next explored the metabolism of PS by
human liver microsomes (HLMs). HLMs also converted PS to
sulindac, PS sulphone and SSone (Figure 2B). The level of PS
in the reaction mixture decreased continuously, whereas that
of SSone increased steadily during the entire period of obser-
vation. On the other hand, the levels of sulindac and PS
sulphone increased rapidly in the first 5 min and subse-
quently plateaued until the end of the observation period.

The metabolism of PS by HLM was qualitatively similar to
that of RLM but differed from it in terms of the reaction rates
(Figure 2). Compared with RLM, (i) PS is more stable in HLM;
(ii) the elimination t;, of PS in HLM is >3 times longer
(38.8 min vs. 12.1 min); and (iii) the production of SSone is
much slower in HLM (the final concentration of SSone is ~5
times lower). Thus, PS was more rapidly and more extensively
metabolized by RLM than by HLM.

Given the gastrointestinal safety of PS, we also explored
the metabolism of PS by human intestinal microsomes. PS

generated sulindac, PS sulphone and SSone in intestinal
microsomes showing the same metabolic changes as with
liver microsomes. The level of PS in the reaction mixture
decreased whereas the levels of the three metabolites
increased during the entire period of observation (Supporting
Information Figure S1).

Considering the structural features of PS and its products,
we examined whether esterases are responsible for the
hydrolysis of its carboxyester bond. This idea was supported
by the fact that in rats the microsomal fraction contains
~70% of the total liver esterases, which are primarily carbox-
yesterases (CEs; Hayase and Tappel, 1969; Ljungquist and
Augustinsson, 1971). PS (120 uM) was treated with porcine
liver esterase (0.5 mg-mL™") at 37°C, and it was almost com-
pletely hydrolysed to release sulindac within 90 min after
initiation of the reaction (Supporting Information Figure S2).
Likewise, this esterase also hydrolysed PS sulphone and PS
sulphide to release SSone and SSide respectively. These results
established that the carboxyester bond of PS can be hydroly-
sed by esterases.
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Figure 2

Kinetics of PS and its metabolites by rat and HLMs. PS (35 uM) was incubated with RLM (A) or HLM (B) at 37°C for up to 90 min. PS and its

metabolites were extracted at the designated time points and assayed.

PS metabolism by liver cytosol

As conventional sulindac can be reduced to SSide by rat liver
cytosol (RLC) (Ratnayake etal., 1981), we examined the
metabolism of PS by RLC. Three metabolites of PS (sulindac,
PS sulphide and SSide) were readily detected in the reaction
mixture of PS and RLC, indicating that PS undergoes hydroly-
sis and reduction reactions in RLC. PS can be hydrolysed and
reduced to form sulindac and PS sulphide, respectively, both
of which can further be transformed to SSide. The PS level in
RLC decreased continuously, whereas that of SSide increased
similarly during the entire period of observation (Figure 3).
Sulindac and PS sulphide displayed similar kinetic patterns:
both reached their peak value at ~2h and subsequently
became stable or slightly decreased until the end of the obser-
vation. Human liver cytosol generated similar results as RLC
(data not shown).

PS metabolism by cultured cancer cells

Given the potency of PS to inhibit cancer cell growth (Mack-
enzie etal., 2010), we studied its metabolism by cultured
SW480 colon cancer cells. As shown in Figure 4, PS has ready
access into the cells. Its levels plateaued within 10 min and
primarily remained intact in the cells; sulindac, the hydroly-
sis product of PS, was undetectable. This finding is consistent
with reports of low esterase activity in cells (Lamboursain
et al., 2002).

Although not hydrolysed, ~10% of PS was reduced and
oxidized to form PS sulphide and PS sulphone, the two pro-
cesses displaying somewhat different kinetics (Figure 4). PS
sulphone reached its peak level within 10 min and then
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remained stable, whereas PS sulphide reached its peak level at
about the same time but fell afterwards, probably because the
reduction reaction of PS is reversible whereas the oxidation of
PS is irreversible. Because the cells have low esterase activity
and thus do not form appreciable amounts of sulindac, we
did not detect any reduction/oxidation products of sulindac.

Thioredoxin (Trx) is known to be involved in the reduc-
tion of conventional sulindac to SSide (Anders et al., 1981).
To determine whether the reduction of PS is also Trx-
dependent, we permanently knocked down the expression of
Trx in human breast MDA-MB-231 cancer cells. Western blot
analysis confirmed the elimination of Trx, and only 3% of Trx
was still present in Trx-knockdown cells. We then treated the
cells with PS (100 uM) for up to 6 h. At each time point, the
level of PS sulphide in the Trx-knockdown cells was signifi-
cantly lower than that in control cells, and the AUCysn
decreased by 37% following Trx knockdown (Supporting
Information Figure S3). These results indicate that Trx is
involved in the reduction of PS, whereas other reductive
enzymes such as methionine sulphoxide reductase A may be
responsible for the remaining reductive enzyme activity in
Trx-knockdown cells.

Metabolism and pharmacokinetics of PS in
the mouse

We studied the pharmacokinetic properties of PS in mice,
given a single dose of PS (158 mg-kg™ in corn oil) by gastric
gavage. Three major metabolites (sulindac, SSide and SSone)
were detected by HPLC in plasma (Figure 5). Sulindac was the
main metabolite of PS; its plasma Cp.x was 234 pM, the Tpax



Metabolism and pharmacokinetics of phospho-sulindac (OXT-328) BJP

100

—=— PS
Sulind
80 —A— Sulingac
60
40
=
3 (AZ 2 —A
& 20 -
2
6 = X T T T
o)
© 0 2 4 6
3]
S 4
" —a— PS sulphide
3 —a— Sulindac sulphide
C
©
7]
[a 2
0 T T T
0 2 4 6
Time, h
Figure 3

Metabolism of PS by RLC. Kinetics of PS and its metabolites by RLC.
PS (100 uM) was incubated with RLC at 37°C for up to 7 h. PS and
its metabolites were extracted at the designated time points and
assayed.

was 2 h and the t;, was 3.5 h. Emphasizing the rapid meta-
bolic disposition of PS, plasma levels of sulindac dropped
substantially by 4 h, becoming negligible at 8 h. SSone fol-
lowed a similar pattern, but with much lower C,,.x and mark-
edly prolonged t;, (19.9 h). SSide appeared at even lower
levels and with a broad peak.

Intact PS in murine plasma was not detectable by the UV
detector, suggesting high carboxyesterase activity in blood.
To test this idea, we evaluated the effect of bis(4-nitro
phenyl)-phosphate (BNPP), a specific inhibitor for carboxyes-
terase (Morishita etal.,, 2005), on the hydrolysis of PS
by plasma in vitro. As shown in Supporting Information
Figure S4, BNPP inhibited the hydrolysis of PS in a dose-
dependent manner, and the carboxyesterase activity was
completely blocked by the 10 mM concentration of BNPP. We
then evaluated the effect of BNPP on the hydrolysis of PS in
vivo. PS (158 mg-kg™ in corn oil) generated 2.9 uM intact PS
in mouse blood 1h following its co-administration with
BNPP (200 mg-kg™"), whereas intact PS was not detected in the
blood of mice not receiving BNPP. Thus, BNPP effectively
inhibits the hydrolysis of PS in vitro and in vivo.

For purposes of comparison, we performed parallel phar-
macokinetic studies of conventional sulindac administered to
mice orally at a dose equimolar to PS (100 mg-kg™' in corn
oil). In addition to intact sulindac, we detected in plasma its
two main metabolites, SSide and SSone; their AUC »4, Were
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Figure 4

Kinetics of PS and its metabolites in SW480 cancer cells. PS (100 uM)
was incubated with SW480 cells at 37°C for up to 6 h. PS and its
metabolites were extracted at the designated time points and
assayed.

SSide >> sulindac >> SSone. As shown in Table 1, there are
four main pharmacokinetic differences between PS and con-
ventional sulindac. First, in terms of AUCy ,4, the three main
metabolites of PS have similar AUCg.s values (632-
707 uM*h), whereas those of conventional sulindac vary
widely (357-2697 uM*h). Second, the pharmacokinetic
parameters of SSone derived from PS differ from those of
SSone derived from conventional sulindac: Tua: 2 versus
24 h; t1/5: 19.9 versus 3.2 h; AUCqoan: 673 versus 357 uM*h.
And, third, even though the doses of the PS and sulindac were
equimolar, the sum of the plasma AUCy.4, of the three com-
pounds (sulindac, SSone and SSide) derived from PS is 44% of
the AUC;.4 of the same three compounds derived from
conventional sulindac.

We also determined the pharmacokinetic parameters of
PS administered at the same dose either orally dissolved in
0.5% carboxymethyl cellulose or intraperitoneally dissolved
in PBS (from a stock in DMSO) (Figure 6 and Table 1). Com-
pared with the values of PS administered orally in corn oil, in
both cases, the Cy. of each compound was significantly
lower; the t;, was similar with the exception of SSone that
was reduced by about 75%; and the total AUC_.4 (sulindac,
SSone, SSide) was reduced by 80-90%.
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Comparison of the pharmacokinetics of PS and sulindac in mice.
Equimolar doses of sulindac (100 mg-kg™") and PS (158 mg-kg™") in
corn oil were administered to mice as a single dose by gastric gavage.
Plasma levels of PS metabolites were determined at the times shown.

Tissue distribution of PS in mice

To evaluate the biodistribution of PS in mice, we determined
the drug levels in heart, liver and kidney. In addition to the
three major metabolites that we detected in plasma, we also
detected intact PS and PS sulphone in these tissues (Table 2).
It is evident that, despite its rapid hydrolysis in blood, PS
survives in appreciable amounts in other tissues, with the
liver showing the highest level of PS.

The simplest explanation of our findings was that at the
dose of 150 mg-kg™!, PS plasma levels are below our detection
limit. Consequently, a dose of PS three times higher
(450 mg-kg") was administered to mice. As expected, appre-
ciable amounts of intact PS and PS sulphone were detected in
plasma (Table 2), confirming that PS can survive in blood,
which transports it to various tissues. In addition, three glu-
curonidation metabolites of PS (sulindac glucuronide, SSone
glucuronide and SSide glucuronide) were detected in liver;
whereas their levels in plasma and other tissues are quite low
(Table 2). SSone glucuronide and SSide glucuronide were
identified by LC-MS/MS analysis. The mass spectrum of SSone
glucuronide showed a [M-H] ion at m/z 547, which was
fragmented at its acyl-glucuronide bond to generate m/z
326.8 and 192.7 (Supporting Information Figure S5A). Like-
wise, the mass spectrum of SSide glucuronide showed a
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Figure 6

The pharmacokinetics of PS administered in carboxymethyl cellulose
or PBS to mice. PS (150 mg-kg™') was administered to mice as a
single dose orally in carboxymethyl cellulose (upper graph) or i.p. in
PBS (lower graph). Plasma levels of PS metabolites were determined
at the times shown.

[M-H]™ ion at m/z 515, which was also fragmented at its
glucuronide bond to produce m/z 294.5 and 193 (Supporting
Information Figure S5B). This fragmentation pattern was also
observed for other glucuronides such as indomethacin glucu-
ronide, indicating that the fragmentation at their glucu-
ronide bonds is common for acyl glucuronides. The
identification of SSone glucuronide and SSide glucuronide
were also confirmed using authentic compounds. SSide glu-
curonide was detected in abundance (704 uM) in bile
obtained from the gallbladder of mice 4 h after the oral
administration of PS (500 mg-kg™).

Given the superior gastrointestinal safety of PS over con-
ventional sulindac (Mackenzie etal., 2010; Huang etal.,
2011), we determined the AUCy .4, of drug levels in the gas-
troduodenal wall of mice following oral administration of
equimolar amounts of PS or sulindac. As expected, the
equimolar doses of PS and sulindac generated similar total
drug levels (Table 3). Unlike other organs (Table 2), however,
71% of PS was intact, sulindac was its major metabolite, and
SSide and SSone were present at very low levels. Conven-
tional sulindac remained largely intact (66%) and SSide was
its main metabolite (29% of the total mass), whereas SSone
represented only 5% of the total. Compared with mice
treated with an equimolar amount of conventional sulindac,
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Table 1

Pharmacokinetic parameters of phospho-sulindac and sulindac at equimolar doses in mice

Drug Delivery Metabolite Elimination AUC Sum of
administered Delivery vehicle route measured ti2 (h) (uM*h) AUC (uM*h)
Phospho-sulindac ~ Corn oil Oral Sulindac 234 2.0 3.5 707 2012
SSone 69 20 199 673
SSide 45 8.0 2.9 632
Carboxymethyl cellulose  Oral Sulindac 15 4.0 3.1 117 462
SSone 21 4.0 4.9 269
SSide 6 4.0 3.0 76
PBS IP Sulindac 11 0.8 5.2 41 168
SSone 8 4.0 4.1 97
SSide 4 4.0 4.2 30
Sulindac Corn oil Oral Sulindac 261 1.0 5.4 1476 4530
SSone 20 24.0 3.2 357
SSide 190 8.0 4.3 2697

Experiments were done at least twice; values were generally within 10%.

Mice were given 158 mg-kg™' phosphosulindac or 100 mg-kg™" sulindac.

Table 2

Drug levels in mouse tissues following oral administration of PS at 150 and 450 mg-kg™

SSide

Intact PS
PS sulphone  Sulindac
pmol-mg' protein (mean = SEM)
Dose = 150 mg-kg™
Liver 3917 18 %38 204 + 49
Heart S =1 == 152 = 34
Kidney 4 +1 31 499 + 105
*Plasma ND ND 64 = 10
Dose = 450 mg-kg™
Liver 52+ 8 17 £ 6 372 = 40
Heart 31 = 6 8 +1 538 £ 63
Kidney 14 =3 6 =1 888 = 107
*Plasma 5=%1 1x0 157 £ 2

19
12
25

21
19
25

I+ 1+ I+

I+

I+ 1+ I+

I+

- N W N

N 00 B~ O

Sulindac SSone SSide
SSone glucuronide glucuronide glucuronide
79 £ 42 15+ 4 13 +3 25 =12
39 £ 7 2+0 30 1=0
94 = 18 2+1 +1 2+0
14 + 2 1=0 1=0 1+0
84 +40 66 = 11 14 + 2 17 + 4
99 =27 22=*6 15 + 4 4 +2
136 = 66 52 =15 10 = 2 7=*2
26 = 8 8 + 2 4 + 1 1+0

*Plasma levels were expressed as uM.
ND, not detectable.

in mice treated with PS, (i) the amount of sulindac was 3.0
times lower; (ii) the amount of SSide was 9.4 times lower; and
(iii) SSone was 1.8 times lower. These striking differences
between the two compounds may account for their differ-
ences in gastroduodenal toxicity.

The effect of DFMO on the metabolism,
pharmacokinetics and tissue distribution

of PS

The combination of PS with DFMO was much more effective
in preventing colon cancer efficacy in Min mice than PS alone

(Mackenzie et al., 2010). As already mentioned, there is a
biochemical rationale for the enhanced efficacy of this com-
bination. Nevertheless, the possibility exists that DFMO may
enhance the efficacy of PS by changing its metabolism and/or
pharmacokinetic properties, especially as DFMO can induce
intestinal villous atrophy and fluid loss, which may influence
the intestinal absorption of PS (Yarrington et al., 1983).
Initially, we examined the effect of DFMO on the metabo-
lism of PS by HLM. As shown in Figure 7A, both the metabo-
lism and the metabolic kinetic profiles of PS and its
metabolites (sulindac, PS sulphone and SSone) are virtually
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Table 3

Gastroduodenal drug levels in mice treated with PS or sulindac

PS
AUC_ 24, in stomach-duodenum

% of total

Sulindac

% of total

pmol-mg~' protein*h

PS 16 698 71
PS sulphone 94 0
Sulindac 5551 23
SSide 774 3
SSone 567 2
Total 23 684 100

pmol-mg' protein*h

0 0

0 0

16 465 66
7 298 29
1037 4
24 800 100

PS 150 mg-kg™ or sulindac 100 mg-kg™' (equimolar) in corn oil were given orally once.

Samples were obtained at 0, 1, 2, 4, 8, 12 and 24 h post-dosing.

Values are the average of two mice; results from each pair were within 15%.

Table 4

Effect of DFMO on biodistribution of PS and its metabolites to mouse tissues

Drug administration Sulindac
AUCq _4n, pmol-mg™' protein*h
*Plasma PS 227 + 4 137 = 1
PS + DFMO 126 = 3 99 *+ 4
Liver PS 716 = 14 415 £ 6
PS + DFMO 432 + 20 317 = 14
Heart PS 263 + 49 162 += 23
PS + DFMO 122 = 11 98 + 2
Kidney PS 740 *= 108 364 * 34
PS + DFMO 514 + 25 309 + 21

PS % of
sulphone Total control
88 £ 7 ND ND 451 = 2
64 = 11 ND ND 296 = 19 66%
211 = 4 56 £ 3 74 = 8 1471 = 25
134 £ 5 73 =2 61 £ 6 1018 = 37 69%
199 + 24 21 £3 33+ 4 679 = 104
137 £ 21 14 =1 8 =1 379 £ 13 56%
304 + 31 10 = 3 19 =3 1437 = 179
241 = 29 7 =2 14 =3 1085 = 79 75%

*Metabolite levels in the plasma were expressed as uM*h in plasma.

ND, not detectable.

identical in the absence or presence of DFMO. Rat and mouse
liver microsomes gave similar results (not shown). Likewise,
DFMO had no effect on the metabolism of PS by human
intestinal microsomes (not shown).

To evaluate the effect of DFMO on the pharmacokinetics
of PS in mice, DFMO (2% in their drinking water) was given
to mice for 2 days before the administration of a single dose
of PS (150 mg-kg™! in corn oil). Following DFMO treatment,
the plasma levels of sulindac, SSide and SSone, were signifi-
cantly decreased at 1 and 2 h, becoming the same at 4h
(Figure 7B). Consequently, DFMO decreased the AUCg.4, of
sulindac, SSone and SSide in plasma by 45%, 28% and 27%,
respectively, compared with controls. Similar to blood,
DFMO treatment decreased the 1 h and 2 h levels of the three
PS metabolites in mouse liver, heart and kidney. PS and PS
sulphone were also detected at low levels in these organs, and
DFMO treatment decreased their levels in mouse hearts and
kidneys. These results are shown in Figure 7C as the cumula-
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tive the 1 and 2 h levels of the ‘total metabolites’ (the sum of
sulindac, SSide and SSone). Table 4 shows that in every case
the AUCy4, of each metabolite in plasma, liver, heart and
kidney was decreased following DFMO treatment. Further-
more, the cumulative AUC of the ‘total PS metabolites’ was
decreased by DFMO in plasma, liver, heart and kidney by 34,
31, 44 and 25% respectively. These results indicate that
DFMO, although not influencing PS metabolism, inhibits PS
absorption into blood after oral administration and its bio-
distribution to other tissues.

Discussion and conclusions

Our results have established the metabolic pathways of PS in
vitro and in vivo and determined its pharmacokinetic param-
eters and tissue distribution in mice. They also demonstrate
that although DFMO did not affect the metabolism of PS, it
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Figure 7

Effect of DFMO on the metabolism, pharmacokinetics and tissue distribution of PS. (A) PS (35 uM) was incubated with HLM for up to 60 min in
the absence or presence of 5 mM DFMO. PS and its metabolites were extracted at the indicated time points and assayed. (B) Study mice were
given water with or without 2% DFMO for 2 days. Following that, a single dose of PS 200 mg-kg™' was administered by gastric gavage, and plasma
levels of PS metabolites were measured. (C) The livers, kidneys and hearts of the mice studied in Panel B were harvested, and the PS metabolites
were measured. Data were expressed as the sum of the levels of PS and its metabolites in each tissue.

did interfere with its pharmacokinetics and biodistribution. e Oxidation/reduction reactions — PS can be reduced and oxi-
The latter is important, given the synergy between PS and dized to form PS sulphide and PS sulphone respectively.
DFMO in colon cancer prevention (Mackenzie et al., 2010), e Hydrolysis reactions — PS can be hydrolysed to produce sulin-
which mirrors the strong prevention of sporadic colon polyps dac; PS sulphide can be hydrolysed to SSide; and PS sul-
by conventional sulindac plus DEMO (Meyskens et al., 2008). phone can be hydrolysed to SSone. PS, PS sulphide and PS
The metabolism of PS (Figure 8), established through a sulphone could theoretically be hydrolysed to release their
series of studies that included liver microsomes and cytosols, diethylphosphate moiety generating the respective alco-
cultured cells and mice, follows four metabolic pathways: hols, but we were unable to isolate such products.
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Overall metabolic pathways of PS in vitro and in vivo. PS is subjected to a series of reduction/oxidation reactions of its sulphoxide group and/or
hydrolytic cleavages of its carboxy ester bond. The end result is eight metabolic products through three distinct and ultimately converging

pathways.

Transformations of sulindac — Sulindac, a metabolite of PS,
can follow the known metabolism of conventional sulin-
dac, which includes its oxidation or reduction to SSone and
SSide respectively (Davis and Guenthner, 1985).
Glucuronidation reactions — Sulindac, SSone and SSide
undergo conjugation to glucuronic acid at their - COOH
groups forming glucuronides. Thus the metabolically most
active parts of PS are its sulphoxide moiety and its carbox-
yester bond.

At least three enzymes appear to play important roles in
these transformations of PS: Trx, carboxyesterases and UDP-
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glucuronosyltransferases (UGTs). The mechanistic hallmark
of Trx is the two vicinal thiols at its active site that carry out
most of its enzymatic activity (Kaimul ef al., 2007). Trx cataly-
ses part of the reduction of PS to PS sulphide; when its
expression was knocked down, the reduction of PS was sub-
stantially decreased. Based on Trx’s known mechanism of
action, it is reasonable to assume that in this process Trx
becomes oxidized (its two -SH groups form a disulphide) and
is restored to its original state by Trx reductase (Kaimul et al.,
2007). Conventional sulindac is also reduced by Trx (Anders
et al., 1981). As the kinetics of PS metabolism in cultured cells
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suggest, the reduction of PS is reversible and its oxidation
irreversible, both similar to those of sulindac (Davis and
Guenthner, 1985; Hamman et al., 2000).

Carboxyesterases participate in the hydrolysis of PS, an
ester drug. This idea was supported by our finding that BNPP,
a specific inhibitor for carboxyesterases, can completely
inhibit the hydrolysis of PS. Carboxyesterases are abundant
in mouse small intestine, plasma and liver microsomes
(Taketani et al., 2007), and are likely to account for the sig-
nificant hydrolysis of PS in mice. Based on their substrate
specificities, carboxyesterases are primarily classified into
carboxyesterases-1, which hydrolyse esters with a large acyl
moiety, and carboxyesterases-2, which hydrolyse those with
a small acyl group (Taketani et al., 2007; Hosokawa, 2008).
PS has a much larger acyl group than the substrates for
carboxyesterases-1 such as cocaine, meperidine, meth-
ylphenidate and oseltamivir (Hosokawa, 2008), suggesting
that PS may be a substrate for carboxyesterases-1.

Glucuronidation is one of the major pathways that elimi-
nate and detoxify lipophilic xenobiotics. UGTs glucuronidate
three metabolites of PS (sulindac, SSone or SSide) at their —
COOH group to form the corresponding acyl-glucuronides.
Thus it was not surprising to find that their levels in bile
approached mM concentrations, whereas in blood they were
at the uM level, indicating that the bile is a major excretion
route for PS. Acyl glucuronides are known to be susceptible to
intramolecular acyl migration and to show high electrophi-
licity in reactions with sulphanyl and hydroxyl groups of
proteins (Kirschning et al., 1997). These two properties of the
acyl glucuronides may explain, in part, their low blood levels.

Mouse, rat and HLMs generated the same metabolites of
PS, suggesting the same metabolic pathway of PS in these
species. This finding, reflecting the highly conserved drug-
metabolizing enzymes among different species, helps to
predict the efficacy of PS in humans, as its metabolites appear
important for its anticancer effect. On the other hand, PS was
metabolized more extensively and rapidly by the liver
microsomes of mouse and rat than of human. These in vitro
kinetic data, correlated with our pharmacokinetic data in
mice, could help predict its pharmacokinetics in humans (Liu
etal., 2010).

The pharmacokinetic and biodistribution studies demon-
strated that following its administration to mice, PS is rapidly
absorbed, metabolized and distributed to blood and other
tissues. Our pharmacokinetic findings provide important
information concerning several aspects of the pharmacology
of PS, including its administration, efficacy and safety, as
discussed below.

It is clear from our data that corn oil is better than car-
boxymethyl cellulose and PBS for the administration of PS,
overcoming its poor aqueous solubility, which hinders effi-
ciency and bioavailability (Gupta and Moulik, 2008). Corn oil
is known to form microemulsions, which enhance the bio-
availability of hydrophobic drugs by increasing their solubil-
ity and residence time in the intestine through bioadhesion
(Acosta et al., 2004).

The pharmacokinetic study showed that PS undergoes
rapid hydrolysis in mice, which nonetheless is not complete,
allowing its transport to other tissues where it is present at
variable but always low levels (except for the gastroduodenal
wall). Given that PS inhibits cancer cell growth =13-fold

more potently than sulindac (Mackenzie et al., 2010), its pres-
ence in tissues may be critical to its anticancer efficacy. In
addition to intact PS, four of its metabolites, which are
present at substantial concentrations, are known to have
anticancer potency. Sulindac and SSide inhibit cancer cell
growth through a multitude of mechanisms, both COX-
dependent and COX-independent (Shiff et al., 1995; Hanif
et al., 1996; Shiff and Rigas, 1999). PS sulphide inhibits the
growth of human colon cancer cells more potently than PS by
reducing the intracellular polyamine pool that is essential for
cancer cell growth (Huang et al., 2010). Finally, SSone inhibits
cancer growth by stimulating polyamine acetylation and
export from the cell (Babbar et al., 2003).

These pharmacokinetic data indicate that PS behaves
both as a primary anticancer agent and as a pro-drug. Low-
ering exposure of PS to carboxyesterases may enhance its
anticancer efficacy. Of great interest, human plasma has ~10-
fold lower carboxyesterase activity compared with mice
(Nagy et al., 2000). Thus, it is reasonable to predict that in
humans the plasma and tissue levels of intact PS will be
higher, leading to greater anticancer efficacy. The role of
esterases in the efficacy of PS is emphasized by our finding
that cultured human cancer cells and a normal colon cell line
lack detectable esterase activity. Thus, PS is not hydrolysed by
these cells, a finding consistent with its higher potency com-
pared with its hydrolysis products (Mackenzie et al., 2010).

The pharmacokinetic comparison between PS and con-
ventional sulindac yielded results that were likely to explain
the greater safety of PS, particularly concerning gastroduode-
nal toxicity, the most frequent side effect of sulindac. A strik-
ing feature of the pharmacokinetics of PS versus sulindac was
that equimolar concentrations of these two compounds gen-
erated very different amounts of blood metabolites: the
AUC.,4 of the ‘total metabolites’ (sulindac, SSide and SSone)
in plasma following PS administration is ~2.3-fold lower than
that obtained with sulindac administered at an equimolar
dose. Furthermore, in terms of individual metabolites, PS
generated roughly half the amount of sulindac, one-fourth
the amount of SSide, and twice the amount of SSone in
plasma based on AUCg,4, values. These are very favourable
differences in terms of safety. SSone has a better safety profile
than SSide, in particular regarding gastrointestinal toxicity
(Glavin and Sitar, 1986). The underlying mechanisms have
been investigated extensively; for example, SSide inhibits
COX-1 and COX-2 >48-fold more potently than SSone,
depleting the physiologically important prostaglandins
(PGs) and contributing to the higher toxicity of SSide
(Piazza et al., 2009). Likewise, SSide, but not SSone, inhibits
5-lipoxygenase, suppressing production of leukotrienes,
important immune mediators similar to PGs (Steinbrink
et al., 2010). Moreover, SSide, but not SSone, causes mito-
chondria uncoupling that induces hepatic toxicity (Leite
et al., 2006).

Given the importance of gastroduodenal safety for
NSAIDs in general and the apparent safety of PS (Mackenzie
et al., 2010), we focused further on the biodistribution of PS
in the stomach and duodenum and compared it with that of
an equimolar dose of sulindac. The equally striking difference
between the two concerned: (i) the presence of predomi-
nantly intact PS (71% of the total); and (ii) the consequently
drastically reduced levels of sulindac (1/3), SSide (1/9) and
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SSone (1/2). These differences center around their potential
effects on PG synthesis and epithelial cell survival, two criti-
cal determinants of gastric mucosal integrity, that is, of the
propensity to develop erosions and ulcers (Wallace and Vong,
2008). NSAIDs damage the gastric epithelium through several
mechanisms, including direct killing of epithelial cells, par-
ticularly by acidic NSAIDs, but most importantly through
their systemic ability to suppress PG synthesis (Wallace,
2008).

In this regard, PS has two important advantages over
conventional sulindac. First, PS does not inhibit PG synthesis,
as shown both in cultured cells and in Min mice; the levels of
PGE,; in the intestinal mucosa and of its metabolite 13,14-
dihydro-15-keto PGE; in blood did not change in response to
PS (Mackenzie et al., 2010). Sulindac, in contrast, is a COX
inhibitor, blocking PG synthesis. Second, while sulindac is
acidic, PS is not; acidic NSAIDs migrate easily into surface
epithelial cells, inducing mucosal injury (Sostres et al., 2010).

Finally, of particular interest was the interaction between
DFMO and PS, especially in view of the potential role of PS in
colon cancer prevention, for which it may be combined with
DFMO (Mackenzie et al., 2010; 2011). DFMO did not influ-
ence the metabolism of PS by liver microsomes. DFMO,
however, reduced drug levels in mouse blood and other
tissues. DFMO has been reported to induce intestinal changes
such as villous atrophy of the mucosa and fluid loss
(Yarrington et al., 1983). Such an effect is likely to reduce PS
absorption into blood through the intestinal mucosa and
may explain our finding. The reduced drug bioavailability by
DFMO may affect drug efficacy, which could be addressed by
optimizing the dosing regimen. Importantly, we recently
showed that in combination with DFMO, PS reduced the
number of intestinal tumors in Min mice by 90%, and this
combination produced no significant side effects in mice
(Mackenzie et al., 2010).

In conclusion, our work shows that PS undergoes exten-
sive transformations in vivo and in vitro yielding at least eight
metabolites. These metabolites, together with the intact PS,
may play important roles in cancer control. The pharmaco-
kinetic and biodistribution features of PS provide a likely
explanation of its greater safety, especially regarding its
ability to spare the gastroduodenal mucosa.
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Additional Supporting Information may be found in the
online version of this article:
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Figure S1 Kinetics of PS and its metabolites by human intes-
tinal microsomes. PS (60 uM) was incubated with human
intestinal microsomes as described in the Methods section at
37°C for up to 90 min. PS and its metabolites were extracted
and analysed by HPLC.

Figure S2 Hydrolysis of PS by esterase. PS (120 uM) was
treated with porcine liver esterase (0.5 mg-mL™) at 37°C for
up to 90 min, and the drug levels were determined by HPLC.
Figure S3 Kinetics of PS sulphide in Trx-knockdown cells. PS
(100 uM) was incubated with Trx-knockdown or control MDA-
MB-231 cells at 37°C for up to 6 h. PS sulphide was extracted at
the designated time points and analysed by HPLC.

Figure S4 Inhibition of the hydrolysis of PS in mouse
plasma by BNPP. Mouse plasma was incubated with or
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without BNPP at 37°C for 30 min, and the resulting plasma
was incubated with PS (400 uM) at 37°C for 10 min. The
remaining drug levels were determined by HPLC. Presented as
percentage of intact PS at indicated BNPP concentrations.
Figure S5 Identification of the SSone and SSide glucu-
ronides. A: MS/MS spectrum of SSone glucuronide fraction
collected from HPLC. B: MS/MS spectrum of SSide glucu-
ronide fraction collected from HPLC.

Please note: Wiley-Blackwell are not responsible for the
content or functionality of any supporting materials sup-
plied by the authors. Any queries (other than missing mate-
rial) should be directed to the corresponding author for the
article.
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