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ABSTRACT

Phospho-nonsteroidal anti-inflammatory drugs (phospho-NSAIDs)
are novel NSAID derivatives with improved anticancer
activity and reduced side effects in preclinical models. Here, we
studied the metabolism of phospho-NSAIDs by carboxyles-
terases and assessed the impact of carboxylesterases on the
anticancer activity of phospho-NSAIDs in vitro and in vivo. The
expression of human liver carboxylesterase (CES1) and intes-
tinal carboxylesterase (CES2) in human embryonic kidney 293
cells resulted in the rapid intracellular hydrolysis of phospho-
NSAIDs. Kinetic analysis revealed that CES1 is more active in
the hydrolysis of phospho-sulindac, phospho-ibuprofen, phos-
pho-naproxen, phospho-indomethacin, and phospho-tyrosol-
indomethacin that possessed a bulky acyl moiety, whereas the
phospho-aspirins are preferentially hydrolyzed by CES2. Car-
boxylesterase expression leads to a significant attenuation of

the in vitro cytotoxicity of phospho-NSAIDs, suggesting that
the integrity of the drug is critical for anticancer activity. Benzil
and bis-p-nitrophenyl phosphate (BNPP), two carboxylesterase
inhibitors, abrogated the effect of carboxylesterases and resen-
sitized carboxylesterase-expressing cells to the potent cyto-
toxic effects of phospho-NSAIDs. In mice, coadministration of
phospho-sulindac and BNPP partially protected the former
from esterase-mediated hydrolysis, and this combination more
effectively inhibited the growth of AGS human gastric xeno-
grafts in nude mice (57%) compared with phospho-sulindac
alone (28%) (p = 0.037). Our results show that carboxyles-
terase mediates that metabolic inactivation of phospho-
NSAIDs, and the inhibition of carboxylesterases improves the
efficacy of phospho-NSAIDs in vitro and in vivo.

Introduction

Nonsteroidal anti-inflammatory drugs (NSAIDs) are prom-
ising agents for the prevention of several types of cancer
(Flossmann et al., 2007; Cuzick et al., 2009). However, long-
term use of NSAIDs is associated with gastrointestinal and
renal toxicities (Singh and Triadafilopoulos, 1999). Consid-
ering the limited efficacy of NSAIDs and the prevalence of
their side effects, it is questionable whether their clinical
benefits outweigh their toxic effects (Cuzick et al., 2009). This
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prompted us to synthesize novel phospho-derivatives of
NSAIDs (Sun and Rigas, 2008; Hua et al., 2009; Zhao et al.,
2009; Mackenzie et al., 2010; Huang et al., 2010, 2011; Xie et
al., 2011b). Traditionally, modified NSAIDs are considered
pharmacologically inactive prodrugs that temporarily mask
the acidic moiety as a means to reduce gastrointestinal tox-
icity (Halen et al., 2009). In the case of phospho-NSAIDs,
however, the structural modification leads to both enhanced
chempreventive efficacy and reduced gastrointestinal toxic-
ity in preclinical models (Mackenzie et al., 2010; Huang et al.,
2011). As an example, phospho-ibuprofen is 16- to 23-fold
more potent in inhibiting colon cancer cell growth than ibu-
profen (Xie et al., 2011b). Hence, it is intact phospho-
NSAIDs, but not the corresponding NSAIDs, that are the
pharmacologically potent molecules.

Pharmacokinetic studies in mouse models showed that
phospho-NSAIDs given orally are rapidly hydrolyzed to give
the parent NSAIDs as the major metabolites in the plasma

ABBREVIATIONS: NSAID, nonsteroidal anti-inflammatory drug; CES1, carboxylesterase 1; CES2, carboxylesterase 2; COX, cyclooxygenase;
BNPP, bis-p-nitrophenyl phosphate; MTT, 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide; HEK, human embryonic kidney; HPLC,

high-performance liquid chromatography.
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(Xie et al., 2011a). Phospho-NSAIDs were also shown to be
hydrolyzed by esterases in rat and human liver extracts, but
the specific enzymes responsible have not been defined. Car-
boxylesterases are broad-specificity hydrolyases that cleave
carboxylic esters or amides into the corresponding carboxylic
acid and alcohol or amine, respectively (Redinbo and Potter,
2005). In humans, there are two major carboxylesterases:
human liver (CES1) and human intestinal (CES2) isoforms.
CES1 and CES2 are important in the detoxification of di-
verse ester drugs and xenobiotics (Satoh and Hosokawa,
1998; Redinbo and Potter, 2005). CES1 is expressed predom-
inantly in the liver, and it is also detected in monocytes
(Markey, 2011) and the lung (Hosokawa, 2008). Expression of
CES2 is more widely distributed, with high expression in the
small intestine, liver, and kidneys (Satoh and Hosokawa,
1998). It is noteworthy that CES1 and CES2 expression
levels are often suppressed in liver and colon tumors com-
pared with the corresponding normal tissues (Guichard et
al., 1999; Xie et al., 2002; Tang et al., 2008; Na et al., 2009).
Although carboxylesterases generally serve a protective
function, they are also responsible for the inactivation of
therapeutic drugs (Redinbo and Potter, 2005). Because phos-
pho-NSAIDs consist of an NSAID linked to a spacer and the
diethyl phosphate moiety via a carboxylic ester bond, we
hypothesized that phospho-NSAIDs could be a target for
inactivation in vivo by human carboxylesterases.

Here, we establish that phospho-NSAIDs undergo rapid
hydrolysis in cells overexpressing CES1 and CES2, which in
turn resulted in a significant reduction in their growth in-
hibitory effects. Given the impact of carboxylesterases on
phospho-NSAID inactivation, we tested the ability of car-
boxylesterase inhibitors to protect phospho-NSAIDs against
carboxylesterase-mediated hydrolysis in vitro and in vivo
and evaluated the impact of carboxylesterase inhibition on
their anticancer activity.

Materials and Methods

Chemicals. Phospho-sulindac (OXT-328), phospho-ibuprofen
(MDC-917), phospho-aspirin (MDC-46 and MDC-22), phospho-
naproxen, phospho-valproic acid, phospho-indomethacin, and phos-
pho-tyrosol-indomethacin were gifts from Medicon Pharmaceuticals,
Inc. (Stony Brook, NY) (Supplemental Fig. 1). A549, AGS, HepG2,
HEK293, MCF-7, MIA-PaCa-2, Panc-1, and SW480 cells were pur-
chased from the American Type Culture Collection (Manassas, VA).
Human CES1 (transcript variant 3; Genbank accession no.
NM_001266) and human CES2 (transcript variant 1; Genbank ac-
cession no. NM_003869.4) expression plasmids were obtained from
Origene (Rockville, MD). Lipofectamine 2000 was purchased from
Invitrogen (Carlsbad, CA). All other chemicals, unless otherwise
stated, were purchased from Sigma-Aldrich (St Louis, MO).

Cell Culture. HEK293 cells were cultured in RPMI media sup-
plemented with 10% fetal bovine serum and 50 U/ml penicillin-
streptomycin (Cellgro, Manassas, VA). Cells were split in a 1:4 ratio
every 48 h. Antibiotics were not added during transient transfection.
A549, AGS, HepG2, MCF-7, MIA-PaCa-2, Panc-1, and SW480 cells
were cultured as recommended by the American Type Culture Col-
lection. All experiments were performed with cells between passages
1 and 10.

HPLC Analysis. The HPLC system consisted of a Waters Alli-
ance 2695 Separations Module equipped with a Waters 2998 photo-
diode array detector (220 nm) (Waters, Milford, MA) and a Thermo
BDS Hypersil C18 column (150 X 4.6 mm; particle size 3 pm)
(Thermo Fisher Scientific, Waltham, MA). The mobile phase con-
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sisted of a gradient between buffer A [formic acid, acetonitrile, and
H,0 (95:4.9:0.1 v/v/v)] and 100% acetonitrile.

In Situ Hydrolysis of Phospho-NASIDs by CES1 and CES2.
HEK293 cells were seeded into poly-L-lysine-coated 24-well plates at
a density of 2.0 X 10° cells/per well the day before transfection.
HEK293 cells were transfected with the CES1 or CES2 plasmids or
the empty pCMV-XL6 vector with Lipofectamine 2000 according to
the manufacturer’s instructions. In brief, the transfection complexes
were formed in Opti-MEM (Invitrogen) and then added to cells after
incubation for 20 min. Overexpression of CES1 and CES2 was con-
firmed by quantitative reverse transcription-polymerase chain reac-
tion and the hydrolysis of the model substrate p-nitrophenyl acetate.
Hydrolysis assays were performed 22 to 24 h after transfection. The
media were aspirated and replaced with complete RPMI media con-
taining 100 .M phospho-NSAIDs. In inhibition studies, cells were
preincubated with benzil or BNPP for 30 min before the addition of
phospho-NSAIDs. The cells were washed once with complete media
and collected in 200 pl of lysis solution (50% ethanol). Extraction was
performed by sonication for 5 min followed by the addition of 400 .l
of ethanol. The samples were centrifuged at 17,000g for 10 min and
analyzed by HPLC. The protein pellet was redissolved in 0.1 N
NaOH, and the protein content was determined by the Bradford
assay (Bradford, 1976).

Enzyme Preparations and In Vitro Carboxylesterase Activ-
ity Assay. HEK293 cells in 100-mm plates were transfected with the
CES1 or CES2 plasmids or the empty pCMV-XL6 vector with Lipo-
fectamine 2000. After 48 h, cells were harvested in 2 ml of phos-
phate-buffered saline and homogenized by sonication. Cellular ex-
tracts were stored in —80°C without the addition of protease
inhibitors. For in vitro assay, cell extracts (2—10 pl) from the control
and CES1- and CES2-expressing cells were diluted with prewarmed
100 mM phosphate buffer, pH 7.4, at 37°C in a total volume of 100 pl.
The reaction was then initiated by the addition of phospho-NSAIDs.
Apparent enzyme kinetic parameters were estimated in terms of
product formation, using various (5—8) concentrations of the sub-
strate. CES1- and CES2-expressing cell lysates demonstrated signif-
icant hydrolytic activity toward 4-nitrophenyl acetate with specific
activity of 5.2 and 1.2 pmol/min/mg, respectively. Reaction velocity
and V., values were normalized to per mg CES based on the rates
of 4-nitrophenyl acetate hydrolysis by purified CES1 and CES2 (40.7
and 44.8 pmol/min/mg, respectively) (Williams et al., 2011).

Growth Inhibition Assays. HEK293 cells in 100-mm plates
were transfected with the CES1 or CES2 plasmids or the empty
pCMV-XL6 vector with Lipofectamine 2000. After 24 h, the trans-
fected cells were subcultivated into 96-well plates at 35,000 cells per
well. After overnight incubation, various concentrations of phospho-
NSAIDs were added, after which the cells were further incubated for
another 24 h. At the end of the incubation, cell viability was deter-
mined by a modified colorimetric assay using 3-[4,5-dimethylthiazol-
2-yl]-2,5-diphenyltetrazolium bromide (MTT). In brief, the culture
medium was removed and replaced with 100 pl of complete medium
containing 0.5 mg/ml MTT. After 4-h incubation at 37°C, 100 pl of a
solution containing 10% SDS and 0.01 N HCI was added. The plate
was incubated and gently mixed until MTT formazan crystals were
dissolved. Absorbance at 570 nm was measured on a microplate
reader and IC;, was calculated after the subtraction of blank values.

In Situ Hydrolysis of Phospho-NASIDs by Human Cancer
Cells. A549, AGS, HepG2, MCF-7, MIA-PaCa-2, Panc-1, or SW480
cells were seeded into 24-well plates at a density of 2.0 X 10° cells/per
well and cultured for 72 h. The media were then aspirated and
replaced with complete RPMI media containing 100 pM phospho-
NSAIDs. The cells were washed with complete media and collected in
200 pl of lysis solution (50% ethanol). Extraction was performed by
sonication for 5 min followed by addition of 400 pl of ethanol. The
samples were centrifuged at 17,000g for 10 min and analyzed by
HPLC.

Immunoblotting. Cell lysates were resolved in SDS/electropho-
resis gel and transferred to nitrocellulose membrane. Carboxyles-
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terase 1 and carboxylesterase 2 antibodies were purchased from
Abcam Inc. (Cambridge, MA). 3-Actin antibody was from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA).

In Vivo Studies. This animal study was approved by the Insti-
tutional Animal Care and Use Committee at Stony Brook University.
Female nude mice (7-8 weeks old) were purchased from Harlan
(Indianapolis, IN). At 9 to 10 weeks, the animals were inoculated
subcutaneously in their right flanks, each with 5 X 10¢ AGS gastric
cancer cells suspended in 100 pl of phosphate-buffered saline/BD
Matrigel matrix (50:50, v/v). When the average tumor size reached
125 + 26 mm?, the animals were divided into four groups (n = 6),
which were given the following treatments: 1) vehicle (corn oil,
orally; 10% Tween, intraperitoneally), 2) BNPP (100 mg/kg/day i.p.),
3) phospho-sulindac (200 mg/kg/day p.o.), and 4) phospho-sulindac
(200 mg/kg/day p.o.) and BNPP (100 mg/kg/day i.p.). Tumors were
measured twice a week with a digital microcaliper, and tumor vol-
umes were calculated by using the following formula: tumor vol-
ume = [length X width X (length + width/2) X 0.56]. After treatment
for 3 weeks, the animals were sacrificed, and their tumors were
removed. Levels of phospho-sulindac and its metabolites in the tu-
mors were determined by HPLC. Pharmacokinetic studies were per-
formed with BALB/c wild-type mice. Mice were sacrificed at 1 h after
drug administration, and the blood was collected and precipitated
with acetonitrile. The liver was also collected to analyze drug levels.

Data Analysis. Data are shown as mean = S.E.M. Raw data from
the kinetics studies and cell growth assays were analyzed by using
Prism 5 (GraphPad Software Inc., San Diego, CA). K, and V,, were
derived from a nonlinear regression fit of the Michaelis-Menten
model. Statistical differences were determined by using analysis of
variance and Student’s ¢ test. Differences were considered significant
when p = 0.05.

Results

Phospho-NSAIDs Are Hydrolyzed In Situ by CES1-
and CES2-Expressing Cells. To evaluate the effect of hu-
man carboxylesterase expression on the metabolism of phos-

TABLE 1

pho-NSAIDs, we incubated phospho-NSAIDs (100 pM) with
the control and CES1- and CES2-expressing cells and iden-
tified the resulting intracellular metabolites by HPLC. In
control cells, intracellular phospho-NSAIDs remained pri-
marily intact (>95%) after treatment for 1 h (Table 1). CES1-
expressing cells, in contrast, hydrolyzed all phospho-NSAIDs
to their corresponding parent NSAIDs to a greater extent
compared with the control cells. Phospho-ibuprofen and
phospho-naproxen were almost completely hydrolyzed into
ibuprofen and naproxen, respectively, in CES1-expressing
cells. CES1 overexpression also resulted in significant hydro-
lysis of other phopho-NSAIDs in the following order: phos-
pho-indomethacin > phospho-aspirin (MDC-46) > phospho-
tyrosol-indomethacin > phospho-sulindac > phopho-aspirin
(MDC-22). In our analyses, valproic acid could not be de-
tected because of its low extinction coefficient, even in the far
UV range. However, the level of intact phospho-valproic acid
was more than 100-fold lower in CES1-expressing cells com-
pared with the control cells, suggesting that phospho-valp-
roic acid was significantly hydrolyzed. In addition, we ob-
served a significant decreased in total drug levels (p < 0.01)
in CES1-expressing cells (except MDC-46 and MDC-22). This
probably reflected the rapid efflux of parent NSAIDs after
their liberation from phospho-NSAIDs.

Like CES1, CES2-expressing cells were also significantly
more active in the hydrolysis of phospho-NSAIDs compared
with the control cells. CES2 almost completely hydrolyzed
the phospho-aspirins (MDC-46 and MDC-22) at the end of
the incubation period. In addition, phospho-tyrosol-indo-
methacin and phospho-naproxen were effectively hydrolyzed
by CES2. On the other hand, the hydrolysis of phospho-
sulindac, phospho-ibuprofen, and phospho-indomethacin by
CES2 was much reduced compared with CES1. CES2 prob-

In situ hydrolysis of NSAIDs in control and CES1- and CES2-expressing cells
The control and CES1- and CES2-expressing HEK293 cells were incubated with 100 uM phospho-NSAIDs for 1 h, and the intracellular levels of intact drug and metabolites

were measured by HPLC. Data are shown as mean = S.E.M.

Intracellular Level

HEK293-Control HEK293-CES1 HEK293-CES2
nmol/mg protein

Phospho-sulindac

Phospho-sulindac 25.5 = 0.2 14.6 = 1.2 23.6 = 4.0

Sulindac 0.04 = 0.02 4.21 = 0.82 0.30 = 0.05
Phospho-ibuprofen

Phospho-ibuprofen 95.7 = 12.9 1.54 = 0.87 92.6 = 26.2

Ibuprofen N.D. 11.7 £ 5.0 1.37 = 0.94
Phospho-aspirin (MDC-46)

Intact forms 20.9 = 3.9 7.02 = 4.07 0.43 = 0.09

Salicylic acid N.D. 12.1+19 179 £ 25
Phospho-aspirin (MDC-22)

Intact forms 15.2 = 1.2 4.65 = 0.60 0.51 = 0.01

Salicylic acid N.D. 1.20 = 0.43 16.4 + 2.3
Phospho-naproxen

Phospho-naproxen 49.1 = 12.2 0.63 = 0.62 30.8 =5.9

Naproxen 1.27 = 0.24 6.44 = 3.54 6.98 = 1.80
Phospho-indomethacin

Phospho-indomethacin 51.1 = 13.6 2.18 = 0.92 42.1+5.9

Indomethacin 0.16 = 0.04 5.18 = 1.47 0.39 = 0.01
Phospho-tyrosol-indomethacin

Phospho-tyrosol-indomethacin 67.9 = 4.0 13.0 = 3.5 33.2+4.1

Indomethacin 1.33 = 0.13 6.55 = 1.57 12113
Phospho-valproic acid

Phospho-valproic acid 55.6 + 7.3 0.31 0.3 5.95 * 0.59

Valproic acid N.D. N.D. N.D.

N.D., not detected.
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ably hydrolyzed phospho-valproic acid, given the lower levels
of the intact drug in CES2-expressing cells. These results
indicated that the human carboxylesterases CES1 and CES2
were capable of rapid hydrolysis of the evaluated phospho-
NSAIDs.

Kinetic Analyses of Phospho-NSAIDs Hydrolysis by
CES1 and CES2. Kinetic studies were then performed with
cell lysates from CES1- and CES2-expressing HEK293 cells
to determine the parameters K., and V.. The kinetic pa-
rameters for phospho-NSAIDs hydrolysis by CES1 and CES2
are shown in Fig. 1. Phospho-tyrosol-indomethacin and phos-
pho-naproxen exhibited the lowest K, values for CES1,
whereas the highest K, values were observed with the phos-
pho-aspirins (MDC-46 and MDC-22). We observed that the
K values of phospho-NSAIDs toward CES1 decreased with
increased hydrophobicity, although this association did not
reach statistical significance (p = 0.068). The highest V..
values were observed with phospho-ibuprofen, followed by
phospho-tyrosol-indomethacin, phospho-naproxen, phospho-
indomethacin, and phospho-aspirin (MDC-46). Catalytic effi-
ciency (V,,./K,,) of CES1 was the highest for phospho-
tyrosol-indomethacin, phospho-ibuprofen, and phospho-
naproxen, whereas the hydrolysis of phospho-sulindac and
phospho-aspirin (MDC-22) was the least efficient.

We also performed kinetic studies with CES2 lysates on
selected substrates, because CES2 showed very poor hydro-
lytic activity toward some of the phospho-NSAIDs tested.
Phospho-naproxen and phospho-tyrosol-indomethacin dem-
onstrated higher affinity (K,) but lower V. compared with
phospho-aspirins (MDC-46 and MDC-22). Compared with
CES1, CES2 showed higher catalytic efficiency (V,,../K,,)
toward phospho-aspirin (MDC-46 and MDC-22) hydrolysis.
On the other hand, hydrolysis of phospho-naproxen and
phospho-tyrosol-indomethacin by CES2 was less efficient
compared with CES1. Therefore, with the exception of phos-
pho-aspirin (MDC-46 and MDC-22), CES1 may be the pre-
dominant isozyme responsible for the hydrolysis of phospho-
NSAIDs in humans.

Benzil and BNPP Block the In Situ Hydrolysis of
Phospho-NSAIDs by CES1 and CES2. Benzil was re-
ported to be a potent inhibitor of human carboxylesterases 1
and 2 (Hyatt et al., 2006); BNPP is considered to be a non-
specific esterase inhibitor (Redinbo and Potter, 2005). We,
therefore, investigated the potential of benzil and BNPP to
inhibit phospho-NSAIDs hydrolysis. Because carboxyles-
terase inhibition in vivo depends on penetration of the inhib-
itors into cells, we examined the effect of benzil and BNPP on
the hydrolysis of phospho-NSAIDs intracellularly. CES1-
and CES2-expressing cells were preincubated with 100 pM
benzil or BNPP for 30 min before the addition of phospho-
NSAIDs. As shown in Fig. 2, in untreated cells 20 to 90% of
the phospho-NSAIDs were hydrolyzed in CES1-expressing
cells. However, in the presence of benzil or BNPP, the rate of
hydrolysis was significantly diminished. Analysis of the in-
tracellular levels of hydrolyzed phospho-NSAIDs revealed
that benzil inhibited CES1-mediated hydrolysis by >90% for
all phospho-NSAIDs except phospho-aspirin (MDC-22; 78%
inhibition). Benzil also inhibited the CES2-mediated hydro-
lysis of phospho-aspirin (MDC-46 and MDC-22), phospho-
tyrosol-indomethacin, and phospho-naproxen by at least
87%. Likewise, BNPP potently inhibited CES1- and CES2-
mediated phospho-NSAIDs hydrolysis. In all cases, preincu-
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bation with 100 pM BNPP resulted in potent inhibition of
phospho-NSAID hydrolysis, exceeding 90% over the 1-h in-
cubation period. These results suggest that both inhibitors
are effective in inhibiting the conversion of phospho-NSAIDs
to conventional NSAIDs intracellularly, which is critical for
in vivo applications.

CES1 and CES2 Overexpression Attenuates the Cy-
totoxicity of Phospho-NSAIDs. We have reported previ-
ously that phospho-NSAIDs strongly inhibited the growth of
cancer cells compared with their parent NSAIDs. It is thus
proposed that CES1 and CES2 may be involved in the inac-
tivation of phospho-NSAIDs, leading to reduced bioefficacy.
To test this hypothesis, we determined the 24-h IC;, values
of phospho-NSAIDs in the control vector-, CES1-, and CES2-
expressing cells. Phospho-NSAIDs were highly cytotoxic in
the control cells with IC;, values less than 70 pM. Phospho-
aspirins (MDC-46 and MDC-22) were the exceptions, with
IC;, values of 953 and 507 pM, respectively (Table 2; Fig. 3).
Expression of CES1 resulted in higher IC;, values for most
phospho-NSAIDs. In particular, the IC5, values for phospho-
ibuprofen and phospho-naproxen were dramatically in-
creased by more than 30-fold compared with the control cells,
and these two drugs became essentially noncytotoxic below 1
mM in CES1-expressing cells. CES1 expression also resulted
in considerably reduced cytotoxicity of phospho-tyrosol-indo-
methacin (7.8-fold), phospho-indomethacin (3.8-fold), phos-
pho-sulindac (3.3-fold), and phospho-valproic acid (2.9-fold).
The rate of hydrolysis may be a key factor in determining the
relative 1C;, values in control and CES1-expressing cells,
because phospho-NSAIDs with the highest efficiency of hy-
drolysis, including phospho-ibuprofen, phospho-naproxen,
and phospho-tyrosol-indomethacin (Fig. 1) also showed the
greatest fold-reduction of cytotoxicity in CES1-expressing
cells (Table 2). However, CES1 had little impact on the cyto-
toxicity of phospho-aspirins (MDC-46 and MDC-22), de-
spite significant intracellular hydrolysis (Table 1). It is
possible that, for phospho-aspirins, hydrolyzed compo-
nents, such as aspirin or the linker, could also contribute
to their cytotoxicity.

CES2 overexpression, on the other hand, effectively re-
duced the cytotoxicity of phospho-tyrosol-indomethacin
(8.5-fold increase in IC;,) and phospho-naproxen (3.8-fold
increase in IC;,), the two of the phospho-NSAIDs that are
susceptible to hydrolysis by CES2. In contrast, CES2 only
slightly increased ICy, values for other phospho-NSAIDs
(< 2.5-fold), which correlated with lower hydrolytic activ-
ity toward phospho-NSAIDs compared with CES1 (Fig. 1;
Table 1). Despite being highly effective in the hydrolysis of
phospho-aspirin (>90% in 1 h), IC;, values for MDC-46
and MDC-22 were only 1.2- and 1.8-fold higher, respec-
tively, in CES2-expressing cells compared with control
cells.

Our results affirmed our proposition that it is the intact
phospho-NSAIDs, but not the parent NSAIDs or the phos-
pho-linker, that were responsible for the cytotoxic activities.
Moreover, human carboxylesterases are capable of rapid in-
activation of phospho-NSAIDs and therefore provide the ra-
tionale for devising strategies for the protection of intact
phospho-NSAIDs in vivo to enhance bioactivity.

Benzil and BNPP Sensitize CES1- and CES2-Overex-
pressing Cells to Phospho-NSAID-Induced Cytotoxic-
ity. Having determined that benzil and BNPP blocked the
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Fig. 1. The kinetics of hydrolysis of
phospho-NASIDs by human CES1
and CES2. A, phospho-NSAIDs were
incubated with the lysates of CES1-
or CES2-expressing cells and the
amount of hydrolyzed drug was deter-
mined as described under Materials
and Methods. The Michaelis-Menten
plots with phospho-NSAIDs showed
simple hyperbolic profiles. B, a sum-
mary of the derived Michaelis-Menten
kinetic parameters. C, correlation of
CES1 K, values with predicted logP
values of phospho-NSAIDs. Predicted
logP values were derived by using the
MarvinSketch Java applet. An in-
verse trend was observed between K,
and the predicted logP.
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TABLE 2

IC;, ratios between control and CES1- and CES2-expressing cells

The cells were incubated with phospho-NSAIDs for 24 h, and the ICj, values were determined by the MTT assay.

1C
Phospho-NASID i CES1/Control CES2/Control
HEK293-Control HEK293-CES1 HEK293-CES2

uM
Phospho-sulindac 28 + 2 98 + 3 59 =3 3.3 2.0
Phospho-ibuprofen 62 +6 1990 =+ 300 158 + 7 32 2.5
Phospho-aspirin (MDC-46) 953 + 34 870 + 27 1180 + 70 1.3 1.2
Phospho-aspirin (MDC-22) 507 = 14 464 = 15 896 = 33 0.9 1.8
Phospho-naproxen 69 =5 2600 + 370 258 = 15 38 3.8
Phospho-indomethacin 45 1 170 = 8 41x1 3.8 0.9
Phospho-tyrosol-indomethacin 59 + 3 458 + 96 497 + 101 7.8 8.5
Phospho-valproic acid 41+ 2 118 £5 45 + 2 2.9 1.1

hydrolysis of phospho-NSAIDs, we next questioned whether
these carboxylesterase inhibitors could modulate the sensi-
tivity of CES1 and CES2 expression toward phospho-
NSAIDs. Therefore, we determined the 24-h IC;, values by
using combinations of selected phospho-NSAIDs with benzil
or BNPP (100 pM).

In agreement with Hyatt et al. (2006), treatment with 100
pM benzil alone did not result in any cytotoxicity in the
control and CES1- or CES2-expressing cells. Cells were first
pretreated with benzil or BNPP for 30 min before the addi-
tion of phospho-NSAIDs. As shown in Table 3, cotreatment of
benzil with phospho-NSAIDs did not significantly impact the
24-h IC;, values of phospho-NSAIDs in control cells. On the
other hand, pretreatment of CES1-expressing cells with ben-
zil resulted in dramatic sensitization of these cells toward
phospho-NSAIDs (Fig. 4; Table 3). In the presence of benzil,
the 24-h IC;, values of phospho-NSAIDs in the CES1-ex-
pressing cells were similar to the control cells. For example,
in CES1-expressing cells the IC;, values for phospho-ibupro-
fen (81.6 pwM) and phospho-naproxen (75.4 pM) were de-
creased more than 20-fold when cotreated with benzil, be-

coming similar to those of control cells (85.8 and 69.1 pM,
respectively) that lack carboxylesterase expression. In all
cases, the ratio of IC;, values between control and CES1-
expressing cells for all phospho-NSAIDs was between 0.8 and
1.2, suggesting that benzil was able to inhibit intracellular
CES1, which in turn led to reduced inactivation of these
drugs. Likewise, benzil increased the cytotoxicity of phospho-
naproxen and phospho-tyrosol-indomethacin in CES2-ex-
pressing cells.

Similar to benzil, BNPP (100 M) alone did not result in
significantly reduced cell viability. Moreover, the effect of
BNPP recapitulated that of benzil (Fig. 4; Table 4). It is
noteworthy that the IC,, values ratio between control and
carboxylesterase-expressing cells ranged from 0.7 to 1.3.
Therefore, BNPP cotreatment increased the cytotoxicity of
phospho-NSAIDs in the CES1- or CES2-expressing cells to
levels similar to control cells, thereby nullifying the impact
of carboxylesterase expression. These data are consistent
with our hypothesis that the inhibition of intracellular
carboxylesterases prevents hydrolysis to conventional
NSAIDs and enhances the efficacy of phospho-NSAIDs.
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Effect of benzil (100 uM) on IC, values of phospho-NSAIDs
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The cells were preincubated with benzil for 30 min, followed by incubation with phospho-NSAIDs for 24 h. The IC5, values were determined by the MTT assay.

IC;,
Phospho-NASID 2 CES1/Control CES2/Control
HEK293-Control + benzil HEK293-CES1 + benzil HEK293-CES2 + benzil
M
Phospho-sulindac 352 29+ 1 0.8
Phospho-ibuprofen 86 + 6 82 +5 0.9
Phospho-naproxen 69 =7 75 +5 63 5 1.1 0.9
Phospho-indomethacin 41+ 2 41 £ 2 1.0
Phospho-tyrosol-indomethacin 50 =3 62 +5 109 = 8 1.2 2.2
Phospho-valproic acid 211 19=+1 0.9

Tumor Cells Have Limited Capacity to Hydrolyze
Phospho-NSAIDs. We next evaluated the metabolism of
phospho-NSAIDs in several cancer cell lines (Fig. 6). It is
noteworthy that we found that cancer cells are inept at
hydrolyzing phopho-NSAIDs. Even with extended incubation
time (6 h), the percentage of hydrolyzed drug was very low in
the cell lines examined. The amount of phospho-sulindac

and phospho-indomethacin hydrolyzed was less than 2%,
whereas hydrolysis of phospho-ibuprofen, phospho-naproxen,
and phospho-tyrosol-indomethacin was less than 8%. Phos-
pho-aspirin (MDC-46 and MDC-22) was significantly hydro-
lyzed in hepatoma cells (HepG2) by 35 and 19%, respectively,
but not in other cell lines. HepG2 cells seemed to have higher
carboxylesterase activity than other cell lines, evidenced by
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Effect of BNPP (100 pM) on IC,, values of phospho-NSAIDs

Fig. 4. Coincubation with benzil and BNPP resensitizes
the CES1- and CES2-expressing cells to the cytotoxic effect
of phospho-NSAIDs in vitro. CES1-expressing (A) and
CES2-expressing (B) HEK293 cells were pretreated for 30
min with benzil or BNPP (100 uM), and various concentra-
tions of phospho-NSAIDs were then added. Cell viability
was determined by the MTT assay. The corresponding IC;,
values are presented in Tables 3 and 4.

The cells were preincubated with BNPP for 30 min, followed by incubation with phospho-NSAIDs for 24 h. The ICs, values were determined by the MTT assay.

Phospho-NSAID

ICs,

HEK293-Control + BNPP HEK293-CES1 + BNPP

CES1/Control CES2/Control
HEK293-CES2 + BNPP

M
Phospho-sulindac 27+1 25 +3 0.9
Phospho-ibuprofen 55 + 4 52+3 0.9
Phospho-naproxen 56 =7 43 +4 54 =5 0.8 1.0
Phospho-indomethacin 41+ 2 29+ 6 0.7
Phospho-tyrosol-indomethacin 38+3 49 + 4 40 £ 2 1.3 1.0
Phospho-valproic acid 21+1 181 0.9

the greater percentage of hydrolyzed drug in all of the phos-
pho-NSAIDs.

We also examined the expression of CES1 and CES2 in these
cells. As shown in Fig. 5, all cancer cell lines had little expres-

sion of CES1. On the other hand, HepG2 cells had comparable
CES2 expression to human liver microsomes, whereas CES2
levels were much lower than in other cell lines examined. A lack
of CES1 expression may explain the poor hydrolytic activity of
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Fig. 5. Tumor cells in culture have limited capacity to hydrolyze phospho-NSAIDs. A, the human cancer cells were incubated with 100 uM of the
individual phospho-NSAIDs for 6 h. The intracellular metabolites were measured by HPLC and expressed as the percentage of phospho-NSAIDs
hydrolyzed during the 1-h period. B, Western blots of CES1 and CES2 expression in human cancer cell lines. Human liver microsomes (HLM) were

used as a positive control for CES1 and CES2.

cancer cells toward phospho-NSAIDs; whereas high CES2 ex-
pression in HepG2 cells was consistent with significant hydro-
lysis of phospho-aspirins (MDC-46 and MDC-22) that are good
substrates of CES2. These results indicate that cancer cells
have limited carboxylesterase activity and phospho-NSAIDs
may be relatively stable once delivered to the tumor sites.
BNPP Coadministration Protected Phospho-Sulindac
in Mice. In mice treated with phospho-sulindac alone, no intact
drug could be detected in the blood 1 h postadministration. In
BNPP-pretreated mice, on the other hand, intact phospho-
sulindac (3.2 puM; 23.2% of total drug) could be detected in the
blood 1 h after its administration. In addition, the levels of
intact phospho-sulindac were 42% higher in the liver of mice
pretreated with BNPP. Coadministration with benzil (500 mg/
kg), however, did not result in the detection of intact phospho-
sulindac in vivo (data not shown). Thus, BNPP, but not benzil,
effectively inhibits the hydrolysis of phospho-sulindac in vivo.
BNPP Coadministration Enhanced the Antitumor Ef-
ficacy of Phospho-Sulindac in Vivo. Finally, we investi-
gated the antitumor efficacy of the combination of phospho-
sulindac and BNPP in a gastric xenograft model in mice. As
shown in Fig. 6, the combination of BNPP and phospho-sulin-

dac suppressed tumor growth, which became statistically sig-
nificant beginning 4 days after the initiation of treatment (p <
0.05). Phospho-sulindac also suppressed tumor growth, but the
inhibition did not reach statistical significance. BNPP, on the
other hand, did not affect tumor growth. At the end of the study,
the combination of phospho-sulindac and BNPP reduced tumor
volume by 57%, whereas phospho-sulindac alone reduced tumor
volume by 28% (p < 0.037). We determined the levels of phos-
pho-sulindac and its metabolites in the AGS xenografts (Sup-
plemental Table 1). We found that the level of intact phospho-
sulindac was ~4-fold higher (22 nmol/g, 44% total metabolites)
when cotreated with BNPP, compared with phospho-sulindac
alone (5.8 nmol/g, 7.7% total metabolites). Thus, inhibition of
carboxylesterases improved the delivery of the intact phospho-
sulindac, leading to greater efficacy in vivo.

Discussion

Our data established that 1) the strong growth inhibitory
effect of phospho-NSAIDs on cancer cells in vitro and in vivo
critically depends on the presence of intact, nonhydrolyzed
drug, and 2) the hydrolysis of phospho-NSAIDs is mediated
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by human carboxylesterase 1 and 2, leading to rapid inacti-
vation and a dramatic reduction in their cytotoxicity in vitro,
an effect that could be reversed through cotreatment with
carboxylesterase inhibitors. Given the profound impact of
carboxylesterases on the pharmacological activity of phos-
pho-NSAIDs, this provides a strong rationale for the protec-
tion of intact phospho-NSAIDs to enhance their anticancer
activity.

Phospho-NSAIDs are novel anticancer drugs that exhib-
ited in vitro and in vivo strong growth inhibition of cancer
cells that originate from human colon cancer (Hua et al.,
2009; Mackenzie et al., 2010; Xie et al., 2011b), breast cancer
(Sun et al., 2011), and pancreatic and lung cancers (Zhao et
al., 2009). The potency of phospho-NSAIDs in vitro is 15- to
>40-fold stronger than that of the corresponding conven-
tional NSAIDs. By overexpressing CES1 and CES2 in cul-
tured cells, we found that phospho-NSAIDs undergo signifi-
cant intracellular hydrolysis (20 to >90%) to give the parent
NSAIDs (Table 1). Consequently, we observed a strong at-
tenuation (up to 38-fold) of in vitro cytotoxicity of phospho-
NSAIDs, in particular, for phospho-ibuprofen and phospho-
naproxen. Hence, it is the intact phospho-NSAIDs, rather
than the hydrolyzed products, that are responsible for the
potent anticancer activity. These data reaffirmed our hypoth-
esis that phospho-NSAIDs are pharmacologically distinct
identities to the conventional NSAIDs from which they are
derived. Conventional NSAIDs are thought to suppress can-
cer development and progression via inhibition of cyclooxy-
genase (COX)-2 (Satoh and Hosokawa, 1998). Paradoxically,
modification of NSAIDs at the carboxylic group to generate
phospho-NASIDs abrogates their ability to inhibit COX-1
and COX-2 (Mackenzie et al., 2010). Phospho-NSAIDs prob-
ably exert their anticancer activity via COX-independent
mechanisms, such as the induction of reactive oxygen species
(Sun et al., 2011), suppression of polyamine levels (Hua et al.,
2009; Huang et al., 2010), and modulation of the thioredoxin
system (Hua et al., 2009).

Human CES1 and CES2 are highly expressed in tissues
involved in xenobiotic metabolism, including hepatocytes,
intestinal mucosa, and proximal tubules in the kidneys (Hol-
mes et al., 2010). Our data indicate that CES1 is the major
isoform involved in the hydrolysis of all of the phospho-
NSAIDs tested in this study, whereas CES2 is active to-

431

Fig. 6. Impact of carboxylesterase in-
hibition on the growth inhibitory ef-
fect of phospho-sulindac on gastric
xenografts grown in nude mice. AGS
human gastric carcinoma cells were
implanted subcutaneously into nude
mice. Phospho-sulindac (200 mg/kg/
day p.o.), BNPP (100 mg/kg/day i.p.),
or a combination were administered to
mice when the tumors reached an av-
erage size of 125 mm?®. A, tumor vol-
ume growth over time. The values are
mean = S.E.M. (n = 6 per group). B,
representative photographs of tumor
sizes from the control and treatment

groups.

ward phospho-aspirin, phospho-tyrosol-indomethacin, and
phospho-naproxen.

The efficiency of catalysis by carboxylesterases depends on
several factors, such as the molecular size and hydrophobic-
ity of the substrate, and relative sizes of the acyl and alcohol
substituents (Oboh and Lamango, 2008; Na et al., 2009). The
active sites of CES1 and CES2 are lined with aromatic amino
acid residues, thus favoring the binding of hydrophobic sub-
strates (Xie et al., 2002). In agreement with Wadkins et al.
(2001), we observed that phospho-NSAIDs with higher logP
values tend to have lower K, values toward CES1 (Fig. 1).
Human CES1 and CES2 exhibited partially overlapping and
complementary catalytic activities. In general, CES1 prefer-
entially catalyzes hydrolysis of esters with a larger acyl moi-
ety and a small alcohol group; whereas CES2 prefers sub-
strates with a bulky alcohol group and a smaller acyl domain
(Hosokawa, 2008). Because of the relatively larger size of the
parent NSAIDs as the acyl moiety compared with the alcohol
group (phospho-head), it is not surprising that CES1 is the
major enzyme involved in their hydrolysis (Table 2). Indeed,
phospho-aspirins, with a relatively small acyl group (aspi-
rin), are the only phospho-NSAIDs that are preferentially
hydrolyzed by CES2. CES1 is the major carboxylesterase in
the liver; whereas CES2 is highly expressed in the small
intestine. Thus, the liver is expected to be a major site of
phospho-NSAID hydrolysis in vivo.

The rapid hydrolysis of phospho-NSAIDs by carboxyles-
terases constitutes a major challenge for the delivery of in-
tact drug to the tumors in vivo. In previous studies in mice,
we could detect intact phospho-ibuprofen and phospho-sulin-
dac only at high doses (1200 mg/kg) (Xie et al., 2011b). It is
noteworthy that tumor tissues often have impaired carboxy-
lesterase activity. Expression of CES1 and CES2 was found
to be lower in colon carcinomas compared with the adjacent
normal tissues (Xie et al., 2002; Tang et al., 2008); liver
tumors exhibited a remarkably suppressed expression of
CES1 (4.6-fold) compared with normal liver tissues (Lim et
al., 2002; Na et al., 2009). Data from our analyses have also
shown that tumor cells in culture lack the ability to hydrolyze
phospho-NSAIDs, and others (Huttlin et al., 2009) have also
found that the intestinal tumors from the Apc(Min/+) mice
have reduced carboxylesterase activity compared with the
intestinal epithelium. Accordingly, the temporary blockade of
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carboxylesterase activity may be a promising strategy for the
delivery of intact phospho-NSAIDs to tumor tissues, where
they are less susceptible to esterase hydrolysis.

In this study, we evaluated the ability of two carboxyles-
terase inhibitors, BNPP and benzil, to inhibit carboxyles-
terase-mediated phospho-NSAIDs hydrolysis. Both BNPP
and benzil were highly effective in blocking the intracellular
hydrolysis of phospho-NSAIDs in vitro, and they sensitized
CES1- and CES2-expressing cells to the potent growth inhib-
itory effects of intact phospho-NSAIDs. In mice, coadminis-
tration of BNPP with phospho-sulindac resulted in the de-
tection of intact drug (23.2%) in the blood, whereas no intact
drug could be detected when phospho-sulindac was given
alone. The coadministration of carboxylesterase inhibitors
also led to enhanced efficacy in human gastric xenografts in
mice, with the combination of phospho-sulindac and BNPP
completely arresting tumor growth during the study period.
Evaluation of such a treatment regime with phospho-
NSAIDs merits future studies.

In summary, our data indicate that the preservation of the
intact phospho-NASIDs is critical for their anticancer activ-
ity, and the inhibition of carboxylesterase-mediated hydroly-
sis may be a novel strategy for enhancing their efficacy.
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