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Abstract: In an inflammatory state where HOCI is generated, glycine readily reacts with
HOCI to produce glycine chloramine, an anti-inflammatory oxidant. Colonic delivery of
celecoxib elicits anticolitic effects in a trinitrobenzene sulfonic acid-induced rat colitis model.
Glycine-bearing celecoxib derivatives were prepared and evaluated as a colon-specific mutual
prodrug acting on nuclear factor-kB (NFxB), an anticolitic target. Glycylcelecoxib (GC),
N-glycylaspart-1-ylcelecoxib (N-GA1C), and C-glycylaspart-1-ylcelecoxib (C-GA1C) were
synthesized and their structures identified using infrared and proton nuclear magnetic resonance
spectrometer. The celecoxib derivatives were chemically stable in pH 6.8 and 1.2 buffers. GC
and C-GA1C were resistant to degradation in the small intestinal contents, while N-GA1C
was substantially cleaved to release celecoxib. In contrast, all the celecoxib derivatives were
degraded to liberate celecoxib in the cecal content. These results suggest that GC and C-GA1C
could be delivered to and liberate celecoxib and glycine in the large intestine. In human colon
carcinoma HCT116 and murine macrophage RAW264.7 cells, combined celecoxib—glycine
chloramine treatment additively suppressed the production of proinflammatory NFkB target
gene products. Collectively, our data suggest that C-GA1C is a potential colon-specific mutual
prodrug acting against NFxB.

Keywords: colon-specific drug delivery, mutual prodrug, celecoxib, glycine chloramine,
nuclear factor kappa-B

Introduction
Proinflammatory mediators, including proinflammatory cytokines, are upregulated in
the colon mucosa and epithelial cells of inflammatory bowel disease (IBD) patients.' In
response to many proinflammatory cytokines, including TNFa., the transcription factor
nuclear factor-kB (NF«B) is activated in many types of cells in the large intestine, lead-
ing to expression of its target genes involved in immunity and inflammation, thereby
playing a central role in the pathological progress of IBD.? For this reason, NFkB has
been considered a therapeutic target for the development of anti-IBD agents.>*
Chloramines of such amino acids as glycine and taurine, which are generated by
reaction with a strong oxidant, HOCI, produced by the neutrophil enzyme myeloper-
oxidase in the inflamed tissues, have an inhibitory effect on NFxB activity.>
Chloramines of amino acids retain the oxidizing capability of HOCI, but are much
less reactive and more selective for thiols and methionine residues in amino acids in
a variety of functional proteins,’’” which could affect signaling pathways in cells. In
fact, the oxidation of methionine in NFkB interferes with its biological activity, lead-
ing to inhibition of NFxB pathways. Such inhibition provides a mechanism whereby
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production of neutrophil oxidants could dampen the inflam-
matory response.®®

Although the therapeutic effectiveness and safety of cele-
coxib, a selective COX-2 inhibitor, in IBD are disputed,'®'*
colon-targeted delivery of celecoxib is suggested to be a
pharmaceutical strategy to settle the controversy by tack-
ling potential troublesome issues raised by long-term use
of celecoxib for the treatment of IBD.!>!¢ A recent paper
demonstrated that colonic delivery of celecoxib improves its
anticolitic effects as well as cardiovascular toxicity, which
may be achieved by increasing the therapeutic concentration
at the target site and decreasing the systemic absorption of
celecoxib.'s

To improve further the therapeutic efficacy of celecoxib,
we designed a colon-specific mutual prodrug of celecoxib
in which aspart-4-yl glycine and glycine were used not only
for a colon-specific carrier but also for a therapeutic moiety.
Glycine in the carrier moiety should be converted to glycine
chloramine in the inflamed colon where HOCl is generated.?
In this study, glycine-bearing celecoxib derivatives were
synthesized and their colon specificity and pharmacologic
mutuality against an anti-inflammatory target (NFxB)
assessed in vitro.

Materials and methods

Materials

Human colon carcinoma HCT116 cells (American Type
Culture Collection, Manassas, VA, USA) were grown in Dul-
becco’s Modified Eagle’s Medium supplemented with 10%
fetal bovine serum and penicillin—streptomycin (HyClone™;
GE Healthcare Bio-Sciences Corp, Piscataway, NJ, USA).
Lipopolysaccharides (LPSs), 1,1’-carbonyldiimidazole (CDI),
N-benzoyl-glycine, and N-(2-hydroxybenzoyl)-glycine were
obtained from Sigma-Aldrich Co (St Louis, MO, USA).
Recombinant human TNFo was obtained from R&D Systems
Inc (Minneapolis, MN, USA). N-(+-Boc)-glycine, 1-benzyl
N-(t-Boc)-aspartate, and 4-benzyl N-(¢-Boc)-aspartate were
purchased from Tokyo Chemical Industry (Tokyo, Japan).
5-Aminosalicyloylglycine was prepared as described in
our previous paper.!” Celecoxib was ether-extracted from
Celebrex capsules (Pfizer Inc, New York, NY, USA). Sol-
vents for proton nuclear magnetic resonance ('H-NMR)
and high-performance liquid chromatography (HPLC) were
obtained from EMD Millipore (Billerica, MA, USA). All
other chemicals were reagent grade, commercially available
products. Infrared (IR) spectra were recorded on a Varian
Fourier-transform IR spectrophotometer (Varian Medical
Systems, Palo Alto, CA, USA). 'H-NMR spectra were taken

on a Varian AS 500 spectrometer, and the chemical shifts
are in parts per million downfield from tetramethylsilane.
The HPLC system consisted of a model 306 pump, a 117
variable ultraviolet detector, a model 234 autoinjector, and a
Model 805 manometric module from Gilson Inc (Middleton,
WI, USA). A symmetry column (R18; Waters, Milford,
MA, USA) (250x4.6 mm) with a guard column (Waters,
3.9x20 mm) was used. The animal protocol used in this
study was reviewed and approved by the Pusan National
University Institutional Animal Care and Use Committee
on ethical procedures and scientific care.

HPLC analysis

Samples prepared were filtered through a membrane filter
(0.45 um). The filtrate (20 uL) was injected on a symmetry
C18 column (Waters), which was eluted with a mobile phase
at a flow rate of 1 mL/min. The mobile phase consisted
of 60% acetonitrile in 0.067 M phosphate buffer (pH 4.5)
containing 0.1% trifluoroacetic acid, which was filtered
through a 0.45 um membrane filter before use. The eluate
was monitored at 273 nm. The detection limit was about
0.2 pug/mL under our experimental conditions. Accuracy
and relative standard deviations were 98.7% and 0.43%,
respectively. Gilson Trilution® LC software was used for
the data analysis. The retention times of celecoxib, aspart-1
-ylcelecoxib (A1C), glycylcelecoxib (GC), C-glycylaspart-
1-ylcelecoxib (C-GA1C), and N-glycylaspart-1-ylcelecoxib
(N-GA1C) were 10.68, 3.11, 5.95, 3.16, and 2.43 minutes,
respectively. HPLC analysis of aromatic acids released from
glycine-conjugated aromatic acids in the cecal contents was
performed as described in previous papers.'”!®

Synthesis of glycine-bearing celecoxib

derivatives

Preparation of 2-amino-N-(4-(5-p-tolyl-3-
(trifluoromethyl)- | H-pyrazol- | -yl)phenylsulfonyl)
acetamide (glycylcelecoxib)

N-(t-Boc)-glycine (0.872 g, 4.978 mmol) was dissolved in
30 mL acetonitrile and added to CDI (0.950 g, 5.8 mmol) in
portions with stirring at room temperature (RT) for 10 min-
utes. The reaction mixture was added to celecoxib (0.5 g,
1.31 mmol [1]) dissolved in triethylamine (4.3 mL, 33 mmol)
and stirred for 4 hours at 55°C. The residue obtained by
evaporation was dissolved in 40 mL ethyl acetate/ether
(1:3) and washed with 5% NaHCO, and subsequently dried
over anhydrous Na_SO,. The solvent was removed by flash
evaporation, and N-(#-Boc)-glycine celecoxib (2) in the oily
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residue was precipitated by the addition of ether. Compound
2 was deprotected in 1 M HCl/acetic acid (10 mg/mL)
to yield the final product: 2-amino-N-(4-(5-p-tolyl-3-
(trifluoromethyl)-1H-pyrazol-1-yl)phenylsulfonyl)acetamide
(GC [3]). Yield: 79%; mp: 189°C-194°C; IR (Nujol): v,
(em™)=1,720 (C=0, SO,NHCO); 'H-NMR (dimethy] sulfox-
ide [DMSO]-d,): d=2.27 (s, 3H), 3.29 (m, 2H), 7.12 (s, 1H),
7.13-7.21 (m, 4H), 7.33 (d, 2H, J =8.5 Hz), 7.80 (d, 2H,
] =9.0 Hz) C jH FN,O,S (438); calculated: C, 52.05;

197717

H, 3.88; N, 12.78; found: C, 52.10; H, 3.89; N, 12.75.

Preparation of |-(L-aspart-|-yl)aminosulfonyl-4-[5-
(4-methylphenyl)-3-(trifluoromethyl) pyrazol-I-yl]
benzene (aspart-|-ylcelecoxib)

A1C was synthesized as described in a previous paper."
Briefly, 4-benzyl N-(t-Boc)-aspartic acid (1.61 g,4.98 mmol, 1)
was dissolved in 30 mL acetonitrile followed by the addition
of CDI (0.95 g, 5.80 mmol), which was stirred at RT for
10 minutes. Celecoxib [1] (0.5 g, 1.31 mmol) and triethylam-
ine (0.3 mL) were added to the reaction mixture and reacted
at 55°C for 4 hours. After the removal of solvents by evapora-
tion, the residue was dissolved in 40 mL ethyl acetate/ether
(1:3), washed with 5% NaHCO,, and subsequently dried over
anhydrous Na,SO,, which was subjected to flash evaporation
to obtain compound 4. Compound 4 was deprotected with
1 M HCl/acetic acid (10 mg/mL) at RT for 3 hours, yielding
compound 5, and subsequently 1 M NaOH (5 ml) at RT for
2 hours followed by acidification to obtain the final product
1-(L-aspart-1-yl)aminosulfonyl-4-[5-(4-methylphenyl)-
3-(trifluoromethyl) pyrazol-1-yl]benzene (A1C, [6]) as
white precipitate: physical data, including melting point, IR
(Nujol), 'H-NMR (DMSO-d6), and elemental analysis, are
identical with those in the previous paper.'

Preparation of I-(N-glycyl-L-aspart-1-yl)
aminosulfonyl-4-[5-(4-methylphenyl)-3-
(trifluoromethyl) pyrazol-1-yl]benzene (N-GAIC)
N-(t-Boc)-glycine (0.33 g, 1.9 mmol) was dissolved in
12 mL acetonitrile followed by the addition of CDI (0.36 g,
2.21 mmol), which was stirred at RT for 10 minutes. Com-
pound 5 (0.30 g, 0.5 mmol) and triethylamine (1.64 mL,
12.6 mmol) were added to the reaction mixture for 4 hours
at 55°C. After the removal of solvents by evaporation, the
residue was dissolved in 20 mL ethyl acetate/ether (1:3),
washed with 5% NaHCO,, and subsequently dried over
anhydrous Na,SO,. The solvent was removed by flash
evaporation to obtain compound 7. Compound 7 was
deprotected in 1 M HCl/acetic acid (10 mg/mL) at RT for

3 hours and subsequently 1 M NaOH (5 ml) for 2 hours,
followed by acidification to yield the final product 1-(N-
glycyl-L-aspart-1-yl)aminosulfonyl-4-[ 5-(4-methylphenyl)-
3-(trifluoromethyl) pyrazol-1-yl]benzene (N-GA1C [8]) as
white precipitate. Yield: 27%; mp: 154°C—-158°C; IR (Nujol):
v_. (em™)=1,700 (C=0, SO,NHCO), 1,668 (C=0, amide),
1,596 (C=0, carboxylic) 'H-NMR (DMSO-d6): & =2.30
(s, 3H), 2.35 (dd, 1H, J =7.5, 15.5 Hz), 2.61 (dd, 1H,
J=5.5,12.5 Hz), 4.02 (t, 2H, ] =5.0 Hz), 4.4 (m, 1H), 7.13
(s, 1H),7.14-7.21 (m,4H), 7.51 (d, 2H,J=8.5 Hz), 7.85 (d, 2H,
J=8.0 Hz); C,.H F N._O_S (553.12); calculated: C, 49.91;

23772273 576

H, 4.01; N, 12.65; found: C, 49.77; H, 3.97; N, 12.51.

Preparation of |-[(2S)-2-(amino)-3-[(carboxymethyl)
carbamoyl]propanoyl]amino sulfonyl-4-[5-(4-
methylphenyl)-3(trifluoromethyl)pyrazol-1-yl]
benzene (C-GAICQC)

The benzyl group of 4-benzyl N-(+-Boc)-aspart-1-yl celecoxib
(4) was removed in 1 M NaOH solution to yield compound 9.
Compound 9 (0.29 g, 0.5 mmol) was dissolved in 12 mL ace-
tonitrile followed by the addition of CDI (0.09 g, 0.55 mmol),
which was stirred at RT for 10 minutes. O-benzylglycine
(0.33 g, 2 mmol) and triethylamine (0.41 mL, 3.15 mmol)
were added to the reaction mixture and stirred at 50°C for
6 hours. After removal of the solvent by evaporation, the resi-
due was dissolved in 20 mL ethyl acetate/ether (1:3), washed
with 0.1 M HCI, and subsequently dried over anhydrous
Na,SO,, which was subjected to flash evaporation to obtain
compound 10. Compound 10 was deprotected in 1 M HCI/
acetic acid (10 mg/mL) at RT for 3 hours and subsequently
1 M NaOH for2 hours followed by acidification to obtain the final
product 1-[(25)-2-(amino)-3-[(carboxymethyl)carbamoyl]
propanoyl]aminosulfonyl-4-[5-(4-methylphenyl)-3
(trifluoromethyl)pyrazol-1-yl]benzene (C-GA1C [11]) as
white precipitate. Yield: 20%; mp: 140°C—-143°C; IR (Nujol):
v (em™)=1,715 (C=0, SO,NHCO), 1,679 (C=0, amide),
1,595 (C=0, carboxylic); 'H-NMR (DMSO-d6): 6 =2.29 (s,
3H), 1.96 (dd, 1H, =8, 16 Hz), 2.3 (dd, 1H, J=4, 15 Hz), 3.76
(m, 2H), 4.0 (m, 1H), 7.16 (s, 1H), 7.15-7.21 (m, 4H), 7.51
(d, 2H, 1 =9.0 Hz), 7.85 (d, 2H, J =8.5 Hz); C,,H ,F N.OS
(553.12); calculated: C, 49.91; H, 4.01; N, 12.65; found: C,
49.81; H, 3.99; N, 12.54.

Apparent partition coefficient

To each solution of celecoxib derivatives (10 mL, 500 uM) in
pH 6.8 isotonic phosphate buffer presaturated with 1-octanol,
10 mL of 1-octanol presaturated with the phosphate buffer
was added. The mixture was shaken for 1 hour and left
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at 37°C for 3 hours. The concentration of each celecoxib
derivative in the aqueous phase was analyzed by HPLC. The
apparent partition coefficients were calculated by employ-
ing the equation (Co—Cw)/Cw, where Co and Cw represent
the initial and equilibrium concentration of the drug in the
aqueous phase, respectively.

Chemical stability

Each solution of celecoxib derivatives in pH 1.2 hydrochloric
acid buffer or in pH 6.8 isotonic phosphate buffer (500 uM)
was incubated at 37°C for 10 hours. At a predetermined time
interval, a 20 pL portion of each solution was removed and
the concentrations of celecoxib and celecoxib derivatives
analyzed by HPLC.

Incubation of amino acid-conjugated
derivatives in suspensions of

gastrointestinal tract contents

Male Sprague Dawley rats (250-260 g; Samtako, Osan, South
Korea) were killed by carbon dioxide and a midline incision
was made. The contents of proximal small intestine, distal
small intestine, and cecum were collected separately and sus-
pended in pH 6.8 isotonic phosphate buffer to 20% (w/v). In
amicrotube, each celecoxib derivative in the buffer (0.5 mL,
1 mM) was added to the suspension (0.5 mL) and incubated
at 37°C under nitrogen (for incubation in the cecal contents).
At an appropriate time interval, the samples were extracted
with ethyl acetate (0.5 mL) followed by centrifugation at
6,000 g for 5 minutes. Methanol (1.0 mL) was added to
the residue obtained from evaporation of the organic layer
(0.1 mL), vortexed, and centrifuged at 20,000 g at 4°C for
10 minutes. The concentration of celecoxib in a 20 UL portion
of the supernatant was determined by HPLC. For analysis
of benzoic acid, salicylic acid, and 5-aminosalicylic acid,
samples were centrifuged at 6,000 g for 3 minutes, skipping
the extraction process. Methanol (0.9 mL) was added to the
supernatant (0.1 mL), vortexed, and centrifuged at 20,000 g at
4°C for 10 minutes. The concentration of the aromatic acids
in the supernatants (20 uL) was analyzed by HPLC.

Western blot

Cells were lysed to obtain whole-cell lysates as described
previously.' Cell lysates were electrophoretically sepa-
rated using 7.5% or 10% gels. Proteins were transferred to
nitrocellulose membranes (Protran; Schleicher and Schuell
BioScience Inc, Keene, NH, USA). COX-2 and iNOS pro-
teins in cell lysates and tissue homogenates were detected
using a monoclonal anti-COX-2 antibody (Cell Signaling

Technology Inc, Danvers, MA, USA) and anti-iNOS
(NOS-2) antibody (Santa Cruz Biotechnology Inc, Dallas,
TX, USA). Signals were visualized using the SuperSignal
chemiluminescence substrate (Thermo Fisher Scientific,
Waltham, MA, USA). Experiments were performed in dupli-
cate, and equivalent loading was confirmed by probing the
blots anti-o-tubulin antibody (Santa Cruz Biotechnology).

Luciferase assay

Cells were plated in six-well plates to be 50%—60% conflu-
ent on the day of transfection with either NFxB-dependent
luciferase plasmid (0.5 pg, a gift from Dr. M. Birrer, National
Cancer Institute/National Institute of Health, USA). FuGene
(Hoffman-La Roche Ltd, Basel, Switzerland) was used as a
transfection reagent. At 24 hours posttransfection, cells were
treated with TNFo. (10 ng/mL) in the presence of the reagent
at the indicated concentrations in the figure legends. Cells
were lysed 6 hours later, and luciferase activities were mea-
sured and normalized to cytomegalovirus Renilla luciferase
activities using a Dual Luciferase Reporter Assay System
(Promega Corporation, Fitchburg, WI, USA).

IL-8 ELISA

For analysis of IL-8 (neutrophil chemotactic factor) in cell-cul-
ture supernatants, HCT116 cells were treated with TNFouin the
presence of various concentrations of drugs, and an appropriate
volume of the supernatants was subjected to IL-8 enzyme-
linked immunosorbent assay (ELISA; R&D Systems).

Statistical analysis

The results are expressed as means + standard error of the
mean. One-way analysis of variance followed by Tukey’s
honest significant difference test was used to test for differ-
ences between data. Differences with P<<0.05 were consid-
ered significant. XLStat® software (Addinsoft Inc, New York,
NY, USA) was used for the statistical analysis.

Results
Design and synthesis of potential colon-

specific mutual prodrugs of celecoxib

Colon-targeted celecoxib is more effective than conventional
celecoxib in ameliorating rat colitis.'® To improve further the
therapeutic efficacy of colon-targeted celecoxib, glycine was
selected as a colon-specific carrier for colon-targeted delivery
of celecoxib. In the inflamed colon, glycine is very likely con-
verted to glycine chloramine, which has anti-inflammatory
activity.® Glycine was conjugated to celecoxib directly or
via aspartic acid to yield colon-specific mutual prodrugs.
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As shown in Figure 1A and B, A1C (6) and three glycine-
bearing celecoxib derivatives — GC (3), C-GA1C (11), and
N-GA1C (8) — were synthesized. Formation of the final prod-
ucts was confirmed from the spectral data of IR, "TH-NMR,
and elemental analysis.

Chemical stability and apparent partition

coefficient

Each celecoxib derivative was incubated in pH 1.2 and
pH 6.8 buffer solutions, which represent the pH of the
stomach and small intestine, respectively. Neither the
concentration of the celecoxib derivatives changed nor
was celecoxib detected during 10 hours’ incubation at
37°C. Apparent partition coefficients of celecoxib, GC,
N-GAI1C, and C-GAIC in 1-octanol/isotonic phosphate
buffer were 4.86, 1.2, —0.31, and 0.34, respectively. These
results indicate that celecoxib derivatives might be chemi-
cally stable during the transit through the upper intestine,
and conjugation of celecoxib with the amino acids lowered
partition coefficients.

Incubation of the celecoxib derivatives in

the contents of small intestine and cecum
For a prodrug to be colon-specific, the prodrug should be
chemically and enzymatically stable during the transit of
the upper gastrointestinal tract (stomach and small intestine)
and be deconjugated to liberate the active agent at the large
intestine.?’ To test this in vitro, glycine-bearing celecoxib
derivatives were incubated with the small intestinal contents
or cecal contents of rats, and changes in levels of celecoxib
and the celecoxib derivatives were monitored. As shown in
Figure 2A, GC and C-GA1C were resistant to degradation

A

(0]
\)J\ CDI
Boc-HN OH

in the proximal and distal small intestinal contents, while
N-GAI1C was substantially cleaved to release celecoxib.
In contrast, all the celecoxib derivatives were degraded
to liberate celecoxib in the cecal content (Figure 2B). The
celecoxib-release rates in the cecal contents were in the order
of N-GA1C > C-GA1C > GC, which corresponded to the
disappearance rates of the derivatives. Celecoxib released
from N-GA1C, C-GA1C, and GC was 100% (4 hours after
incubation), 65%, and 30% of the dose, respectively, 24 hours
after incubation. To examine whether the cecal conversion of
the derivatives to celecoxib took place by microbial enzymes,
the same experiments were performed using autoclaved cecal
contents. Autoclaving of cecal contents inactivates micro-
bial enzymes that participate in colonic metabolisms.?' In
contrast, no change in the levels of the celecoxib derivatives
was observed in the autoclaved cecal contents throughout the
experimental period (10 hours). These results suggest that
GC and C-GA1C administered orally could be delivered to
(without significant loss in the upper intestine) and liberate
celecoxib in the large intestine.

C-GAIC likely liberates glycine in the

cecal contents

Since the celecoxib derivatives were designed as a mutual
prodrug liberating celecoxib and glycine to act together
against inflammation, it is important whether such celecoxib
derivatives provide glycine along with celecoxib. For GC, it
is certain that the derivative delivered to the large intestine
should release glycine as well as celecoxib. For C-GA1C, this
is not the case. To examine whether C-GA 1C can release gly-
cine, additional experiments were performed to speculate on a
degradation pathway of C-GA1C in the cecal contents. A1C,

N
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Figure | Synthesis of glycine-bearing celecoxib derivatives.

Notes: (A) Synthesis of 2-amino-N-(4-(5-p-tolyl-3-(trifluioromethyl)- | H-pyrazol- | -yl)phenylsulfonyl)acetamide (GC, 3). (B) Synthesis of I-(N-glycyl-L-aspart-|-yl)
aminosulfonyl-4-[5-(4-methylphenyl)-3-(trifluoromethyl)-pyrazol- | -yllbenzene (N-GAIC, 8) and |-[(2S)-2-(amino)-3-[(carboxymethyl)carbamoyl]propanoyl]amino sulfonyl-

4-[5-(4-methylphenyl)-3(trifluoromethyl)-pyrazol- | -ylJbenzene (C-GAIC, II).

Abbreviations: GC, glycylcelecoxib; N-GAIC, N-glycylaspart-|-ylcelecoxib; C-GAIC, C-glycylaspart-|-ylcelecoxib.

the celecoxib derivative obtained when glycine is cleaved off
C-GA1C and N-GA1C, was incubated in the cecal contents,
and its degradation and celecoxib release were compared to
those of C-GA1C and N-GA1C. As shown in Figure 3A,
the rates of the derivatives’ degradation corresponded to
those of celecoxib production, and the order of the rates
was N-GA1C > A1C > C-GAIC. A1C production was also

monitored during incubation of N-GA1C and C-GA1C with
the cecal contents. A1C was not detected in the cecal contents.
These results suggest that N-GA1C and C-GA1C undergo a
one-step degradation pathway to release celecoxib without
conversion to A1C, likely being cleaved between the dipep-
tides C-(aspart-4-yl)glycine or N-glycylaspartic acid and
celecoxib. According to the speculated degradation pathway
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Figure 2 Incubation of celecoxib derivatives with the contents of various segments of the gastrointestinal tracts of rats.

Notes: (A) The contents of proximal small intestine (PSI) and distal small intestine (DSI) were collected separately and suspended in pH 6.8 isotonic phosphate buffer to
20% (w/v). Each celecoxib derivative in the buffer (0.5 mL, | mM) was added to the suspension (0.5 mL) and incubated at 37°C. At an appropriate time interval, celecoxib in
the samples was analyzed by high-performance liquid chromatography (HPLC). (B) The contents of the cecum were collected and suspended in pH 6.8 isotonic phosphate
buffer to 20% (w/v). Each celecoxib derivative in the buffer (0.5 mL, | mM) was added to the suspension (0.5 mL) and incubated at 37°C under nitrogen. At an appropriate

time interval, celecoxib in the samples was analyzed by HPLC.

Abbreviations: GC, glycylcelecoxib; N-GAIC, N-glycylaspart- | -ylcelecoxib; C-GAIC, C-glycylaspart-|-ylcelecoxib.

of C-GAI1C, it is possible that C-(aspart-4-yl)glycine, the
carrier of C-GAIC, is released without further degradation
to glycine and aspartic acid. To examine the possibility that
the amide bond in the dipeptide carrier is susceptible to
colonic microbial enzymes, aromatic acid—glycine conjugates
that have the same linkage type as C-(aspart-4-yl)glycine,
N-benzoylglycine, N-salicyloylglycine, and N-(5-aminosal-
icyloyl)glycine were subjected to release experiments in the
cecal contents. As shown in Figure 3B, aromatic acid—glycine
conjugates were susceptible to cecal degradation, leading
to release of the aromatic acids. Therefore, it is likely that
N-(aspart-4-yl)glycine released from C-GA1C in the large
intestine is cleaved to liberate glycine.

Glycine chloramine and celecoxib elicit

an additive inhibitory effect against NFxB

Our data suggest that C-GA1C and GC delivered to the target
site could liberate celecoxib and glycine. Since HOCl is gen-
erated in the inflamed colon and reacts with taurine to produce
taurine chloramine, glycine liberated from C-GA1C is very
likely changed to glycine chloramine.® Celecoxib as well
as glycine chloramine inhibits NFkB, a transcription factor
involved in the regulation of inflammation and immunity,>*%*
in various types of cells. NFxB activity is elevated in the
inflamed intestine, playing an important role in the progres-
sion of chronic intestinal inflammation.* It was hypothesized
that glycine and celecoxib may elicit an additive activity by
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Figure 3 C-GAIC likely liberates glycine during incubation with the cecal contents.
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Notes: (A) The contents of the cecum were collected and suspended in pH 6.8 isotonic phosphate buffer to 20% (w/v). Each celecoxib derivative in the buffer (0.5 mL, | mM)
was added to the suspension (0.5 mL) and incubated at 37°C under nitrogen. At an appropriate time interval, celecoxib in the samples was analyzed by high-performance
liquid chromatography (HPLC). (B) The glycine-conjugated aromatic acids N-benzoylglycine, N-salicyloylglycine, and N-(5-aminosalicyloyl)-glycine were subjected to the same
experiment as in (A). Benzoic acid, salicylic acid, and 5-aminosalicylic acid in the samples were analyzed by HPLC. Data are means * standard error of mean (n=3).
Abbreviations: N-GA|C, N-glycylaspart- | -ylcelecoxib; C-GAIC, C-glycylaspart- | -ylcelecoxib.

acting together on the common target — NFkB. To test this
hypothesis, we first examined whether glycine chloramine
inhibited NFxB in human colon carcinoma HCT116 cells and
murine macrophage RAW264.7 cells. In our previous paper,
inhibitory effect of celecoxib on NFkB was demonstrated in
the cell lines.'® Since colon-specific prodrugs of celecoxib can
produce more than 100 uM celecoxib to the large intestine, '
cell experiments were performed between 10 and 100 uM.
Human colon carcinoma HCT116 cells were transfected
with an NFxB-dependent luciferase plasmid followed by
treatment with TNFa. in the presence of glycine chloramine
and/or celecoxib. As shown in Figure 4A, TNFa induced
luciferase up to 18.5-fold, glycine chloramine attenuated
TNF-mediated induction of the luciferase, and combined
celecoxib—glycine chloramine treatment showed an addi-
tive inhibitory effect on the expression of NFkB-dependent
luciferase. To confirm this, cells were treated with TNFo (for
HCT116 cells) or LPS (for RAW264.7 cells) in the presence
of glycine chloramine and/or celecoxib, and secretion of IL-8,
a chemoattractant for neutrophil, and induction of COX-2 and
iNOS protein were monitored. IL-8, COX-2 and iNOS are
NFxB target genes products involved in gut inflammation.'’
As shown in Figure 4B, consistent with the luciferase results,
various concentrations of glycine chloramine suppressed
TNFa secretion of IL-8 and LPS induction of COX-2 and
iNOS proteins. Combined celecoxib—glycine chloramine

treatment elicited an additive inhibitory effect on production
of the NF«B target gene products. The inhibitory effects of
celecoxib on NFxB are shown in Figure S1.

Discussion

Glycine-bearing celecoxib derivatives were designed and
prepared as a colon-specific mutual prodrug acting on
NFxB. The derivatives were chemically stable in pH condi-
tions representing the stomach and intestine, and had lower
partition coefficients than celecoxib. GC and C-GA1C were
resistant to degradation in the small intestinal contents,
while N-GA1C liberated a substantial amount of celecoxib.
In contrast, all the derivatives generated celecoxib in the
cecal contents. In human colon carcinoma cells, celecoxib or
glycine chloramine inhibited NFxB activity, and combined
treatment with the two agents elicited an additive inhibitory
activity.

The (bio)chemical stability of glycine-bearing celecoxib
derivatives in the contents of the gastrointestinal tract sug-
gests that GC and C-GA1C but not N-GA1C are appropriate
for colonic delivery of celecoxib. N-GA1C is very likely to
release a substantial amount of celecoxib before reaching
the large intestine. Based on lower partition coefficients
and greater cecal conversion of C-GAI1C to celecoxib,
C-GA1C may be more efficient than GC in increasing thera-
peutic availability of celecoxib in the large intestine, which
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Figure 4 Combined celecoxib—glycine chloramine (GCh) treatment additively suppresses NFxB activity.

Notes: Data are mean + standard error of mean (n=5). ***P<0.005 versus group treated with TNFa alone. #P<0.05 versus GCh or celecoxib-treated group. *P<<0.05 versus
group treated with TNFa: alone. (A) Left: Colon carcinoma HCT 16 cells were cotransfected with NF«kB-dependent luciferase plasmid (0.4 |1g) and cytomegalovirus (CMV)
Renilla luciferase plasmid (4 ng), and subsequently treated for 6 hours with TNFa (10 ng/mL) in the presence of various concentrations of GCh. Reporter activities were
measured and normalized to CMV Renilla luciferase activity. Right: The same experiment was performed in the presence of celecoxib (50 uM) and/or GCh (25 uM). (B) Left:
HCT116 cells were stimulated with TNFa: for 6 hours in the presence of various concentrations of GCh. Levels of IL-8 were monitored in the supernatants. Right: The same
experiment was performed in the presence of celecoxib (50 uM) and/or GCh (25 uM). (C) Left: RAW264.7 cells were stimulated with lipopolysaccharide (LPS) for 4 hours
in the presence of various concentrations of GCh. Levels of iNOS and COX-2 protein were monitored in the whole-cell lysates. Right: The same experiment was performed
in the presence of celecoxib (50 tM) and/or GCh (25 uM). Band intensities obtained from Western blots performed in duplicate were measured using GelQuant (version
1.7.8), and average values are presented as relative intensities of the strongest band.

C-GAlC torelease celecoxib without further degradation to
glycine and aspartic acid. Actually, our data showing that
AI1C was not detected during incubation of C-GA1C and
conversion of A1C to celecoxib occurred faster than that of
C-GAI1C in the cecal contents suggest that C-GA1C could
be degraded to liberate celecoxib and C-aspart-4-ylglycine.
Nonetheless, this may not cause a problem in generating
glycine in the large intestine, since C-aspart-4-ylglycine is
likely susceptible to cecal metabolism, resulting in glycine

depends on the restriction of systemic absorption and colonic
conversion rate of a colon-specific prodrug.?

Since glycine in the cecal contents was not able to be
quantified directly, celecoxib released from GC and C-GA1C
was considered to reflect glycine release. Celecoxib release
from GC, in which glycine is directly conjugated to celecoxib,
should come along with glycine. However, for C-GA1C, in
which aspartic acid acts as a linker between celecoxib and
glycine, it is possible that C-aspart-4-ylglycine is cleaved off
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release. This is supported by our data showing that glycine-
conjugated aromatic acids with the same bond type as
C-aspart-4-ylglycine were efficiently metabolized to release
aromatic acids and glycine in the cecal contents. Although
one-step degradation of C-GAI1C is suggested, it is also
possible that C-GA1C undergoes a sequential degradative
pathway liberating A1C and glycine. No detection of A1C
may be ascribed to faster conversion of A1C to celecoxib than
that of C-GA1C to A1C (Figure 3A). Since this degradation
pathway surely produces glycine, no further experiment was
performed to clarify this possibility.

Consistent with previous papers,>'¢ either glycine
chloramine or celecoxib inhibited NFxB in colon carcinoma
cells. Moreover, the two molecules elicited an additive
inhibitory effect on NFxB. Considering that NFxB is a major
drug target for the treatment of colitis, C-GA1C may actas a
mutual prodrug against colitis. This argument is supported by
the in vitro results showing potential colon targetability and
a previous paper strongly suggesting conversion of glycine
to glycine chloramine in the inflamed colon.® Furthermore,
concentrations of glycine and celecoxib used for cell-based
experiments may be pharmacologically relevant, given
that colon-specific prodrugs of celecoxib produces more
than 100 uM celecoxib in the large intestine.’* However,
in vivo experiments are needed to explicate the therapeutic
feasibility of the prodrugs. Taken together, our data suggest
that C-GA1C is a potential colon-specific mutual prodrug
acting against colitis.
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Figure SI Celecoxib inhibits NFkB activity.

Notes: (A) Colon carcinoma HCT116 cells were cotransfected with NFkB-dependent luciferase plasmid (0.4 Lig) and cytomegalovirus (CMV) Renilla luciferase plasmid
(4 ng), and subsequently treated for 6 hours with TNFa. (10 ng/mL) in the presence of various concentrations of celecoxib. Reporter activities were measured and normalized
to CMV Renilla luciferase activity. *P<<0.05; ***P<0.005 versus group treated with TNFa. alone. (B) HCT 116 cells were stimulated with TNFa. for 6 hours in the presence of
various concentrations of celecoxib. Levels of IL-8 were monitored in the supernatants. **P<0.005 versus group treated with TNFa. alone.
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