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ABSTRACT: Improving the gastrointestinal safety profile of
nonsteroidal anti-inflammatory drugs (NSAIDs) is an
important goal. Herein, we report two strategies, using the
nonacidic propyphenazone structure, with potential to over-
come the side effects of NSAIDs. Propyphenazone was
employed to temporarily mask the free acid group of the
widely used NSAIDs ibuprofen, diclofenac, and ketoprofen to
develop three mutual prodrugs hypothesized to have minimal
GI irritation. The three prodrugs exhibit in vivo anti-
inflammatory and analgesic activities with improved potency
over each parent drug when compared to a nonhydrolyzable control betahistine−propyphenazone (BET−MP). Additionally,
ANT−MP formed by the irreversible coupling of propyphenazone and 4-aminoantipyrine, displayed exceptional COXII
selectivity (COXII IC50 of 0.97 ± 0.04 μM, compared to no observed inhibition of COXI at 160 μM). Inhibition of COXII
suppresses inflammatory diseases without affecting COXI-mediated GI tract events. ANT−MP exhibited maximal analgesic effect
when tested in vivo in an abdominal writhing assay (100% protection) and its anti-inflammatory activity showed a peak at 2 h in a
carrageenan-induced paw edema model. Its unique selectivity toward the COXII enzyme was investigated using molecular
modeling techniques.
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NSAIDs are widely prescribed for pain management and for the
treatment of various inflammatory disorders. For example,
NSAIDs annually account for 70 million prescriptions and 30
billion over-the-counter (OTC) medications sold in the United
States alone. All of these drugs express their therapeutic actions
by inhibiting the biosynthesis of prostaglandins (PGs) through
inhibition of the cyclooxygenase isoforms cyclooxygenase-1
(COXI) and cyclooxygenase-2 (COXII).1 COXI is expressed
constitutively and synthesized continuously. It is present in all
tissues and cell types, whereas COXII is considered to be an
inducible isoenzyme that plays an important role in acute pain
and inflammatory processes.2

The use of NSAIDs has several limitations, including
gastroduodenal, renal, and cardiovascular toxicities.3 The
damage caused by NSAIDs to the gastroduodenal mucosa
can be attributed to several mechanisms,4 including topical
irritation of the epithelium that is predominantly associated
with the free carboxylic acid residue of the NSAIDs.5,6 This
residue causes uncoupling of the oxidative phosphorylation
(mitochondrial respiration) process in the epithelial cells, which
alters their ability to regulate normal functions, such as the
maintenance of intracellular pH.7 Nonselective COX inhibitors
suppress gastric prostaglandin synthesis due to the inhibition of
COXI leading to severe gastric damage.8,9

Several strategies may be used to modulate the gastro-
duodenal toxicity caused by NSAIDs, such as the use of nitric
oxide-donating NSAIDs (NO-NSAIDs), which are capable of
generating gastroprotective NO.10,11 NO has been reported to
raise mucosal blood flow,12 which increases the mucosal
resistance to ulceration.13 It also affects the mucosal immune
system14 and enhances the capability of ulcerated mucosal cells
to undergo healing and repair.10 Other approaches include the
use of a prodrug where the carboxylic acid moiety of NSAIDs is
esterified to suppress their gastric toxicity without adversely
affecting their anti-inflammatory activity. In addition, bio-
transformation of the prodrugs to the parent compounds at
their target site or sites of activity may be used to achieve rate
and time controlled drug delivery of the active entities.15

Several attempts have been made to develop prodrugs of
NSAIDs.16,17 A third strategy is to identify inhibitors that
selectively target the COXII enzyme to inhibit prostaglandin
production at the site of inflammation, without affecting
important prostaglandins present in normal tissues such as the
stomach.2
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The first generation of COXII inhibitors (coxibs) was
introduced in 1995. The U.S. Food and Drug Administration
(FDA) approved Celecoxib (by Monsanto) and Rofecoxib (by
Merck) in 1999. In 2000, two large studies, CLASS (Celecoxib
Long-Term Arthritis Safety Study) and VIGOR (Vioxx
Gastrointestinal Outcomes Research) confirmed the improved
gastrointestinal toxicity of these two drugs if compared to the
nonselective NSAIDs, but the VIGOR study warned of possible
cardiovascular side effects for Rofecoxib. Rofecoxib was
voluntary withdrawn from the market by its manufacturer in
September 2004. Since then several concerns have been raised
against the use of COXII inhibitors.18,19 Given that Celecoxib is
still prescribed without serious cardiovascular side effects,
Zarraga et al.19 raised the question “Are all coxibs the same?”
They reported that numerous studies indicate different degrees
of cardiovascular risk associated with different coxibs,
suggesting that COXII inhibitors can be used for the young,
or low-risk individuals, but not for patients with coronary artery
diseases (CAD) or multiple risk factors for CAD.
In this study, we selected propyphenazone as our lead

NSAID for development into either a mutual prodrug (a
composition of two drugs attached together in an inactive
configuration)17 or a COXII selective inhibitor. Propyphena-
zone is a nonacidic pyrazole NSAID that has good analgesic
activity with minimal anti-inflammatory activity.17,20,21 The
coupling of propyphenazone with other widely used acidic
NSAIDs such as ketoprofen, ibuprofen, and diclofenac
produced mutual prodrugs with synergistic analgesic effects.
Furthermore, its nonprodrug coupling to another nonacidic
NSAID, 4-aminoantipyrine, highly enhanced its COXII
selectivity. Recently, a few reports have emphasized the
cardiovascular toxicities that appear in patients receiving
propyphenazone.22 Administration of propyphenazone when
irreversibly coupled to 4-aminoantipyrine is expected to
minimize such toxicities.
Propyphenazone-Based Mutual Prodrugs. It has been

reported that propyphenazone (PP) metabolism proceeds
through the formation of 3-hydroxymethyl-1-propyphenazone
(HPP in Figure 1A), which has been shown to be
pharmacologically equivalent to the parent drug PP.17,23 We
followed the strategy of Perez et al. and employed an esterase-
triggered functional group to mask polar carboxylic acids.24

Herein, we used bromopropyphenazone (BMP) (Figure 1A) to
mask the carboxylic group of three widely used acidic NSAIDs
(ibuprofen, IB; diclofena, DIC; and ketoprofen, KET) (Figure
1C). The hydrolysis of each ester will result in pharmacolog-
ically active HPP and the corresponding acidic NSAID leading
to both analgesic and anti-inflammatory effects (synergistic
effect). As a negative control for the in vivo experiments,
betahistine, BET, an antivertigo drug,25 was coupled with BMP
through a nonhydrolyzable bond to produce a pharmacolog-
ically inactive compound (Figure 1C). The synthesis of the
prodrugs was straightforward. The use of dioxan and methylene
chloride as solvents afforded a good yield of BMP, with
minimal dibrominated byproduct (Figure 1A). Esterification in
dried acetone or methylene chloride followed by heating for 1 h
at 90−100 °C yielded the products shown in Figure 1B. A
higher temperature produced multiple degradation byproducts.
A slight excess of the NSAIDs (1.01 mol) to 1 mol of BMP
resulted in complete conversion.
COX Inhibition Studies. To evaluate the efficacy of the three

mutual prodrugs (IB−MP, KET−MP, and DIC−MP) and to
confirm that the protecting group will cleave effectively in the

presence of esterases to generate active drugs, their ability to
inhibit COXI and COXII enzymes was estimated in the
absence and presence of porcine liver esterase (PLE) (Table 1
and Figure 2). Ovine COXI enzyme and human recombinant
COXII were used in the assay. Before treatment with PLE the
three prodrugs showed minimal inhibition of either COXI or
COXII. Substrate-selective inhibition of cyclooxygenase has
recently been reported by Windsor et al. and others.26 Such
inhibitors (e.g., ketoprofen and ibuprofen) bind in one active
site of cyclooxygenase and alter the structure of the second
active site rendering it either fully or partially inhibited toward a
particular substrate. For some substrates no inhibition is seen.
As shown in Table 1 and Figure 2, ibuprofen−propyphenazone
(IB−MP) did not inhibit COXI but minimally inhibited COXII
with 15% maximum inhibition (IC50 = 1.8 ± 0.2 μM).
Diclofenac−propyphenazone (DIC−MP) did not inhibit
COXII but inhibited COXI with 29% maximum inhibition
(IC50 = 7.1 ± 0.9 μM), while ketoprofen−propyphenazone
(KET−MP) inhibited both COXI and COXII with 43% and
19% maximum inhibition (IC50 = 0.2 ± 0.01 and 0.04 ± 0.01
μM), respectively.

Figure 1. (A) Synthesis of bromopropyphenazone (BMP) and
hydroxypropyphenazone (HPP). (B) Synthesis of ibuprofen−
propyphenazone (IB−MP), diclofenac−propyphenazone (DIC−
MP), ketoprofen−propyphenazone (KET−MP), betahistine−propy-
phenazone (BET−MP), and 4-aminoantipyrine−propyphenazone
(ANT−MP) derivatives. (C) Chemical structures of the tested
compounds.
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Figure 2 shows the effect of PLE on the dose−response curve
of the three prodrugs and compares them to the parent acidic
NSAID. Upon the addition of PLE, the percentage inhibition of
COXI and COXII by the three prodrugs increased to 100%
indicating activation of the prodrugs by PLE.24 The potency
and selectivity of each prodrug toward COXI and COXII after
PLE treatment was comparable to the potency and selectivity of
the released parent NSAID when assayed individually (Table
1). Noticeably, IB−MP showed more potent inhibition than its

parent drug, for example, IB−MP inhibited COXI and COXII
with IC50 of 4.7 ± 0.3 and 1.3 ± 0.15 μM, respectively, while
ibuprofen (IB) alone inhibited them with an IC50 of 10 ± 1.2
and 4.3 ± 0.5 μM, respectively (Table 1). PLE addition to
betahistine−propyphenazone (BET−MP) did not produce any
enhancement of its activity against the COXI or COXII
enzymes, validating its use as a negative control in in vivo
experiments (Table 1).

Release Kinetics. To quantify the sensitivity of these
prodrugs to esterase, we followed the procedure of Perez et
al.24 by performing pseudo-first-order kinetic measurements
using UV−vis absorption spectroscopy (Figures 2D−F and S1,
Supporting Information). The absorbance of the reaction
mixture was monitored for 100 min after the addition of PLE.
The observed spectrum was recorded at different time points
(Figure 2D−F) and the absorbance at λmax of 266 nm for IB−
MB, 266 nm for DIC−MP, and 276 nm for KET−MP was
plotted against time (in seconds) (Figure S1A−C, Supporting
Information). The data presented in Figure S1A−C, Support-
ing Information, were fitted to pseudo-first-order kinetics
(correlation coefficient ≥ 0.99). The rate constant computed at
pH 7.5 were 0.0004, 0.001, and 0.0003 s−1 for IB−MP, DIC−
MP, and KET−MP, respectively, which corresponds to half-
lives of 28.8, 11.5, and 38.5 min for IB−MP, DIC−MP, and
KET−MP, respectively (Figure S1D, Supporting Information).
As expected, the addition of PLE to the negative control
compound BET−MP did not affect its UV−vis spectrum after
exhaustive incubation (Figure S1E, Supporting Information).

In Vivo Evaluation. Analgesic and anti-inflammatory
activities of the three mutual prodrugs were tested and
compared to equivalent doses of the parent drugs. For the
analgesic activity, an abdominal writhing assay was em-
ployed.28,29 Intraperitoneal (i.p.) injection of freshly prepared
acetic acid (1%, 10 mL/kg, i.p.) was used to induce writhing in
mice. The frequency of the writhes induced by acetic acid was
expressed as a nociceptive response. Mice were treated orally
with each prodrug, parent drug, or vehicle then injected by
acetic acid after 1 h of drug administration. The writhing
response was recorded for 20 min (Tables 3 and 4). All three
mutual prodrugs significantly reduced the writhing response
compared to their parent drugs when taken individually. The
protection from writhing caused by IB−MP was 95%, while IB
or PP alone caused only 60 and 45% protection, respectively.
Similarly, DIC−MP and KET−MP caused writhing protection
of 87 and 73%, respectively (Table 3), while DIC and KET
alone caused 63 and 66% protection, respectively. Interestingly,
the negative control BET−MP caused a similar protection to
PP when taken alone. The enhanced analgesic activity of the

Table 1. In Vitro COXI and COXII Inhibition by the Three Mutual Prodrugsa

+ porcine liver esterase

compd CoxI CoxII CoxI CoxII SIb

IB−MP no inhibition 1.8 ± 0.2 (15%) 4.7 ± 0.3 (100%) 1.3 ± 0.15 (100%) 3.6
IB 10.1 ± 1.2 (100%) 4.3 ± 0.46 (100%)
DIC−MP 7.1 ± 0.9 (29%) no inhibition 0.25 ± 0.03 (100%) 9.9 ± 0.22 (100%) 0.03
DIC 0.32 ± 0.03 (100%) 16.9 ± 1.8 (100%)
KET−MP 0.2 ± 0.01 (43%) 0.04 ± 0.01 (19%) 0.48 ± 0.06 (100%) 2.2 ± 0.21 (100%) 0.22
KET 0.8 ± 0.06 (100%) 3.8 ± 0.8 (100%)
BET−MP 24.0 ± 2 (43%) no inhibition 24.0 ± 2 (43%) no inhibition <0.1

aValues represent IC50 (μM) and % inhibition at saturation. bIn vitro COXII selectivity index (CoxI IC50/CoxII IC50) calculated in the presence of
PLE.

Figure 2. Effects of IB−MP (A), DIC−MP (B), and KET−MP (C) on
the activity of ovine COXI and human COXII in the absence/presence
of porcine liver esterase (PLE). Their activities were compared to the
inhibitory effect of authentic samples of ibuprofen (IB) (A), diclofenac
(DIC) (B), and ketoprofen (KET) (C). Absorption spectrum of each
prodrug IB−MP (D), DIC−MP (E), and KET−MP (F) in the
presence of porcine liver esterase (PLE) was monitored every 4 min
for 100 min. The dashed line represents an initial absorbance spectrum
before the addition of PLE. In each spectrum, one labeled line
represents a spectrum of propyphenazone (PP), and the other labeled
line depicts the absorption of an authentic sample of IB (D), DIC (E),
and KET (F). The arrows indicate the direction of the spectral change
over time.

ACS Medicinal Chemistry Letters Letter

dx.doi.org/10.1021/ml500156v | ACS Med. Chem. Lett. 2014, 5, 983−988985



prodrugs evolves from their design as mutual prodrugs with
synergistic analgesic effect.
The effectiveness of these prodrugs for treatment of acute

inflammation was estimated using a carrageenan-induced paw
edema model in mice (Figure 3). Swelling of the injected paw
was measured at 1, 2, 3, and 4 h using a mercury
plethysmometer. Pretreatment with subcutaneous PP alone
resulted in a limited reduction in swelling when compared to
the parent drugs. IB, DIC, and KET showed significant
reduction of swelling 1 h after injection with effects lasting for 4
h. The anti-inflammatory activity of the prodrugs improved
with time with an onset of action, compared to control,
appearing after 2 h. The anti-inflammatory activity of the three
prodrugs was lower than their parent drugs in the first hour of
the assay, consistent with the notion that the prodrugs
themselves are devoid of anti-inflammatory activity and that
the latent activity is due to the release of the parent drug
(Figure S1D, Supporting Information). The negative control
compound BET−MP showed similar anti-inflammatory activity
to PP alone.
Propyphenazone-Based COXII-Selective Inhibitor. An

important strategy to develop NSAIDs with minimal gastro-
intestinal toxicity is to target the COXII isoform with a selective
inhibitor. When we tested the activity of the control compound
BET−MP toward both COX isoforms, its partial inhibition of
COXI (max inhibition 43%) and selectivity toward COXI was
quite unexpected (Table 1). The observation suggested an

ability to modulate propyphenazone COX selectivity when
coupled to other NSAIDs in the same way as to BET. Luckily
in our first trial where we coupled propophenazone to another
nonacidic NSAID 4-aminoantipyrine (ANT) (Figure 1B), the
coupled product 4-aminoantipyrine−propyphenazone (ANT−
MP) (Figure 1C) showed absolute selectivity toward COXII, as
it did not inhibit COXI at a concentration of 160 μM (Figure
4A), while it inhibited COXII with an IC50 of 0.97 ± 0.04 μM
(100% maximum inhibition) (Table 2). ANT−MP showed an
improved COXII selectivity index over the most widely used
COXII selective inhibitor Celecoxib27 (Table 2). Noticeably,
the coupling of propyphenazone to 4-aminoantipyrine
dramatically enhanced its potency and improved its COXII
selectivity. ANT alone inhibits both COX enzymes with 20−
40-fold lower potency than ANT−MP (ANT IC50 for COXI is
26 ± 1.8 μM and for COXII is 42 ± 1.1 μM) (Figure 4A and
Table 2). The stability of the compound toward PLE was tested
following the same protocol used for the prodrugs. Neither the
ANT−MP activity toward COX enzymes (Figure 4A and Table
2) nor its UV−vis spectrum (Figure S2, Supporting
Information) was changed upon incubation with PLE
confirming its expected stability toward the esterase.

In Vivo Evaluation. The in vivo evaluation of ANT−MP
suggests a highly improved analgesic activity for ANT−MP
when compared to ANT alone. The percentage of protection
from writhing reached 100% after administration of ANT−MP
(no detected writhing,) while it was 45.2% for ANT alone
(Table 4). To test if the analgesic effect of ANT−MP evolves

Table 2. In Vitro COXI and COXII Inhibition by the New Cyclooxygenase-2 Selective Inhibitora

+ porcine liver esterase

compd CoxI CoxII CoxI CoxII SIb

ANT−MP no inhibition 1.0 ± 0.04 (100%) no inhibition 1.0 ± 0.09 (100%) Cox II selective
ANT 26 ± 1.8 (100%) 42 ± 1.1 (100%) 0.6
Celecoxib 3027 0.0527 600

aValues represent IC50 (μM) and % inhibition at saturation. bIn vitro COXII selectivity index (CoxI IC50/CoxII IC50) calculated in the absence of
PLE.

Table 3. Analgesic Activity of the Mutual Prodrugsa

no. of writhings per 20 min ± SE % protection

control 62 ± 0.6 0
PP 34 ± 0.9 45
IB 25 ± 0.6 60
IB−MP 3 ± 0.4 95
DIC 23 ± 5 63
DIC−MP 8 ± 2 87
KET 21 ± 4 66
KET−MP 17 ± 5 73
BET−MP 34 ± 0.9 45

aNo. of writhings values were obtained by averaging three
independent trials; data represent the mean ± SE.

Table 4. Analgesic Activity of the New Cyclooxygenase-2
Selective Inhibitora

no. of writhings per 20 min ± SE % protection

ANT 34 ± 0.8 45
ANT+PP 40 ± 0.8 35
ANT−MP 0 100

aNo. of writhings values were obtained by averaging three
independent trials; data represent the mean ± SE and % protection
values were calculated using the same control used in Table 3.

Figure 3. Acute inflammation mitigation by each prodrug and its
corresponding individual NSAIDs in carrageenan model mice.
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from its in vivo hydrolysis to the original components ANT and
PP, the analgesic effect of equimolar mixture of ANT and PP
was investigated. The mixture produced 35% protection from
writhing (Table 4), suggesting that the unique 100% protection
caused by ANT−MP resulted from the effect of the intact
compound. ANT−MP was also evaluated for its in vivo
systemic anti-inflammatory activity using the carrageenan-
induced paw edema model in mice (Figure 4B). ANT−MP
showed a peak anti-inflammatory activity compared to control
at 120 min, and the inhibitory activity on edema formation
started to decline after that point (Figure 4B). The anti-
inflammatory effect of ANT−MP showed an earlier onset than
ANT or PP when used individually, and its anti-inflammatory
effect was transient if compared to ANT or PP (Figure 4B).
Molecular Modeling. To rationalize the COXII selectivity

of ANT−MP, the docking of ANT−MP in the active site of
COXII was performed to investigate the nature of the
interaction between ANT−MP and the active site residues.
Several reports have determined the structural basis of the
selective inhibition of COXII.30−32 To summarize, the free
carboxylate moiety of NSAIDs orients toward the active site
mouth of COXI where it is in a favorable position to interact
with polar residues (Arg120 and Glu524).33 The COXII active
site is 25% larger than COXI and is more flexible with a side
pocket that is occluded in COXI.31 This infamous COXII side
pocket is guarded by Val-523, which permits access to the
pocket of the aromatic rings of ligands such as celecoxib.30 In
COXI, a bulkier isoleucine (Ile-523) blocks access to this
pocket. Several reports support the importance of hydrophobic
interactions of COXII inhibitors with the hydrophobic channel

of the active site.32 Docking of ANT−MP (Figure 4C, left) into
the active site of COXII using the program Surflex suggested
that the antipyrine side of ANT−MP accesses the active site of
COXII where it is in a favorable position to interact with a
group of hydrophobic amino acids composed of Phe-205, Phe-
209, and Leu-534 (Figure 4C, right). The bulkier portion of the
molecule (propyphenzone part) is predicted to bind the wide,
more flexible mouth of the active site creating hydrophobic
contacts with Phe-518 and Leu-359 and weaker interactions
with Tyr-355. The docking of ANT−MP affords an explanation
of its selectivity toward COXII over COXI.

Conclusions. Two strategies have been followed to prepare
NSAIDs with minimal gastrointestinal toxicities based on the
propyphenazone structure. Three mutual prodrugs have been
evaluated both in vitro and in vivo, the release of the two
pharmacologically active components of each prodrug has been
studied using porcine liver esterase, and their release rate has
been calculated. Interestingly, one selective COXII inhibitor
was developed based on the irreversible coupling of
propyphenazone and 4-aminoantipyrine. Its in vitro and in
vivo activity was evaluated and its binding to COXII was
investigated using molecular modeling techniques. ANT−MP, a
new COXII selective lead, merits further investigation.
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MP, ANT and PP in carrageenan model mice. (C) The 3-dimensional
structure of ANT−MP covered by lipohilic potential water accessible
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Surflex docking of ANT−MP (golden brown) into COXII active site
(right).
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